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With a simple ionic model to quantify the ionicity in oxides and organic compounds, a common pattern 
of behavior is found for their conductivity and optical absorption. As the ionicity of these compounds 
decreases, the energy of optical absorption decreases, but they remain insulating, ionic com- 
pounds-until a critical ionicity, below which the optical gap vanishes, the ionic state becomes unstable, 
and interesting properties appear. In both classes of materials, just below this critical ionicity they are 
mixed valence and have metallic conductivity. Organic compounds with lower ionicity form neutral 
solids, while the corresponding oxides do not form stable compounds. In addition, there are some 
compounds of both types near the critical ionicity in which a phase transformation can be induced: 
neutral-ionic transitions in organics, and metal-insulator transitions in oxides. �9 1992 Academic Press, Inc. 

I n t r o d u c t i o n  

During the last several decades, two 
classes of materials have attracted consider- 
able attention because of their conductivity 
and electronic properties, i.e., oxides (1-4) 
and organic compounds (5, 6), with many 
important contributions to the former origi- 
nating from Professor Hagenmuller 's  labo- 
ratory (1). Work on these two material 
classes continues with the renewed interest 
generated by the discovery in both systems 
(7-10) of superconductivity at relatively 
high temperatures. In comparing these ap- 
parently very different classes of materials, 
we have found some features in their con- 
ductivity and optical properties that are 
common to both; namely, the energy of opti- 
cal absorption for a wide range of c o m -  

pounds of both types can be described by a 
simple ionic model. In addition, this simple 
model also accounts for why some com- 
pounds have metallic conductivity, while 
the majority are insulating. This model can 
furthermore be used to make predictions for 
new compounds and offers a clear physical 
interpretation: strongly ionic compounds 
are insulators; in a series of compounds with 
decreasing ionicity, they remain ionic and 
insulating until a certain critical value of the 
ionicity, beyond which they become mixed 
valence and have metallic conductivity. 

According to the simple ionic model, the 
structure of these materials is viewed as 
composed of point charges and we neglect 
the electronic overlap between the anions 
and cations. The ionicity is determined by 
the competition between two contributions 
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to the total energy: (i) the electrostatic (or 
Coulomb) interaction between the point 
charges, which favors an ionic state; and 
(ii) the atomic energy required to ionize the 
species, which is a net cost in energy and 
hence favors the neutral state. The ionicity 
can be related to a difference between these 
two energies. For  the optical absorption, we 
are interested in the energy, A 0, required 
to excite an electron from the anion to the 
cation, which is given by 

Ao = ( e A V M -  e-ff~) - ( I -  A), (1) 

where eAV~t is the difference in the electro- 
static energies between the cation and anion 
sites. In the case of  organic compounds,  1 is 
the ionization potential of  the neutral donor  
and A is the electron affinity of  the neutral 
acceptor.  In oxides with metal cations M v+ , 
I is the ionization potential of M (v ~)+ and 
A is the electron affinity of O- .  The energy 
A 0 is thus the difference between an electro- 
static and an atomic energy and we shall use 
it as a quantitative measure of the ionicity. 
This definition (Eq. (1)) emphasizes that the 
ionicity is not a black and white quantity; 
rather, the ionicity is a continuous variable. 
There  are compounds with large values o f b  0 
in which the energy to excite the electrons is 
very high. In these compounds,  the elec- 
trons are strongly bound to the anions and 
they are strongly ionic. In other compounds,  
A 0 is lower, the electrons are less strongly 
bound, and these are less ionic. When A 0 
becomes as small as thermal energies, a 
compound cannot remain an ionic insulator. 

The approach taken in this paper is to 
consider a large variety of  both organic com- 
pounds and oxides with a wide range of ion- 
icities. In each of these two series of com- 
pounds,  we will examine what variations in 
the conductivi ty and optical absorption are 
induced by this variation in the ionicity. 
First with organic compounds and then with 
oxides, we will compare the experimental 

energies due to excitation of electrons from 
anions to cations with those calculated by 
the model, i.e., Eq. (1). Then we will study 
the conductivity of these series of  com- 
pounds and will find that the onset of metal- 
lic conductivity appears when A 0 becomes 
small and the compounds " lose  their ion- 
ici ty."  

Optical Absorption in Organic 
Charge-Transfer Compounds 

Organic donor  molecules (D) and ac- 
ceptor  molecules (A) often form solids 
which contain stacks of  alternating donors 
and acceptors that may be neutral (-..D~ ~ 
DOA . . . .  ) or ionic ( . . .D+A-D+A -.. .) .  In the 
case of ionic stacks, the energy hvcT(I) = 
h 0 to transfer charge from the anion (A-)  to 
the cation (D +) is given (11) by Eq. (I). In 
the case of  neutral stacks, an electron may 
be excited from D ~ to the neighboring A ~ 
with an energy given (11) by 

h~cT(N) = (I - A) - e2/a, (2) 

which involves the ionization potential (I) 
of the donor  and the election affinity (A) of  
the acceptor,  as well as the Coulomb at- 
traction between the charges created at a 
separation a. (This absorption gives these 
solids a much stronger color than the donors 
and acceptors separately.) As a function of  
the ionicity, A 0, the energy of the optical 
absorption (Eqs. (1) and (2)) has the behav- 
ior shown by the solid lines in Fig. I. Start- 
ing with compounds with high ionicity, 
which have ionic stacks (right of  Fig. 1), 
the energy of absorption in the ionic phase 
decreases as the ionicity decreases until a 
critical ionicity (where 2(1 - A) = eAVM), 
beyond which the compounds are neutral 
and the energy hVcT increases with decreas- 
ing ionicity. Thus, Eqs. (1) and (2) predict a 
V-shaped curve for hVcT, with a transition 
between ionic and neutral states occurring 
where hucv is a minimum. 

In order  to compare these predictions of  
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FIG. I. The energy of the observed charge t ransfer  
band vs. the ionicity in a variety of  neutral and ionic 
organic solids, compared  with the predictions (straight 
lines) of  a simple ionic model (after Ref. (14)). 

the ionic model with experimental data of  
hvcT, we need a measure of the ionicity, A 0 
(Eq. (1)). There  are only a few calculations 
of  AV~t and measurements of  I and A for a 
few molecules, but we need consistent val- 
ues for a wide range of compounds.  Fortu- 
nately, the calculated values (12) of AV~t for 
several different organic compounds vary 
by only a few 0.1 eV and thus we shall as- 
sume that this energy is a constant.  Fortu- 
nately also, it has been shown (13) that 
(I - A) is reasonably accurately equal to a 
constant  plus AEREDOX, where AEREDO x is 
the difference in electrochemical oxidation 
potential for the donor and the reduction 
potential for the acceptor,  measured in solu- 
tion, and where the constant includes vari- 
ous solvent effects. Thus, we have from 
Eq. (1) 

A 0 = A c -- AEREDO X, (3) 

where A c is a correction term which includes 
the solvent effects (13) ( ~  - 3 . 9  eV), the 
average value (12) of  (eA V M - e2/a) ~ 5.4 
eV, and other (constant) corrections.  The 

basic assumption is not that A c and other 
neglected effects are small, but rather that 
they are approximately constant compared 
with the large variation in AEREDO x over  the 
series of organic compounds under consid- 
eration. 

The observed (14) energy, hvcT, of the 
charge-transfer absorption is plotted in Fig. 
1 vs. 2XEREDOX for 24 organic compounds.  It 
is seen that there is a critical value of  the 
ionicity (corresponding to --AEREDO x =- 
--0.2 eV) which separates the ionic com- 
pounds (filled rectangles) from the neutral 
compounds,  which have lower ionicity. In 
the neutral phase, the absorption energy de- 
creases with A 0 with a slope of  I, in 
agreement with the simple ionic model. In 
the ionic phase, there is not a wide enough 
range of  compounds to confirm the fit to the 
theory (but it appears not to fit as well as in 
the neutral phase). The fit in Fig. 1 corre- 
sponds to a value of A = 0.8 eV from 
Eq. (3). Comparing this value with esti- 
mates of the solvent effects ( -  3.9 eV) and 
(eAVM - e'-/a) ~ 5.4 eV suggests that there 
are corrections due to other effects of  only 
- 0 . 7  eV. Considering the simplicity of the 
model, the agreement evident in Fig. 1 is 
remarkable. 

One feature evident in Fig 1 is that there 
are compounds (like TTF-chloranil  marked 
with an x) which are neutral, but which lie 
very near the neutral- ionic boundary.  Re- 
calling that the ionicity is a balance between 
two terms, can we shift the balance and push 
these compounds over  the boundary into 
the ionic state? The electrostatic term, 2xV•, 
in Eq. (1) can be increased either by 
applying pressure or decreasing the temper- 
ature (thermal contraction). In the case of 
TTF-chloranil ,  such a neutral- ionic phase 
transition has been induced by applying 
pressure (14) ( - 1 0  kbar) and by decreasing 
the temperature (15) (T < 85 K). Some of  
the other compounds in Fig. 1 can also be 
transformed (14) into the ionic state, requir- 
ing higher pressure when they are farther 
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from the neutral- ionic boundary.  Very re- 
cently,  a second compound has been found 
(16) to undergo a neutral- ionic phase transi- 
tion at low temperature.  

Optical Absorption in Closed-Shell Oxides 

In oxides we can expect  to see a charge- 
transfer optical absorption corresponding to 
exciting an electron from O ~- to the metal 
cation. The energy of this excitation is given 
by A 0, Eq. (1). From the point of view of  
electronic bands, this transition corre- 
sponds to exciting an electron from the oxy- 
gen 2p-valence band up to the metal conduc- 
tion band. The energy of the lowest 
excitation at the gap is given by (A 0 - W), 
where the ionic model estimate (A0) is re- 
duced by the average bandwidth (W), an 
effect not included in the simple model. We 
shall focus our  attention on the closed-shell 
oxides, in order  to avoid complications of 
other types of  excitation (e.g., d-to-d, metal- 
to-metal, etc.). 

Concerning estimations for the values for 
A 0 in oxides, we can readily carry out the 
Madelung sum and calculate the electro- 
static term in Eq. (1) (eAV M - eZ/a), within 
the ionic model. For  the atomic term, we 
shall use the ionization potentials (17) from 
cations in the gas phase and an estimate (18) 
o f A  = - 7 . 7 e V .  In this way, we use the 
ionic model to calculate A 0 for a series of  17 
closed-shell oxides and compare (19) them 
with experimental  measurements  (20) of the 
optical absorption energy in Fig. 2. It is seen 
that for most of these oxides the optical gap 
decreases with decreasing ionicity, with a 
slope of  1 and extrapolating to zero near 
A 0 = 10 eV. The fact that this extrapolation 
is larger than estimates of the bandwidth 
(W - 5 eV) suggests that there are large 
energies ( - 5  eV) which are not included in 
the super-simple ionic model (as we should 
expect).  The deviations of the data from the 
theoretical prediction (the straight line in 
Fig. 2) suggest that there are variations of  
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Fro. 2. The observed energy gap vs. the ionicity (A0) 
calculated from the simple ionic model for a series of  
closed-shell  oxides (after Ref. (19)). 

order 1 eV in the energies not included. In 
general, however,  Fig. 2 shows a remark- 
ably good agreement with the simple ionic 
model. 

Conductivity of Organic Compounds 

The vast majority of organic donor- 
acceptor  compounds are insulating, with 
o - ( 3 0 0 K ) <  10 .5 ohm t c m  J. T h e r e a r e a  
few with 1:1 stoichiometry ( D : A ) ,  how- 
ever, that have o-(300 K) > 10ohm J cm -j 
and show metallic temperature dependence 
(above a metal- insulator  transition at lower 
temperature).  In order to explore the possi- 
ble role ofionici ty,  we use the same measure 
of ionicity as earlier for the optical absorp- 
tion, e.g., Eq. (3). In this discussion, how- 
ever,  we will include structures in which 
there are separate, segregated donor  stacks 
and separate acceptor  stacks (21), in addi- 
tion to the alternating stacks discussed ear- 
lier. In Fig. 3, we plot (22) the magnitude of  
0-(300 K) as a function of  the ionicity, 
i.e., --AEREDOX. As in Fig. 1, we see that 
compounds with high ionicity (right of  Fig. 
3) are ionic while compounds with low ion- 
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Fie. 3. The observed electrical conductivity at 300 
K for a series of organic compounds vs. the ionicity, 
showing that the metallic conductors lie in between the 
ionic and neutral compounds (after Ref. (22)). 

icity are neutral. Both of these groups are 
insulating, with the ionic compounds  having 
a higher conductivi ty than the neutral ones, 
as expected.  The compounds  with metallic 
conductivi ty are found to cluster together  
with intermediate values of  the ionicity. 
This observat ion is readily understood (22) 
by realizing that compounds  intermediate 
be tween  fully ionic and neutral could have 
mixed valence (partially filled bands) and 
hence be metallic. This mixed valence state 
is due to an incomplete t ransfer  of  charge 
f rom donor  to acceptor .  (Compounds  with 
a D :A stoichiometry other than 1 : 1 have 
mixed valence more  trivially.) 

Previously,  it was observed that high con- 
ductivity appeared  to occur  only in com- 
pounds having T C N Q  as the acceptor .  Us- 
ing the above  ideas (22) and using the 
common  (but hitherto unsuccessful) ac- 
ceptors  chloranil, bromanil ,  fluoranil, and 

DDQ, a series of  new compounds  were syn- 
thesized and found (23) to be the first highly 
conducting organic compounds  not em- 
ploying TCNQ.  

C o n d u c t i v i t y  in  O x i d e s  

The conductivi ty behavior  for the known 
oxides (1-4) is summarized  (19, 24) in Table 
I. This table illustrates the breadth of oxide 
compounds ,  including first row and second 
row transition metals (third row not in- 
cluded) as well as some rare earths,  in diva- 
lent, trivalent, and tetravalent  oxidation 
states. They form binary as well as perovsk-  
ite-like ternary oxides, for a total of  76 com- 
pounds,  it is also clear from the table that 
there is no clear pat tern to the conductivi ty 
behavior ,  with metals,  insulators, and com- 
pounds showing meta l - insu la tor  transitions 
seemingly randomly distributed over  Table 
I. In order  to see whether  the ionicity can 
bring some order  or sense to this behavior ,  
we obtain values of  A 0 (Eq. (1)) as before 
(using Madelung calculations and gas phase 
ionization potentials). In Fig. 4 we show the 
76 compounds  of Table I and their values of  
A 0. Also shown are their values of  another  
paramete r  (the disproport ionat ion energy 
U ' )  which is included in the more complete  
analysis of  Refs. (19) and (24). For  the pur- 
pose of  this paper,  however ,  we neglect the 
vertical axis and concentra te  on the hori- 
zontal variations, which indicate the depen- 
dence on the ionicity A 0. It  is clearly seen 
that a vertical line can be drawn in Fig. 4 at 
A 0 = 10 eV which separates  most  of  the 
insulating compounds  (open symbols)  f rom 
most  of  the metals (closed symbols).  (Here  
we ignore the metals in the lower right of  
Fig. 4, which are metallic for a different 
reason. These  are discussed in the more 
complete  analysis of  Refs. (19) and (24)). 
A compar ison with Fig. 2 reveals that the 
optical gap of the closed-shell oxides extrap-  
olates to zero at the same value of A 0 = 10 
eV. This is not a coincidence and has a clear 
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interpretation: oxides with large ionicity are 
ionic and insulating with large optical gaps. 
Compounds with decreasing ionicity have 
gaps which correspondingly decrease,  but 
they remain insulating--until  a certain criti- 
cal ionicity corresponding to A0 = 10 eV. 
Compounds with A 0 -< 10 eV, have no opti- 
cal gap and for this reason display metallic 
conductivity.  

Note  also that there are two compounds 
near the critical ionicity marked by a symbol 
with a dot in the center,  namely VO 2 and 
LaNiO 3. Both VO 2 and the system LnNiO 3 
show (25) an insulator-metal  transition, 
corresponding to a thermally induced transi- 
tion from above to below the critical ion- 
icity. 

Conclusion 

The conclusion of this paper can be seen 
in Fig. 5. In this study of the ionicity of 
oxides and organic compounds,  a common 
pattern of  behavior is found. In strongly 

ionic compounds,  the energy required to ex- 
cite an electron from anion to cation is high 
and the compounds are insulating. For  a 
series of compounds with decreasing ion- 
icity, the energy of this excitation de- 
creases, but they remain stable, insulating 
ionic compounds- -unt i l  a critical ionicity, 
below which the ionic state becomes unsta- 
ble and interesting properties appear. In 
both organic compounds and oxides just  be- 
low the critical ionicity, the loss of  ion- 
icity manifests itself as a state of mixed va- 
lence: in the organic case, D + A  - be- 
comes D" ~+A ~ ~) ; while in oxides 
Ln3+Ni3+(O3)6 , for example,  becomes 
Ln3+Ni 13 5)+(O3)~6-~!-. This mixed valence 
state (26) is evidenced by the appearance of  
metallic conductivity in both systems. In 
addition, there are some ionic compounds 
that lie so close to this critical ionicity that 
they can be induced to lose their ionicity at 
high temperatures,  either to a neutral phase 
(ionic-neutral  transition in organics) or to a 
mixed-valence metallic state (insula- 
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tor-metal transition in oxides). Organic 
compounds with even lower ionicity form 
neutral solids, while the corresponding ox- 
ides (which would have neutral oxygen) are 
unstable and do not form (27). 

We conclude that a simple ionic model 
remarkably well describes the conductivity 
and the energy of optical absorption of both 
classes of compounds. This success demon- 
strates that this model is an excellent start- 
ing point for more sophisticated future stud- 
ies that will add the (many) important 
interactions and effects not included in this 
oversimplified model. Nevertheless, this 
model will continue to be useful for the sim- 
ple physical interpretation it provides for 
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FIG. 5. Summary  of  the behavior  of  organic com- 
pounds  and oxides as a funct ion of  ionicity, showing 
that where the compounds  " lose  their ionici ty" is 
where they have interesting properties: small optical 
gaps,  metallic conductivity, ionic-neutral transitions, 
and insu la to r -meta l  transitions. 
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understanding these materials and for pre- 
dicting properties for new materials. 
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