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The interpretation of properties of (1:1)alkali-tetracyanoquinodimethan (TCNQ) salts on a
one-dimensional 81och model can be extended to optical spectra. E1ectronic absorptions in the spectral
range of 4000-20000 cm ' are interpreted as band-to-band transitions. These (split) bands are
contructed from the ground-state and excited-state wave funcitons of the TCNQ ion. A splitting in
the absorptions arises from the variable density of states in an energy band. The polarized absorption
spectra of KiCNQ were "calculated, " using some basic assumptions, and compared with experimental
data.

I. INTRODUCTION III. THEORY

Stacks of tetracyanoquinodimethan(TCNQ) ions
along the a axis, as they occur in the simple (1:1)
alkali-TCNQ salts, ' can be treated in the one-
electron (Bloch) approximation, even though the
bandwidths are small. The application of a simple
one-dimensional band system is permitted because
of the spatial extension of the TCNQ ions, reduc-
ing the correlation energies. The bands, construct-
ed from the ground-state wave functions gI of the
unpaired r electron on each TCNQ ion, are sym-
metry split by structural distortion within each
TCNQ chain. The temperature dependence of
spin susceptibility and lattice distortion leading to
phase transitions can be quantitatively understood
on this basis, as shown in two recent papers,
refered to hereafter as I and III, respectively.

.It is the purpose of this paper to show that the
Bloch model also can explain the optical spectra of
crystalline M'TCNQ, although other interactions
may be important, as considered for instance by
Hiroma et al. in their exciton treatment of KTCNQ
and Cs2(TCNQ), .~

II. EXPERIMENTAL DATA

0(+)=(3~ s ~ '""[~ ~4„()+a~( )], (3.1)
1

~ labels the one-dimensional unit cells, and

e, = [hg+h2e "'][lP, g+3k+,g c s(ok)e]-"', (3.3)

where h, and hz are transfer integrals between a
molecule and its two inequivalent neighbors indi-
cated in Fig. 3, where )heal & lh2j ~ Similar expres-
sions will hold for both excited bands:

y,'(+)=(2~ „,Z 'e""[+ ,'c'e(x) e+(~)x], (3.3)

In our treatment we consider band-to-band trans-
itions from the ground-state band system to the
excited band system constructed from wave func-
tions y,'. of an electron bound to the jth TGNQ ion
in its first excited state. From the Appendix in
paper I, we find the, tight-binding crystal functions

y» (+) for the upper and lower ground-state bands
derived for a distorted linear chain (Fig. 3) con-
sisting of ,'N unit cell—s of length a,

For the present, we focus our attention on spec-
tral data of crystalline KTCNQ. We measured its
electronic absorption spectrum at room tempera-
ture (Fig. 1), as described in Sec. II of Paper I.
It strongly resembles Iida's diffuse reflectance
spectrum of this salt. 6 The only polarized ab-
sorption spectrum of an alkali-TGNQ crystal has
been measured by Hiroma gt gg. on KTGNQ and is
reproduced in Fig. 2. Peak II was not observed in
this polarized spectrum, although there is also
some evidence of it in Iida's measurement. For
comparison, the TGNQ monomer absorbs at
25. 3x10~ and 11.9x103 cm, whereas the (TCNQ)2
dimer exhibits absorption peaks around 27.0x103,
15.6x10', and 11.5x10' cm '.7

P,'= &q,(-)g ~g(~)& (3.5)

where p is the momentum operator. s Neglecting
terms bebveen non-neighboring ions, one easily
finds

with

c,'= (h,'+Q e "')[h,' +Q + 3k,'h~ cos(uk)]
(3.4)

Let us consider at 0 'K in a stoichiometric crystal
the optical transitions from the state fk) in the
"valence" band to the empty excited bands. The
probability for a direct ("vertical" ) transition is
proportional to P+,', with
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Assuming equivalence of the Tt NQ ions in the
crystal, we can write

2P = (I +eoeDPo(m)+ ( ea +ca) +i(a)

+ (ew e llha~el eA!I)pl( )

in which

(3.7)

(s.s)

hq~ = crsehq~, (s.9)

where gg is a positive number and g =+ 1 or —1.
As will be discussed later, the spectral results
require

POPO and P,'P&, P2P2 are proportional to the proba-
bilities of local transitions and will be polarized
in the molecular plane (m) and along the stacking
(a) axis (or, in fact, perpendicular to the TCNQ
molecular plane), respectively.

A similar expression is obtained for the transi-
tions at T &0 'K from the ground-state "conduc-
tion" band to the excited bands; all e,'s in Eq.
(3.7) are then provided with a minus sign.

Because the m-electron wave function p',. is not
known, we cannot evaluate h,'&. Therefore, we
simply assume

(a) optical transitions to the lower excited band:

P,'~, = —P~(a) a Po(a),
(3.11)

P~= gs
= - [hxP f(a) - h2Po(a)1(hl+ ho)

(b) opticai transitions to the upper excited band:

(s. 12)P,'„o,&
= Po(m)~

P~.,(o = Po(m) —i[ho Pq(a) + hq Po(a)] (kg+ ho)

Transitions from the ground-state "conduction"
band to the excited lower (upper) band have the
same transition moments as those from the ground-
state "valence" band to the excited upper (lower)
band. The possible transitions from the ground-
state band system at ak= 0, a 2m and + v are drawn
in Fig. 4. If 0=+ 1, the excited-state bands are
interchanged.

Figure 4 also gives the possible optical transi-
tions between both ground-state bands. In a simi-
lar treatment, as given above for P„, we evaluate

Po=&gg, (-)
~ j~g, (+)) (s. ls)

resulting in

(3.10)

Insertion of Eqs. (3.9) and (3.10) into (3.4) leads,
with Eq. (3.7), to the following expressions for
P~ at ak=0, a —,'w, and an, assuming h& 2 to be posi-
tive.

P„=-, ( g ec„+—)P,(a)+ , (cue '"—'+coe' )Po(a) = —[ ~h+h o(sak) ]
x [h,'+ho+ 2hho cos(ak)]'~'P, (a) + [ho+ h, cos(ak)] [ho +boo+ 2k~ho cos(ak)]'~o Po(a) (3.14)

with

P (a) -=&4'„,~P ~@„,&

and

P,(a) -=&4„,~i ~
C,„„,& (s. 15)

These transition probabilities vanish in a nonalter-
nating row, whereas I PI, I equals IP~(a) I in a com-
pletely dimerized chain.

IV. COMPARISON WITH EXPERIMENT

In Fig. 5 the calculated optical spectrum is
drawn in outline as derived from Fig. 4 with cr = —1
and sv =3.5. For the ground-state band system of
KTCNQ we have taken a bandwidth of 0.054 eV for
each band and a band gap of 0. 182 eV (from Fig.

17 in Paper III). Transitions from the lowest band
at k =0 and + v/a (high density of states) will give
rise to absorption peaks. These will be broadened
by "impurities" and lattice and molecular vibra-
tions. The intensities of the peaks are arbitrary
but it is assumed that I Pal » I Pg 1

& I P& t.. The in-
tensities of the ground-state band-to-band transi-
tions will be small, due to the y dependence of the
optical density' and the partial cancellation of P~(a)
and P, (a). Furthermore, these transitions will ap-
pear as a broad absorption in the region of molec-
ular vibrational transitions. Probably due to these
effects, our attempts to detect such a low-lying
electronic absorption were in vain.

It is now worthwhile to compare the spectrum ob-
tained by Hiroma' with the spectrum calculated on
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FIG. 3. TCNQ ions, stacked in a RbTCNQ crystal
(Ref. (2).

FIG. l. Electronic absorption spectrum of solid
KTCNQ. Absorption peaks arise at 8.3 x10 cm (I),
10.4x10 cm, (II), 11.8x10 cm (III), 16.1x10 cm
(L), 27.4x10 cm (M), 38.2x10 cm (+ and 43.3
x10 cm (Q).

the basis of a one-electron band model with zo = 3.5.
We then come to the assignments as given in Ta-

ble I. On the whole the agreement between the best
experimental data (Hiroma's) and band theory is
not bad, particularly in view of the simplifying as-
sumption of Eq. (S.9). The other data are so glob-
al that they can almostbe fitted to any theory. Par-
ticularly sati. sfying is the agreement with the po-
larizations, which usually are more reliable.

An uncertainty remains about the peaks at 10.4
&10 and 11.8x10 cm which were clearly ob-
served in our spectrum. It is conceivable that one
of them arises from a nondisplaced TCNQ absorp-
tion, which might occur in a disordered lattice.
The most obvious disorder would be imperfections
in the alternation of the TCNQ separations. Then,
in addition to ions having transfer interactions h~

and h2, these would also be ions with either h~ or
h~ on both sides. The spectrum of these ions would

not be split in a nearest-neighbor approximation and
the TCNQ absorption would occur at an energy of
11.9x10 cm, where it is observed in solution
(apart from a crystal shift). It is tempting there-
fore to assign the 11.8 && 10s cm ' (or 12. 1x 10s cm '
in Hiroma's work) absorption to TCNQ ions in spe-
cial positions.

This assignment is supported by the spectrum of
N-methyl-phenazinium-TCNQ (NMP-TCNQ), which

crystallographically has only one molecule per one-
dimensional unit cell, but nevertheless shows
three diffuse absorptions at 4. 3X10, 11.8&&10 and
16.4x10' cm '. 6 It is also known" that %VIP-TCNQ
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FIG. 2. Polarized crystal absorption spectra of KTCNQ,
reproduced with permission from Hiroma et al. (Ref. 5).
Solid line, a spectrum (paraDel to the stacking axis);
dashed line, 5 spectrum (practically perpendicular to the
stacking axis). Absorption peaks: 7.8 x 103 cm (I),
12.lx10 cm (III), 15.0x10 cm (IV), 17.3x10 cm
(V, VI), 25.0x10 cm (VII, VIII), and 30.8xl0 cm
(rx, x).
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FIG. 4. Band energies E(k) vs the wave vector 4 for
hl, ght, s=-3.5. Optical band-to-band transitions from
the ground-state "valence" and "conduction" bands are
indicated. Solid line: transitions, polarized along the
stacking axis (a); dashed line: transitions, polarized
in the molecular plane (m).
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FIG. 5. Electronic absorption spectrum, derived
from Fig. 4 (itt, gk4& ———3.5) for KTCNQ with a ground-
state bandwidth of 0.054 eV and a band gap of 0.182 eV.
The crystal shift of the TCNQ monomer absorption has
been neglected. Solid line: (a) polarized spectrum;
dashed line: (m) polarized spectrum. Absorption pegks
are "calculated" at 1.5xlO cm" (A), 2.4x10 cm" (B),
8.5xl0 cm (C), 10.5xlO cm (D), 15.6x10 cm (E),
16.8x10 cm (I'), and 16.lx10 cm (6). The other
absorptions, denoted by thin lines, arise from transitions
from the ground-state "conduction" band.

is disordered, and then again we have symmetri-
cally and asymmetrically surrounded TCNQ ions
with (in a nearest-neighbor approximation) corre-
spondingly split and nonsplit TCNQ absorptions.
The absorption at 11.8&10 cm" would againbe the
transition arising from symmetrically surrounded
TCNQ ions.

The foregoing treatment can also account qual-
itatively for the electronic spectrum of Csm{TCNQ)3,
exhibiting an extra absorption peak at about
10000-11000cm . ' In this complex, the
TCNQ's form columns, with a unique grouping of
(TCNQ)3 triads. Accordingly, a one-dimensional
band model predicts optical transitions to three ex-
cited bands, leading to three absorptions. The
available spectral data reveal absorptions at
16 000-1V 000, 10000-11000 cm ', and a low-en-
ergy absorption below 5X10 cm

So far, we have interpreted the KTCNQ spectrum

on the basis of a one-e1.ectron theory. The variable
density of states in the bands then leads to a split-
ting. This does not mean that other intera, ctions
can be neglected.

For instance, the crystallographic inequivalence
of the TCNQ ions leads to a Davydov splitting, a
clear two-electron effect, as for instance consid-
ered by Hiroma. ' lt was the purpose of this paper,
however, to show that elementary band theory can
go quite a way in explaining the electronic spectra,
thus bringing these in line with previous models
for the magnetic susceptibility behavior and phase
transitions of the simple alkali-TCNQ salts.

The pressure dependence of the electronic ab-
sorption spectra of among others LiTCNQ Ref.
(14) and KTCNQ (Ref. 15) reveals a blue shift of
the absorption L in Fig. 1, which is in agreement
with the band picture of Fig. 4. An increase in the
pressure leads to an increase in the absolute val-
ues of the transfer integrals, which predominantly
affects the excited-state band system, due to our
assumption lb~ 21&I&~,~I. Neglecting the pressure
shift of yo, it can be seen directly from Fig. 4, that
absorption L undergoes a blue shift, whereas the
low-energy absorption I should exhibit a red pres-
sure shift. Although the latter shift has not been
measured on LiTCNQ and KTCNQ, these low-lying
absoxptions generally do show a red shift at high
pressures, as for instance observed in Na'
Chio ranil

The spectra of the other alkali-TCNQ salts are
similar to the KTCNQ spectrum in I'ig. 1, except
for the location of the low-energy absorption and
the presence of peak III at about 11.8x10 cm
Absorption peaks always appear at (7.4 + 1.4) X 103

cm ' (I), {10.3 y 0.1)x].0' cm ' (ll), (16.I+ 0. 2)
x 103 cm i(1 ), (26. 9 +0.6) x 10 cm ' (M), and

(38.5+0.8)&&10s cm i (N). The exact location de-
pends somewhat upon the nature of the alkali ion in
the M'TCNQ crystal.

It appears then, that the interpretation of these
spectra as band-to-band transitions is quite gen-
eral and successful.

TABLE I. Comparison. of "calculated" and experimental spectra of ETC'.
Iida

(Ref. 6)
Energy
103 cm

This work
Energy
10 cm Pol.

Hiroma et al.
(Ref. 5)

Energy
103 cm"~

Ban.d theory
Energy
103 cm Pol.

I
II

GI
IV

L
VI

8. 5
10-11

16.4

8.3
10.4
11.8

16.1

7. 8

12.1
15.0
17.3
17.3

(I)
(m)
(a)
(m)

8.5
10.5

15.6
16.1
16.8

(m)
4)
(m)

0 0
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V. DISCUSSION

In earlier work'6'4'" the lowest-energy absorp-
tion has usually been interpreted as a charge-trans-
fer absorption as it appears, mainly on the basis
of its polarization. It should be pointed out, that
the present interpretation, apart from explaining
many more polarizations, also contains a large
amount of charge transfer, be it to the excited or-
bital of the neighboring ion [cf. Eq. (3.11)j. The
charge-transfer to the ground-state orbital is in
this theory deplaced towards the very low ener-
gies of the ground-state "valence"-to-"conduc-
tion-band" transitions. The relative success of
this theory, therefore, implies that the quantity
U (the "energy of the doubly ionized state"), which
is of the utmost importance in the interpretation
of solid state magnetic susceptibility or transport
data, is zero or at least very small in the alkali-
TCNQ salts Th.is conclusion is in direct contrast
to that of Hiroma et al. , ' who derive a value of
about 1 eV for U, when they interpret the spectra
as charge-transf er spectra.

A few final remarks may be of use about the
utilization of one-electron theory in this case. It
is clear, that it cannot be the final answer. After
all, electron-electron interaction is always pres-
ent. We have tried to explain in I, ' why it may
probably be neglected in the TCNQ chains. We

have recently'~ obtained results on other TCNQ
salts, where it is clear that one-electron theory
is insufficient to explain all the solid state phe-
nomena. Even then, though, the one-electron the-
ory appears to give the best starting point. When,
however, the quantity U is of the order of or great-
er than the total bandwidth in the ground state,
strong deviations from one electron theory will
occur. Recent results obtained in this laboratory
have shown, that this may be the case for a num-
ber of TCNQ salts. with organic counter ions. It
should be noted, however, that a nonzero U will
not affect the spectra in the visible part of the
spectrum very strongly, since it will still be small
compared to the energies involved in these transi-
tions. It may therefore be expected that the band-
to-band interpretation of these spectra may still
hold, even when transport or magnetic suscepti-
bility data can no longer be interpreted within a
one-electron scheme.

Finally, dc photoconductivity' might be expected
on the basis of band-to-band transitions. Appar-
ently, this is,not observed. Since it is a transport
phenomenon, it will be affected by the same prob-
lems of disorder, as discussed in an earlier paper
paper, ' and this would decrease its magnitude con-
siderably, and even render its observation impos-
sible. Some hope may be retained for ac photo-
conductivity at high frequency, such experiments
are presently being set up in our laboratory.
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