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Soos and McConnell, ' and Soos.' lt is stated by
these authors that the motion of the excitons in
[(C,H, ),PCH, ]' and [(C,H, ),AsCH, ]'(TCNQ), is dif-
fusional rather than wavelike. The hopping rate is
sufficiently fast to narrow the hyperfine structure,
but not fast eneough to average out this structure
completely, because the linewidth is still aniso-
tropic. The temperature dependence of the line
shape at high temperatures has been studied ex-
perimentally by Chesnut and co-workers" for
[(CBH,),PCM~]" (TCNQ)2, [(CBH~)3AsCH, ]'(TCNQ)2,
(Cs'), (TCNQ), ', and the simple and complex salts
of morpholine and TCNQ. They assumed that the
theory to describe the effect of exchange on the
line shape of spin- —, particles applies to spin-1
particles as well. However, the theory seemed to
be inconsistent with the experimental observations.
The extension of the theory to spin-1 particles by
Lynden-Bell' apparently did not improve on this
situation.

One of the discrepancies between theory and ex-
periment is that, according to the theory, the
broadening of the exciton lines should be propor-
tional to the density of triplet excitons. However,
the activation energies, as deduced from the line-
width measurements, are generally much larger
than the excitation energies for the triplet exci-
tons. Soos and McConnell' have suggested that the
excess activation energy is due to the fact that the
motion of the excitons is diffusional and thermally
activated. The ions of the dimer, excited to the
triplet state, tend to move apart because the bind-
ing in the triplet state is less than in the ground
state. Thus a lattice distortion might lower the
energy of the triplet excitation considerably and
would create a barrier for the motion of the ex-
citon. We will present some new evidence which
shows clearly that the excitons in Rb'TCNQ and
TMB'TCNQ are indeed self-trapped. Sudden
linewidth changes at specific orientations of the
crystals must be attributed to the jumping of the
excitons between different chains of TCNQ ions.

The hopping rate appears to be temperature ac-
tivated. The activation energy for the interchain
hopping rate compares well with the excess ac-
tivation energy for the line broadening due to ex-
citon-exciton interaction. An apparent discrepan-
cy between the theory and the experimental results
of Chesnut et al. is that the activation energy as-
sociated with the temperature dependence of the
dipolar splittings is much too small compared to
the value expected from theory. We will show that
in the case of Rb'TCNQ and TMB'TCNQ the tem-
perature dependence of the splittings at high tem-
peratures is in agreement with the theory and that,
at low temperatures, another process must be
r esponsible.

II. EXPERIMENTAL

Details of the preparation of the materials will
be published elsewhere, together with the dipolar
splitting tensors and magnetic susceptibility mea-
surements. All measurements were performed
using a Varian E-3 or E-9 ESR spectrometer. The
temperature dependence of the splittings was mea-
sured, using a TEyp2 cavity with two sample com-
partments. The magnetic field could be modulated
separately at both compartments. The reference
sample was a crystal of the same material as the
crystal, which was investigated. This reference
crystal was kept at ambient temperature. By ori-
enting both crystals in the same way and measur-
ing the shift of the lines of the sample, which was
studied with respect to the lines of the reference
sample, we were able to measure accurately the
temperature dependence of the splittings.

III. INTERCHAIN MOTION OF THE EXCITON

Generally, the ESR spectrum of both Rb'TCNQ
and TMB'TCNQ consists of two pairs of triplet
exciton lines. These pairs of lines arise from
triplet excitons on the two translationally inequiva-
lent chains of TCNQ ions."Because these diffe-
rent chains are connected to each other by a mir-
ror plane, the chains are magnetically equivalent
if the magnetic field is parallel to this mirror
plane or perpendicular to it, and then only one
pair of lines is observed. We noted that the line-
width is considerably reduced when the two pairs
of lines coincide. This sudden change in the line-
width is due to the jumping of the exciton between
the two translationally inequivalent chains, in the
sense that the lines are broadened if the chains
are magnetically inequivalent and they are not
broadened if the chains are magnetically equiva-
lent.

It is well known that the line shape for a spin
jumping between two positions A and 8 is given by

(v —v) + 'E (r~ + r~ + 2 v~)

[(v —v„)v((I'„vv)] [(v —v )v((r~vv)]+v', )'~

~

~

(l)
v„and v~ are the resonance frequencies in position
A and B, respectively; F„and F~ are the line-
widths without hopping; and v, is the hopping fre-
quency. In the slow-jumping limit, separate lines
ar e observed of width

(2)

and a separation which is somewhat smaller than
v„—v~. In the fast-jumping limit, there is only one
line of width

r =-,'(r„+r,)+(v„—v, )'/av, (v, »v„—v,).



2610 T J. HIBMA AND J. KOMMANDE UR 12

Physically, these results may be explained as fol-
lows. In the slow-jumping limit, a spin at posi-
tion A. precesses around the static magnetic field
with its resonance frequency v„. When the spin
jumps to site B, it has to precess with a different
frequency, leading to a phase difference with the
other spins. This dephasing causes line broaden-
ing. In the fast-jumping limit, the spin has to
change its precession frequency so often that, on
the average, the precession is in phase with the
mean resonance frequency v. Expression (1) not

only applies to spin-& particles but may also be
used for triplet excitons. A textbook example of
the influence of the jumping of a triplet excitation
between magnetically inequivalent sites on the hne
shape of the ESR spectrum is the triplet excitation
in triptycene and tribenzotriptycene. '0 Other ex-
amples are the triplet excitons in naphtalene and
anthracene" and 1, 4-dibromo-naphtalene. " In

wursters blue perchlorate, " the dipolar splittings
observed experimentally are characteristic for an
exciton moving rapidly between two translationally
inequivalent sites.

In Rb+TCNQ and TMB+TCNQ, both the slow-
and fast-jumping limit are encountered at one tem-
perature. This is shown in Fig. 2(a). If the two
pairs of lines are separate and the separation v„
—vs is much larger than v„according to Eq. (2),
the lines are broadened by an amount v, . If the
lines coincide, v„= v~, and the width is equal to the
width it would have without hopping, according to
Eq. (3). The difference between the linewidths for
large and zero separation, therefore, is a direct
measure of the hopping rate of a triplet exciton
between translationally inequivalent chains. In this
way we have measured v, as a function of tempera-
ture. [Note that in the case of TMB'TCNQ the
linewidth is anisotropic, so we have to interpolate
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FIG. 2. (a) and (b). Width of lines due to excitons at translationally inequivalent sites as a function of the orientation
of the crystal with respect to &. At angle zero the lines coincide and the linewidth is considerably reduced. Note that
the width of the lines in Rb+&CNQ is isotropic, whereas the width of the lines in TMB TCNQ (squares and ci«les) is
anisotropic. &=he&/gp~ is the jumping rate in gauss. (c) Transverse jumping rate of the excitons in Hb+ TCNQ and
TMB+ TCNQ as a function of temperature.
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the data for large separations to the point where v~

= vs, as indicated in Fig. 2(b), to obtain the broad-
ened linewidth. ]

In Fig. 2(c},the logarithm of the hopping rate is
shown as a function of 1/T. It is clear from this
figure that v, is temperature activated. The acti-
vation energies and pre-exponentials are given in
Table I. The activated behavior of v, indicates that
there is a barrier for the transport of the exciton
to neighboring chains.

Therefore a lattice distortion is associated with
the exciton. The height of the barrier or the trap
depth will be about equal to the activation energy
for the motion of the exciton. The sudden deer ease
of the linewidth and associated increase in height
of the triplet exciton lines at certain specific ori-
entations has also a very remarkable effect on the
powder spectra of these materials (see Fig. 3).
In addition to the six peaks always observed in
powder spectra at resonance fields where the
splittings are extreme, at H, +D, Ho+ (D+ ,'E}, and-
H, + (D —~E) (these fields are denoted by Z, Y and

X, respectively, in Fig. 3) one gets six others:
two where II is at right angles to the interchain
mirror plane and four at positions corresponding
to the extreme splittings, when H is in the mirror
plane. The sudden decrease in linewidth leads to
a pile-up of "intensity" there and, thus, to a peak
in the derivative. The positions of the various
peaks are indicated in Fig. 3; their splittings com-
pare well with the single-crystal data, as is shown
in Table II. Similar effects have been observed in
the powder spectrum of 1, 2-dimethyl-3-ethyl-ben-
zimidazolium' TCNQ .

Rb TCNQ

TMB+ TCNQ

powder
crystal

powder
crystal

unobs
268

unobs
290

138
130

185
185

128
128

108
107

Information on the motion along the chain may be
obtained from the low-temperature linewidth. Con-
trary to the examples mentioned in the Introduc-
tion, in both Rb+TCNQ and K'TCNQ the line-
widths are isotropic over the entire temperature
range studied, except for the narrowing effect de-
scribed in the Sec. III. Thus any hyperfine struc-
ture has been averaged out completely, even at
low temperatures.

The residual linewidth at 200'K is very small
(1.5 MHz for Rb'TCNQ and 1.4 MHz for
K'TCNQ ). Using a simple argument, it was
shown by Thomas et al. ' that for an exciton mov-

(a)

25 G.

TABLE II. Splittings (gauss) of the peaks in the powder
spectra of Fig. 3, due to interchain hopping, as compared
to the values expected from the single-crystal data.

IV. MOTION OF THE EXCITON ALONG THE CHAIN

The lattice distortion associated with the triplet
exciton will also affect the motion of the exciton
along the chain. If the matrix elements responsi-
ble for the transfer of the exciton are large with
respect to the self-trapping energy E~, the motion
will still be wavelike because the ions cannot fol-
low the motion of the excitation. The distortion
then is distributed over a large number of dimers.
On the other hand, if the matrix elements respon-
sible for the exciton transfer are small with re-
spect to El, again, the exciton will be self-trapped
and the motion will be diffusional, as in the case
of the transverse motion.

TABLE I. Activation energies and pre-exponential
factors of the transverse hopping rate &q.

20 G.

POWDER SPECTRUM OF
Rb+ TCNQ

POWDER SPECTRUM OF

TMB+ TCNQ

Rb TCNQ
TMH' TCNQ

E~ (eV)

0.08
0.15

v() (MHz)

1 1 &&102

2.0 &&103 FIG. 3. (a) Powder ESR spectrum of Rb+TCNQ;
(b) power ESR spectrum of TMB+TCNQ .
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ing in one dimension the contribution to the line-
width due to hyperfine interaction is

(4a)

v„,- is the width of the hyperfine structure for a lo-
calized exciton and v, the hopping rate along the
chain. If we take 25 MHz for vhf, then the lower
limit for v& is 10"sec . At 200'K, the hopping
rate along the chain therefore is at least five or-
ders of magnitude larger than the transverse hop-
ping rate between trans lationally inequivalent
chains. Soos, 4 however, has pointed out that
three-dimensional randomization processes are
much more efficient in destroying the correlation
between spins than the one-dimensional random
walk, because in one dimension the probability
that the spin returns to its original position after
a jump is much higher. He showed that even if the
characteristic frequency for the three-dimensional
processes v„ is some orders of magnitude smaller
than the one-dimensional jumping rate v&, they may
not be neglected in the narrowing process. He
finds

Taking for v„ the transverse jumping rate at 200'K,
which j.s about 1 MHz, it is seen that the jumping
rate along the chains should be at least 10" sec '
in this model, which happens to be the same value
as the one obtained from Eq. (4a).

In TMB+TCNQ the situation is quite different
At low temperatures (= 200'K) the linewidth is
strongly anisotropic (= 5—20 MHZ) and much lar-
ger than in the case of Rb'TCNQ and K'TCNQ .
The hyperfine structure has been incompletely
averaged out by the motion of the exciton. At
higher temperatures the anisotropy of the line-
width in absolute value disappears. This is due to
motional narrowing of the hyperfine structure.
One would expect not only the linewidth anisotropy
to decrease, but also the linewidth itself. This is
not observed because the contribution to the line-
width due to exciton-exciton interaction dominates
the linewidth at high temperatures and this width
increases with temperature. The hopping rate in
TMB TCNQ, therefore, is at most of the order
of the linewidth at low temperatures, i.e., 10 MHz.
The theory of Soos does not apply because vmv is of
the same order of magnitude as vhf and the hopping
rate v, . Theories for this limit do not appear to
have been formulated. The upper limit of 10 MHz
is only one or two orders of magnitude larger than
the hopping rate between translationally inequiva-
lent dimers.

Less anisotropy in the hopping rate compared
to Rb'TCNQ is indeed expected on the basis of

the crystal structure. The interaction between
dimers in the chains is expected to be orders of
magnitude smaller in TMB'TCNQ as compared
to Rb'TCNQ . The motion in TMB'TCNQ there-
fore is three dimensional rather than one dimen-
sional.

Soos also discusses the shape of the motionally
narrowed line. If the motion is slow or if the ex-
citon motion is coherent, one would expect the
lines to have approximately a Gaussian shape be-
cause then the shape would be determined by a
convolution of a large number of unresolved hy-
perfine lines. In Fig. 4 it is shown that the line-
shape of the triplet exciton in TMB TCNQ
changes from Lorentzian at high temperatures
towards Gaussian at low temperatures, consistent
with the fact that the hyperfine structure is incom-
pletely averaged out at low temperatures.

If the motion of the exciton is fast and one di-
mensional, the line shape should be intermediate
between Gaussian and Lorentzian over the whole
temperature range.

0

X/b,

10

FIG. 4. Line shape of the triplet exciton line in TMB+
TCNQ at different temperatures. The cubic root of the
normalized height of the derivative of the absorption
signal is plotted against the ratio of the distance to the
centre of the line and one-half the difference between the
extrema.

V. EXCITON-EXCITON INTERACTIONS

At high temperatures the dipolar spectra broad-
en and eventually collapse into one single broad
line. There are a number of different possibilities
to explain this behavior. Dissociation of the exci-
ton in free electrons and holes is the first one.
The second possibility is that the excitons interact
with the electrons and holes present in the system.
In the first case the broadening will be propor-
tional to the dissociation rate of the triplet exciton;
in the second case the broadening will be propor-
tional to the density of electrons and holes in the
system. Although contributions from these two
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mechanisms cannot be excluded, we will show that
the experimental results are in accordance with a
third mechanism: broadening due to interaction
between excitons.

As has been mentioned in the Introduction, this
latter mechanism was proposed to be responsible
for the broadening of triplet exciton spectra at
high temperatures by Chesnut and co-workers. '
Lynden-Bell considered the line-shape problem
for a system of triplet excitons interacting through
exchange. ' We have recalculated the line shape
within essentially the same model in a different,
but much simpler, approach due to Zitserman. "
This calculation is presented in the Appendix. It
is shown there that the results of Lynden-Bell are
erroneous because she neglected important ele-
ments of the density matrix for the activated com-
plex. In Table III, the correct results in the fast
and slow exchange limit are summarized, 4 is the
strengh of the exchange coupling between two trip-
let excitons, T~ is the lifetime of the activated
complex consisting of two coupled triplet excitons,
and 7 is the mean time between successive colli-
sions of two triplet excitons. The mean distance
between n excitons on a chain of N dimers is &a/
n =a/p, where a is the lattice parameter in the
chain direction and p the density of the excitons.
The mean velocity of the excitons is v&a. Thus the
mean time between successive collisions is

A is the probability that a collision is effective in
the relaxation process. As shown in the Appendix,

A =2/'7'/(1+ 9J ~') (6)

Linewidth
6v -Dvp

Splittings
Qp —6f2 2

Slow exchange
A/'T «dp

Fast exchange
A/'T &&gp

—'v 3d2(A/7')

The parameter J&~ is the strength of the collision.
If Jv~ is large, the triplet excitons before and after
the collision have the largest possible probability
to be uncorrelated and A is —,. If (JT~)2 is much
less than -„ the excitons are hardly affected by the
collision and A (and hence the broadening) will be
small. The exchange interaction in the exciton
collision complex changes the spin states of the
colliding triplets. Therefore, the collisions
amount to an averaging of the dipolar interaction.
The observed dipolar splittings will become
smaller and the lines will become broader as the

TABLE III. Linewidth and splittings for a system of
interacting triplet excitons (see Appendix).

collision frequency increases, until finally the di-
polar split lines merge. Using Eq. (5), the line-
width and splittings in the slow exchange limit are

nv —av, =-,'vY(v~pA),

d '- d' = 2 (v.pA)'.

It should be noted that d and d, are one-half the
dipolar splittings.

We are now in a position to compare the experi-
mental data concerning the high-temperature line-
widths and splittings with the theoretical predic-
tions, assuming that the temperature dependence
of the line shape is due to exciton interaction. In
treating the experimental data we have to be very
careful, because in Secs. III and IV we have shown
that there are other processes, i.e., the jumping
between translationally inequivalent chains and the
motional narrowing of the hyperfine structure,
which contribute to the temperature dependence of
the linewidths and splittings. The contribution
due to the jumping between translationally inequiv-
alent sites may be excluded by orienting the crys-
tal in such a way that a, ll TCNQ dimers are mag-
netically equivalent, i.e., if H is perpendicular or
parallel to the mirror plane connecting the in-
equivalent sites. In this orientation we have mea-
sured the linewidths and splittings as a function of
temperature for Rb'TCNQ, K'TCNQ, and
TMB'TCNQ . In Fig. 5, we have plotted the dif-
ference between the actual linewidth F and the low-
temperature limiting value 1"0 on a logarithmic
scale as a function of 1/T. 1; could not be deter-
mined very accurately and was chosen within the
experimental error to give the best straight line.
The activation energies and pre-exponential fac-
tors (v, ) obtained in this way are collected in Ta-
ble IV.

Both the activation energy and the pre-exponen-
tial factor for TMB+TCNQ may be somewhat
smaller because, in this case, the linewidth is
probably also effected by motional narrowing of
the hyperfine structure. The correction for this
temperature-dependent contribution is not possible
because this temperature dependence is not known.
However, the correction will be small, especially
at high temperatures.

According to Eq. ("la), the temperature depen-
dence is due to p, A, or v&. If we assume the tem-
perature dependence of 4 to be small, which is
certainly true if the collisions are strong (Jr~ »1),
then A is a constant ('-,). The activation energy of
p was measured separately from the intensity de-
pendence of the triplet signal. Subtraction leaves
the excess activation energy which must be attrib-
uted to the motion of the exciton along the chains.
If this motion is also governed by the self-trapping
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I'IG. 5. Difference between
the actual and low-tempera-
ture limiting values of the
linewidth as a function of
1/T for Rb+TCNQ,
K"TCNQ, and TMB+TCNQ

p
2.5 3.5 4.0

10/T (K )

4.5 5.Q

of the exciton, we expect this excess activation en-
ergy (E~) to be equal to the activation energy for
the interchain jumping E~. From Table IV it is
seen that the agreement between these quantities
is reasonable within the experimental uncertain-
ties. Thus it appears that the motion of the ex-
citons along the chains is also diffusional rather
than coherent. Using measured values of p, the
quantity v&A may be calculated. The values of vP
at 200'K have beenadded in Table IV. In Rb'TCNQ
and K+TCNQ, the lower limit for the jumping
rate of the exciton along the chain at this tempera-
ture was determined in Sec. IV to be about 10"
sec '. The parameter A, which is the probability
that a collision is effective in the relaxation pro-
cess, therefore must be quite small (&0.01). In

TMB'TCNQ, however, A must be very near its
maximum value (-', ) because the maximum value
for v was determined to be 10' sec '. Thus it is
seen that the collision complex probably has a
much longer lifetime &~ in the latter case.

As pointed out before, the exciton exciton inter-
actions should also give rise to a decrease of the
dipolar splittings with temperature [Eq. (Vb)]. As
in the case of the linewidths, we have measured
the temperature dependence of the splittings for
those orientations of the crystal where the two
pairs of lines due to translationally inequivalent
sites coincide to exclude the effects on the splitt-
ings due to jumping between magnetically inequiv-
alent sites. The results for two different orienta-
tions of the crystal are shown in Figs. 6 and 7 for

TABLE IV. Activation energies and pre-exponential factors for the line broadening.

Rb+ TCNQ
K+ TCNQ
TMH" TCNQ

&p (sec )

2 xlp&3

3 x10&4

8 x1pi2

v A (sec ~)

T = 200'K

10~
2 x10~
2 x106

E, (eV)

0.36
0.38
0.40

E,' (eV)

0.10
0.13
0.20

E, (eV)

0.08

0.15
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Rb'TCNQ and TMB'TCNQ . We have plotted
log, o (d, —da) as a function of 1/T, where d is one-
half the actual dipolar splitting and 4, the corre-
sponding low-temperature limiting value. In this
figure we have also drawn the curve of log]p
[2(A/r)'] vs I/T as found from the linewidth mea-
surements. It is clear that at high temperatures
our data approach this calculated curve, but that
at low temperature another process is responsible
for the temperature dependence of the splittings.
d, has been chosen to give the best straight line at
low temperatures. The activation energy, which
may be associated with this low-temperature part,
has a value between 0.03-0.06 eV depending on the
choice of d, . These values are of the same order
of magnitude as the values obtained by Chesnut for
[(CBH~)~PCHS]'(TCNQ), , [(CSH, )3AsCH, ]+(TCNQ), ,
(Cs'), (TCNQ), , and Mo'TCNQ . In these mate-
rials too, the temperature dependence of the split-
tings are most probably due to processes different
from the mechanism affecting the linewidth, be-
cause the change in the splittings is much larger
than the change one would expect on the basis
of the linewidth data. An observation which
strongly supports this idea. is that dp 6 should
be independent of 4, if the change in line shape is
due to the interaction between excitons. Experi-
mentally we observe a large difference between
dp & for two different orientations of the crys-
tal and hence for two different values for d, . In
fact, in Rb'TCNQ d,' —d' is proportional to d,'.
In TMB TCNQ this proportionality does not hold.

One can think of two different processes which
would cause this temperature dependence of the
dipolar splittings. First, we point out that, if the
exciton bandwidth is of the order of kT, the split-

tings will be temperature dependent because the
splittings depend on the wave vector k. The ob-
servations in this and the preceding sections, how-
ever, strongly indicate that the effective exciton
bandwidth must be very small because the motion
of the exciton is diffusional rather than wavelike.

The second explanation is that the mean distance
between the electron and hole increases with tem-
perature. This might be caused by a temperature
dependence of the alternation. A change in the al-
ternation is indeed expected when the exciton den-
sity increases. Expansion of the lattice may also
cause this temperature-dependent contribution.
This explanation is supported by the observation'
that the excitation energy decreases with tempera-
ture, probably due to the decrease of the intra-
dimer transfer integral ty Up to 300 K the rela-
tive change in the dipolar splittings is about 5' for
both Rb'TCNQ and TMB'TCNQ, corresponding
to a change of the equilibrium distance between the
TCNQ ions of the dimer of 2/o. This is quite a
r easonable value. Therefore the temperature de-
pendence of the dipolar splittings may be viewed
as an anticipation on the phase transitions in these
materials. A comparison of careful temperature-
dependent x-ray-diffraction measurements and di-
polar splittings could be used to verify this idea.
Valuable information could then be obtained con-
cerning the nature of the Peierls transition in a
one-dim ens ional chain.

VI. NATURE OF THE LATTICE DISTORTION

The temperature dependence of the motion of the
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triplet excitons, both along and between the chains
of TCNQ ions, indicates clearly that the excitons
are self-trapped. The nature of the lattice distor-
tion is associated with the Peierls instability of a
regular one-dimensional chain. According to Pei-
erls, ' the chain would distort in such a way that
the one-electron band splits at the Fermi level, in
this way lowering the total energy of the system.

For simple TCNQ salts this argument leads to
an alternating chain of ions because a band system
would be half filled. The tendency towards dimer-
ization is caused by the fact that transfer integrals
increase with decreasing interionic distance and
dimerization increases the possibility of electron
transfer within the dimer. In the ground state the
binding leads to a lowering of the energy. Obvi-
ously, this is opposed by the repulsion between
the ions and the actual equilibrium positions of the
ions are determined by the minimum in the total
free energy of the system. For a dimer excited to
the triplet state, however, electron transfer is
not allowed and the driving force for the dimeri-
zation is not present anymore. The loss in lattice
energy in the ground state may be recovered by
increasing the separation between the ions. Thus
the main feature of the lattice distortion associa-
ted with the triplet exciton is probably an increase
of the separation of the ions of the dimer at which
the exciton resides. In both Rb'TCNQ and
TMB'TCNQ, apparently, the distortion is severe
enough to destroy the coherent motion of the exci-
tons In Rb. 'TCNQ, the distortion would be in the
direction of the chains, whereas in TMB TCNQ
the distortion would be perpendicular to the chains.
It seems reasonable that the distortion in the TMB'
case is more severe, since in Rb' and K'TCNQ it
leads to crowding of the chain.

VII. CONCLUSIONS

In the three simple salts we studied, i.e. ,
Rb'TCNQ, K"TCNQ, and TMB TCNQ, there
are at least four different processes which influ-
ence the temperature dependence of the linewidths
and/or the splittings. These contributions can be
separated by a careful choice of the experimental
conditions as mell as a careful treatment of the

data obtained. The various components are the
fo llowing:

(i', The jumping of excitons between translation-
ally inequivalent chains leads to line broadening
and changes the dipolar splittings, except for cer-
tain specific orientations of the crystals. The
transverse jumping rate v„determined from the
line broadening, appears to be temperature acti-
vated. This process gives rise to six additional
peaks in the powder spectra of Rb'TCNQ and
TMB'TCNQ .

(ii) The jumping along the chains maniiests it-
self in the more or less averaging of the hyperfine
structure. In Rb'TCNQ and K'TCNQ, this
structure is completely averaged out, whereas in
TMB'TCNQ the inhomogeneous broadening due
to hyperfine interactions is still present at low
temperatures but disappears as the temperature
1ncl eases.

(iii) Exciton-exciton interactions contribute to
the temperature dependence of both the linewidths
and splittings at temperatures where the exciton
density becomes large. The line broadening is
proportional to the exciton density and the velocity
of the excitons. The experimental results indicate
that the motion of the excitons along the chains is
also temperature activated.

(iv) At low temperatures the temperature de-
pendence of the dipolar splittings is probably due
to a continuous change in the equilibrium positions
of the ions. The increase of the intradimer dis-
tance is about 2% up to 300'K.

These data clearly show that a lattice distortion
is associated with the triplet exciton. This dis-
tortion is quite severe and destroys the coherent
motion of the exciton. The motion of the exciton
is diffusional and temperature activated. The re-
sults on the jumping rates are summarized in Ta-
ble V for Rb'TCNQ and TMB'TCNQ . These
data demonstr ate the quasi-one-dimensionality of
the electronic structure of Rb'TCNQ.

The jumping rate along the chains is at least five
orders of magnitude larger than the transverse
jumping rate. In TMB'TCNQ the transverse and
intrachain motion differ only by one or two orders
of magnitude. The difference in the anisotropy of
the motion of the excitons in the two salts is clear-

TABLE V. Exciton motion in Hb+TCNQ and TMB+TCNQ (jumping rates are in sec ~, ac-
.ivation energies in eV).

Intrachain jumping
vg = v(0 exp(—Eg/kT)

Intrachain jumping
v. = v Oexp(-E&/kT)

Bb TCNQ
TMB+ TCNQ

v, o

1.1 xl0
»0'

0.08
0.15

v, (200 K)

1.1 x106
3.3 x105

0.10
0.20

v, (200'K)

)101i

~] 0~
(0.01

9
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ly a consequence of the different structures of the
chains of TCNQ ions.

The high-field spin Hamiltonian for the triplet ex-
citon is

APPENDIX: INFLUENCE OF EXCITON-EXCITON

INTERACTION ON THE LINE SHAPE OF THE TRIPLET
EXCITON ESR SPECTRUM

v = exp( —iA, 52r, ) (A1)

After the collision, the density matrix for one of
the excitons p has changed to

Following the treatment of Zitserman, "we will
calculate the line shape of the ESR spectrum for a
low-density gas of triplet excitons. We will as-
sume that when two excitons collide they form a
complex (exciton dimer) for a time 7'. During this
collision time a constant interaction of the form
JL, 5 couples the two triplet excitons. Without
any interaction the density matrix of the colliding
particles is p, & p, . During the time of interaction
the density matrix changes to Up, &&p, U ', where U

is the Heisenberg evolution operator

X =gps HS„+dS', +X,. (A7)

—,'v j2
—,
' v,~2

0 —,'v, v 2 (A8)

Here v, =gpsH, /h, 6v = v —v„and vo=gpsH/h.
The differential equations for pro and pp ] then

are

d is one-half the dipolar splitting (depending on the
orientation of the crystal with respect to the mag-
netic field H) and R, is the time-dependent Zeeman
interaction with the microwave field H, . As usual
we transform both p and X to a rotating coordinate
system in which H, is stationary. Using the eigen-
functions of S, as a basis, the Hamiltonian matrix
then is

p,'=Tr, (Vp, xp, V ),
-

(A2)

where Tr, means a contraction of the 9&9 matrix
to the subspace of particle 1, The equation of mo-
tion for both excitons is of the form

p, =i[p, x]+v-'(p,' -p, ), (AS)

where ~ is the mean time between two successive
collisions. Zitserman shows that for S] S2 & the
elements of p, are

(p,')„,= g C (Sp~)C(S~ p)C(S'y 6)C(S'v~)
a, 8, y, h, X, s, s'

X5&+x
~ a+86v+k, y+bQss'(Pl)ny(P2)8& (A4)

The C(S12p) are the Clebsch-Gordan coefficients
for Sy S2 & S and S' are all possible total spin
quantum numbers (0, 1, 2); the n, P, etc are all.
possible magnetic quantum numbers for the indi-
vidual spins (- 1, 0, 1).

floss =(exP(-i Jr, q22 )) =(1+iqs2»p) ',

q = —,'[S(S+1)-S'(S'+ 1)].

(A5)

P10 (PO-1 PO 1) A(PIO PO 1-)-
& = 2r2J'/(I + 972'').

(A6a)

(A6b)

Here &~ is the mean collision time. An exponential
distribution of collision times has been assumed.
If we neglect all second-order terms in p xp (all
terms for which u =y and P= 5) there are still 90
terms left in the sum (A4). The only elements of
interest for the line-shape function are p,', and g, ,
After some bookkeeping we find

Plo = i [C —P»(b v + d)] —(P lo —Po 1)Qr ',

l. , =i[C p. , (&-v —d)l+(p, . p. ,)»-', (A9)

where C =-,v 2v, (p» -p22) contains the strength of
the microwave field H, and the population differ-
ence between two successive magnetic sublevels
of the triplet state. The line-shape function may
be obtained from (A9) under stationary state con-
ditions (p»=p, , =0):

4'~-~d 2

(v) ™(lPOPO 1) [(gv)2-d2]2 +4+2' 2(~v)2

(A10)

Although it may be shown that the treatment of
Zitserman is identical to the treatment of Lynden-
Bell, ' her results are much more complicated.
This is due to the fact that the interaction Hamil-
tonian she uses not only contains the exchange part,
but in addition the dipolar interactions for the in-
dividual excitons. Neglecting this part of the in-
teraction Hamiltonian is allowed if ~&&w~, which
is very likely true. Apart from this difference be-
tween both treatments the results of Lynden-Bell
are erroneous, because she neglects four elements
of the 9 &&9 density matrix of the exciton dimer
which are in fact not negligible. In her notation,
these elements are the elements km, lrn, km, and
Im. If the set of differential equations (18) in her
paper is extended to include these terms, the re-
sults are identical with ours in the limit where the
dipolar interaction may be neglected in the inter-
action Hamiltonian.
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