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In all four alkali cyanides (NaCN, KCN, RbCN, CsCN), a weak satellite absorption band at

v, is found to accompany the second-harmonic CN stretching absorption v2 (in the 4100-cm
range). This satellite band (of width equal to that of the v2 band) shifts with temperature
through the phases of various molecular order exactly parallel to v2(T), shares the stress-
alignment dichroism of the v2 band, and is unaffected by variations in the crystal purity. These
properties exclude a perturbed CN molecule as a possible origin of this band. The position of
the satellite band at t~ice the fundamental frequency suggests strongly that it is caused by exci-
tation of two vibrational excitons by a single photon. We believe this to be an example of a
two-stage process in which the radiation field excites (virtually) a second-harmonic, (n = 2) vi-
bration at one site, followed by a transition to a state of two vibrational excitons by virtue of a
vibration-vibration interaction of two CN molecules. An example of a mechanism for the
latter step is the electric dipole-dipole interaction, Indeed, the relative strength of the v, , band
varies strongly among the cyanides with CN spacing in a manner consistent with CN -CN
dipole-dipole coupling. Moreover, an experiment with C-enriched KCN provides a critical test
of the validity of our assignment, A theoretical model is presented which is able to account for
the overall features of the observations, though the use of the bare electric dipole-dipole cou-

pling Hamiltonian leads to a predicted intensity lower than observed by —6,8, We suggest that
vibration-vibration modulation of the Born-Mayer repulsive interaction may be responsible for
the difference. The experiments, and our preliminary theoretical analysis, give us confidence in

the claim that this is the first conclusive experimental observation of a cooperative ~ibrational
absorption effect.

I. INTRODUCTION

The phenomenon of cooperative optical absorpfiort,
the absorption of a single photon by a pair of exci-
tons, has been the subject of theoretical interest. ' "
It is based on the fact that the two-particle coupling
between atoms can cause the energy of a photon to
be shared between two excitons by virtue of an exci-
tation process at both atoms. Experimentally, the
creation of two exciton states by a single photon in
solids has been clearly demonstrated for electronic
excitations. "'.M ultiphonon —one-photon absorption
has been identified, ""' arising from the linear cou-
pling between the phonon and photon fields, in con-
junction with repeated phonon-phonon anharmonic
interactions. Two-phonon structure is well known
from Raman scattering experiments, where of course
two photons are involved. "~ Our study concerns
two vibrational exciton —one-photon absorption. Be-
cause this process proceeds by virtue of the linear
vibration-photon interaction, supplemented by two-
site coupiings (e.g. , the electric dipole-dipole interac-
tion), we refer to it as cooperative vibrariona/ absorp-

tion in analogy with the electronic case. 5~'~ Con-
clusive experimental evidence for the existence of
cooperative vibrational absorption, however, has
been missing so far. The only possible observation
of such an effect, as far as we are aware, has been re-
ported in a short note by Ron and Hornig, who attri-
buted an unexplained peak in the first overtone spec-
trum of crystalline HC1 to an excitation of a pair of
HCl molecules. Its large intensity relative to the
second harmonic band, and the absence of any furth-
er systematic variations or tests, make this assign-
ment rather tentative.

In the course of an extended study of the CN
stretching excitation in alkali cyanides with ir and Ra-
man techniques, ' we have discovered and studied an
absorption effect, which, in our opinion, gives con-
clusive evidence for excitation of two vibrational ex-
citons for the first time. Alkali cyanides —NaCN,
KCN, RbCN, and CsCN —at room temperature are
pseudo cubic and "alkali-halide-like, " because of
reorientational averaging of all CN molecular aniso-
tropies. The high-purity and transparent single crys-
tals undergo towards low-temperature disorder-order
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phase transitions, in which the molecules align paral-
lel in terms of their elastic and/or electric dipole mo-
ments, producing a light-scattering multidomain
structure of lower symmetry. The high concentra-
tion of CN molecules in these systems allows for
study of the CN stretching response not only in its
fundamental (vi), but also in its second (vq) and
third (v3) harmonic excitations. Infrared and Raman
measurements of these excitations through the vari-
ous crystal phases, and their treatment within an
anharmonic oscillator model, give detailed insight
into the molecular dynamics and order processes.
This extended work will be published elsewhere. '
We concentrate here on material related to two vibra-
tional exciton absorption, which developed as a side-
line to this larger work.

II. EXPERIMENTAL RESULTS
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Figure 1 displays the infrared spectra in the range
of the second-harmonic stretching absorption for the
four investigated alkali cyanides, measured in the
low-temperature phase of parallel molecular order.
The position of the second-harmonic stretching band
(v2) is found to shift systematically with increasing
alkali-ion size towards lower energies. A correspond-
ing shift (one-half in size) is observed for the funda-
mental stretching frequencies vi of these systems,
which are not shown here but tabulated (together
with the v2 values) in Table I. In spite of the consid-
erable variation of vi and v2 with the substance, the
difference between 2vi and v2 remains nearly exactly
constant, being 2vi —v2=22. 5+1.5 cm '. This
shows that the anharmonicity (which gives rise to the
second-harmonic v2 absorption) is determined by the
intramolecular C—N binding, and is essentially unaf-
fected by the crystal environment. The shift of vi
and v2 with substance variation is therefore not due
to changing anharmonicity but due to a changing
force constant of the CN oscillator. In agreement
with this observation, the relative strength of the
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FIG. 1. Low-temperature absorption spectra of the four
alkali cyanides in the first overtone spectral range, showing
the second-harmonic CN stretching absorption {v2) and
the accompanying v, band (the latter expanded by a factor
of 10).

TABLE I. Relevant quantities for the stretching absorption of the four alkali cyanides
(a = lattice parameter, vi and v~ = first- and second-harmonic frequency. v, =cooperative absorp-
tion frequency. v~"' = ' C' N second-harmonic frequency. f ] = integrated absorption strength. )

NaCN RbCN CsCN

a (A) {cubic phase)
vi (cm ')
v2 (cm ')
2vi —

v2 {cm ')
tvt):tv2j
2vt (cm ')
v, (cm ')
t v, j:tv'"'l

5.58
2090
4156

24
113

4180
4181

1.30

6.51
2077
4131

23
120

4154
4156

0.58

6.81
2071
4121

21
106

4142
4145

0.43

4.29
2063
4103

23
122

4126
4127

0.62
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first- and second-harmonic absorption has been
found to be rather constant (see Table I) among the
four cyanides.

In all four materials, a weak satellite absorption
band is observed on the high-energy side of the v2

band, as displayed —in 10 && extended scale —in Fig.
1. The width of this band, which we will call the v, .

band, is approximately twice that of the vt band to
within experimental accuracy, An extremely weak
sideband like the v, absorption in a vibrational spec-
trum can arise from two possible "trivial" effects'.
(a) A small amount of CN ions in a "perturbed
surrounding, "which causes a shift of the stretching
eigenfretluency; and (b) a combination of stretching
excitation and some other (rotational or translational)
excitation of the system. To exclude these two
"trivial" explanations of the v, bands, several varia-
tions and experiments were conducted.

(i) Variation in the crystal purity (reagent-grade,
highly-zone-refined and impurity-doped material)
produced no measurable change in the relative
strength and peak position of the v,. bands. This ex-
cludes the possibility that these bands could be
caused by a small number of CN molecules which
are attached to chemical impurities, and therefore
display a shifted stretching absorption. This conclu-
sion is further supported by the fact that no indica-
tion for the existence of a perturbed v~ excitation was

found in any crystal in the spectral range of the fun-
damental v~ absorption.

(ii) Figure 2 shows —for the cases of KCN and
NaCN —the measured peak position of the v2 and v, ,

band as a function of temperature. The two phase
transitions of the system show up clearly as abrupt
changes in the vibrational frequency: At T,. t a first-
order phase transition produces ferroelastic order of
the molecular system, while belo~ T,.2 a second-order
phase transition produces electric dipole ordering of-

the molecules. The frequency shifts caused by these
ordering processes, observed in the fundamental vi-

brational absorption vt, are found to be quantitatively
reflected in the weak v, band (Fig. 2). This "replica
behavior" suggests strongly that we are dealing in the

v, . band with a pure stretching excitation of CN
molecules, which participate fully in the ordering
processes of the molecular system.

(iii) In the ordered phase below T, [, the CN ions
are arranged parallel in domains, which have their
axes close to the six (110) orientation of the origi-

nally cubic crystal. Application of uniaxial stress can
produce alignment of these domains, leading to the
appearance of dichroism in the optical absorption. 9

The inserts of Fig. 3 illustrate for two stress
geometries (S[[pp[ and St[[0[) the expected alignment
effect of the domain axes, and shows how a light
beam propagating perpendicular to S can monitor the
alignment by measuring the optical dichroism. The
curves in Fig. 3 show the corresponding measured
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FIG. 2. Peak position of the v2 and v,. bands of NaCN
and KCN as a function of temperature. The critical tem-
peratures of the two order-disorder phase transitions are in-

dicated by T,
&

and T,2 for both materials.

spectra in the range of the second-harmonic absorp-
tion. For the S[[po] case [Fig. 3(a)), the absorption
difference for light polarized II and s to the stress
measures directly the achieved alignment ratio. In
the S[[[0[geometry [Fig. 3(b) j, the molecules be-

come aligned in the direction of light propagation, so
that the stretching absorption (for unpolarized light)
decreases compared to the unaligned case. As can be
seen from the dichroism of the v2 band, an alignment
ratio of better than 10:1 is achieved in both cases.
The important result for our consideration is the fact
that the small v,. band shows the same dichroism as
the v2 band. This proves beyond doubt that the v, ,

excitation is polarized parallel to the CN molecular

axis, like a normal stretching excitation. In particu-
lar, this experiment excludes the possibility that the
v, , band could be produced by a combination of'stretch-

ing and rotational excitation of the CN molecule.
Sideband spectra due to such a combination effect are
indeed observed at larger splittings from the stretch
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smaller second-harmonic absorption band, due to the
0.3 at. % naturally present "C"N molecules, appears
as expected at 4068 cm '. Aside from these three
second-harmonic absorption bands from molecules
with the three types of isotopes, we observe two

small satellite absorptions: The v, band at 4156 cm '

seen already before (Fig. 1) in the KCN crystals with

natural isotope abundance, and a new v, band at
4113 cm ', which is not present in the nonisotope-
enriched material. The analysis of position and rela-

tive strengths of these isotope-induced v,. bands, per-
formed in the next section, supplies the most con-
clusive proof for the nature of the v, absorption pro-
cess.

It should be mentioned that the v, band could not

be observed with Raman techniques. This is not
surprising, because in Raman measurements the
whole second-harmonic CN stretching response is

extremely weak compared to the fundamental. While
in infrared measurements the [vt]:[v2] strength ratio

is of the order of 102 (Table I), the same ratio in Ra-

man is of the order of 10, so that the main second-
harrnonic v2 band is barely detectable above the
noise. Evidently a v, excitation, which should be at
least two more magnitudes smaller than v2, is un-

detectable in Raman scattering.

III. DISCUSSION

The experiments in Sec. II show definitely that the
v, band, observed in four alkali cyanide crystals, is an
intrinsic excitation of the unperturbed pure CN sys-

tem, with a transition dipole moment polarized paral-
lel to the CN molecular axis. We postulate that the
v, . band is caused by excitation of two vibrational exci

tons of equal and opposite wave vector, from absorption

of a single photon.
For a simple theoretical description of this process,

consider a pair of CN molecules in the crystal at
sites i and j In t.he absence of any coupling between
the two molecules, the vibrational eigenstates of each
molecule will be that of single-particle anharmonic
oscillators in the n =0, 1, 2, . . . , vibrational state.
The uncoupled eigenstates of the system are denoted
by ~n;, n, ) with energy E(n;, n, ), where n;, n, labels
the vibrational quantum number of the CN
molecule at sites i,j, respectively. The oscillator
strength f for absorption transitions (first-, second-,
. . . , harmonic transition vt, v2, . . . , v„) between
these states depend on the relevant matrix element
for each individual cyanide molecule. The anhar-
monicity of the molecular oscillator determines both
oscillator strength of the second-harmonic transition
(fp p p p) and the downward shift hp of the second-
harmonic state ~0;, 2;) compared to the double fun-
damental frequency. The ~1;, 1;) state, in which both
molecules i and j are in the first excited state, cannot

be reached by the absorption of a single photon, but
only by two individual photon absorption processes at
each molecule.

When the two site interaction energy is taken into
account, a double vibrational excitations to the
~1;, 1,) final state can be reached because of the fol-
lowing t matrix (which will dominate for the systems
we are considering):

H, „,~
intermediate) (intermediate

~ H„d
tQ. Q 1. 1

EQ Eintermediate

where the sum over intermediate states is under-
stood. H„d is the interaction between the CN vibra-
tional electric dipole and the external radiation field,
H;„„a two site (e.g. , electric dipole-dipole) interac-
tion, EQ the initial system energy, and E;„„,,d;„, the
intermediate state energy. This process has been
treated in extensive detail by Jortner and Rice.~ The
matrix clement of the t matrix takes the form

( filial
~
tp p ] ] ~

initial )

(1,. 1, IH;.ilo 2, ) (0„21IH,.dlo, .ot)
(2)

trn, —[E(o„2,) -E(o„o,)]
where 0 0- is the energy of the incident photon. On

the energy shell, tt0-, = E(1;, 1,) so that the energy
denominator in Eq. (2) becomes 6 =E(1;,1,)
—[E(0;,2, ) —E(0;,0, )]. This is small for the sys-

tems we investigate here, equal to 25 cm ' for
('2C'4N) pairs. The absorption intensity relative to
that for direct second-harmonic excitation, W, ./ W, ,
apart from numerical factors arising from multiple-
site contributions, is

'
(fi anl(t ppt ~ ~initial)

'

w, , (o„2,iH„„io„o,)

For neighboring CN molecules along a [110]direc-

tion in NaCN, for example, the numerator is approx-

imately 0.5 cm ', while from above 5 =25 cm '.
This means that @",./IV2 ——4 x 10 4. We shall show

below that this estimate is about an order of magni-

tude too low when numerical factors are included

(e.g. , summing over neighboring sites). Neverthe-
less, Eq. (3) is a useful expression for getting a feel

of the strength of the effect.
To obtain the fully correct result for the intensity

of this process is to recognize the two vibrational ex-
citon character of the final states. Following the no-

tation of Jortner and Rice, 4 this can be written as

1

K. K [Q(Q 1)]&/2

xXexp[i(K R;+K R, )]~1„1,)d.. . , (4)
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where 5; j 1 8'j a'nd

(I„I,) = ~0, , 0,, . . . , I„O,+, , . . . , I,, o, +, , . . . , ) .

The intermediate state is

1/2

)qt-„) = — X [ exp(t q R, ) ] )2;)
I

where

(2, ) =)0, , 0, , . . . , 2;, 0; t, . . . , )

and q is the photon wave vector. We write

H„„=XH„d(i)

H;„,= X H;„((ij)

so that the full t matrix becomes

~o, o-i, &
= H,„,(t', i') I +. -, ) &q -, IH,.d(t)

tr 0 —(Eq —Ep)
(6)

The absorption intensity is found from the golden
rule expression for the transition probability per unit
time. We shall ignore final state interactions associat-
ed with possible changes in CN —CN interactions
when interacting molecules are both in their n =1 vi-
brational state, as compared to one being in the
n =0, the other in the n =1, vibrational states.
These are known to be important, for example, in
the two-magnon spectra of antiferromagnets. " We
find,

lY„=(2m/tr) X l(qt —Itoo-itlq, o)t[, 8(&II-—E-„—E-„)
K, K

After considerable algebra, choosing i' as the origin, and letting j' =i '+ 5, the transition probability per unit
time for absorption of a photon of energy gQ , =E--„+E x [the state (4) has energy E-„+E „and we have

~l
used the summation over sites to require K+K —q =0, and then neglected the photon wave vector q] is pro-
portional to

&2o, 0slHrad(0) 10o 0s&exp(t'K 8)
'

(8)

where 5 is the position vector from the origin to the site labeled by 5, and we have ignored terms in q 5. The
form of Eq. (8) allows for an immediate simplification in the limit of small exciton bandwidth. We are allowed to

pass to this limit by virtue of the rough equality in linewidth of the v, band as compared to twice the v~ band

linewidth. Under such a condition, the absolute square in Eq. (8) leaves only terms of the form

'2

W, =2 X (lp, ls~H~„, (0, 8) ~2, 0 )
8

(9)

where use has been made of the relation
X-„exp(iK r;, ) 5-, p. Thus, the intensity of photon

I/

absorption for two vibrational excitons is simply a
sum of absorption intensities over sites 5 connected
by H;„, with the origin. This would certainly not be
the case if the exciton bandwidth were appreciable
(greater than twice the width of the vt transition) be-
cause of the dependence of the denominator in Eq.
(8) on exciton wave vector K. In such a case, the
sum of cross terms in Eq. (8) would not vanish and
one would need to evaluate the exciton Green's
function explicitly, as done'in Ref. 12.

The more interesting quantity, because it is directly
measurable, is the ratio of Eq. (9) to the second-
harmonic absorption intensity H'2. One finds

, X[(1,, Is(H, „,(0, 8) ~2, , 0,)]', (10)

I

where as before

6 = E ( Ip, I,) —[E(0p, 2,) —E (Op, 0,) ]

We can now proceed to analyze our results using Eq.
(10) to obtain a quantitative comparison with experi-
ment.

A. Energy position of v, bands

In Table I we summarize and compare various ex-
perirnental quantities which are relevant for our dis-
cussion. The given fundamental ( vt ) and second-
harmonic (vq) frequencies are averaged values from
infrared and Raman measurements. As these values
have an absolute accuracy of about + 1 cm ' they
give values for the double fundamental frequency
(2v&) with an error of about +2 cm '. The absolute
accuracy for the v, band position is +1 cm '.
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As can be seen, the measured v, , values in all four
alkali cyanides lie extremely close to the double fun-
damental frequency 2v]. The deviation v,. —2v~

=+2 + 1 cm ' lies within the experimental errors
mentioned above, though the consistent small posi-
tive value of this deviation appears to be a real effect.
We believe this could result from exciton dispersion,
leading to photon absorption at 2E-„)2v~. As will

be shown below, the absorption intensity for the v,.

band will result in a requirement that (H~„,) = 1

cm '. Because (H,„,) is also of the order of the exci-
ton bandwidth, it is conceivable that this deviation is

a manifestation of exciton dispersion.
We remark in passing that Jortner and Rice4 attri-

bute a shift in the two vibrational exciton absorption
to a repulsion between the ~1, 1) and a symmetrized

~2, 0) state localized on neighboring CN molecules.
This is incorrect in principle because the final state to
which optical transition is made is that of spatially

st;parated excitons of equal and opposite wave vec-
tors. Indeed, the difference in interaction energy at
the site of two-exciton excitation will have an effect
on the optical absorption spectrum, but this will arise
from an alteration of the intensities of the relative
contributions of the various K, rather than their fre-
quencies. In other words, the double excitation den-

sity of states for the vibrational excitons will be
modulated by a K dependent weighting factor. In the
case of two magnon absorption' this can lead to an

absorption peak within the two magnon excitation
band, with a shape quite different from the bare dou-
ble excitation density of states. The narrow band-
width of the alkali-cyanides makes such a calculation
unnecessary. However, for HCl, where (H;„,) will

be shown to be —8 cm ', one must include these
"final state interactions" in the calculation of the
optical absorption spectrum. We intend to report the
results of such a calculation in the future.

For the case of the alkali cyanides, the small ab-

sorption intensity at v„ leading to small exciton
dispersion, is consistent with our conclusion that the

energy position of the cooperative ~1, 1) shoufd coincide

with the double fundamental energy value within experi-

mental accuracy, as it is observed.

The most crucial test for the validity of the
cooperative absorption comes from the experiment
with "C enriched material. Here one should observe
a v, band not only due to excitation of [t2C'4N]q

pairs, but additionally due to ["C' N —"C"N] and
['3C'4N]2 pairs. As the fundamental stretching fre-
quency of ' C' N molecules is shifted from that of
' C' N molecules downwards by 41 cm ' to a value
of 2036 cm ', we expect to see the additional combi-
nation effects:

v, ['3C'4N —' C' N] =2077+2036 =4113 cm '

v, [' C' N —' C' N] =2036+2036=4072 cm '

These two predicted positions are indicated in Fig. 4.
At 4113 cm ', we indeed observe a small band,
which is not present in material with natural isotope
abundance. This clear observation of a new band
with the exact combination frequency of the two dif-
ferent CN isotopes, is possibly the most convincing
proof for the validity of the cooperative absorption
picture. Unfortunately the predicted position for the
['3C'"N]q pairs coincides nearly exactly with the
second-harmonic absorption of the (0.37% naturally
abundant) '2C "N molecules (Fig. 4), so that the ob-
servation of this (extremely small) band is obscured.

B. Relative variation of v, -band

intensity with host material

Our simple model predicts that the intensity
of the v, . band, relatively to that of the second-
harmonic absorption, should vary with

[(I„I;+~~H~„,~O;, 2;+5)/5]', Eq. (3). In the four in-

vestigated cyanide materials, the splitting energy b,

(or, in other words, the anharmonicity of the stretch-
ing motion) is essentially constant (6 = 22.5 + 1.5
cm ', see Table I). Therefore the relative intensity
variation of the v, . absorptions should basically reflect
the variation of the interaction matrix element.

In Fig. 5 we plot the relative intensity of the v, ,

band observed in four alkali cyanides in a double log-
arithrnic scale against the distance between neighbor-
ing CN molecules. The most accurate measurement
of the v, band is obtained experimentally by compar-

l.4
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[
t I I I

j

~ NaCN
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bCN

I t l l l I l i t l I

4 4.5 5.0
CN Distance d (Aj

FIG. 5. Strength of the v, absorption band relative to the
strength of the second-harmonic stretching band of ' C'"N
isotopes, plotted in double logarithmic scale for the four al-

kali cyanides.
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ing it directly to the second-harmonic absorption
band of the "C'4N isotopes. As both these bands are
of about equal strength, they can be measured with

high accuracy in the same sample and in the same
scale of the spectrometer. For the three alkali
cyanides with NaCl structure (NaCN, KCN, RbCN),
we observe a monotonic variation of the normalized

v, band intensity with the nearest-neighbor CN dis-
tance. (The CN distance d used in Fig. 5 is that in

the high-temperature cubic phase of the material,
which constitutes an average value for the actual
nearest-neighbor distances in the low-temperature
orthorhombic phase. ) The monotonic variation of
the v, band intensity in Fig. 5 can bc fitted with a
power law ~d, which should reflect the relative

[(H~„,}/b]' dependence. This leads to a

(H,„,}cc d 3' relation, which is close to the d 3

dependence expected for the dipole-dipole interaction
energy.

awhile in the cubic NaCI structure, a CN ion has
12 nearest and 6 next nearest CN neighbors, there
are 6 nearest and 12 next nearest neighbors in the
CsCl structure. Therefore it is not surprising that
CsCN, thc only material with a body centered CsC1
structure, shows a w, band strength (or interaction

energy &), which lies below the trend shown for the
three cyanides with NaCl structure. [In fact, a sum-

mation over the squared interaction energies A /d3 of
all nearest and next nearest neighbors in both struc-
tures yields (H1„,}'= 13(A /d')' for the NaCl and

(H1„,) = 7.5 (3 /d') for the CsCl structure. The
squared ratio of (H;„,}2 between both structures
would be 1.8, which is close to the ratio between
cyanides with NaCl and CsCl structure in Fig. 5.]

These very simple considerations neglect thc angu-

lar dependence of the dipolar interaction, which sure-

ly is present too {we will return to this point under

Sec. III D). Unquestionably, however, the pro-
nounced dependence of the relative v, band intensity

on CN distance and lattice structure is in qualitative

agreement with the trends expected within thc most
simple dipole-dipole interaction model.

C. Variation of v, -band intensity

with isotope exchange

While thc variation of host materials allows one to
test the t, -band dependence on a variation in (H;„,},
isotope enrichment tests thc predicted dependence of
the v, band intensity on b. Figure 6 sho~s the levels

of the second-harmonic excited states of '3C'4N and
'2C'4N molecules in an energy diagram, as well as the
levels of the three cooperative excited states which

can be formed by pairing these rnolecules. Evidently,
the two observed v„band cases (from ["C'4N]2 and
['2C'4N —'3C'4N] pairs) involve very different 5
values which are effective for the mixing of the

~1, I ~) and ~2, 0} states. Fmm Fig. 6 we see that the

1'C "N
. 2

"C14N-"C"N

E/c I- 4156
4150—
(cm')

pz
~ 4lhl -.-"

h =+18

4100—

4070

~=25

p ~ 4047 -- ' 4047

FIG. 6. Energy diagram (in units of cm «) of the excited
state levels vvhich are responsible for the second harmonic

(v2) and the cooperative (v, ) absorption, for a pair of
«2C'4N molecules, a mixed «2C«4N —«3C«4N pair, and a
»C«'N pair.

which y«CMS a predicted ratio. of «ntcns«t«cs of 3.9.
The "C enriched crystal possesses —,

'
["C' N] and

—, ["C"N] molecules, so we expect

( 3
)2=

9
['2C'4N]t pairs

2 ~ —' —' = 4 ["C'4N —"C"N] pairs
3 3 9

(—') 2 =—' ['3C'4N ]q pairs

%e have equal amounts of the first two pairs, so that
the v, band intensity ratio should directly reflect the
h variation, i.e., the above factor of 3.9. Experimen-
ta11y, we observe in three different measurements ra-

tios of 4.1, 3.9, and 2.9, which average to a value of
3.6+0.4. This result coincides within the experimen-
tal accuracy to thc expected value of 3.9, thus testing
and confirming the 4 dependence of the cooperative
absorption effect.

D. Absolute intensity of the cooperative
absorption effect

Under Secs. III A —IIIC we have shown that the
energy positions and the intensity variation with host
lattice and isotope exchange of the v, bands exhibits

1, band intensity [~ ((H~„,}/5)'] for the two isotope
pairs should be

["C'4N]2 ~ (2/25)',
[12C14N 13C14N ] (

1 1

)2
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a behavior in good agreement with the simple model
for the cooperative absorption effect. The final
remaining question is the absolute strength of the
cooperative effect.

The coupling energy can be supplied by the electric
and/or elastic interaction between the two molecular
oscillators in the pair. The electric part of this energy
per molecule is,

(H,„,) =2 ", I(e)
d3 ' (12)

with the dynamic electric dipole moment p, given by
'

1/2
9p Gp,

P, = t'p=
gf Qf 2m cu

(13)

(m being the reduced mass and cu the fundamental
angular stretching frequency of the molecule). The
factor of 2 in Eq. (12) arrives from the proper nor-
malization of wave functions and matrix elements in-

volved in the process. The transition dipole p, can be
derived from the measured, integrated absorption of
the CN fundamental stretch band. As the absorp-
tion band due to the abundant "C' N isotopes is too
intense to be quantitatively measured and integrated,

. we used the absorption strength of the less abundant
"C' N isotope assuming scaling'of the relative ab-
sorption strength with the isotope abundance ratio.
(This scaling was quantitatively checked and con-
firmed for the fundamental Raman stretching bands
of the three CN isotopes. ) From the integrated ab-
sorption measured for N CN molecules, the transi-
tion dipole moment tM, can be derived" (taking prop-
erly into account that due to random dipole orienta-
tions effectively only one-third of the total CN
molecules contribute to the absorption of light for a
given polarization direction). We obtain for the tran-
sition dipole moment

W, ./W, =, X(H,„,(0, tt))'
Q2

4@4 3 cos Hg
—1

(17)

As can be seen from Table II, the two closest 0=0'
and 8=90' neighbors account for the majority (77%)
of the total effect. The eight neighboring dipoles on
site 3 form an angle 0& = 53', for which 3 cos'0 —1

=0 and therefore give no sizable contributions. Be-
cause of the strong (dt, 6 ) dependence, the neighbors

observed to equal 0.013, we would need (with 4 =24
cm ') an interaction energy of (H;„,) =2.7 cm ' to
account for the strength of the observed effect. The
energy estimated above on the basis of one pair of
interacting electric dipoles is therefore too low by a
factor of 6.7 and would produce an intensity lower by
a factor (6.7)' =45 compared to the observed one.

This large discrepancy is somewhat reduced, if one
considers the fact that for a given molecule in the
crystal (at site 0) not only one but many molecules at
neighboring sites 5 are available for the cooperative
absorption process. Figure 7 illustrates the low-

temperature orthorhombic structure of NaCN and
KCN, and indicates the six different close pair confi-
gurations. In Table II we list, for the case of NaCN,
the close pair distances d and the angles 8 between
dipole and pair axis. According to Eq. (10), the
resulting total intensity for the cooperative absorption
from all possible pair configurations compared to the
single site second-harmonic absorption, W, . / W2, will

be given by a summation process over the squared
interaction energies (H;„,) for all ions on sites 5.

p, = Ip= 38 x10 D =1 x10 e A
Bp

Qr
(14)

Using the appropriate values for m and co, the vibra-
tional amplitude rp of the CN oscillator becomes
rp =353 x 10 A, yielding for the dipole derivative
(or effective charge) of the oscillator

gp o=1.34 D/A =0.28e
Bf

(15)

The angular dependencef(8) in Eq. (12) is deter-,
mined by the angle 8 between dipole axis and pair
axis as

f(H), =3 cos2e —1,
For a "longitudinal" pair (tt =0') of neighboring
CN molecules which have a distance of d =4.85 A
in NaCN, we obtain (H~„,) =0.40 cm '. As the
strength of the v, band relative to the second-
harmonic band [ W, /W2=((H~„, )/5)', Eq. (10)] is

FIG. 7. Illustration of the low-temperature orthorhombic
structure of NaCN and KCN, indicating the various close
pair configurations of the CN molecules with their pair dis-
tances dz and angle between dipole and pair axis 0&.
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TABLE II. Relevant quantities for the summation of the squared dipole interaction energies between pairs of molecules at
different sites 5 (see Fig. 7), in NaCN. Nz = number of equivalent pairs, d&= pair distance, Hz =angle between dipole and pair

0
axis. Total: 1920 & 10 A

Site
cfg

(10-3 A-3) 3 cos Hg
—1

'2
3 cosHg —1

(1P A )
d~3

4.85
3,63
4.07

8.7
20.9
14.8

00

90'
53,2'

+2.0
-1.0
+0.08

605.6
873.6

11.2

5.45
6.05

6.2
4.5

90'
37'

—1.0
+0.91

76.8
67.0

7.98
6.55

2.0
3.5

24.5'
90'

1.5
—1.0

72.0
49.0

8
9

10

7.26
9.90
8.14

2.6
1.0
1.8

90'
00

53.2'

—1.0
+2.0
+0.08

13.5
8.0
0.1

Remainder
of

lattice

143.2

with large distance give only minor contributions and
the sum in Eq. (17) converges rapidly, as shown in

Table II. Compared to the case discussed above of a

single (8 =0') pair at site 1, the summation over all

pair configurations yields an increase a factor of 6.6
for the predicted relative strength of the cooperative
absorption. This reduces the discrepancy between the
observed and calculated intensity from a factor of 45
to a factor of 6.8 = (2.6)2.

Doing a similar calculation as in Table II with the
dq and 8q values for KCN yields a value for f, which
is lower by a factor 2.07 than the calculated value for
NaCN. The observed ratio of the v, band intensity is
1.3/0. 59 =2.2 (see Table 1 and Fig. 5). The relative
variation with host lattice change is accounted for in

our model.
It is difficult to see what could enhance the electric

dipole-dipole interaction by a factor of 2.6 over its
bare value to account for the experimentally observed
relative absorption intensity ll', / W, . Most dielectric
effects tend to diminish the interaction strength [be-
cause they are proportional to (a+2)/3e, where e is

the dielectric constant], whereas an enhancement is

necessary.
We suggest that the missing v, band strength is

due to the complete neglect of elastic interaction ef-
fects in our calculation. It is well known from meas-
urements of CN molecules diluted in an alkali-

halide crystal that the static interaction due to the
elastic dipole properties of the CN ions'4 is large
compared to the rather weak electric dipole interac-
tion. This general behavior remains valid under in-

crease of the CN concentration as seen by the fact
that the pure alkali cyanides exhibit a first-order fer-
roelastic ordering process at high temperatures, while
electric dipole ordering occurs (if at all) only at low

temperatures in a gradual way. It is reasonable to as-
sume that the modulation of these static interaction
energies by the stretching motion of the CN
molecules produces a dynamic interaction effect,
which has again a stronger elastic and weaker electric
component,

Jortner and Rice4 have analyzed an absorption
found by Ron and Hornig in the overtone spectrum
of HCl in a similar way. Compared to our CN case,
HCl has about a value of dp/dr higher by a factor of
1.5, a reduced mass a factor of 6.6 smaller, an eigen-
frequency higher by a factor of 1.33, and a distance
between neighboring molecules of 4 A. Compared to
a longitudinal (8=0') pair of molecules in NaCN
(d =4.85 A), the calculated electric dipole interaction
energy for a (8=0') pair of HCl should therefore be
higher by a factor of (1.5)'6.6 (1.33) '(4.85/4)3
=20, which would yield an interaction energy

(H;„,) = (20)0.4 = 8 cm '.
Apparently, a numerical error in their calculation
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led to a value higher by nearly one order of magni-
tude, namely, 60 cm '. This large value was dis-
cussed in terms of its implications for "strong cou-
pling" between the ~0, 2) and ~I, I) states in HCl
(though see our discussion in Sec. III A of this pa-
per). With 6 =90 cm ' for this molecule, the large
~slue of (H,„,)/5 =

90
=

3
would have produced the

strong transfer of absorption intensity as required to
interpret the observed band as a cooperative effect.
(The measured overtone band, attributed to the v, .

absorption, is stronger by a factor —3 in integrated
intensity compared to the band attributed to the
second-harmonic absorption. ) With the correct calcu-
lated value of (H;„,) =8 cm ', however, the relative
intensity ratio for a pair would be predicted to be
only II',./W2=(~ )'=0.008 (which would be slightly
increased, like in our case, by summation over vari-
ous pair sites in the crystal). This large discrepancy
in relative intensity, and the fact that the Davydov
splitting of the HCl-fundamental has been completely
neglected in the iriterpretation of the overtone spec-
trum, make it highly questionable that the observed
strong HCl band is due to a cooperative absorption
effect.

IV. SUMMARY

%e have observed a weak satellite absorption band
in four alkali cyanides at an energy double that of the
fundamental absorption energy. %e have assigned
this band to an excitation of two vibrational excitons

by a single photon. %e have calculated the relative
intensity of this absorption to the second-harmonic
absorption. Measurements on ' C isotopes give the
predicted change in absorption intensity, verifying the
form of the perturbation theory. %e find that the
bare electric dipole interaction gives an absorption
amplitude too small by a factor of 2.6. However, the
relative variation of the relative intensity between dif-
ferent alkali cyanides scales within experimental accu-
racy with the dipolar range dependence. These meas-
urements, and their interpretation, , give a convincing
case for the observation of th'e cooperative vibration-
al absorption effect.
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