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A band system of jet-cooled Au, has been located in the near infrared region of the spectrum
using resonant two-photon ionization spectroscopy. The origin band is located at 13 354.15
cm ™! and the system extends more than 700 cm ~! further to the blue. The excited state »
displays a radiative lifetime of approximately 28 us, corresponding to an absorption oscillator
strength of f=0.0003. Accordingly, it is thought that the transition corresponds to a spin-
forbidden doublet (S = 1/2) to quartet (S = 3/2) transition, which is made allowed by spin—
orbit contamination, presumably in the upper state. A progression in a totally symmetric
stretching vibration (@ = 179.7 cm ™ ') is obvious in the spectrum, along with a much weaker
progression in another mode, which displays an interesting pattern of splittings.. Although no
assignment is absolutely unambiguous, various candidates are presented. The most likely of
these assigns the system as an 4 *E' X 2E’ transition in the D,, point group, with both the
ground . X 2E’ and excited 4 *E ' states undergoing Jahn-Teller distortion. The vibronic levels
of the 4 *E state have been fitted assuming a linear Jahn—Teller effect in a system with both
spin—orbit splitting and a significant anharmonicity in the Jahn—Teller active ¢’ vibrational
mode. The combined effects of anharmonicity in the Jahn—Teller active mode and spin-orbit

coupling appear not to have been previously investigated; they are therefore examined in some

detail.

I. INTRODUCTION :

The homonuclear coinage and alkali metal clusters are
systems of intense theoretical'™'® and experimental'®*? in-
terest, in part because their chemical bonding in the ground
electronic state is described rather simply by the interaction
of a single s electron on each atom. The homonuclear
trimers of these species are especially interesting for another
reason as well. In D;, symmetry, the s orbitals of the con-
stituent atoms may be combined to give a three-center bond-
ing molecular orbital of 2] symmetry and a doubly degener-
ate, slightly antibonding molecular orbital of ¢’ symmetry.
With three valence s electrons, the ground electronic config-
uration is therefore a{%¢'!, 2E . According to the Jahn—Teller
theorem, this state is orbitally degenerate and will therefore
distort to a lower symmetry, removing the degeneracy in the
process. For the homonuclear trimers, the distortion is from
D,, to C,, symmetry, splitting the *E’ state (in D,;) into
24, and *B, states (in C,,). This Jahn-Teller effect cannot
occur in systems with fewer than three atoms, making the
homonuclear alkali and coinage metal trimers the simplest
examples of systems exhibiting this effect. As such, they are
of great interest from both & theoretical and an experimental
point of view.

In the preceding paper in this journal,*® eéxperimental
results on the mixed coinage metal trimer species Cu, Ag,
Cu, Au, and CuAgAu were presented. These systems are
expected to possess conical intersections in their ground po-
tential energy surfaces, but unlike their homonuclear cous-
ins, the location of the conical intersections cannot be pre-
dicted by symmetry alone. The situation is quite different in
the case of the homonuclear alkali and coinage metal
trimers, where a conical intersection must occur at the D,

geometry since the ground state is *E ’ under the D5, symine-
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try group. In the present paper, we extend the studies report-
ed for the Cu, Ag, Cu, Au, and CuAgAu molecules*® to the
homonuclear trimer- Au,. Electronic band systems have
been observed previously for Cu,3237 and Ag;,,*® so the
present study completes the initial spectroscopic survey of -
the homonuclear coinage metal trimers.

Theoretical calculations for Au, using the diatomics-in-
molecules method have predicted an obtuse Jahn~Teller dis-
tortion from the D, ground state geometry, leading to a 2B,
ground state.'"'? Ab initio investigations employing relativ-
istic effective core potentials in a complete active space self-
consistent field (CASSCF) procedure followed by configu-
ration interaction uniformly give an obtuse angled 2B, state
lower in energy than the acute angled 4, state, regardless of
whether the 5d electrons are uncorrelated'®. or correlated in
a complete active space self-consistent field/multireference
single.. and .double excitation configuration interaction
(CASSCE/MRSDCI) procedure with 420 000 configura-
tions.'* The calculation in which the 5d electrons are uncor-
related, however, gives a linear, 22} ground state to be

- slightly more stable than the obtuse *B, state, although both

were found to be-more stable than the acute 24, state.!®> The
’B, state was also found to be stabilized over the 4, state in
a SCF-MCPF approach.’®

Experimentally, the neutral gold trimer has been isolat-
ed in a perdeuterobenzene matrix and observed using elec-
tron-spin resonance (ESR) spectroscopy.*® The spectrum
has been interpreted as being due to unpaired spin popula-
tions of 0.42 in the 6s orbitals on each of two equivalent gold
atoms and a population of 0.06 in the 65 orbital on the unique
gold atom.* Presumably the remaining unpaired spin den-
sity in this molecule resides in 6p and 5d orbital contribu-
tions, but this would be detected through anistropic contibu-
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tions to the hyperfine parameters and these are too small to
be detected. This is consistent with a *B, electronic struc-
ture, which would place the lone electron in an orbital of b,
symmetry, with large (and opposite) amplitudes on two
equivalent atoms and a node on the third, unique gold
atom.* Such an orbital would contribute to antibonding
interactions between the two equivalent gold atoms and non-
bonding interactions between each of these and the unique
atom, leading to an opening up of the bond angle, giving an
obtuse Jahn—Teller distortion.>® This is consistent with all of
the theoretical studies described above.

Other experimental information on Au, is given by a
high temperature mass spectrometric. study of the
Au + Au, s Au; equilibrium, which provides a third law
estimate of the binding energy of
DY (Au,—Au) = 1.51 4-0.15 eV and an estimate of the
atomization energy of Au, as 3.80 + 0.13 eV.*® The binding

energy of D3 (Au,—Au) = 1.51 4-0.15 eV is less than the

bond strength of Au, given by D§ (Au,) = 2.290 4 0.008
eV.* This is expected, since the third valence electron of
Au, goes into a somewhat antibonding orbital, presumably
of b, symmetry, thereby reducing the bond strength of Au,

as compared to Au, . Optical spectra of Au, isolated in argon
matrices have been reported at 471 and 292 nm by Klotz-
biicher and Ozin,*® and more recently optical spectra of size-
selected gold clusters have been obtained by Harbich and co-
workers by neutralizing a mass-selected beam of gold cluster
ions and “soft landing” them in a rare gas matrix.*"**? In the
present study, we report a weak absorption system of gas
phase Au; which has not been observed in any of these ma-
trix isolation investigations.

Within the group I B elements, gold is particularly in-
teresting because of the importance of relativistic effects. In
very simple terms, the large nuclear charge on gold allows
the electrons which penetrate close to the nucleus to reach
speeds approaching the speed of light. As a result, the mass
of these penetrating electrons undergoes a relativistic in-
crease according to m =m, (1 —v*/c*) ~'2 Since the
atomic scale of length is defined by .the Bohr radius
a, = #*/m,é* a relativistic increase in the mass of the elec-
tron, m,, will lead to a corresponding relativistic decrease in
the atomic scale of length. As a result, orbitals which pene-
trate close to the nucleus (including all s orbitals) undergoa
relativistic contraction. On the other hand, nonpenetrating
orbitals (such as d and forbitals) are better shielded by the
more contracted s orbitals and undergo a concomitant rela-
tivistic expansion, making them more accessible for chemi-
cal interactions. This relativistic effect makes the 6s orbital
of gold smaller and less diffuse than the corresponding 5s
orbital of silver, and for this reason Au, possesses a shorter
bond length (2.4719 A)* and greater bond strength

(2290 £0.008 eV)* than does Ag, (2.5310 A%

1.65 + 0.03 eV %), »

A brief experimental overview is presented in Sec. II.
The spectrum of Au, is reported in Sec. 111, followed by a
discussion of possible assignments in Sec. IV. A summary of
our most important results then concludes the paper in Sec.
V. Details of the effects of anharmonicity in an E @ e system
undergoing a linear Jahn-Teller effect are given in Appendix

A. This is extended to include the possibility of significant
spin—orbit coupling in Appendix B.

Il. EXPERIMENTAL

The experimental method used in the present investiga-
tion combines resonant two-photon ionization spectroscopy
(R2PI) with time-of-flight mass spectrometric detection
{(TOFMS). The apparatus has been described in detail in a
previous publication on the spectroscopy of Al,.*

The source chamber couples a pulsed laser vaporization
of a metallic sample with a subsequent supersonic expansion
using helium carrier gas. A 99.95% pure gold foil
(25X25%0.5 mm, Alfa Products) was used as the metal
target in the present investigation. This was rotated continu-
ously and translated using a rotating disk mount similar to
that described by O’Brien er al.** The sample was vaporized
using the second harmonic radiation from a Q-switched
Nd:YAG laser (532 nm, =~ 15 mJ/pulse), focused to a spot
approximately 0.5 mm in diameter. Atoms ejected from the
surface of the target disk were carried down a small channel
2 mm in diameter and 2 cm in length by a pulse of helium
carrier gas, which was timed to coincide with the firing of the
vaporization laser. Following this region, the metal clusters
and carrier gas entered an extension channel 6 mm in length,
tapering from a 5 mm initial inside diameter down to a 1.5
mm exit orifice. This extension channel was found to in-

- crease the production of triatomic gold prior to expansion

into vacuum and the small exit orifice promoted excellent
supersonic cooling. As a result, low rotational temperatures
and narrow vibronic bands were obtained. Approximately 8
in. downstream, the beam was collimated by a 5 mm skim-
mer, which also served to separate the relatively high pres-
sure source chamber (2% 103 Torr) from the lower pres-
sure interrogation chamber (110~ Torr).

The interrogation region consisted of a Wiley—McLaren
two-stage extraction assembly,*® a reflecting electrostatic
field, and a dual microchannel plate detector. The molecular
beam was first probed with a tunable dye laser, pumped by
either the second or third harmonic output from a Q-
switched Nd:YAG laser. This process allowed an investiga-
tion of excited electronic states in the spectral range from
approximately 370 to 900 nm. Ionization was accomplished
with a fixed frequency excimer laser (ArF, 193 nm, 6.42
eV), which was chosen to have sufficient energy to pho-
toionize excited states of Au;, but which could not photoion-
ize the ground state of Au; in a one-photon process. Ions
generated by the resonant two-photon process were then ex-
tracted in the Wiley—-McLaren source and accelerated into a
time-of-flight (TOF) tube. A reflectron assembly was used
to improve the mass resolution, although this was unneces-
sary in the pfesent case because gold has only one naturally
occurring isotope '*’Au. A dual microchannel plate detector
at the base of the second TOF tube then detected the ions.
The resulting signal was amplified, digitized, and signal
averaged as the dye laser wavelength was scanned, thereby
allowing the spectrum to be recorded.

Excited state lifetime measurements were performed by
time-delayed resonant two-photon ionization techniques.
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By varying the interval between the excitation and ioniza-
tion laser pulses, the exponential decay of the excited state
population was probed. The resulting ion signal as a function
of delay interval was fitted to extract the excited state life-
time using a standard nonlinear least-squares algorithm.*

ll. RESULTS

Figure 1 displays the low resolution R2PI vibronic spec- -

trum of Au,, obtained using LDS 750 and 751 dye laser
radiation in conjunction with ArF radiation as the photoion-
ization laser. Although the entire visible, near infrared, and
near ultraviolet regions of the spectrum were scanned, only

one band system was observed. Accordingly, it is labeled as .

the 4 — X system.

The observation of the 4 —X band system using ArF
radiation to provide the second, photoionizing photon
places the ionization potential (I.P.) of Au, in the range
6.42 <I.P.(Au; ) < 8.08 eV. Although this covers a broad
range, itis in agreement with the scaled vertical [.P. obtained
by Partridge et al. of 7.06 eV." In the scaling procedure
employed by these authors, the correlation error which re-

sults from treating IV electrons in the neutraland N — 1 elec-_ .

trons in the ion is corrected empirically by scaling the calcu-
lated LP. of Au, by the ratio of the known I.P. of atomic gold
(Au) to the calculated value. This scaling method gives re-
sults for the ionization potentials of Cu,, CuAg, CuAu, and
Au, 0of 7.90, 7.62, 8.81, and 9.41 eV, which are in excellent
agreement with the experimental values of 7.899 + 0.007,%

%7 Au, Vibronic Spectrum
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7.7806 + 0.0004,%2 8.74 + 0.05,>? and 9.20 4 0.21 eV,** re-
spectively. Assuming similar errors in the application of the
scaling method to triatomic molecules, the LP. of Au; prob-
ably falls in the range of 7.06 4 0.3 eV.

~ Table I lists the observed vibronic bands and the mea-
sured excited state lifetimes determined for two of the upper
state vibronic levels, which are 28.3 +2.1and 27.1 4- 1.1 us.
Assuming that the decay is dominated by fluorescence to the
ground state, this excited state lifetime implies an absorption
oscillator strength of f~0.0003, making the 4 — X band sys-
tem very weak indeed, similar in oscillator strength to that
found for the ¢ °2; X '3, transition of gold dimer.*
Undoubtedly, this explains the failure of all matrix isolation
studies®*!“? to observe this system in absorption. It also
strongly suggests that the A excited state is primarily quartet
(S=3/2) in character, making the A<X’E’ transition
nominally spin forbidden. ‘

The system shows a strong origin band at 13 354.15
cm ~ ! with an obvious progression of strong, sharp bands of
gradually diminishing intensity proceeding toward the blue.
‘Between these strong features, a number of weaker features
are found which show an interesting pattern of splittings,
discussed in greater detail below. The origin band is labeled
A,00° and the strong, sharp members of the progression are
labeled as 4, 10°, 4, 20° 4, 30°, and 4, 40°. Anticipating the
assignment of the system as an AE'<X*E’ system with
spin—orbit splitting in the A state, this labeling scheme iden-
tifies the quantum numbers of the A4 state as follows: The
prefix A, identifies the upper level of the transition as the

I T T T T T T T T
A00° A,10°
400 - A « X Band System 7
= - A,20° 1
&
) 200 ~ —
=
= - A,01'* i
A‘Ozﬂ.lt A,40°
T—A,ooO t A,10° L A,20°
1 ! 11 1 ! I 1 1 L1
13200 13400 13600 13800 14000 14200 : —

Frequency (cm)

FIG. 1. Low resolution scan of the 4 — X band system of Au,, recorded using LDS 750 and 751 dye laser radiation in combination with ArF excimer radiation
for photoionization. The spectrum is tentatively assigned as an AE'~X2E' transitionin which the upper A state undergoes significant spin-orbit splitting.
Bands labeled by A4 | are assigned to the lower spin—orbit component, while the 4, bands are assigned to a higher spin—orbit component. The bending mode is
excited with one quantum in the pair of bands near 13 400 cm ~ ' and these bands (which would be degenerate in the absence of a Jahn-Teller effect) are split.
Near 13 460 cm ~ ! aré bands which correspond to excitation of the bending mode with two vibrational quanta, which are now split into a triplet of features by
a combination of a Jahn—Teller effect and vibrational anharmonicity. All of the observed bands have been assigned and fitted to'a model in which the upper
state of the system undergoes a linear Jahn-Teller effect in combination with significant spin—orbit coupling and vibrational anharmonicity in the Jahn-

Teller active bending mode.
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TABLE L. Vibronic bands of the 4 « X system of Au,.?

C,, — C,, assignments®

Fit 1 Fit 2
Observed Lifetime
frequency  Assignment® Fit? Assignment® Fit? (us)
13 354.15 09 13 354.20( - 5) 03 13 354.20( - 5) 28.3 4+ 2.1
13 409.27 2% 13 409.40( — 13) KH 13 409.40( — 13)
13 413.00 3 13 412.68(32) -2 13 412.68(32)
13 460.86 22 13 461.23( — 37) 34 13 461.23( —37)
13 469.38 2432 13468.94(44) 2132 13 468.94(44)
13 479.88 38 13 480.44( — 56) 22 13 480.44( — 56)
13 535.87 1 13 535.87(0) 1} 13 535.87(0)
13590.16 132 13 590.12(4) 1332 13 590.12(4)
13 593.78 1132 13 593.56(22) 1328 13 593.56(22)
1360494 X X
13 641.26 1322 13 640.98(28) 133 13 640.98(28)
13 648.86 112532 13 648.87(—1) 112032 13648.87(—1)
13 660.64 1238 13 660.54(10) 1522 13 660.54(10)
13 716.88 13 13716.94( — 6) 12 13716.94( —6) - 27.14 1.1
13 770.59 122} 13 770.24(35) 1232 13 770.24(35)
13 773.62 1232 13 773.86( — 24) 122} 13 773.86( — 24)
13 784.05 xi b 413
13 820.24 1222 13 820.15(9) 123¢ 13 820.15(9)"
1382778 122332 13828.21( —43) 122132 13828.21( —43) -
13 840.50 1238 13 840.05(45) 1222 13 840.05(45)
13 897.14 13 13 897.43( — 29) 13 13 897.43( — 29y
13 949.50 132} 13949.77( — 27) 1232 13949.77( —27)
1395326 1332~ 13953.56( — 30) 132} 13 953.56( — 30)
13 963.60 X1z X1}
14 077.72 1} 14 .077.32(40) 13 14 077.32(40)

*All observed and fitted frequencies are given in wave numbers (cm ~!).
*C,, —C,, fits employ the expression

v="T, + z [@iv; + x5 (7 +0) ] + zAx,’j[v,fvl' + (v; +v)) /2],

23

resulting in the following fitted constants (with lo error limits given in parentheses:

Parameter Fit 1 Fit2

Ty 13 354.20(33) 13 354.20(33)
W} 182.94(50) 182.89(50)
@5 58.80(92) 49.33(92)
w} 25.69(44) 28.84(44)
X5y —0.30(8) —0.30(8)
X3 — 1.69(25) 4.64(25)
X33 1.16(6) —0.42(6)
Xt —0.96(15) —0.78(15)
X}3 —0.39(8) —0.48(8)
X5 0.53(21) 0.53(21)
¥ 1.878 1.878

Bands labeled as X, X 1, and X 13 are unexplained in these assignments.

4Residuals (¥, — Voy ) are given in units of 0.01 cm~ ' in parentheses after each fitted value.

lower of the two observed spin—orbit components of the 4
state (4, is reserved for the upper spin—orbit component);
the first numeral indicates the number of vibrational quanta
of the totally symmetric breathing mode excited in the upper
state; the second numeral indicates the number of vibration-
al quanta of the doubly degenerate bending mode which are

excited in the upper electronic state. The superscripts desig-
nate the vibrational angular momentum quantum number /
to which the upper state correlates as the Jahn-Teller split-
ting drops to zero, and the - sign designates whether the
upper level of the transition corresponds to the higher ( + )
or the lower ( — ) of the levels split by the Jahn-Teller ef-
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fect. Since all of the observed transitions originate from the
ground vibronic level of the ground electronic state, the
quantum numbers of the lower state are suppressed for sim-
plicity. Tables I and II list all of the observed transitions
along with some possible assignments, as discussed in Sec.
IV below. ‘

The progression of strong, sharp bands is undoubtedly a
progression in a totally symmetric mode of the molecule.
Given that the origin band is as intense as the first member of
this progression, that the intensity of this main progression
falls off rather quickly with higher vibrational quanta, and
that the remaining bands are all very weak, the change in

equilibrium molecular geometry which accompanies the
electronic excitation cannot be very severe. With this in
mind, it makes sense to consider the possibilities of a linear
(D) to linear (D_,) transition, a bent (C,;) to bent
(C,,) transition, and an equilateral (D,,) to equilateral
(D,,) transition. These possibilities are explored further in
Sec. IV below.

In addition to the progression in a totally symmetric
vibrational mode, the spectrum shows a doublet of bands
near 13 411 cm ! labeled 4,01'* (about 57 cm ™! above
the 4,00° band) and a triplet of bands near 13 470 cm ™'
labeled 4,02°2% (about 116 cm ™! above the 4, 00° band).

TABLE II. Vibronic bands of the 4 — X system of Au,.

D,, « Dy, assignment®

AE' -XE’
Observed Lifetime
frequency Assignment Fit 1° Assignment Fit 2¢ (us)
13 354.15 00° 13 355.83( — 168) 21000 13 355.97( — 182) 283421
13 409.27 or'- 13 409.45( —18) 2101'“ 13409.28( - 1)
13413.00 o'+ 13 413.30( — 30) 4,01+ 13 413.56( — 56)
13 460.86 022~ 13 460.77(9) 4,027 13461.11( —25)
13 469.38 022+ 13 468.44(94) :51022 * 13 468.32(106)
13 479.88 02° 13 480.22( — 34) Zl 02° 13 480.30( —42)
13 535.87 10° 13 535.88( —1) Zl 10° 13 535.93( — 6)
13 590.16 11— 13 589.50(66) :4'1 11~ 13 589.24(92)
13 593.78 1+ 13 593.35(43) 4,11+ 13 593.53(26)
13 604.94 ‘ 4,00° 13 604.15(79)
13 641.26 122- 13 540.82(44) Z, 122- 13 641.07(19)
13 648.86 122+ « 13 648.49(37) Z, 122+ 13 648.29(58)
13 660.64 12° 13 660.27(37) Z, 12° 13 660.26(38)
13 716.88 20° 13716.14(74) ;i, 20° 13716.14(74) 27.1+ 1.1
13 770.59 21 13 769.76(83) ,:il 21— 13 769.45(114)
13 773.62 21+ 13773.61(1) Z,Zl”’ 13773.73( — 11)
13 784.05 22 10° 13784.12(—17)
13 820.24 222~ 13 821.08( — 84) Z, 222~ 13 821.28( — 104)
13 827.78 222+ 13 828.75( — 97) :4-1222+ 13 828.49(—71)
13 840.50 22° 13 840.53( — 3) Zl 22° 13 840.46(4)
13 897.14 30° 13 896.60{54) 2130" 13 896.59(55)
13 949.50 31 13 950.22( — 72) :4‘131I - 13 949.90( — 40)
13 953.26 3+ 13 954.07( — 81) Z,Bl” 13 954.18( — 92)
13 963.60 ZZ 20° 13964.32( — 72)
14 077.72 40° 14 077.27(45) - 4 140° 14 077.28(44)

2 All observed and fitted frequencies are given in wave numbers (cm ™).

5In the Dy, — Dy, 2E '« 2E ' assignment, only the upper level of the transition is designated. Since all transitions
originate from the ground vibronic level of the ground electronic state, this introduces no ambiguity. The
numerals indicate the numbeér of quanta excited in the totally symmetric breathing mode and the number of
quanta excited in the bending mode, respectively. Superscripts denote the vibrational angular momentum
quantum number /and the + superscript denotes whether the state is the higher ( + ) or lower ( —) of the
Jahn-Teller components associated with the state. For fit 2, the prefix A, indicates the lower spin-orbit
component of the A state, while 4, indicates the higher spin-orbit component.

©Fit 1 employs the treatment of the linear Jahn-Teller effect with anharmonicity as described in Appendix A.
Direct matrix diagonalization of Eq. (A7) was combined with a nonlinear least-squares fitting process, result-
ing in the following fitted constants: T, = 13 214.22; @, = 179.85; x;; = 0.102; o, =51.04; x;, = 2.75;

= —3.89; k= 0.195 (or D = k?/2 = 0.0191) giving y* = 9.584.

4Fit 2 employs the treatment of the linear Jahn-Teller effect with spin—orbit coupling and anharmonicity as
described in Appendix B. Direct matrix diagonalization of Eq. (B8) was combined with a nonlinear least-
squares fitting process, resulting in the following fitted constants: T, = 13 323.86; @, = 179.72;x,, = 0.122;
@, = 61.89; xp, = 2.32; g = — 3.86; k= 0.7574 (or D = k*/2 = 0.2869); § = 228.60 giving y* = 12.509.
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Moreover, analogous doublets and triplets of bands are
found built off the 4, 10° and 4, 20° bands, and a keen eye
can discern a trace of the doublet built off the 4, 30° band.
These additional features are spaced correctly to correspond
to a single and a double excitation, respectively, in another
normal mode. The splitting pattern is unusual, however, and
may be used to make a preliminary assignment of the geome-
try and electronic character of the ground and excited states.

_In addition to these doublets and triplets, weak single fea-
tures are found near 13 605, 13 784, and 13964 cm ™. As

- will be discussed below, these single features are the most
perplexing features of the spectrum and their successful in-
terpretation has required that the combined effects of spin—
orbit coupling, anharmonicity in the e’ bending mode, and a
linear Jahn-Teller effect be considered.

IV. POSSIBLE ASSIGNMENTS OF THE A~ X
TRANSITION IN Au,

A. Consideration of a linear (D_,) < linear (D_,)
transition

Although most ab initio calculations are in agreement
that the ground state of Au, derives from a Jahn—Teller dis-
tortion of an equilateral D,, *E ' state,'"'>*5 Jower levels of
theory predict a linear 2} ground state.!* Is the observed
spectrum consistent with this possibility? If the ground state
were a linear 23 state, the totally symmetric, progression-
forming mode would be the symmetric stretching vibration,
and the much weaker doublet and triplet bands would have
to correspond to excitations of the doubly degenerate bend-
ing mode. However, a single excitation of the doubly degen-
erate bending mode (v, = 1) of a linear moleculein a = state
leads to a doubly degenerate vibronic level (/= + 1) of IT
symmetry. No splitting of this doubly degenerate level is
possible, except for I-type doublings, which are rotationally
induced and would be unobservable at this level of resolution
in a jet-cooled molecule where only the lowest rotational
levels are populated. On this basis, an 4 2, ~X 23 assign-
ment of the transition may be removed from consideration.

If the upper state were an orbitally degenerate state,
such as a Il state, the situation would be somewhat more
complicated. In such cases, the Renner—Teller effect leads to
splittings of the v, = 1 level, due to vibronic coupling of the
vibrational angular momentum (/ = 1) with the orbital elec-
tronic angular momentum (A = 1 for a I, state).**>" This
leads totwo vibronic levels of 2, symmetry and one vibronic
level of A, symmetry. However, if the transition is electromi-
cally IT, — 2, in nature, the only upper state vibronic levels
which may be observed in allowed transitions from the
ground level are of I, symmetry. Thus, although the excited
bending levels of a *II, state are split by vibronic interac-
tions, one would not expect to observe any of the v, =1
levels because of unfavorable selection rules.

From the measured excited state lifetime, it is likely that
the upper state is primarily quartet (S = 3/2) in character,
while a linear ground state would have to be 23} in charac-
ter. One might think that a combination of strong spin—orbit

effects (which would be required to- induce an
S =3/2 <8 =1/2 transition) and the Renner-Teller effect
might somehow make the v, = 1levels observable. This can-
not be the case, however, since the bending mode is of 7,
symmetry and therefore the v, = 1 levels must always be
opposite in g/u parity as compared to the v, = O level. It will
therefore never be possible to observe both the v, =0 and
v, = 1levels in optical transitions from the same lower state
in any molecule of D_, symmetry. On this basis, we may
rule out the possibility of a linear (D__,) to linear (D_,)
transition for the 4 — X system of Au,. .

B. Consideration of a bent (C,, ) —bent (C.,) transition

If the upper and lower states of the molecule were welt
described as bent (C,, ) structures, then one would expect
two vibrational modes to belong to the a, irreducible repre-
sentation and the third would belong to the b, symmetry
type. In an allowed electronic transition originating from the
zero-point level of the ground state, the upper state must
have a total vibrational symmetry of 4,. Accordingly, one
would only expect to observe transitions of the type 152/ 32%
occurring in the jet-cooled molecular beam. (The notation
of 152432 used here is the same as used in the preceding
paper*? and designates a transition in which mode 1 is excit-
ed from zero quanta in the ground state to / quanta in the
excited state, while mode 2 is excited simultaneously from 0
to j quanta and mode 3 is excited simultaneously from O
quanta in the ground state to 2k quanta in the excited state.)
‘This situation can lead to apparent doublings and triplings of
vibrational levels if the fundamental vibrational frequencies
happen to exist in near whole number ratios, as was observed
in the previous paper in the case of Cu, Ag.** In the present
case of the Au,, the progression-forming mode (mode 1)
would be the highest frequency mode and the frequency of
mode 2 would have to be nearly equal to twice the frequency
of mode 3 (the b, mode) to account for the observed pattern
of vibrational levels. If this were the case, then the 2§ and 32
transitions would be nearly degenerate, accounting for the
bands near 13411 cm ~!. Likewise, the 23, 2)32, and 3%
bands would be nearly degenerate, accounting for the triplet
of features near 13 470 cm ™. These doublets and triplets
would be echoed at higher frequencies through their combi-
nations with the 1}, 12, and 13 bands. With suitable anhar-
monicities x;, the main progression and its attendant pattern
of doublets and triplets of bands can be explained readily as a
C,, — C,, transition. The results of two such fits are given in
Table L. ‘ ,

_ Although both vibrational fits reproduce the observed
band positions quite well, two problems remain with this
assignment. First, is the requirement that the antisymmetric
b, mode (mode 3) haveafrequency of 25-28 cm ~ ', which s
necessary if one of the features near 13 411 cm ™' is to be
assigned as the 33 band. Although metal molecules tend to
have low vibrational frequencies, this value seems nearly out
of the realm of reason. A second problem arises because the
series of weak single features near 13 605, 13 784, and 13 964
cm ! remain unexplained. Of course, it is conceivable that
these features correspond to a second electronic state (or a
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higher spin—orbit component of this state), but it seems un-
likely that they could arise from a totally different excited
state since their spacing is virtually identical to the spacing of
the 1§ bands which make up the main progression. Finally,
of course, ab initio theory predicts the ground state to be
based on a Jahn—Teller distorted 2E ' state, so examination of
this possibility offers the greatest hope for explaining the
spectrum. Thus, although the 4 — X system can be partially
accounted for as a C,, —C,, transition, a few problems re-
maining with this assignment make it an unlikely one.

C. Consideration of an equilateral (D;, ) — equilateral
(D3;,) transition

Finally, we must consider the Au; molecule as an equi-
lateral triangle, which is the geometry most consistent with
theoretical calculations. In D, , the vibrational modes of the
molecule consist of a totally symmetric @} breathing mode
and a doubly degenerate e’ bending vibration. It is this latter
vibration which can couple vibronically with an orbitally
degenerate E ' or E " electronic state, leading to aJahn—Teller
distortion.’*%8%° The best theoretical calculations are in
agreement that the ground state is a 2E ' state in D, symme-
try, which undergoes a mild Jahn-Teller distortion to re-
move the degeneracy.'*'® These calculations are also in

agreement that the 2B, component of the 2E’ state is a true .

minimum, while the 24, component is a saddle point in the
pseudorotation that converts the molecule from one of the
three equivalent 2B, minima to another.'*!* Since the elec-
tronic transition is undoubtedly induced by electric dipole

radiation, one may consider. upper states which may be .

reached by transitions polarized along the C, axis, or by
transitions polarized perpendicular to this axis. The former
case leads exclusively to *£“ upper states, which will be
Jahn-Teller active, while the latter case leads to 24 |, 24 5,
and 2E ' upper states, of which only the 2E’ state is Jahn—
Teller distorted.

1. Consideration of an A “E* — X 2E’ transition

The lowest level of the X 2E ' ground state will always be
an E ' vibronic level and parallel transitions out of this level to
an upper state of 2E ” symmetry can only go to £ ” vibronic
levels. Thus, all of the totally symmetric vibrational levels of
the excited 2E " state (which are of E * total vibronic symme-
try) can be reached by this process, thereby explaining the
strong features in the 4 X spectrum. However, the lowest
excited bending level, corresponding to an excitation of the ¢/
bending mode with one quantum of excitation, interacts
with the 2E “ electronic state to produce 44, 4%, and E”
vibronic levels (as given by the direct product of E” @ ¢').%%"
% Although a splitting of this first excited bending level into
three levels is expected, only the E " vibronic level may be
accessed optically from the ground vibronic level of the
ground electronic state. Therefore, if the transition were
2E" «~2E’ in symmetry, no doubling would be expected in
the band near 13 411 cm ~ . On this basis, an 4 2E " — X 2E’
transition may be excluded from consideration.

2. Consideration of A 2A', ~ X 2E’ or A ?A;, ~ X ?E’
transitions

If the upper state were a nondegenerate 24 | or *4}
state, either of which could be accessed in a perpendicular
transition from the ground X E’ state, the first excited
bending level would remain doubly degenerate, having a vi-
bronic symmetry of E . Therefore, neitheran4 24 | — X 2E’
nor an 4244 <X 2E' transition could give the observed
doubling in the first excited level of the bending mode. These
possibilities must therefore be removed from further consi-
deration as well.

3. Consideration of an A °E'« X °E’ transition

Finally, we consider the possibility of an 4 2E '« X 2E’
electronic transition, where once again both electronic states
are subject to Jahn-Teller distortion.’®**° In this case, the
first excited bending level of the A 2E’ state would be split
into components according to the direct product of the elec-
tronic and vibrational symmetries £’ ® ¢/, which gives vi-
bronic levels of 4 {, 4}, and £’ symmetry. All of these may
be accessed in an (x,p)-polarized transition from the ground
E ' vibronic level of the ground X 2E ' state, since the transi-
tion dipole operator in this case would transform as £’ and
this interacts with an £’ ground level to allow optical transi- -
tionsto levelsof 4 ], 45, and E’' (E’'® E’) symmetry. One
might therefore expect to observe a tripler of features in the
13411 cm ~! band, in contrast to the doublet found in the
spectrum of Fig. 1.

Examples of the Jahn-Teller effect can be further classi-
fied, however, into cases where only a linear effect is ob-
served and those with a significant quadratic effect. The
E'®e¢' vibronic problem,”* ¢ which is appropriate to the
A2E' and X 2E’ states of Au,, is capable of showing both a
linear and a quadratic Jahn-Teller effect. In the absence of
quadratic effects, however, the 4 { and 4 ; vibronic levels
(which always occur in pairs) remain degenerate. Thus, the
observed doubling of the band at 13 411 cm " ! is consistent
with a linear Jahn—Teller effect, in which little or no quadrat-
ic effect is present. This would also imply little or no barrier
to pseudorotation in the excited A’ state, since a quadrat-
ic Jahn~Teller effect is required to introduce threefold mini-
ma into the adiabatic potential energy surface.>*-

A Jahn-Teller effect would also lead to a splitting of the
vibrational levels in which two quanta of the bending mode
are excited. This level would split into an o} level and a
degenerate &' pair of levels even in the absence of a Jahn—
Teller effect, simply due to anharmonic effects in the mole-
cule. When combined with a 2E ' electronic state, however, a
further splitting is expected. The vibronic levels deriving
from this vibrational state may be obtained by taking the
direct product of the electronic symmetry (2E') and the vi-
brational symmetry (@} ore’) toobtain £’ (E'®a})and E’,
Aij,and 45 (E'®¢e') levels. Once again, if the Jahn—Teller
effect is induced solely by linear coupling the 4 { and 45

levels will remain degenerate, leading to a set of three dis-

tinct vibronic levels. This is in exact correspondence with the
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observed spectrum, where the band near 13 470 cm ~ ' is split
into a triplet of features.

The small splittings observed in the excited bending lev-
els of the 4 excited state of Au, would imply a small Jahn—
Teller effect in which it might be expected that the second-
order perturbation treatment first performed by Moffitt and
Thorson® could account for the splittings. However, this
theoretical treatment predicts equal splittings for the doub-
let of levels arising from one quantum of bending excitation
and for the triplet of levels arising from two quanta of bend-
ing excitation. From Table I, it is clear that this is not the
casein the 4 state of Au,, since the splitting within the doub-
lets averages about 3.5 cm ™!, while the average spacings
between components of the triplet are 7.9 and 11.7 cm~ .
According to Moffitt and Thorson,®! Child,*? and Herz-
berg,™* the energies of the bending levels with v, bending
quanta and a vibrational angular momentum / are given by

G(v,,) =w, (v, +1) F2Dw, (1 4+ 1), (4.1)

where only the upper signs are used for the case / = 0 and D
is a coupling parameter definied in such a way that Dw, is the
difference in energy between the energy minimum of the po-
tential energy surface in the D,, geometry and the absolute
energy minimum when a Jahn—Teller distortion to a C,, ge-
ometry occurs. With this formula, it may be readily verified
that the splittings expected in the v, = 1 and v, = 2 levels
are 4Dw, . Since the measured splittings vary between 3.5
and 11.7 cm ~!, this implies an energy stabilization of the
distorted C,, molecular geometry over the equilateral D,,
molecular geometry of about 1~-3 cm ~ . Clearly this would
be a very minor Jahn-Teller effect indeed, despite its rather
dramatic effect on the appearance of the spectrum.

As mentioned above, however, the perturbation treat-
ment predicts equal splittings, while our observed splittings
vary by a factor of 3. Moreover, Child states that this treat-
ment should be valid when D <0.5.°2 Given an approximate
value of @, of 54 cm ~ 1, the observed splittings in the doub-
lets would imply D =0.016, which falls well within the range
of applicability of Child’s criterion. On the face of it, the
variation in our measured splittings would appear to rule out
an explanation of the vibronic structure of the 4 state of Au,
based on a Jahn—Teller effect. One important aspect has been
neglected in the derivation of Moffitt and Thorson,®’ how-
ever. These authors have ignored the anharmonic aspects of
the bending mode and it is precisely these anharmonic effects
which lead to a splitting of the doubly excited bending level
(v, =2) into af,and ¢’ vibrational levels in nondegenerate
electronic states, such as a '4 | state in the D,, point group.
If such splittings are of importance when Jahn-Teller effects
are absent, it would be a mistake to expect them to vanish
when the Jahn-Teller effect is present. In a quantitative
treatment of the linear Jahn-Teller effect in an E’' ® €' vi-
bronic problem, these anharmonic splittings would be ex-
pected to be most important when the Jahn—Teller stabiliza-
tion is comparable in magnitude to the anharmonic
splittings. This is precisely the situation in the present exam-
ple.

Appendix A presents a derivation combmmg the effects
of anharmon101ty and a linear Jahn~Teller effect, demon-

strating clearly that anharmonicity can cause the observed
splittings to become nonuniform. With this derivation in
hand, the secular equation (A7) has been used in a nonlinear
least-squares fitting process® to fit the observed energy lev-
els to the anharmonic linear Jahn-Teller model. The ener-
gies of the vibronic levels of the 4 state obtained in this ma-
trix diagonalization have been added to a constant T}, to fit
the observed transition frequencies. As is evident in Table II,
the vibronic levels are very well reproduced with the fit and
all parameters take on reasonable values.

The analysis of the 4 - X band system of Au,; in terms of
a linear Jahn-Teller effect with significant anharmonic ef-
fects is satisfying because it explains the spectrum in terms of
weak effects which are expected in molecules of this type.
However, there is one glaring flaw in this analysis—the se-
ries of single features near 13 605, 13 784, and 13 964 cm !
remain unexplained. These fall in a region close to the ex-
pected positions of bands terminating on the v, = 4 levels,
but there is no reason to expect that the splittings in the
v, = 4 levels should vanish. Indeed, the Jahn-Teller fit of
the other bands predicts that the v, =4 levels are split into
five levels differing in energy by 70 cm ~ '. This is completely
unlike the observed spectrum, where only a series of single
features are obtained. It is also difficult to understand why a
series of transitions terminating on v, = 4 should be ob-
served so clearly while those terminating on v, = 3 are com-
pletely absent from the spectrum.

A possible explanation for these extra bands is that they
correspond to an excited spin—orbit component of the 4 state
lying about 250 cm ~ ' above the lower spin—orbit level. Such
a possibility is enticing, because it establishes a connection

" between these extra features and the fitted bands, and can

therefore explain why the intervals between the extra bands
are the same as those found in the main progression. If this
assignment is to be considered, however, the previous fit
(which omits the extra bands and ignores spin—orbit cou-
pling) must be completely redone. It is well-known that the
spin—orbit effect tends to quench the Jahn-Teller effect in
systems with half-integral spin, so a much larger linear
Jahn-Teller effect will be required to explain the spectrum if
spin—orbit  coupling is invoked.’*%” At the same time,
Ham® has shown that the Jahn—Teller effect can dramati-
cally reduce the magnitude of the spin—orbit coupling, re-
sulting in what is termed the Ham reduction or Ham ef-
fect.®®$° Thus the two effects tend to suppress one another
with the Jahn-Teller effect reducing the magnitude of the
spin—orbit coupling and the spin—orbit splitting reducing the
splittings resulting from a given linear Jahn—Teller param-
eter D.

Appendix B presents a derivation combining the effects
of spin—orbit coupling, anharmonicity in the Jahn—Teller ac-
tive mode, and a linear Jahn-Teller effect in the E® e vi-
bronic problem. With this derivation in hand, the secular
equation (B8) has been used in a nonlinear least-squares
fitting process™ to obtain a fit of the observed energy levels.
The energies of the vibronic levels of the 4 state obtained in
this matrix diagonalization have been added to a constant 7T,
to fit the observed transition frequencies. As is evident in
Table I, the fit is quite good, reproducing all of the observed
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bands to within 2 cm ~ !. Moreover, the vibrational constants
arereasonable, lending further credence to the assignment of
the system as an A E' <X 2E’ system, in which both the
upper and lower states undergo a Jahn—Teller effect.

In this fit, the spin-orbit splitting of the X 2E’ ground
stateis assumed to be negligible. Despite the large magnitude
expected for spin—orbit effects in a heavy element such as
gold, this assumption is not unreasonable. First, the ground
state of Au, undoubtedly derives from the interaction of
three 5d '°6s', 2S,,, ground state atoms. Thus, there is no
electronic orbital angular momentum in the ground state
(and as a result there can be no spin—orbit splitting), except
to the extent that an admixture of higher-lying electronic
configurations may contribute to this state. Second, the
small residual spin~orbit splitting of the ground electronic
state deriving from an admixture of higher electronic config-
urations will still be subject to the Ham reduction effect,
resulting in a further diminishment of the spin—orbit split-
ting. The combination of both effects may well reduce the
spin—orbit splitting of the ground state to a negligible value.

The observation of the series of weaker singlet features
in the 4 state and their assignment to an excited spin-orbit
level of this state implies a much greater spin—orbit splitting
in this state. This should come as little surprise, since the
excited A4 state undoubtedly possesses some character asso-
ciated with the promotion of a 54 electron to a 6s orbital, at
least on one of the atoms. Given a spin—orbit parameter of
& au (5d) = 5097 cm ~ ! for the free atom,® it is obvious from

the fit that the Ham reduction effect leads to a serious dimin- -

ishment of this value in the 4 state of Aun,.

Finally, it should be noted that although Appendix B
deals with the case of spin—orbit coupling in a Jahn—Teller
active 2E state, very similar effects are expected in E states of
higher multiplicity. With the very long fluorescence decay
times of the 4 state in mind, the 4 state may tentatively be
assigned as a *E ' state, with a spin—orbit splitting of approxi-
mately 229cm ~— . A *E’ state cannot arise from excitation of

the o framework, as in an a}'e’? —a’%'! excitation, since the
1 1

a;'e configuration can only give 24 ], 245, 2E’, and “4
molecular terms. Presumably the 4 “E’ state then derives
from excitation of a 5d electron on one of the gold atoms into
the 6s-based e’ orbital, giving an eléctron configuration for
the 4 state of 5d°%,5d 105d a;%'2. The A excited state then
undoubtedly borrows oscillator strength for the
A*E'<X2E' transition from a doublet (S = 1/2) state.
The difference in absorption intensity for the upper and low-
er spin-orbit components of the 4 state which is evident in
Fig. 1 presumably reflects the details of the intensity borrow-
ing mechanism, which may well be dependent on the spin—
orbit level.

V. SUMMARY

A complicated vibronic band system, designated as the
A-X system, has been observed in Au; using the resonant
two-photon jonization technique. Based on the long (28 us)
lifetime of the upper state, it is assumed that the transition is
primarily doublet (S = 1,2) to quartet (S = 3/2) in char-
acter. The spectrum is dominated by a progression in a single

totally symmetric mode, which is presumably the a} breath-
ing mode of an equilateral, D,,-based structure. A short,
weak progression in a second normal mode is also observed,
with the first member split into a doublet and the second
member split into a triplet of features. Finally, another series
of single bands is also found, with the same spacing as the
main progression, but lying some 250 cm ~! higher in ener-
gy-

Various possible assignments for the upper and lower
states have beén considered and it is concluded that the band
system is best described as an A “E'—X2E’ transition,
where both the upper and lower statés undergo a Jahn-Tell-
er distortion. Since all of the observed transitions originate
from the ground vibronic level of the ground electronic state,
little can be ascertained about the ground state. On the other
hand, 25 vibronic levels have been observed for the 4 excited
state and these have been fitted assuming that the excited *E’
state undergoes a linear Jahn~Teller effect with spin—orbit
splitting and significant anharmonicity in the Jahn—Teller
active, doubly degenerate bending mode. This has required
an examination of the combined effects of spin-orbit cou-
pling and anharmonicity in the Jahn-Teller active mode,
which appears not to have been previously investigated; ac-
cordingly these effects have been examined in some detail.
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APPENDIX A: THE LINEAR £'2¢’' JAHN-TELLER
EFFECT WITH ANHARMONIC EFFECTS

Longuei-Higgins et al. have provided an excellent de-
scription of the E ® e vibronic problem, with the clarity of
exposition one would normally expect from a textbook.%
These authors consider the motion of an electron on a defor-
mable ring and show that the doubly degenerate electronic
state characterized by an electronic orbital angular momen-
tum of + 1 can be considered in an electronic basis in which
the electron moves with either positive (%, ) or negative
(¢ ) angular momentum. Since both electronic states be-
come degenerate at the D,, geometry, it is necessary to con-

- sider the total vibronic wave function to have contributions

from both electronic states, giving a total vibronic wave
function of the form

¥ = iy (1) Yiee + Yoo ()Y » (A1)

where r and ¢ represent the magnitude and phase of the
displacement of the atoms in the doubly degenerate bending
vibration. This differs from the standard Born-Oppenhei-
mer or adiabatic treatment in that fwo potential energy sur-
faces are considered explicitly and are treated on an equal
footing.- In the absence of Jahn-Teller and anharmonic ef-
fects, the doubly degenerate bending vibration would be well
described by the two-dimensional isotropic harmonic oscil-
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lator wave functions of Pauling and Wilson™ or of Townes Longuet-Higgins et al. then demonstrate that the vibra-
and Schawlow,”" which we denote here by y,,,, (7,¢), where  tional amplitudes that multiply each electronic amplitude
Yo (18) = Nop™ exp( — p/2) F(m)(h + i (PV)E™, obey a set of coupled differential equations given by

A2) H, —E kre oL (rnd) A3
wheren = 0,1,2,..;m =n,n — 2,..., — n; N,,, is anormali- kret i o (,-,¢) (A3)

zation constant; p is a reduced displacement coordinate

which is proportional to 7; andF(1 Y yin 4 im)y i8anassociated ~ The off-diagonal terms involving e+ lead to couplings be-
Laguerre polynomial.”' Here  gives the number of quanta  tween vibrational basis wave functions differing by one unit
of vibrational excitation in the doubly degenerate vibrational ~ in m and this leads to the splitting of vibronic levels in the
mode and m represents the vibrational angular momentum £ ® e vibronic problem. The vibrational amplitudes

quantum number. Note that the vibrational quantum num- b (r$) and .5 (r,¢) may then be expanded in terms of
ber n defined by Longuet-Higgins et al.*® is equal to that  the two-dimensional isotropic harmonic oscillator basis
used here plus one. functions (A2) to obtain a final set of coupled equations
|
((m+1)wo—E kofim+1) O v 0 0 T, T

koyim+1) (m+2)o—E koyl 0 0 o]

0 ke (m+3Nw—~E kof(m+2) O | as

0 0 kofim+2) (m+4)o—E kovl - flas | =0 (A4)

0 0 0 kaov2 (m+3Se—E ---|]0

0 0 0 0 kan[(m + 3) oo |l as

where m can equal 0, 1, 2,..., @ is the frequency of the unperturbed doubly degenerate oscillator, and & is the coefficient 6f
linear coupling in the Jahn-Teller effect, as given in Eq. (A3). In this expression, a,, @,, a;, etc. represent the coefficients in
the expansion of ¥, (,¢) and ¥, (#,¢) in terms of the two-dimensional isotropic harmonic oscillator wave functions as

¢v-5) (rs¢) =a1Xm,m (rs¢) +a3Xm+2.m (r,¢) +aSXm+4,m (r’¢) + Y

Yoo (@) =0 X m 4 1ma 1 (B8) + QX mi3m s 1 (15B) + Q6 Xm g 5.m 11 (1) +oo. (AS)
The explicit matrix formulation given by Eq. (A4) is amenable to numerical calculations and may also be solved to second
order in perturbation theory to obtain the energies given by Eq. (4.1), where k ® has been replaced by 2.D, as is used by Child.%

It is the aim of this Appendix to generalize these results to a case in which the anharmonicity of the doubly degenerate
bending mode exerts a comparable influence on the vibronic energy levels as does the linear Jahn—Teller effect. In such a case,
one may replace the diagonal matrix elements in Eq. (A4) by the energy of the anharmonic doubly degenerate bending
oscillator, which is given as

G(iy,]) =w(v, +1) +x(v, + 1)2+g12 (A6)

where x and g provide the anharmonic corrections to the energies and the vibronic coupling is still taken to be glven by the off-
diagonal terms in Eq. (A4). With this modification, the secular equation associated with Eq. (A4) becomes

F(m)+m’e—E kafJ(im+1) 0 0
kar/(m + 1) Fim+ 1)+ (m+1)%—E kol 0
0 kan1 Fm+2)+m g E koJim+2)
0 0 kan[Tm +2) Fm+3)+(m+1)%g—F | =0
0 0 0 B %) .
0 0 0 0
(A7)
where F(n) is given by turbation theory. For a given value of m (0, 1, 2, etc.), the
Fn)=n+ 1o+ (n+ 1) (A8) solutions to Eq. (A7) may be ordered according to energy by
Since each zeroth-order state is coupled to at most two. an index p, giving the following energies which are correct
other states in Eq. (A7), it is a simple matter to obtain esti- through second order in perturbation theory, where & 2 has

mates of the solutions £, to Eq. (A7) by second-order per- again been replaced by 2.D:
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TABLE IIL. Anharmonic £ @ e Jahn-Teller energy levels.®

m p v - ... Energy

0 170 ® + x — 2Dw + 6Dx + 2Dg

0 2 1+ 20+ 4x + g+ 4Dx — 4Dg

1 1 1'- 20+ 4x + g — 4Dw + 20Dx +.12Dg

0 3 2° 3o+ 9x—2Dw + 18Dx + 6Dg

1 2 22+ 3w +9x + 4g + 2Dw — 6Dx — 18Dg

2 1 22- 3w+ 9x + 4g — 6Dw + 42Dx + 30Dg

0 4 3+ 40 + 16x+ g+ 8Dx — 8Dg

1 3 3= 40 + 16x + g — 4Dw + 40Dx + 24Dg
2 2 33+ 4o + 16x + 9g + 4Dw — 24Dx — 40Dg
3 1 33— 4w + 16x + 9g — 8Dw + 72Dx + 56Dg
0 5 49 5w + 25x — 2Dw + 30Dx 4 10Dg

1 4 42+ 5w + 25x + 4g + 2Dw — 10Dx — 30Dg
2 3 42- 50 + 25x + 4g — 6Dw + 70Dx + 50Dg
3 2 4+ 5p425x + 16g + 6Dw — 50Dx — T0Dg
4 1 44 50 + 25x + 16g — 10Dw + 110Dx + 90Dg

2Calculated by second-order perturbation theory according to formulas
(A10a) and (A10b). The + signs associated with 4/ simply designate
whether the level is raised ( 4+ ) or lowered ( — ) as the Jahn-Teller cou-
pling D is increased from zero.

Forp=1,3,5,.,

E, = (m+p)o + (m+ p)*x + m’g + Do’ (p — 1)/
[w+ (2m+2p— )x — 2m + 1)g]
—Do*2m +p+1)/[wo+ 2m+2p+ x

+@m+ gl (A92)
and for p = 2, 4, 6,...,
E,=(m+p)o+ (m+p)x+ (m+1)%g
+ Da?(2m + p)/[@ + (2m + 2p — 1)x
+ (2m + 1)g] — (pDas?)/
[0+ C2m+2p+ 1)x— 2m+1)gl.  (A9D)

These expressions simplify if |x|<€w/ (2372 +2p) and
lgl €w/(2m + 1), givingforp=1, 3, 5,..,

E,=(m+plo+ (m+p)x+m’g— 2m +2)Do
+ Dx(m + p) (4m + 6) + Dg(m + p)(4m + 2)
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E,=(m+p)o+ (m+p)x+ (m+1)g+2mDw

+Dx(m+p)(2 —4m) — Dglm + p) (2 + 4m).
) 7 (Al0b)

Identifying the coefficient of g as /* and the coefficient of @
asv + 1, the lowest vibronic levels v’ are obtained as listed in
Table III. This table demonstrates that when Dw and g are of
similar magnitudes, the v = 2 triplet of levels will be asym-
metrically split. This is in agreement with our observed spec-
trum.

APPENDIX B: THE LINEAR £ ®¢’ JAHN-TELLER
EFFECT WITH ANHARMONIC EFFECTS

In Appendix A, the effects of anharmonicity were com-
bined with the linear Jahn—Teller effect to demonstrate that
anharmonic effects can lead to nonuniform splittings in the
vibronic levels of a 'E molecule in D, symmetry. In this
appendix, these results are further generalized to include the
spin—orbit interaction as well. A nice discussion of the effects
of spin—orbit coupling in the E ® e vibronic problem has been
given by Chau and Karlsson®” and this provides the starting
point for the present development.

In the linear Jahn—Teller effect in a 'E state in the D;,
point group, it was necessary to consider two electronic
states with positive and negative values of the component of
electronic orbital angular momentum along the C, axis and
these were designated by 9.5, and ¥4, respectively. In a
2E’ molecule, these must be combined with the spin of the
unpaired electron to give four distinct electronic states desig-

- nated by ¥i. @, Yau. &, Vi B, and 5. B, respectively. One

might consider the most general formulation of the total (vi-
brational plus electronic) wave function to then consist of
four terms, giving

‘I/ = ¢vqiklau(r’,¢) ¢e?;: + ¢v?ba( r’¢) ¢el_c:

+ PR UL + VP () v, (B)

where » and ¢ represent the magnitude and phase of the
displacement of the atoms in the doubly degenerate bending
vibration, and explicit designation of the totally symmetric
breathing mode is suppressed. Chau and Karlsson®” demon-
strate, however, that the vibronic coupling which induces
the Jahn—Teller effect can only couple components with the

(Al0a)  game spin (@ or f3), so the secular equation for the vibration-
al amplitudes ¢} (rd), Y2*(rnd), wiP(r.¢), and
and forp =2, 4, 6,..., > (r,¢) reduces to the form
1
Hy—(/2—E kre™® 0 0 VLE(re)
kre*® Hy+¢/2—E 0 0 V2 (rd) 0 (B2)
0 RN I " Hy4+(/2—E kre PRy | 7
0 0 kret Hy—¢/2—E || ¥:°(ré)
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where the spin—orbit energy of the ¢}, .a and ;.. electronic states is given by — & /2, while that of the ¥4, @ and ¢4..8
states is given by + £ /2. An important new feature of this secular equation is that the linear Jahn—Teller portion of the
Hamiltonian couples one spin—orbit component to the other, but causes no direct coupling within the vibrational levels of a
particular spin—orbit component. As a result, large spin—orbit interactions ({» @) cause the Jahn—Teller splittings to be
reduced, since the energy difference between the coupled levels is governed by the magnitude of &.

This secular equation (B2) obviously block diagonalizes into portions involving the  and £ spin states given by

[ _ _ —ig [yt
H, ;/2 E kre s (r,¢)] —o (B3)
| kre t Hy +§5/2 —Ei p3,%(r,¢)

and
[Ho +5/2—E kre= %11 vR’s(r,szﬁ)] _ (B4)
| kre+ ¢ Hy—¢/2—Ellyzfnp) ] :

respectively. These two equations may be combined to give
H, FL/2—E - [k
HFer2 e Y "(r¢)] -0, (BS)
| kre ¥ Hy + 572 —El{ 5 (rd) '

where it is understood that the upper/lower signs pertain to the a/f3 spin state. The vibrational amplitudes .} (r;¢) and
o, (r,¢) may then be expanded in terms of the two-dimensional isotropic harmonic oscillator basis functions (A2) to obtain
a final set of coupled equations

[(m+ DoFE/2—E kaylm D) 0 0 [
ko (m + 1) (m+Do+f/2—E kofl " 0 A
0 kel o (m+NoFL2—E kafim¥2D) I
0 _ ke Tm +2) (m+do+l/2—E || %]|=0 (B6)
0 0 . 0 kanf2 as
0 0 0 0 ] e
.. aL:

where m can equal 0, 1, 2,..., @ is the frequency of the unperturbed doubly degenerate oscillator, and k is the coefficient of
linear coupling in the Jahn-Teller effect, as given in Egs. (A3) and (B2-B5). This equation is identical to that given by Eq.
(A4) except that additional terms of + £ /2 are present in the diagonal matrix elements. In this expression, a,, a,, a5, etc.
represent the coefficients in the expansion of ¢}, (r,¢) and ¥ (7,¢) in terms of the two-dimensional isotropic harmonic
oscillator wave functions (A2) as

¢v_i'i> (r’¢) =) X m,m (’-':>¢) F Y t2m (r7¢) s Y m 4 a,m (r’¢) + -

¢v?b(r’¢) =a2Xm+1,m+1(r7¢) +a4l’m+3,m+1(r’¢) +a6Xm+5,m+l(r’¢) + e (B7)

The secular determinant of Eq. (B6) may be further generalized to include the effects of anharmonicity in the Jahn—
Teller active bending mode, in exactly the same manner as was done in Appendix A, giving

Fm) + mg ¥ (2 — B koflm+ 1) 0 0

kenflm T 1) Fm+1)+(m+1)g+¢/2—E kol 0

0 ken1 Flm+2) + mgFL/2—E kaf(m+2)

0 0 ko (m +2) Fom+3)+(m+1Yg+l2-E | =0 (B8)
0 0 0 . ka2

0 0 o] 0

where F(n) is given by Eq. (A8).
This form is well suited for numerical computations, since the matrix is already in tridiagonal form. In addition, since
each zeroth-order state is coupled to at most two other states, it is a simple matter to obtain estimates of the solutions to Eq.

(B8) by second-order perturbation theory, precisely as was done in Appendix A. With the replacement of k2 with 2D, this
gives

J. Chem. Phys., Vol. 85, No. 12, 15 December 1991
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TABLE IV. Anharmonic E @ e Jahn-Teller energy levels with spin—orbit coupling.®

Lower spin-orbit state

Energy

@

]
<

m

0° w+x—{(/2-2D0Y/ () + [6Dx0*(0® + £?) — 12Dx0°C + 2Dg0* (0* + £2) —4Dge*E 1/(e* — £2)?

1'™ 20 +4x +g—§72— 4D/ (o + £) + [20Dx0* (0® 4 £2) — 40Dx’¢ + 12Dga*(e? + £2) — 24Dga’ L 1/(a* — £2)?

'+ 204 dx+g—£/2 + 4D, /(0* — £2) + [4Dxe? (o + €2) — 32Dxw’é — 4Dgw*(w? + £2) ]/ (0* — E2)? -

2 30+ 9x ~£/2 4 2D0* (3 — 0)/ (0 — £?) + [18Dx0* (@ + £2) — T6Dxw’t + 6Dga (o + £2) — 4Dga*t 1/(? — £2)?

2% 30+ 9x +4g ~§ /2 + 2D (3% + 0)/ (0* — £ ?) — [6Dx0* (0 + £2) + 68Dxa’L + 18Dgw? (0® + £2) + 12Dge’ 1/ (0? — £3)?
3o+ 9x+4g—§/2 — 6D/ (w + &) + [42Dx0*(&* + £?) — 84Dx0*E + 30Dger (0 + £2) — 60Dga)3§]/(m —&H?

3'- 4o 4 16x+g—£ /2 + 8D /(6* < £P) + [8Dxe*(? + £2) — 128wa3§ 8Dgw*(0* + &) /(e — £7)?

3t 4o+ 16x+ g — £ /2 + 4Dw* (2L — w)/ (¥ = g ) + [40Dx0* (& + £*) — 136Dxer’¢ + 24Dgw*(@w* + £2) — 24Dga’t 1/ (w0 — £2 )2
3 4o+ 16x 4+ 9g — £ /2 + 4D (2 + ©)/ (@ — £?) — [24Dxar (0 + £ 2) + 120Dx0’E + 40Dga? (@ + £2) + 40Dga’C 1/ (e — £ 2)>
3+ 4w+ 16x + 92 — £ /2 — 8Dw?/ (o + £) + [72Dx0 (0* + £2) — 144Dx0’L + 56Dge (0 + £2) — 112Dge’t 1/(w* — £3)?

Wt S OO = O
el A7 I SV SR FURY RS
[+
~
4

* Expressions for the analogous levels of the upper spin—orbit state are obtained by reversing the sign of { everywhere it appears. These results are calculated
using the results of second-order perturbation energy according to formulas (B10a) and (B10b). The + signs associated with v/ simply designate whether

the level is raised ( 4 ) or lowered ( — ) as the Jahn-Teller coupling D is increased from zero.

forp—l 3, 5,..

—(m—|-p)w+ (m+p)’x+m’gF /2 + Do*(p— 1)/ [wo+ 2m+ 2p — l)x

—2m+DgF Ll =D’ Cm+p+ D/ [o+ 2m+2p+ Dx+ 2m+ g+ 4]

and for p =2, 4, 6,...,

(B9a)

E,=(m+plo+ (m+p)Yx+ (m+1)’g+§/2+ Do*(2m +p)/[o+ 2m +2p — )x

+@2m+1)g+ 61— (pDo*)/ [0+ 2m+2p+ Dx— 2Cm+ 1)gF¢ 1.

(B9b)

These expressions simplify further if |x| € |(® + £)|/(2m + 2p) and |g| €| (@ + §)|/(2m + 1), giving for p = 1, 3, 5,...,-

E,=(m+p)o+ (m+p)x+m’g+{/2— (2m +2)Dw’/ (o
—EH2 4 402m® + dmp + 2p* + m + 1) Dxa’¢ /(0® — §2)2~'

+ (m+ p) (4m + 6)Dx(0* + 0’6 *) /(0

+ (m + p) (4m + 2) Dg(0* + &*¢?)/(*
and forp =2, 4, 6,...,

E,=(m+p)o+ (m+p)’x+ (m+1)g+£/2 + 2mDo’*/ (o

+ (m 4+ p)(2 —4m)Dx(o* + ¢ )/ (&*
— (m + p) (4m + 2)Dg(0* + 0*¢?) /(0

— £ F2(m + p)Do’s /(0* — £)

— D24 402m* 4+ 3m + 1) Dgw’C /(0* — £)? (B10a)
— & F2m+p) D’ /(@ — £P)
— £ 4420 4 2m* + dmp — m)Dxw’¢ /(@ — £2)?
— &2 4+ 4(2m® + m)Dga’t /(0* — )2 (B10b)

InEq. (B10a), the + signé have been reversed to establish the convention that the upper/lower signs refer to the upper/lower
spin-orbit level (assuming £ > 0). Identifying the coefficient of g as /Z and the coefficient of  as v -+ 1, the lowest vibronic

levels v’ are obtained as listed in Table IV.
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