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The optical properties o f  the two crystallographic phases o f  1:1 decam ethylferrocenium  te tra
cyanoquinodim ethanide ,  (D M eF cH T C N Q ),  have been m easured  from 0.1 to 10 eV. One 
phase consists o f  isolated paramagnetic T C N Q  an ion m o n o m ers  while the o ther  contains isolat
ed diamagnetic dimers.  The spectrum o f  the m onom eric  phase exhibits a strong localized 
m o n o m e r  exciton which is not  normally observed in solid T C N Q  salts, while the dimeric  phase 
shows a charge-transfer excitation as well as a shifted local exciton. F rom  the frequency- 
dependen t  conductivity of  the dimeric  phase the effective on-site C ou lom b  interaction and the 
transfer  matrix elem ent are measured  to be 1.0 and 0.27 eV, respectively. T he infrared absorp
tion spectrum of  the dimeric phase shows an unusual activity of  the symmetric  phonon  m odes 
due to the interaction of  these m odes  with the radical electron, whereas in the m onom er ic  phase 
only normally infrared active phonons  are observed. In electron-energy-loss m easu rem en ts  an 
anom alous  m o m e n tu m  dependence  of  the line shape of  the m onom er ic  exciton was observed.
This  result  is a ttr ibuted to a dielectric effect caused by the decrease in strength of  local excitons 
with increasing m o m en tu m .

I. INTRODUCTION

T he organic radical-ion salt decam ethylferroceni
um tetracyanoquinodimethanide, (D M eF cH T C N Q )  
(DM eFc =  F e [C 5( C H 3 ) 5 ] 2) has the unusual property 
o f  crystallizing in two quite different structural 
fo rm s . 1,2 In one  o f  these  fo rm s , 1 individual T C N Q -  
m onom ers  are placed between D M eFc'1' ions. Other  
D M e F c + ions are adjacent to the T C N Q -  m onom er  
along the long axis o f  this ion. In the second phase , 2 

pairs or dimers o f  T C N Q -  ions are placed between

(a)

DMeFc'*' ions. This basic structural unit, (D M eF c)  + 
(T C N Q )” (T C N Q )- (D M eF c)  + is arranged in a her
ringbone fashion in the solid. T he structures o f  these  
two phases are shown in Fig. 1. Because o f  this 
structural variety, (D M eF cH T C N Q ) is an important 
model system for the investigation o f  the electronic  
structure o f  the T CN Q  m olecule  in the solid state. In 
the m onom eric  ph ase 1 the vibrational m odes  and the  
low-lying electronic excitations o f  an individual  
T C N Q -  m olecule  can be observed. In the dimeric  
ph a se 2 the interactions between adjacent T C N Q -

(b)

FIG. 1. (a) S tructure  o f  the m onom er ic  phase (D M eFc)  (TCNQ). View is down the c* axis. The  stacks are along the a* axis. 
F rom  Ref. 1. (b) Schematic view of  the dimeric  phase (D M e F c +)2( T C N Q ) 2. Each "log" contains one  dimeric  unit. F rom  Ref. 2.
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ions may be studied. T hese  interactions include the  
overlap o f  the electronic wave functions on adjacent  
molecular sites,  the "on-site" C ou lom b interaction  
between electrons occupying the sam e TCN Q  m o lec 
ular orbital and the interaction o f  the radical electron  
with the vibrational m odes  o f  the m olecule  (i.e., the  
electron-phonon interaction). This paper describes  
the optical properties o f  these  two phases.  The  
m onom eric  phase was studied in thin-film form by 
optical transmission and e lectron-energy-loss tech
niques while the dimeric phase was investigated by 
polarized reflectance studies o f  single crystals.

T he next section o f  this paper describes materials  
preparation, materials characterization, and optical 
techniques. T he data are presented in the third sec 
tion while detailed discussion is given in the fourth  
section. The results and conclusions are sum m arized  
in the final section.

II. EXPERIMENTAL TECHNIQUE 

A. Materials synthesis

The preparation o f  the 1:1 {Fe[C5 (C H 3 ) 5 l 2l TCN Q  
com plexes  has previously been described . 1,2 The  
dimeric phase occurs when crystals are grown by slow  
evaporation from acetonitrile solution. These  crystals 
are relatively large (ca. 0 . 2  x O .l  x 0 . 0 2  c m 3) and are 
the chemically more stable o f  the two phases.  Quick  
growth or vapor deposition results in the formation  
o f  the m onom eric  phase. This phase is susceptible to 
oxygen attack, with an accompanying change o f  color 
from yellow-green to red .2

The m onom eric  phase was studied in evaporated  
thin-film form. These  films were deposited on glass,  
quartz, NaCl,  and Parafilm substrates,  via resistive  
heating o f  a tantalum boat. During evaporation the 
pressure rose from 5 x 10 - 6  to 1 x 10 - 4  Torr. T hese  
fi lms were between 1500 and 6000 A thick, as m o n i
tored by a calibrated quartz-crystal th ickness monitor.  
Free-standing films needed for the transmission e lec 
tron-energy-loss studies were prepared by floating o f f  
fi lms deposited on microscope slides onto the surface  
o f  water from which they were rem oved and support
ed by a standard 3-m m -diam eter  gold electron m icro
scope grid.

B. Materials characterization

1. Structure

T he structures o f  the two phases have been recent
ly reported . 1,2 The crystal growth habit o f  the dim er
ic phase is such that flat plates are obtained, with the  
largest face containing the a and b axes o f  the m o n 
oclinic unit cell. The polarized reflectance m easure
m ents were made on this face. The studies o f  the

m onom eric  phase were carried out on freshly sub
limed thin films. To confirm that the polycrystalline  
thin films were isom orphous to the bulk structure, an 
electron diffraction pattern was obtained and c o m 
pared to the powder x-ray-diffraction pattern. The  
electron diffraction m easurem ents  were made in the 
electron-energy-loss  spectrometer as well as with a 
commercial electron microscope. This comparison in
dicated that the thin films are isom orphous to the 
m onom eric  phase.

Upon standing in air the yellow-green film turns 
red. Electron diffraction m easurem ents  on the red 
film gave a pattern identical to those from the  
yellow-green film. Thus, upon transformation from  
the yellow-green to red phase the unit cell does not  
appear to be significantly altered . 2

2. Magnetic properties

The two phases have quite different magnetic prop
erties. The dimeric com plex  behaves magnetically as 
a simple S =  y  system  (per iron) with no antiferro

magnetic coupling observed in single crystals for the  
studied temperature range, 1.5— 300 K .2 In contrast  
the m onom eric  phase behaves as a m etam agnet  
below 2.55 K .3 In applied fields below 1500 Oe, this 
com plex is an antiferromagnet whereas above 1500  
Oe it is ferromagnetic .

C. Optical techniques

Different optical techniques were em ployed to 
study the two 1:1 (D M eF cH T C N Q ) phases.  The ev a 
porated films o f  the m onom eric  phase were investi
gated by optical transmission and electron energy-loss  
m easurem ents .  A Perkin-Elmer 283 infrared spectro
photom eter was em ployed over 0 .0 2 5 — 0.5 eV  
(2 0 0 — 4000 c m -1) while a Cary 17 spectrophotometer  
covered the 0 .5 — 6.2 eV (4 0 0 0 —50 000 c m -1) region. 
A custom  built high-resolution spectrometer enabled  
the energy-loss spectra o f  80-keV electrons transmit
ted through the films to be m easured between 0 . 6

and 11.0 eV with a resolution o f  0.1 eV as a function
° _ io f  m o m en tu m  transfer from 0.1 to 0.7 A \

The dimeric phase was studied using polarized re
flectance on single crystals. T hese  m easurem ents  
were made with a Perkin-Elmer m odel 16U grating 
m onochrom ator. Four gratings were used to cover  
photon energies from 0.09 eV (700 c m -1) to 4.7 eV  
(37 000 c m ” 1) with a resolution o f  Aw/w ~  10-3.
Long pass and bandpass filters eliminated unwanted  
orders o f  diffraction. T he exit slit o f  the m o n o 
chromator was imaged onto  the crystal with a large 
spherical mirror and a second such mirror focused  
the reflected light onto  the detector. The detector  
was a thermocouple  below 0.5 eV (4000 c m -1) ,  a PbS
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photoconductor between 0.5 and 1.9 eV (4 0 0 0 —
15 000 c m ' 1),  and a photomultiplier above 1.9 eV  
(15 000 cm " 1). A wire grid polarizer was used in the 
middle infrared, and dichroic polarizers were used in 
the near-infrared through ultraviolet regions.

III. EXPERIMENTAL RESULTS

In this section o f  the paper we present the optical 
data obtained on the two phases o f  (D M eF c)  
(T C N Q ),  deferring extended discussion o f  these data 
until the following section. W e first describe the 
results for the m onom eric  phase: solution spectra, 
thin-film optical transmission, and thin-film electron-  
energy-loss m easurem ents .  T hen  we present the 
results for the dimeric phase, obtained by polarized 
reflectance m easurem ents .

4000" 3000 2000 I50C ~ 1000 soc
WAVE NUMBER 1 cm"1

FIG. 2. Absorbance (increasing downwards)  vs frequency 
(increasing to the left) for (DM eFcM TC NQ) in dichloro- 
m ethane solution (upper trace) and for the m onom eric  
phase in thin-film form (lower trace).

A. Solution spectra

Solutions o f  either phase (at ~  10_4M ) have  
transmission spectra which can be decom posed  into 
the spectra o f  isolated D M e F c + and m onom eric  
T C N Q -  ions .4 -6  In the infrared region, these sa m 
ples exhibit the clean spectra shown as the upper 
trace in Fig. 2. T he  observed frequencies are given

in the first co lum n o f  Table I. N o  absorption is o b 
served between 0.5 and 1.2 eV. Between 1.38 eV 
(11 100 c m -1) and 2.25 eV (18 200 c m -1) the spec
trum is dom inated by the well-know n 4,5 intense ab
sorption with a m axim um  at 1.45 eV (11 660 c m -1) 
characteristic o f  the A]g—*B\U molecular orbital tran 
sition7 with a strong vibronic progression. This re

TABLE I. Observed molecular  vibration frequencies in (D M eFcH T CN Q ) (cm *).

Dichlorom ethane
solution

M onom eric  phase 
(film) Ella*

Dimeric phase
E II b

3050 2960
2925 2890
2850 2840

2179
2181 2171

2160 2171
2155 2152 2146

1609 1598 1591
1506 1500 1511
1475 1470

1380
1360 1362

1362 1359
1175 1175

1020 1020
1002

988 980
830 833 825
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FIG. 3. The absorption coefficient a  o f  a thin film of  the 
m onom er ic  phase and the molar extinction coefficient e o f  an 
acetonitri le solution o f  (DM eFcM TC NQ) vs frequency.

FIG. 4. The absorbance of  a solution and of  a film of  the 
m onom er ic  phase of  (D M eFcM TC N Q ) between 10000

(1.2 eV) and 40000 c m ' 1 (5 eV).

gion is shown in Fig. 3 while the entire near - in frared -  
near-ultraviolet region is shown in Fig. 4. The fre
quencies o f  the absorption maxima are g iven in the 
first colum n o f  Table II. Aggregation o f  the ions is 
not observed in these  so lvents.  The absorptions  
above 2.25 eV can be reduced to the sum  o f  D M e F c + 
and T C N Q ” absorptions . 4 ,6 ,1 4 ,16 The  
F e ( n ) [C5 ( C H 3 ) 5 ] 2 com plex  shows solution absorp
tion at 37 600 and 44 800 c m " 1 while the 
F e ( in ) [C5 (C H 3 ) 5 ] 2 com plex has absorption at 31 800,  
36 200, 41 000, and 45 800 c m -1. A discussion o f  the 
electronic properties o f  these  species is g iven by D u g 
gan and H endrickson .6

B. Thin-film spectra of the monomeric phase

Infrared spectra o f  freshly prepared thin fi lms o f  
the m onom eric  phase on NaCl substrates were very  
similar to the solution data. The major difference, as 
shown in the lower trace in Fig. 2, were shifting to

lower frequencies and broadening o f  the absorption  
lines. The  frequencies are tabulated in the second  
co lum n o f  Table I.

Extension o f  the infrared data to lower frequency  
was provided by using a Parafilm substrate, which  
transmits above  2 0 0  c m -1; however, no significant  
structure was observed in this region.

The.th in-f i lm  absorption spectrum between 1 .24—
5.0 eV ( 1 0 0 0 0 —4 0 0 0 0  c m -1) is illustrated in Figs. 3 
and 4. N o  absorption is observed between 0 .5 —
1.24 eV ( 4 0 0 0 - 1 0 0 0 0  c m " 1). Between 1 .2 4 - 2 .2 3  
eV (10 0 0 0 —18 000 cm "1) the characteristic TCN Q~  
vibronically coupled multiplet appears relatively intact 
except for a broadening o f  the lowest-energy absorp
tion and a sh if t  to lower energies o f  approximately
0.033 eV (270 c m -1) for each multiplet line. The fre
quencies  o f  the absorption m axima are g iven in the 
second co lum n o f  Table II. Except for the intensity  
o f  the 3 .84-eV  absorption, the spectra o f  the solution  
and o f  the thin film are quite similar.

TABLE II. Observed electronic absorption maxima in (D M eFcM TC N Q ) (eV).

M onom eric  phase Dimeric phase
Acetonitri le solution conductivity
by optical absorption Optical absorption Electron-energy loss Ella* El l b

1.45a 1.35a 1.48a 1.23 1.21
1.66 1.62 1.68 1.88 1.85
2.95 2.95 2.40 2.6

3.16 3.15 3.27 3.27
3.84 3.74 3.85
4.46 4.44 4.55

6.30
7.75

aOnly the energy of  the main peak and its strongest vibronic  s ideband are given.
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C. Electron-energy-loss spectra of  
the monomeric phase

Energy loss spectra o f  the strong T C N Q -  m onom er  
band are g iven in Fig. 5 as a function o f  m o m en tu m  
transfer q. D u e  to the resolution limit o f  0.11 eV  
these spectra show only two peaks, corresponding to 
the main electronic excitation and its strongest vibra
tional sideband. H ow ever ,  the low-g energy-loss  
spectrum differs profoundly in shape from the 
optical-absorption spectrum in that the higher-energy  
vibrational sideband at 1.68 eV appears stronger than
the main electronic transition at 1.48 eV. M oreover,

° _ i
as q increases to 0.7 A the relative intensity o f  the 
two com ponents  is reversed. A proper understanding  
o f  this change lies in the nature o f  the dielectric 
response o f  strong electronic excitations and a simple  
model for this previously unobserved effect is given  
in the discussion section.

T he energy-loss spectrum o f  higher-energy e lec 
tronic transitions is shown in Fig. 6 . The energies o f  
the peaks are tabulated in the third co lum n o f  Table
II. Owing to the dielectric effects discussed below we 
expect peaks in the energy-loss function I m ( — 1 /e )  
(where e =  €i + / € 2 is the com plex  dielectric function)  
to occur near m inim a o f  e\ whereas optical-absorption  
peaks occur near maxima o f  e2. Since the dielectric

FIG. 5. Electron-energy-loss spectra for the m onom er ic  
phase between 0.6 and 2.7 eV. T he  data, for small and large 
values of  the m o m e n tu m  transfer , are shown as points while 
the lines are intended as a guide to the eye.

FIG. 6. Energy-loss spectra of the m onom eric  phase for 
cf =  0.15 A-1 from 0,6 to 11 eV.

response function e\ always exhibits a local m in im um  
at greater energy than a strong intramolecular excita
tion, energy-loss peaks should occur slightly higher in 
energy than associated peaks in e2. Comparison o f  
optical and energy-loss results show s this to be g e n 
erally the case but the strong influence o f  the chang
ing refractive index n causes the shapes o f  the optical 
and energy-loss spectra to differ considerably. C o m 
plete identification o f  the absorption bands at 6.30  
and 7.75 eV must await a detailed molecular-orbital  
calculation.

D. Polarized reflectance

The growth habit o f  the dimeric (D M eF cM T C N Q )  
crystals is such that the largest face contains the a* 
and b crystallographic directions o f  the monoclinic  
unit cell2 as show n in Fig. 1(b). There are two  
orthogonal sets o f  dimers in the crystal; in each set 
the dimer axis has com ponents  along all three o f  the  
crystallographic axes. The  com ponents  along a* and 
b are approximately (but not exactly) equal. Since  
these crystals have low sym m etry, the dielectric func
tion can be a tensor quantity,  but because o f  the d e 
tails o f  this com plex structure, the anisotropy in the  
com ponents  is relatively small. One o f  the principal 
axes o f  the dielectric tensor will be along the b axis o f  
the unit cell.

Figure 7 show s the reflectance o f  the dimeric c o m 
plex with Ella" and E II b from the infrared to the ul
traviolet. Between 0.1 eV (800 c m -1) and 0.3 eV 
(2400 cm "1) are several sharp features associated 
with molecular vibrations. There are three broad 
maxima between 1 and 4 eV in both polarizations. 
The magnitude o f  the reflectance is relatively low, 
being between 0 . 0 2  and 0.08 over most o f  this region.
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Frequency (cm-1)

FIG. 7. Polarized reflectance o f  the dimeric  phase of 
(D M eFcH T C N Q ) for Ella* (solid line) and Ell £  (dotted 
line), between 0.1 and 4 eV.

Because o f  the extrem ely wide frequency range 
covered, a Kramers-Kronig analysis o f  the reflectance  
should provide reasonably accurate values for the op 
tical constants. In this procedure , 8 the phase shift  
upon reflectance 0 (a>) is g iven by an integral

a) f°° In/? ( a / )  — \nR(o)) j  ,9 {oj) = —  I --------------------------- a o) , (1)

7T Cl) Cl)

where R (w) is the reflectance at frequency w. C o n 
ventional extrapolation procedures were used in 
evaluating this integral. At low frequencies the re
flectance was assum ed to be constant. Between the 
highest data point and 25 eV the reflectance was e x 
trapolated as 1 / ci)2 to simulate interband transitions  
while above  25 eV a 1/oj4 form appropriate for free-  
electron behavior was used.

Once the phase shift has been found from the  
Kramers-Kronig integral all o f  the optical functions  
can be calculated. Figure 8  show s the frequency-  
dependent conductivity cri(a>) =  ( w / 4 7 t ) € 2 over the  
whole  frequency range studied. The energies o f  the 
maxima in o-j(co) give m ost closely the energies o f  
electronic transitions in the solid. The frequencies o f  
the conductivity maxima for both polarizations are 
given in the last two co lu m ns o f  Table II. The small 
differences for the two polarizations are probably not 
significant. The two lower transitions are o f  approxi
mately equal strength, while the third one  is 3 —4 
times their strength. T he real part o f  the dielectric 
function e i (w )  show s the usual derivativelike struc
ture at frequencies near the conductivity maxima.  
Extrapolation o f  the infrared data to zero frequency  
gives a value o f  3.3 ± 0 .1  for the static dielectric c o n 
stant.

Figure 9 show s the absorption coefficient and

Frequency (cm'1)

FIG. 8. F requency-dependent conductivity, obtained by 
Kramers-Kronig  analysis of  the reflectance, for the dimeric 
phase of  (D M eF cH T C N Q ).  The conductivity for E II a* is 
shown as a solid line while that for E II b is shown as a dotted 
line.

energy-loss function Im ( - 1 / e )  for the dimeric crys
tals obtained from the Kramers-Kronig analysis.
Only the data for Ella" are depicted. T hese  data 
should be compared to the film data o f  Figs. 4 and 6 . 
The rather different optical properties o f  the two 
crystallographic forms are quite apparent and are c o n 
sistent with the  different structures.

Frequency ( cm'1)
0 10000 2 0 0 0 0  3 0 0 0 0  4 0 0 0 0

FIG. 9. Optical-absorption coefficient (solid line) and 
electron-energy-loss function (dotted line) for the dimeric 
phase o f  (D M eF cH T C N Q ),  obtained by Kramers-Kronig 
analysis o f  the reflectance. The data are for Ella* and are 
shown between 0.1 and 4.7 eV.



21 OPTICAL AND ELECTRON-ENERGY-LOSS STUDIES OF THE. 5841

Photon Energy (eV)
0 O.l 0.2 0.3

FIG. 10. F requency-dependent conductivity o f  the d im er 
ic phase o f  (D M eFcM TC N Q ) at low frequencies (between 
0.1 and 0.3 eV). T he data for EIIb are shown as the upper 
dotted line while the actual data points for EIIb are shown as 
triangles in the lower section of  the figure. A fit o f  the 
theory of  the electron-molecula r  vibration coupling in the di
mer to the data for EIIb is shown as the solid line.

T he low-frequency part o f  the conductivity is 
shown in detail in Fig. 10. For Ella* the data are 
shown as points. Comparing the two polarizations,  
there is so m e  change o f  strength am ongst the various  
m odes [and so m e  peaks for El I b may have been o b 
scured in the water vapor band centered at 0 .20  eV  
(1600 c m -1)] but the lines exhibit effects o f  
electron-molecular vibrational coupling, as described  
below. The observed frequencies are given in the 
last two co lum ns o f  Table I.

IV. DISCUSSION

A. Electronic transitions

T he electronic structure o f  TCN Q  has been the  
subject o f  num erous investigations, both theoretical  
and experim ental .4 ,5 ,7,9-22  The  lowest-lying electronic  
transition o f  neutral T C N Q  is observed 9 to occur at
2.8 eV. W hen the T C N Q  radial anion is formed, as 
in the m onom eric  phase o f  (D M e F c +) (T C N Q - ), the 
extra electron goes  into a previously vacant TCN Q  
molecular orbital o f  b2g symmetry. This electron par
ticipates in the characteristic T C N Q -  m o n o m er  ab

sorption shown in Figs. 3 and 5. This absorption,  
first seen in solution by Boyd and Phill ips , 4 is expect
ed to be polarized along the TCN Q  long axis and 
shows a characteristic vibronic splitting. The lowest-  
energy m axim um  in the absorption coefficient is at
1.35 eV while the center o f  the line is at 1.40 eV. 
T hese  energies are som ew hat lower than the energies  
o f  the same excitation in solution. T he observation  
o f  this excitation in the (DM eFcM T C NQ )  
m onom eric  phase is the first such observation in 
solid state. The m onom er  excitation is not observed  
in most TCN Q  charge transfer salts because either 
the T C N Q -  anions dimerize or donor-acceptor charge 
transfer excitations dom inate  the optical response. In 
the m onom eric  phase o f  (D M eF cM T C N Q ), on the 
other hand, truly isolated (T C N Q )-  m onom ers  are 
present and this excitation occurs in the spectrum.

W hen two T C N Q -  radical ions are brought togeth
er to form a dimer, interactions between the ions  
may be observed. The theory o f  the dimer interac
tion has been described, in terms o f  the Hubbard 
m odel,  by Harris and Lange23 and recently by Rice . 24 

This theory is concerned with the effects o f  the in
teraction within the dimer o f  the singly occupied tt 
molecular orbitals o f  the two T C N Q -  ions. The two 
parameters in the theory are the overlap matrix e le 
m ent or transfer integral rand the on-site  C ou lom b  
interaction U. The transfer integral describes the 
overlap o f  electronic wave functions between the ad
jacent m olecu les  while the C ou lom b interaction 
represents the net cost o f  having both electrons occu 
py the sam e molecular orbital.

In the presence o f  these  interactions the original 
energy level o f  the m onom er  splits into four levels in 
the dimer. The ground state is a bonding arrange
ment with one  electron on one  m olecule  and the o th 
er electron, with opposite spin, on the other m o le 
cule. The next higher level, split by Ax =  ( U2/ 4 
+  4 r2)'/2- \ u ,  is a triplet state having one  electron  

on each m olecule  but with parallel spins. A b ove  this 
triplet level is a state characterized by having two 
electrons (with opposite spin) localized on one  o f  the 
two molecules.  This ’’charge transfer" state is the 
only level coupled by the electric dipole operator to 
the ground state, and is at an energy

EC1 = \ U  + (U2/4+4t2)'n (2)

above the ground state. Finally, the highest level is 
the antibonding version o f  the ground state.

Within this theory there is an optical charge  
transfer excitation, polarized along the axis joining  
the two m olecules ,  at a frequency ojc t  =  £ c T/tf. The  
dielectric tensor has been derived by R ice24 and is 
given by

- t  47rne2a 2 4t2/( U2/4 +  4 / 2 ) 1/2 

°° H2 o>ct[ 1 ~  D (a>) ] — (o2 — i(oye
(3)



5842 TANNER, MILLER, RICE, AND RITSKO 21

where n is the density o f  m olecules ,  a is the intradi
mer molecular separation, y e is a phenom enological  
linewidth, and A gives the tensorial character to the  
dielectric function. If a, is the vector joining the 
centers o f  the y'th dimer, then A =  \ /N 
Finally, as we shall see  below, the function D ( oj) in 
the denom inator o f  Eq. (3) describes the effects  aris
ing from the coupling o f  the unpaired electron to the  
internal vibrations o f  the molecule.  In the region o f  
the electronic excitations, how ever,  D(w)  «  1 so  
that this function may be disregarded in the present  
discussion.

The frequency-dependent conductivity o f  this 
charge transfer excitation has an oscillator strength,  
found by integrating the conductivity over the charge 
transfer band, g iven by

x It2
( U2/4 + 4 f 2 ) 1/2 '

(4)

Provided that the quantities a, /?, and A are known,  
Eqs. (2) and (4) indicate that the parameters t and U 
can be found from optical data. For dimeric  
(D M e F c +) 2 (T C N Q )2-, a = 3 . 4 7  A, ,7 = 1 . 4 4 x l 0 21 _  
T C N Q “a n io n s /c m 3 and the diagonal com ponents  o f  A 
along the a and b crystallographic axes are25 

Aaa — Abb=0A5.  Using these  values and the data for 
o-|(a>) in Fig. 7 we obtain U = 1.0 eV and t = 0 .2 7  
eV.

T hese  values are not particularly surprising, being  
close to the com m only  accepted values for the two 
quantities. The theory24 described in the preceding  
paragraphs is an exact solution o f  the Hubbard model  
applied to the dimer and gives the energy and oscilla
tor strength o f  the charge transfer excitation. In the  
dimeric phase o f  (D M eF c X T C N Q ),  there occur 
well-isolated T C N Q  dimers. We thus have a simple  
exact theory and a m odel system  to which to apply it. 
In addition, the theory g ives the energy between the 
singlet and the triplet excitation levels.  This energy  
can be observed as the activation energy for magnetic  
susceptibility and we predict it to occur at Ax =  0.23  
eV, corresponding to an activation temperature o f  
2600 K.

T he above discussion o f  the dimer electronic struc
ture has been based on a consideration o f  only the  
singly occupied T C N Q -  b2g molecular orbital. The e f 
fects which give the absorption in the m onom eric  
phase should be present in the dimer also, although  
interaction between the two excitation states would  
be expected to raise the energy o f  this local exciton.  
This exciton is seen in Fig. 7 at 1.9 eV. In the di
mer this band is totally free o f  any vibronic coupling.

Similar effects have been previously observed in 
solution where dimer formation can take place .4 , 16 In 
solution the dimer local exciton is at —2.0 eV with 
no vibronic structure. Several linear chain T CN Q  
salts which have dimerized stacks show absorption

peaks at this energy along with a charge transfer band 
at lower energy. A variety o f  dimer system s have  
been s tudied 14-16 ,18-21 and although solid-state effects  
such as a tendency to band formation are likely to be 
important, the strongly dimerized salts, such as Li 
(T C N Q ),  K (T C N Q ),  phase-I Rb (T C N Q ),  etc., all 
show absorption maxima at ~  1.1, ~  1.95, and —3.3 
eV corresponding approximately to the charge trans
fer m ode  and two localized excitons o f  the TCN Q  
m olecules.

B. Momentum dependence

In organic molecular solids where electronic energy  
bandwidths are expected to be o f  the order o f  0.1 eV  
no m o m en tu m  dependence  o f  the localized intramo
lecular excitations is expected. H owever ,  in solid 
TCN Q ° and polystyrene a definite ^-dependent  
change in the energy-loss peak position and spectral 
shape has been observ ed . 26,27 In TCN Q ° where a 
large difference o f  the transverse and longitudinal e x 
citon energies occurs the ^-dependent spectral 
changes were thought to be due either to the negative  
dispersion o f  the longitudinal exciton or to q- 
dependent local-field e f fec ts . 26 In polystyrene where  
no large exciton splitting is observed, the energy-loss  
spectrum has been qualitatively accounted for with a 
local-field-effect m o d e l . 27 In the ^-dependent spectra 
reported here for films o f  the m onom eric  phase, an 
unusual shape change with increasing q is simply  
described as a dielectric effect due to the decreasing  
strength o f  an intramolecular excitation with m o m e n 
tum transfer.

The optical-absorption coefficient is a  =  ( 2 a>/c)A;, 
where k is the imaginary part o f  the index o f  refrac
tion N =  n +  ik. T he energy-loss probability is pro
portional to Im ( — 1 / e )  =  e2/ (  e2 -I- e2) where e =  N2 is 
the dielectric response function with real and ima
ginary parts €i and e2. If one  m easures k over a large 
enough energy region one  can calculate the real part 
o f  the index o f  refraction n at energy E by the 
Kramers-Kronig relation

/ / ( £ )  =  1 +  — P f°° k(E' )
7T

E'dE’
e ,2—e 2

(5)

where P indicates the Cauchy principal value. G iven  
n and k one  can calculate the expected energy-loss  
function. The computation is simplified by noting  
that for a relatively isolated band such as seen in 
Figs. 3 and 6  cutting o f f  the integral just above the 
band introduces no new structure into n(E)  in the 
region o f  the band and merely reduces all values o f  
n(E)  by an additive constant. Including this constant  
is seen to change the amplitude but not the shape o f  
the predicted energy-loss spectrum. From the thin- 
film absorption coefficient o f  Fig. 3 the refractive in
dex was calculated using the Kramers-Kronig integral
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[Eq. (5)] .  From n and A, the expected energy-loss  
function Im ( — l / c )  was determined. The result is 
shown as the center curve o f  the left-hand side o f  
Fig. 11, which is labeled by a parameter which indi
cates an arbitrary multiplicative factor for the m ea
sured A. N o te  that the strength o f  the strongest v i
brational sideband is increased in the energy-loss  
function relative to that in the optical-absorption  
spectrum but that it does  not truly represent the  
low-tf energy-loss spectrum shape as it should. (The  
additional fine structure in the calculated energy-loss  
spectrum is sm ooth ed  out in the measured spectrum  
by the 0 .11-eV  resolution.)  Since the absorption o f  
T C N Q -  m o no m ers  is polarized along the long axis  
the m easured A in a polycrystalline film could be low 
by a factor o f  3 compared with a single oriented crys
tal. T hus,  we have arbitrarily multiplied k by a factor 
o f  2 and 3, and com puted the energy-loss functions  
as the upper curves on the left side o f  Fig. 11. The  
relative strength o f  the higher-energy com ponent

ENERGY (eV)

FIG. 11. Electron-energy-loss spectra com puted  from the 
m easured optical-absorption coefficient o f  the m onom er ic  
phase of  (D M eF cH T C N Q ) are shown on the left side of 
the figure. These  spectra should be compared  with the m e a 
sured loss function at small and large values o f  the m o m e n 
tum transfer q shown on the right side of  the figure. The 
n u m b er  next to each calculated curve indicates the factor by 
which the extinction coefficient k was multiplied before  cal
culating the refractive index n from the Kramers-Kronig  re 
lation.

more nearly agrees with the sm all-q energy-loss  
spectrum shape as indicated on the right-hand side o f  
Fig. 11. Even though the energy-loss  spectra were  
also obtained on polycrystalline f ilms this correction 
to A is reasonable because the shape o f  the energy-  
loss spectra from a polycrystalline array will resemble  
the single oriented crystal spectrum since other crys
talline directions do not contribute to the loss spec
trum in this energy region. T hus,  although the shape  
o f  the absorption spectrum does not change, pro
found changes in Im ( — l / c )  can occur if the ampli
tude or strength o f  an absorption band is varied since  
the refractive index n changes radically if A is large. 
Herein lies the key to a simple understanding o f  the q 
dependence  o f  this absorption band. A s q is in
creased, the strength o f  any single electric dipole  
transition must decrease, since at large q higher-  
energy dipole forbidden excitations always occur, and 
the total integrated oscillator strength in an energy-  
loss spectrum is constant . 26,27 This (/-dependent d e 
crease in oscillator strength can be simulated by arbi
trarily reducing A and recomputing the energy-loss  
function. The result o f  multiplying A by 0.5 and 0.1 
is shown in Fig. 11 as the bottom -left-hand energy-  
loss curves which compare well with the overall shape  
o f  the q = 0 . 7 A -1 measured energy-loss  spectrum.  
Thus,  although local-field and excitonic e ffects  are 
undoubtedly important, in this case a simple explana
tion for the m o m en tu m  dependence  o f  the energy-  
loss spectrum lies in the strength dependence  o f  the 
dielectric response function.

C. Electron-molecular vibration coupling

Figure 10 show s that a series o f  narrow absorption 
bands are observed for the dimeric phase o f  
(D M eF cH T C N Q ) in the region o f  molecular vibra
tion frequencies. As discussed by Rice24 such a 
series o f  bands is to be expected for the ion-radical 
dimer on account o f  e lectron-molecular vibration 
(EM V) coupling. In the m onom er ,  the radical e lec 
trons couple to the totally symmetric  (ag) molecular  
vibrations o f  the m onom er.  In the dimer, the anti
symmetric linear com binations o f  these  vibrations  
couple directly to the charge transfer excitations, and,  
in consequ en ce ,  drive oscillations in the radical e lec 
tron electric dipole m om ent.  T hese  "dimer charge o s 
cillations" give rise to an apparent infrared activity o f  
the previous inactive (m o n o m er)  ag m odes ,  polarized 
in the direction o f  the dimer axis,  an effect previous
ly seen i iv K (T C N Q ) . 21,28 The  effect is described by 
the function D ( cu) present in Eq. (3 ) ,  the function  
Dim)  being

D ( w ) ~  X ■
a — 1 Ct>„ -  OJ -  / (Jjya

G is the num ber o f  m odes  in which coa denotes  the
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TABLE III. Electron-molecular  vibration coupling p a ram 
eters for dimeric  (DM eFcM TCNQ).

Mode
a

Vibration frequency 
o>a ( cm - 1 )

Coupling constant 
Xa (meV)

2 2214 101
3 1610 67
4 1398 86
5 1186 43
6 829 2 0 -3 0

frequency o f  the m onom er  ag m ode and ya its natur
al linewidth. The quantity \ a is the d im ension less  
constant

\ = _________ M>t2__________
“ (#g jc t ) 2( U 2/4  +  4 f 2) 1/2 Hwa

and specifies the strength o f  electronic charge trans
fer molecular vibration coupling. In Eq. (7) ga 
denotes  the ag m o n o m e r  EMV coupling constant for 
the m ode a. Typically, ka 10“2.

We identify the six molecular absorption features  
appearing in o -i(w) for Ella* (Fig. 10) as the dimer  
charge oscillations associated with the T CN Q  m o n o 
mer ag m o d e s .29,30 At least-squares fit31 o f  Eq. (3) to 
the data yields "experimental” values for the parame
ters oja, # a, and ya and hence ,  in view o f  Eq. (7) ,  for 
the ag coupling constants ga, since / and U are known  
from the analysis o f  Sec. IV A. The values o f  wa and 
Ka obtained from such a fit are given in Table III. In 
this fit, which is shown in Fig. 10, the natural line- 
widths y a o f  the ag m odes  were all taken to be 6 

c m -1, while the steadily increasing background seen  
in the experimental data was simulated by using a 
com plex value for the high-frequency dielectric func
tion €<* =  2.2 + 0 .5 / .  The values obtained for xa are 
generally in agreem ent with those previously d e 
du ced 27 from polarized optical reflectance stud ies21 o f  
K (T C N Q ) and with those theoretically calculated by 
Lipari and D u k e .30 H owever , the values  
g2=  101 m eV  we find for the electronic coupling to 
the C =  N stretching m ode o>2 =  2214 c m -1, consider
ably exceed the theoretical value # 2 =  52 meV calcu

*Current address: Occidental  Research  Corp., Irvine, Cali
fornia 92713.

'J. S. Miller, A. H. Reis, Jr., E. G eber t ,  J. J. Ritsko, W. R. 
Salaneck, L. Kovnat,  T. W. Cape, and R. P. Van Duyne, 
J. Am. C hem. Soc. KM, 7111 (1979).

2A. H. Reis, Jr., L. D. Preston, J. M. Williams, S. W. Pe te r 
son, G. A. Candela, L. Swartzendruber,  and J. S. Miller,

lated by Lipari and D uke although it is more c o n 
sistent with the experimental value = meV d e 
duced 27 for K (T C N Q ).  There are so m e  differences  
between the spectra for Ella* and E II b shown in Fig.
10. A fit to the smaller number o f  lines observed for 
E II b would yield som ewhat different values lor the 
coupling contants. Som e o f  these differences are due  
to experimental errors in part because the signal level  
is som ewhat lower for E lib than for E 11 a*. At the 
present time we can offer no definite explanation o f  
these differences.

V. SUMMARY AND CONCLUSIONS

These  m easurem ents  have shown that the e x 
istence o f  two dissimilar crystallographic phases make  
(D M eF c)  (TCN Q) a novel system for the study o f  the 
solid-state properties o f  the T C N Q  radical ion. In the 
m onom eric  phase the excitation spectrum o f  the iso
lated ion has been measured. The most notable  
feature is the extremely strong vibronic coupling o f  
the lowest-energy transition at 1.4 eV. This transi
tion has previously only been studied in so lution .4,5 

In the dimeric phase a charge transfer band appears 
at 1.2 eV with the lowest intramolecular transition at
1.9 eV. Surprisingly, in the dimer this excitation is 
totally free o f  any structure due to vibronic interac
tion. The reason for the disappearance o f  the vibron
ic structure on going from the m onom er  to the dimer  
is not understood.

From an analysis o f  the charge transfer excitation  
in the dimeric phase we obtain values for the e f fec 
tive on-site  C ou lom b repulsion U = 1.0 eV , and for 
the transfer matrix e lem en t  t = 0 . 2 7  eV. If these  
num bers are applied to linear-chain TCN Q  system s,  
then the bandwidth would be W =  4/ ~  1 eV U. 
T hese  system s would be in the intermediate Cou lom b  
correlation case.
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