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The theory of two-photon absorption is extended to include vibronic mixing between electronic states.
Theoretical expressions are derived which relate the possible transition pathways with measured quantities.
The experimentally determined quantities are: the relative absorption cross sections of linearly versus cir-
cularly polarized exciting light, and the polarization of the fluorescence resulting from two-photon excitation
by linearly polarized light. The theory is applied to measurements on two molecules of Dy symmetry,
anthracene and 9,10 dichloroanthracene. Utilizing the equations developed, the relative contributions of
the three pathways, (1) both photons absorbed along the short axis, (2) both photons absorbed along the
long axis, and (3) one photon absorbed along the long axis and the other photon absorbed along the short
axis, are determined. From the deduced values of the transition pathways the relative contributions of
different final vibronic states to the absorption of two laser photons (Aw=14 400 cm™) are determined.

I. INTRODUCTION

The simultaneous two-photon absorption experi-
enced by molecules in a strong radiation field is now a
well-documented and even commonplace phenome-
non.!~® The quadratic interaction of the molecule with
the radiation field leads to selection rules which are
different from the case of the linear coupling or one-
photon absorption process. In particular, a molecule
possessing a center of symmetry can only undergo a
two-photon electric dipole absorption if the initial and
final states are of the same parity, whereas a one-
photon eleciric dipole absorption requires the initial and
final states to be of opposite parity. Thus, in a two-
photon electric dipole absorption if the initial state is
of even parity, then the final state must be of even
parity, while the intermediate state must be of odd
parity.

In this paper we consider two-photon absorption by
polycyclic aromatic molecules having an inversion
symmetry. The study is both theoretical and experi-
mental in nature. In particular, we have:

(a) Introduced the mixing of electronic states
through vibronic interactions so as to make parity-
forbidden transitions allowed. The vibronic perturba-
tions are especially important for the molecules which
we have considered, anthracene and 9,10-dichloro-
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anthracene, since the final electronic state at twice the
ruby laser frequency is of opposite parity to the initial
state and thus the absorption is parity forbidden.

(b) TUtilized the observation of Hernandez and Gold*
that the two-photon absorption cross section may be
dependent on the polarization of the exciting radiation.
This polarization dependence is determined by the
symmetries of the states contributing to the absorption.
Information about the pathways of the two-photon
absorption can be obtained by such polarization meas-
urements.

(c) Determined the relative two-photon absorption
cross sections of circularly vs linearly polarized exciting
light. This was done by measuring in solution the rela-
tive fluorescences effected by the two different exciting
polarizations.

(d) Measured the polarization of the fluorescence
relative to two-photon excitation with linearly polarized
exciting light in a rigid medium. This type of measure-
ment gives information about the direction in the
molecule of the two-photon absorption with respect to
the molecular direction of emission. Since the molecular
fluorescence direction is known, we therefore gain
information in this way about the direction or directions
of two-photon absorption. The value obtained from the
fluorescence polarization measurement combined with
the measured ratio of cross-sections of circularly vs
linearly polarized light permits a determination of the
relative contributions of:

(1) both photons absorbed along a given axis of
the molecule, e.g., the long axis.

(2) both photons absorbed along a different axis,
e.g., the short axis.

{3) one photon absorbed along the short axis and
the other photon absorbed along the long axis of the
molecule.

Knowing these quantities we determined the relative
contributions of the possible final vibronic states for
two-photon absorption.

0 J. F. Hernandez and A. Gold, Phys. Rev. 156, 26 (1967).
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Fre. 1. Ratio (C/L) of fluorescence
induced by circularly (C) and linearly
(L) polarized laser light in powdered
anthracene as a function of laser intensity.
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II. CONTRIBUTION OF THE TERMS IN THE
HAMILTONIAN TO TWO-PHOTON
ABSORPTION

The interaction of electrons with monochromatic
light in semiclassical form is

H'= 3" {(—e/mc)A; pit+ (&/2m) A A}, (1)

7

where A; is the vector potential evaluated at the posi-
tion of electron j, p; is the momentum of the jth electron
and the sum is over all the electrons in the molecule.
In this section we consider the relative importance of
the terms in Eq. (1) to two-photon absorption.

A. The A-A Term

Although the interesting suggestion'!-? that the A-A
term in the interaction Hamiltonian is responsible for
the two-photon absorption appears to be ruled out on
theoretical grounds,® as well as by some earlier
polarization experiments,* one discrepancy has not yet
been cleared up completely. Measurement of the
intensity of the fluorescence of circularly and linearly
polarized light incident on a powdered anthracene
sample indicated that the A-A term was important.!?
The matrix element of the A-A term vanishes for
circularly polarized light so that if this term is impor-
tant, the relative intensity of the fluorescence induced
by the linearly polarized light should be much greater
than that from circularly polarized light. This is
essentially what the initial measurements demon-
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strated.’” However, since anthracene is a biaxial crystal,
the polarization of an incident beam will be altered as
it propagates through the crystal along any axes except
the optic axes. In addition, the powdered sample which
was utilized must lead to extensive depolarization due to
scattering. It is, therefore, surprising that one would
obtain such a marked difference in the fluorescence for
the two cases even if the A+A term was of importance.
It seemed, therefore, worthwhile to carefully repeat
these latter measurements.

The experiments of Ianuzzi and Polacco on powdered
anthracene were repeated and equal fluorescence inten-
sity for both circularly and linearly polarized incident
exciting light was observed as shown in Fig. 1. As
mentioned before, this independence of polarization is
expected with powdered crystals because of depolariza-
tion. To avoid the birefringent effects of the crystal,
anthracene in an isotropic medium (103M in 959,
ethanol) was studied. These results (see Fig. 2) show
a significant absorption of the circularly polarized light
and thus eliminates the A-A term as the major con-
tributing term in the Hamiltonian. It is apparent in
view of the present experimental work that the contri-
bution of the A-A term must be very small at best.
Furthermore, theoretical work in two laboratories!®-
has indicated that the contribution of the A-A term
is negligible.

B. The A:p Term. Electric Quadrupole or Magnetic
Dipole Transitions

If the initial and final states are of the same parity,
then two-photon absorption resulting from electric
dipole transitions is forbidden. However, the parity
selection rule can be satisfied if one of the transitions
is a dipole transition and the other is either an electric
quadrupole or magnetic dipole transition. For either of
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these, the probability for the over-all absorption is
reduced by roughly 10° compared with two dipole
allowed transitions. The contribution of dipole with
electric quadrupole or magnetic dipole terms is there-
fore neglected.

C. The A:p Term. Electric Dipole Transition

In Secs. IL.A. and IL.B. the contributions of the A-A
term and the higher order terms of A-p were asserted
to be of negligible importance. The only remaining way
to effect a two-photon transition between initial and
final states of the same parity is via two dipole transi-
tions one of which is made allowed by vibronic pertur-
bations. Very roughly the absorption compared with
two dipole allowed transitions should be reduced due
to vibronic mixing by 102 Thus, the vibronic mixing
pathway should be roughly 10* times more likely than
mechanisms involving A-A or the higher order terms
of A-p. In view of these considerations we consider
only electric dipole transitions and vibronic mixing in
this paper.

1000
Megawatts / cm?

ITII. EXPERIMENTAL

Two distinct and separate measurements were made
on each molecule. In one the molecules in solution at
room temperature were irradiated in turn by linearly
polarized and circularly polarized light and the resulting
fluorescence monitored. These measurements yielded
the ratio, C/L, of the fluorescence resulting from the
different states of polarization of the exciting light. In
the second set of experiments the molecules in a rigid
matrix were irradiated with linearly polarized light and
the polarization of the emission was obtained. In
particular the intensity of emission polarized parallel to
and perpendicular to the axis of polarization of the
irradiating laser light was measured. These measure-
ments vielded a second ratio I.4/,).

The experimental arrangement is shown in Fig. 3.
The laser light first passes through a blue filter to
remove flash-tube light, then through attenuating
Corning filters and a Glan laser polarizer which insures
that linearly polarized (vertical) light enters a 1\ plate
which, depending on orientation, passes either circular

Attenuating Fused Quortz
Filter 1/4°\ Plate {cm. Cell
Blue Glan 6mm. 13cm, 2mm.
Film2 Polarizer Ap)r'uve Focal Length Aperture Filter
d l | ,’“\/ &
Q Loser i R == O RCA 925
F1c. 3. Apparatus used to measure l ‘\V,' s
§ cope
laser-induced fluorescence. P yalibvios
— Beom
Monochromator
+—Z— Filter
RCA 1P28
Scope
50n Lower
Beom
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Fic. 4. Scope tracing of laser intensity (upper trace) and
fluorescence (lower trace) from 9,10-dichloroanthracene. The
first four upper traces are for linearly polarized laser light and the
second set of upper traces are for circularly polarized laser light.

or linearly polarized light. A 6-mm-diam aperture in
Al foil limits the beam which then may be gently con-
verged by a 13-cm-focal-length lens when higher
intensities are desired. The light passes through a sec-
ond aperture of 2-mm diameter in Al foil and into the
experimental cell. The intensity of the laser light is
monitored after the cell with a 925 RCA photodiode
run at 225V with 50-Q load. Suitable filters (NiSOy)
attenuate the laser light. The fluorescence resulting
from two-photon absorption is observed in a direction
perpendicular to the laser light. It passes first through
a monochromator or selected Corning filters and is
monitored by a 1P28 which feeds a 50- load. (The
photomultiplier’s linearity when suitably wired extends
for pulses less than 100 nsec to anode currents of 8 mA.)
The signals from the 925 and 1P28 are displayed and
photographed on a dual beam Tektronix 555 using L
plug-in units.

The laser we use is an Optics Technology Model 130.
It is Q-switched by a Pockels cell. The pulse energy is
quite constant when fired at 1-min intervals giving
peak powers of up to 100 MW. The pulses have a
15-nsec half-width and the beam’s divergence is 10
mrad. We find, however, that though the total pulse
energy is fairly constant the energy distribution or
intensity varies from pulse to pulse across the width of
the pulse. Because of this there is considerable fluctua-
tion in fluorescent output (which depends on /%) for
laser pulses that appear the same as monitored by the
925. To overcome this experimental difficulty we took
many measurements for each of the two states of
polarization at the different laser energies. The Glan
laser polarizer together with a precision {\ mica plate
allows easy alternation between linearly (vertically)
polarized light and circularly polarized light of either
handedness. The purity of the circularly polarized light
was checked by reflecting it from a metal mirror which
changes the handedness, back through the {\ plate
and through the polarizer now acting as an analyzer.
Pure circularly polarized light is indicated by no light
returning through the analyzer. The M plate was
placed in a rotatable mount so that by merely rotating
45° the light was changed from linear to circular or
vice versa without any change in beam intensity. The
6-mm aperture produces a beam of roughly uniform
intensity throughout its cross section. The 2-mm aper-
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ture accepted a fraction of this beam which passed
through the center of the experimental cell. Background
fluorescence was reduced by preventing laser light from
falling directly on the edges of the cell. However, the
principal reduction in background signal was achieved
by use of 959, ethanol as a solvent and a fused quartz
cell.

The intensity of the laser light is monitored after
transmission through the cell so we avoid reliance on
the transmission characteristics of the intensity reducing
filters. Furthermore, and more importantly, the polar-
ization of the light can be checked after transmission
through the sample. The polarization, linear or circular,
is not altered by the sample in our experience.

Each of the solutions we report on was approximately
of 107*M concentration in 959 ethanol and the starting
materials were anthracene, zone refined, 20 passes and
9,10-dichloroanthracene, Eastman # 1642. Care was
taken to avoid as much as possible exposure to uv and
oxygen. The fluorescence spectra of each of the samples
was run using a Cary spectrophotometer Model # 125
and the peak that most closely matched the photo-
response of the S5 photocathode of the 1P28 was
observed with the monochromator Baush & Lomb
33-86-02. Usually a 200- A band was observed. Scattered
laser light is carefully filtered by a CuSO, solution in
front of the 1P28. The monochromator also effectively
reduces the scattered laser light. The monochromator is
used also to roughly check the fluorescence spectrum of
the sample under investigation, thus confirming that the
observed fluorescence is from the experimental sample.

Data was recorded by photographing eight laser
pulses at 1-min intervals with consequent fluorescence
on a single photograph as is shown in Fig. 4. The first
four are for linearly polarized light and the second four
for circularly polarized light. The laser power remains
fairly constant as can be seen from the figure. Several
such pictures were taken at various laser intensities for
each of the samples. The laser intensity was altered by
introducing Corning filters in front of the Glan polar-
izer. A range of intensity of roughly 10:1 was covered
in this way. Much higher intensities were achieved by
introducing a 13-cm-focal-length lens between the
6-mm aperture and the cell and causing the beam
to converge to approximately 2-mm diameter in the
center of the 1-cm sample cell. The focal point was
outside the cell to avoid cavitation in the lquid. A
range of slightly over 100 in intensity was covered by
these means.

The % dependence of the emission was first estab-
lished for each of the molecules. To determine the rela-
tive efficiencies of the two polarizations, the amplitude
of each fluorescent signal (F) was measured and divided
by the square of the amplitude of the corresponding
laser pulse (I?) giving F/I? for each laser shot. The
mean value of several such efficiencies for approximately
the same laser intensity was taken for both linearly
and circularly polarized laser light giving ((F/I*)z)m
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and ((F/I?)¢ )n- The ratio C/ L of these two efficiencies
was then taken and so values were obtained for this
ratio at various laser intensities. These are plotted in
Figs. 2 and 5. The flags in the figures indicate the ap-
proximate mean deviations of the ratios.

Mode jumping between various transverse spatial
modes of the laser cavity is thought to be responsible
for the fluctuations in the fluorescent output. In some
of our most recent experiments on the polarization of
the emission, to be described below, we sought to reduce
the fluctuations in the measurements by measuring 1%,
the square of the laser intensity, directly rather than
measuring I, the laser intensity, and subsequently
squaring. Our method was to allow the fraction of the
laser beam, which would normally be monitored by
the 925 to irradiate a solution of 0.1M phenanthrene
in benzene. A strong fluorescence results, proportional
to I?, which is monitored by a 1P28 photomultiplier.
In these latter experiments only linearly polarized
light was used to irradiate the phenanthrene. Consider-
ably better consistency was obtained by this technique.
A second technique used in the measurements on the
polarization of the emission was to simultaneously
observe the two polarizations of interest using two
matched photomultipliers symmetrically disposed on
either side of the sample cell. One photomultiplier
monitored the perpendicular polarization, the other
parallel. In this method each laser shot yielded the
information necessary to calculate the ratio of interest.
Therefore, variations in laser intensity from shot to
shot were less troublesome.

In order to make the measurements on the polariza-
tion of the emission by the first method described above
the quarter-wave plate was removed and an analyzer
placed between the sample cell and the monochromator.
The polarization bias of the monochromator was
reduced by tilting it at 45°. The slight remaining bias
was measured and allowed for. It amounted to 39, in

favor of horizontal polarization. In these measurements
10—*M anthracene, and 103M 9,10-dichloroanthracene
were rigidly held in EPA glass at liquid-nitrogen tem-
perature. As before, a cell of 1 cm? cross section was
used. The cell was supported inside a clear walled
Dewar vessel in which the liquid nitrogen level was
held just below the height of the laser beam. In this
way we experienced no trouble with bubbling or scat-
tering in the liquid nitrogen. The results of these
measurements are presented in Sec. V.

IV. THEORETICAL

In most molecules possessing a center of symmetry
such as anthracene, the ground electornic state is of g
symmetry. A two-photon dipole transition from the
ground electronic state requires the intermediate state
to be of odd parity (ungerade) and, hence, the final
state must be of even parity (gerade). Since it is now
well known that in the molecules of interest there exists
a state at exactly twice the laser frequency which is
two-photon accessible, this state must be of even parity.
However, there are two possibilities: either it is an
electronic state of odd parity vibronically mixed with
states of even parity or it is an electronic state of even
parity. Molecular orbital calculations tend to rule out
the latter possibility because they place the electronic
gerade states far too high!® Consequently, vibronic
mixing between states of opposite parity must be con-
sidered.

In the following calculations we neglect the mixing
of the ground state because of an unfavorable energy
factor. We consider not only the vibronic mixing of
the final state but also the vibronic mixing of the
intermediate states.

The transition probability for two-photon absorption,
gi—fl, can be written (including the A? term in the

i R, Pariser, J. Chem. Phys. 24, 250 (1956).
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dipole approximation so as to remove the frequency
factor)#16

P,,,',f1=C

> {(M/l.nj'é)\) (Maj,gi-8)

nj Wnj,gi— WA

+ (Mfl,nj'é“)(Mnj.gi-é)\)} ' 2 (2)

Wnj,gi— Wy

where #, is the vibronic state corresponding to the jth
vibrational level of the nth electronic state, & and &,
are the polarization vectors of the photons A and g,
respectively, and w, and w, are their frequencies. C is
equal to [(27)3/Ac*]Fhon] (w,), where F) is the
number of photons per square centimeter-second at
the frequency wy, /(w,) is the energy flux per unit
frequency in ergs per square centimeter of the secondary
beam at the frequency w,:

M105= (&' (Q) [ M4 (Q) | 9,7(Q) ), (3)
where ¢/ is the /th vibrational level of the electronic
state f and
where 6;(q, Q) is the electronic state f which is expressed
as a function of the electronic coordinates ¢ and the

vibrational coordinates Q, and M(q) is the electronic
dipole moment operator.

A. Vibronic Mixing of the Final State f with Other
Electronic States

Following the Herzberg-Teller formulation,'"*®
M;.(Q), for small displacements, can be expanded in
a power series about the equilibrium value of the vibra-
tional coordinates. Q=0. This expansion corresponds
to a mixing of the electronic states due to an electronic-
vibrational coupling. Retaining only those terms linear
in the vibrational coordinates Q we finally obtain

an(Q) =an(0)+zles(Q)Msn(0)x (5)

where the sum is over all electronic states s except f and

6:(g, 0) | (9H/3Qu)0 [ 6:(g, 0) )
E.— E;

IV(OEDY Qa. (6)

H is the Hamiltonian and the sum is over all normal
modes a.

The dipole transition matrix element between the
vibronic states f/ and #j can thus be written

18 P, A. M. Dirac, Principles of Quantum Mechanics (Clarendon
Press; Oxford, England, 1958), p. 247.

1 G, Herzberg and E. Teller, Z. Physik Chem. B21, 410 (1933).

18 A, D. Liehr, Z. Naturforsch. 13a, 311 (1958).
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Mfl.nj=an (0) <¢1f ] ;" >+ ZI Msn(o)

8

0F | (0H/8Q.)0 | 8.")
x zu: E— E!

where 0f°=01(q, 0) .

If the intermediate state # and the final state f are
ungerade electronic states, then My, (0) is a symmetry
forbidden transition. The transition between states fI
and #j gains its intensity by borrowing from the transi-
tions between the states # and s, where s must be a
gerade electronic state. This requires that M,,(0) be
non-zero and simultaneously the states f and s must
have an allowed vibronic coupling. Simple group theory
shows that the vibrations Q, necessary for the mixing
of states f and s must be of symmetry such that it
belongs to one of the irreducible representations of
the product of the representations of 6,° and 6/°. For
example, in Dy, symmetry if f is of symmetry Bs, and
s is of symmetry By, then the Q, must be of symmetry
b3y

@’ [Qald), (7)

B. Vibronic Mixing of the Intermediate States

Following the procedure of the previous section, we
obtain by mixing the intermediate state » with state »

an(Q) =M/, (0)+ Zl)\nr(Q)M/r(O) ) (8)

where the sum is over all electronic states r except the
state #. The dipole transition matrix element between
the vibronic states fI and #j is

M;1,0; =M (0) (&' | ;" )+ D_'M,,(0)

<¢1f t Qa [ ;" >

X Z <0n0 l (6H/aQa)0 [ 07'0> (9)

E,—E,

The vibrations Q, necessary for the vibronic interac-
tion between the states r and the intermediate state
n must be of a symmetry such that they are contained
in the product of the representations of the electronic
states r and #. For the state, 7, to contribute to the
transition between f! and #j, there is also the require-
ment as seen in the equation (9), that M(0)s=0. It
should be recognized that in addition to the necessary
contributions made possible by vibronic interactions
for the cases of symmetry forbidden transitions, the
vibrational mixing of electronic states can also play a
significant role for those cases where transitions are
symmetry allowed but weak. This may be of special
importance in two-photon spectroscopy. For those
molecules where vibronic mixing is necessary for two-
photon absorption, the 0-0 band will clearly not appear.
The two-photon absorption spectra will start at an
energy E=FEy o} Eyip where Ey, is the energy corre-
sponding to the vibrational mode required for the
vibrational mixing.
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The transition probability for the absorption of two
photons of the same frequency « and state of polar-
ization & is

Ppopi=C'| 3 s Wlosaire) |

ni Wrj,gi—W

(10)

where C'=4C and wy=w,=w. See Eq. (2).

For plane polarized light, é=&; where Z is a labora-
tory fixed direction. For circularly polarized light
é=(2)"1[¢z+1i¢y ], where Z and Y are laboratory fixed
directions.

Since we are not including vibronic mixing of the
ground electronic state, we find that

Mnj.al':Mno(O) <¢fn I @i > (11)
By substitution of Egs. (5), (8), and (11) into (10),
we obtain

Pyini=C"] Z L1/ (wnjgi—w) (e M (0) (@ | 657 )
+ 2 @M, (0) (o | Ma(Q) | 65m)

+ 37 &M, (0) (¢ | Mar(Q) | 657))

X(6°Mna(0) <¢in l o’ >) \2- (12)

In this treatment only in-plane transitions are con-
sidered. In addition, it is assumed that the vibrational
level i of the ground electronic state is the zero level.
As a general example, molecules of Dy, symmetry, e.g.,
anthracene and 9, 10-dichloroanthracene, are examined.

Since we have restricted this discussion to in-plane
transitions, the possible intermediate states are of
symmetries Bs, and Bs,. Thus, M,, is short-axis (y)
polarized for »=B,, and M,, is long-axis (x) polarized
for n=Bs,.

In this example My, (0) is a parity forbidden transi-
tion since f is assumed to be ungerade and # must be
ungerade. The gerade states that enter via the vibronic
mixing of electronic states are A, and By,. These gerade
states alone conform to the restriction of considering
only in-plane transitions. For the case in which the
final electronic state is of symmetry Bs,, e.g., anthra-
cene, the only possible vibrational states consistent
with these reservations are of symmetry &y, or bs,.

We now consider the two-photon absorption from
the vibronic state gi to the vibronic state fl where the
symmetries are

g—4a; 1—a, (zero level),

f_)B2u 3

1—')b2u.

1613

For linearly polarized exciting light & we obtain
Poisi=C" | 1222 D, (wnjgi—es) ™

nj

X[Eal’ Mo (0) {6’ | Mo(Q) | &™)
+ 22 Mp(0) (3 [ Mr(Q) | 65" YITMag?(0) (857 | 647)]
T + 1,22 Z (@nrstgi—w) ™!
XL2 Momt(0) & | 2(Q) 165)
+Z Mp(0) (bf | e (Q) | 15 )]
X[ Mg (0) (65 [ 6:0)] 5, (13)

where 1,z is the direction cosine for the intersection of
the long axis (x) of some molecule of arbitrary orienta-
tion and the laboratory fixed axis Z. Similarly, 1,7 is the
direction cosine for the short molecular axis (y) and
the fixed axis Z. The superscript on the transition
moment indicates the polarization of the transition in
terms of the molecular axes. Since ¢:9 is of g, symmetry,
¢ and ¢, are of ¢, symmetry. Since ¢/ is of by,
symmetry and ¢,” and ¢;* are of g, symmetry, then
M3y Aary Aser and Ay are of bs, symmetry. The states
in the sum over # are of symmetry B;,, those over #’
are of symmetry Bp,. The states s are of symmetry
Ay, r are of By, s’ are of A, and 7’ are of 4,.

We set the first sum over nj equal to D,;** where the
superscript xx indicates that both photons are absorbed
along the long molecular axis x. We set the second sum

over #'j’ equal to D,.;»¥%. Hence,
Pyiyi=C"| Lz D+ 1yz* Dyry™ |2, (14)

Since the molecules are randomly oriented in solution,
we average over all angles and obtain for linearly
polarized light (final vibrational state is bs,)

(Pyisi)n=C'[5(Dn;"*) 4 3(Durj#**) + 15 Dnj"* Dy js¥¥].
(15)

For circularly polarized light, e=(2"12)(&z+1i¢y),
and for the same initial and final states as for the linearly
polarized case considered above, we obtain

Pui1=3C" | (Laztiley)?Dam*+ (Lig+ilyy) 2Dprjovv 2
(16)

After performing the squaring and averaging over
angles we obtain for circularly polarized light (final
vibrational state is ba,)

<Pai.fj >Av
=C'[%5(Dn**) 5 (Durjo*¥)*— 5D Durjr?¥]. - (17)

In the preceding calculations, the final vibrational
state ! is of symmetry b,,. We shall now consider the
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case where the final state  is of symmetry bs,.. As before,
fis By, g is Ay, and i is a,. For linearly polarized light
é=éz:

Ppisr=C"| 1,215z Z (nj,ai—w)™?
ng

X[Z, Msny(o) <¢1’f l Afs(Q) I ¢Jn>

+Z’ Mfry(o) <¢'1’f ! )\nr(Q) I ;" >:”:Mnaz(0) (4’:'" ! ¢! >]
+1121uZ Z (wn’j',vi_w)_l

nljl

X[Z// Ms’n’z(o) <¢1’f ! )‘fx’ (Q) l ¢J""/)
+ 3 Men(0) (6’ M (Q) 1677
X[M,,v,,”(()) <¢J”nl ] &f )] IZ- (18)

Since ¢/ is now of b3, symmetry and ¢,* and ¢;*
are still of g, symmetry, then As,, Ay, Aser, and Ay are
of by, symmetry. The states in the sum over #» are now
of symmetry Bs, and those over »’ are of By, symmetry
as before. However, the states s, 7, s, and 7’ are not of
the same symmetry as in the first example. The states
s are symmetry By, r are 4,, s’ are By, and 7’ are B),.

Set the sum over nj equal to F, ;% where the super-
script yx indicates that one photon is absorbed along
the ¥ axis and the other photon is absorbed along the
% axis. Similarly we set the second sum equal to F,;*¥.
We then find

Puijv=C"| LzlazFoi*+ Lozl g Furp®v | (19)

Averaging this expression over angles yields for linearly
polarized light (final vibrational state is b3,)

(Poigv n=15C"| Fus¥*+ Fur v °. (20)
For circularly polarized exciting light
P =3C"| (Liz+ilyy) (Liztiley) Faite
+ (Laz+iley) (Lz+ilyy) For 2y 2 (21)

Averaging this expression over angles gives for circularly
polarized light (final vibrational state is bs,)

(Poigv n=76C"| Fuj*+ Fuy=v 2. (22)

In this section we have obtained expressions for the
transition probabilities for linearly and circularly polar-
ized exciting light. For the b, mixing vibration this
transition probability includes two transition pathways.
They are (1) both photons absorbed along the short axis
and (2) both photons absorbed along the long axis.
For the b3, mixing vibration the two photons are ab-
sorbed along different axes, the orthogonal short and
long axes. The total cross section for the absorption
of two quanta of circularly polarized light is propor-
tional to the sum of Eqgs. (17) and (22). Similarly for
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linearly polarized exciting light the cross section is pro-
portional to the sum of Egs. (15) and (20). The ratio,
Q, of the cross sections for circularly vs linearly polar-
ized light is
oo C _ 344D 44D, —4DaDyy
" L 2P46D,2+6D,2+4D,.D,,’

(23)

where
Fi= | Fpt*+Fup®v 2 [see Eq. (20)].
Dy = (Dnj®)%; Dy =Dy jovv)* [see Eq. (15)].

Since Eq. (23) contains three unknown terms an
experimental determination of C/L in general will not
reveal the relative importance of the three transition
pathways. Only where the measured C/L=0.25 can we
deduce the contributions of the different pathways.
For this result F2=0 and D,,= Dy, i.e., the by, vibra-
tion would be the only one. (See Table I.)

A theoretical expression for a second measurable
ratio involving the three transition matrix elements is
now deduced and it is later shown that using this and
Eq. (23) the relative contributions of F?, D.;2D,? for
the molecules in question can be obtained. Knowing
these the importance of the mixing vibrations b, or
b, will result.

If the molecules in a rigid environment are irradiated
with linearly polarized light and the polarization of the
fluorescence is measured perpendicular to and parallel
to the direction of polarization of the irradiating light,
we obtain the ratio Ji/Iy. It is important that the
molecule does not rotate between absorption and
emission, hence the rigid medium.

If the direction of the irradiating laser beam is X and
its direction of polarization Z in the laboratory frame
and if the fluorescence is observed along the Y labora-
tory axis, the appropriate expressions for the intensity
of the emitted light polarized in the X direction
(perpendicular) and in the Z direction (parallel) are
as follows. For two-photon absorption due to a b,
mixing vibration followed by emission polarized in Z
direction using Eq. (14)

I (bsw) & (Poirilyz® n, (24)

where 1,7 is the direction cosine between the ¥, short
molecular axis (the emission axis for anthracene and
9,10-dichloroanthracene) and the Z laboratory axis.
For two-photon absorption due to b3, mixing vibration
followed by emission polarized in the Z direction using
Eq. (19),

101(bsu) = (Poi g1z ) (25)

and the total intensity of Z polarized fluorescence is the
sum of Eqgs. (24) and (25),

I (total) & (Pys rilyz? Yt (Poisrrlyz® Inn  (26)

Similarly the total intensity of X polarized fluorescence
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TaBLE I. Two-photon absorption, 4g——Bs., in molecules of Dy symmetry.

b2u bxu
Mixing
vibration (0 (2) 3) 4 (5) (6) (N (8)

Initial electronic 4, A4, 4, Ag A, A4, A, A,

state 1 Ve l v 1 v v
Intermediate elec- Bs, Bs,+584, B, B;,+8By, By By, +68By, Bju B3, 464,

tronic state» N e N ' N ' N Ve
Final electronic state Bgu—i—ﬁA” ng Bgu‘{—aA,/ Bgn Bgu+5310 Bgu Bgu+6Blg Bzu
Absorption axesb I Il = = -|- ~- |- |-
C/L 0.67 0.67 0.67 0.67 1.5 1.5 1.5 1.5
1,/1; 0.20 0.20 3.0 0.67 0.67 0.67 0.67

% § is the vibronic mixing coefficient.
b ||, =, and ~|- correspond respectively to two photons absorbed along
the short axis, two photons absorbed along the long axis, and one photon

is proportional to
Ii(total) « {Pyirilyx® It (Paigilyx® I
Having performed the averaging we write the ratio
Ii  2F4-9D.*+3D+4D:Dy
I  3F43D.*+15D,*+6D..D,,’

where F?, D,., and Dy, are defined as before.

Taking the equations for @ and R we now show that
the ratios F?: D,,*: D,;? can be obtained. In this deriva-
tion we let D,,=vD,, and solve the two simultaneous
equations for v in terms of the two measurable terms
Qand R. A quadratic equation in v results with solutions

y = —[b=t (b2 —4ac) ]/ 2a, (29)
where ¢=(4—6Q) (3R—2) —(9—3R) (22—3)
b=(4+4Q) (2-3R) —(2Q—3) (4—6R)
c=(4—69) 3R—2) — (3—15R) (22—3).

(27)

(28)

A positive and negative root for v emerge.

We now obtain F?/D,? by substituting the values of
7 in either of the two simultaneous equations (23) and
(28). Since F? and D,,? are squared moduli, their ratio,
F*/D,? must be greater than or equal to zero. As we
find at a later point, this requirement eliminates the
negative root of ¥ for anthracene and 9,10-dichloro-
anthracene.

We therefore can find, from the measured values of
¢ and R and the equations developed, the relative
contributions of (1) both photons absorbed along the
short axis, (2) both photons absorbed along the long
axis, and (3) one photon absorbed along the short
axis and the other photon absorbed along the long axis.
Knowing the relative importance of the three transi-
tion pathways the importance of the bs, versus the &3,
mixing vibration can be obtained.

For linearly polarized exciting light the ratio of the
transition probabilities for b, mixing to b3, mixing

absorbed along the short axis, and the other photon absorbed along the
long axis. If Paths (1)-~(4) contribute, then 0.25 <C/L <1.5 and 0.20 <
I4/I) 3.0, If Paths (5)—(8) contribute, then C/L =1.5 and I1/I}=0.67.

using Egs. (15) and (20) is

(th) _ <Pgi.fl>Av _ 3D:tz2+3Dyy2+ZDzszy
L

;;;  (Poirt It

For circularly polarized exciting light the analogous
ratio, using Egs. (17) and (22) is

(sz,.) _ APyini)w _ 4D +4Dy,—4D..Dy,
Py Jo (Poijiim 3F? )

These ratios and those developed earlier are useful in
understanding the experimental results obtained from
anthracene and 9,10-dichloroanthracene. Before pro-
ceeding with a discussion of the experimental results,
we illustrate some values of the ratios R and Q@ which
arise in specific cases. In Table I the transition pathways
which may arise with a b, mixing vibration are shown
in Columns (1), (2), (3), and (4). The absorption
axis for each pathway is shown. The corresponding
values of @ and R if this pathway alone is important,
are also shown. If Pathways (1) through (4) contribute,
the limiting values of @ and R are indicated. These
limiting values were deduced from Egs. (23) and (28).
Similarly the pathways resulting from a b;, mixing
vibration are shown in Columns (5)-(8). For b3, vibra-
tional mixing the values of R and Q are not dependent
on whether one or more pathways contribute. If both
b2 and b, vibrations are important in the two-photon
absorption process, then it is clear from Egs. (23) and
(28) that the values of @ and R depend on the relative
contributions of F2, D2 and D,,2. Therefore, to deter-
mine the relative importance of the b, vibration to
the b3, vibration, we must first obtain the relative values
of F? to D,;? to D2

(30)

(31)

V. RESULTS AND DISCUSSION
A. Anthracene

The experimentally determined values for anthra-
cene are 2=0.8740.08 and R=1.0824-0.10. Using these
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values of ¢ and R we solve Eq. (29) for v. The negative
root of v is discarded because it yields a negative
value for F?/D,?, a quantity which must be positive.
The positive root of v is equal to 3.1. Therefore D2 =
9.6D,,2. We obtain F?/D,2=31 from either Eq. (23)
or (28). Thus

D2 Dyt 031:9.6:1.

We can now utilize these ratios to discuss the transition
pathways outlined in Table I.

Since the lowest Bs, state, acting as an intermediate
state, has a lower energy denominator, Eq. (10), than
the transitions involving the Bs, states as intermediate
states, the paths (1), (2) and (5), (6) in Table I
might appear to be favored. However, this energy
denominator advantage for the B,, intermediate state
is offset by the larger transition moment of the 4,—Bs,
vs the A;—B,, transition. Perhaps more importantly,
the proximity of the lowest Bs, state, at 4.8 eV, to the
theoretically calculated® 4, and B,, excited states at
about 5 eV would strongly enhance the vibronic mixing
of the Bs, with the By, and 4, vs the lowest B, at
3.3 eV mixing with either the By, or 4,. These consider-
ations are consistent with the relative values found for
F?, D,;? and D2 for anthracene.

The experimental value of D.,? to D,,? indicates that,
for the case of the by, vibration, the Bs, states are 10
times more important than the B, as intermediate
states. We cannot similarly separate the B,, and By,
intermediate states for the case of b3, mixing. But
more importantly we can deduce the ratio of the cross
sections for bs, to bs, mixing vibrations.

Substituting the values obtained for F?:D,.2:D,? in
Eq. (30) we find for the case of linearly polarized excit-
ing light

(Pb2u/Pb3u)L=1'2'

For circularly polarized exciting light we obtain from
Eq. (31)
(Posu/ Pra) c=0.32.

We note from these values the strong dependence of
the ratio of the transition probabilities on the polar-
ization of the exciting light. A two-photon absorption
to the final vibronic state containing a by, vibration is
favored over absorption to the final vibronic state con-
taining a bs, vibration for linearly polarized light. For
circularly polarized light the &3, mixing vibration is
strongly favored. We draw attention to the fact that
the same values for F?, D.? and D,? are used in
Eqgs. (30) and (31). The difference in the ratios arises
from the result of averaging the direction cosines for
the two different polarizations of the exciting light in
a two-photon absorption process. Even if F?=D,?=
D2, the different exciting polarizations would lead to
different cross sections.

It is particularly interesting that the nature of the
final vibronic state (s, or bs, vibration) is dependent
upon the polarization of the exciting light.

EISENTHAL),
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B. 9,10-Dichloroanthracene

The changes in the electronic structure of 9,10-
dichloroanthracene compared with anthracene are not
major ones. As in anthracene this molecule is of Dy, sym-
metry and has a B, state as its lowest electronic excited
state. Although the lowest B,, state has red shifted
relative to anthracene’s lowest B, state there is no
appreciable difference in the A,—B,, transition
strengths in these molecules. Similarly the A,—Bs,
transitions in these two molecules are of comparable
intensities. We might anticipate therefore that the two-
photon absorption would have similar characteristics
for these molecules.

The experimentally determined values for 9,10-di-
chloroanthracene are Q(C/L)=0.72-+0.03 and
R(I1/1)=13040.10. Using the requirement
F?/D,*>0 we find, as we found for anthracene, that
the negative root of ¥ must be discarded. The positive
root of v is 3.6. Hence, D,,=3.6D,, and solving for
F?/D,? we obtain F?/D,?=19. Therefore,

D2 D2 1901301,

Using Eq. (30) we find that the ratio of the transition
probabilities for linearly polarized light is,

(Pqu/Pbﬁu)L=2’67

For circularly polarized exciting light using Eq. (31)
we find

linearly polarized light.

(Poou/ Poy,) c=0.73, circularly polarized light.

Compared with anthracene these ratios have in-
creased by roughly a factor of two. This indicates that
in 9,10-dichloroanthracene the absorption of both
photons along a given axis is more likely than in
anthracene. However, for both molecules the final
vibronic state containing the b,, vibration is favored for
circularly polarized light.

It can be noted that the value of the ., to the b3,
final vibronic state transitions for linearly vs circularly
polarized light is about the same for anthracene and
9,10-dichloroanthracene. In other words the ratio of
Eq. (30) to Eq. (31) for both molecules is roughly
equal to 4. This is not surprising since this ratio is only
a function of ¥ which is nearly equal (3.1 vs 3.6) for
the two molecules.

At this point it might be profitable to compare the
findings for anthracene and 9,10-dichloroanthracene.
The qualitative features for the two molecules, i.e.,
the ratios of the matrix elements and the relative impor-
tance of the by, to the b3, mixing vibration, are similar.
For the b, mixing vibration, which corresponds to a
final vibronic state of 4, symmetry, the Bs, are more
important than the B,, as intermediate electronic
states. We have offered an explanation for this result in
terms of (1) the stronger 4,—B;, transition and (2)
the enhanced vibronic mixing of the lowest B;, state
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due to its proximity to By, and A4, states. A unique
feature of two-photon absorption, as demonstrated by
these two molecules, is the polarization dependence of
the absorption cross section. This is true even for a
system of randomly oriented molecules.

VI. SUMMARY

In this paper we have developed a theoretical frame-
work which can be applied to two-photon absorption
in aromatic molecules. We have applied this treatment
to the absorption of two ruby laser photons by anthra-
cene and 9,10-dichloroanthracene. The theory is
developed subject to the following assumptions:

(1) Only electric dipole transitions are considered.

(2) Only in-plane transitions are included. The out
of plane transitions are much weaker and are at much
higher energies than the lower #r* states.

(3) For the application to anthracene and 9,10-di-
chloroanthracene it is assumed that there is only one
electronic state, the By, state, at twice the energy of
a ruby photon.

With these limitations in mind we have:

(1) Extended the theory of two-photon absorption
to include the vibronic mixing between different elec-
tronic states.

MOLECULES 1619

(2) Derived expressions which relate the possible
transition pathways to the following experimental
quantities. First, the relative absorption cross sections
of linearly versus circularly polarized exciting light and
second, the polarization on the fluorescence resulting
from two-photon excitation by linearly polarized light.

(3) Determined for anthracene and 9,10-dichloro-
anthracene the relative contributions of the three
possible pathways:

(a) both photons absorbed along the long axis,

(b) both photons absorbed along the short axis,

{c) one photon absorbed along the short axis and
the other photon absorbed along the long axis.

(4) Determined for anthracene and 9,10-dichloro-
anthracene the relative contributions of the possible
final vibronic states (one containing a b.,, vibration and
the other a b3, vibration) to the absorption of two
ruby photons.
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The temperature dependence of the second-order Raman spectrum of SrTiO; and KTaO; has been ob-
served over the temperature range 4°~473°K using the mercury 4358- A exciting line. From group-theoretical
arguments for cubic perovskite lattices the spectra have been interpreted in terms of phonon pairs at critical
points in the Brillouin zone using the experimental and theoretical dispersion curves determined by Cowley
for SrTi0;. Limited neutron data are available for KTaQs, but the spectrum has been interpreted by analogy
with the results for SrTi0;. The energies of the phonon branches at the critical X point in the Brillouin
zone have been deduced from the observed Raman spectra.

INTRODUCTION

The Raman spectrum of single crystals of SrTiO;
and KTaO; has been observed from 30-1200-cm™
frequency shift from the 22 938 cm™! mercury “e” line
over the temperature range 4°-473°K. The temperature
dependence of the Raman spectrum of ferroelectric
BaTiO; has been measured previously and for this
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National Science Foundation, Grant No. GP-4923.
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material the bands were primarily interpreted as a
first-order spectrum.! The room-temperature Raman
spectrum of SrTiO; has been previously reported by
Narayanan and Vedam? and their experimental results
are in qualitative agreement with our measurements.
Both SrTiO; and KTaO; are paraelectric cubic crystals
at room temperature and apart from a slight structural
change in SrTiO; at 110°K® and a possible phase
transition in KTaQ; at about 10°K,* no observation
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