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The absolute value of the spin susceptibility of the radical-ion salt Li+TCNQ
(tetracyanoquinodimethan) has been accurately measured in the temperature range «100-4SO 'K. It is
shown that the magnitude and temperature dependence of the susceptibility can be quantitatively

explained on the basis of an elementary symmetry-split band theory for a linear system. The splitting

is due to the "dimerization" along the chain of TCNQ ions. The resulting values for bandwidths

and band gap {0.055 and 0.135 eV, respectively) are in fair agreement with the values obtained from a
tight-binding band-theory calculation on Rb TCNQ, for which the crystal structure is accurately
known. The experimental results are also compared with other theoretical calculations. The results

show band theory to be considerably superior in this particular case.

I. INTRODUCTION

After the appearance of the first paper concern-
ing the electronic conduction and exchange interac-
tion in tetracyanoguinodimethan (TCNQ) salts, ' spin
correlation in these complexes was intensively
studied by a great number of investigators and
theoretical explanations for the correlation phe-
nomena were suggested, such as the single-triplet
model, the theory for the collective electronic
states, the Ising chain, ' the linear Heisenberg
antiferromagnet, and the modified Hubbard model. '
The absolute paramagnetic susceptibilities and
electrical conductivities of the (1:1) (alkali}' TCHQ
salts, however, are not in agx cement with these
theories (see Sec. VI).

Recently, Fedders and Komrnandeur have shown
that the temperature dependence of the spin sus-
ceptibilities of neutral organic-radical solids can
be explained using a narrow-band model. It is the
purpose of this paper to apply simple one-electron
Bloch theory to the crystalline alkali TCNQ, which
are pseudo-one-dimensional semiconductors.
Because of the laxge spatial extension of the TCNQ
molecule and its large polarizability, the electron-
electron Coulomb repulsion in TCNQ complexes is
small compared to that in most inorganic salts.

This is the reason for the success of the one-elec-
tron tight-binding model, even though the bandwidth
is small (Sec. III).

One-dimensional band theory quantitatively ac-
counts for the temperature-dependent paramagnet-
ic- susceptibility behavior of L1TCNQ (Sec. IV)~
which indicates that the cox relation energy can be
neglected in this system. The optical and semi-
conductive properties are well understood on this
basis and will be treated in a subsequent paper.

The application of band theory in the other alkali-
TCNQ salts is hampered by the occurrence of phase
transitions. However

~ the susceptibilities of the
high-temperature phases can easily be understood
in terms of this model, while a consideration of
the total free energy of electrons and lattice'3
readily gives insight into the properties of the low-
temperature phase.

II. EXPERIMENTAL

A. Preparation ofN+TCNQ- Salts

TCNQ was prepared as described by Acker and
Hertler'; before use, it was sublimedin vacuo.
I i TCNQ was prepared by the well-known pre-
scription of Melby eE al. ' from solutions of lithium
iodide and TCNQ in acetonitrile. Crystalline ma-
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terial could be obtained by carrying out the prepa-
ration at room temperature, using the crystal-
growth apparatus described by Pott and Komman-
deur. ' In this diffusion technique, spectrograde
acetonitrile, distilled and dried over P~O„was
used as a solvent. The acquisition of crystalline
LiTCNQ was very sensitive to the concentrations
of the starting solutions. Best results were ob-
tained by starting with a 0. 046-molar LiI solution
and a 0. 016-molar solution of TCNQ in acetoni-
trile. In this way small polycrystalline bits could
be collected in 12 h. The same procedure was
used in preparing crystals of the other M'TCNQ
salts. With this technique we obtained polycrystal-
line NaTCNQ and needles of K-, NH4-, and
Rb- TCNQ. Cs TCNQ needles, sometimes contam-
inated with the (2: 3) compound, were prepared
from metathesis of CsCl with an aqueous solution
of LiTCNQ, followed by recrystallization from
acetonitrile.

B. Measurements

Absolute spin- susceptibility measurements were
performed with a modified Varian V-4500 EPR X-
band spectrometer and associated 12-in. electro-
magnet. Replacement of the detection by an in-
tegrating circuit, which allows digital registration
of the paramagnetic intensity without the need for
a diamagnetic correction, yields an accuracy of
about 0. 5-3%%uo.

" The apparatus was calibrated with

a few freshly prepared weighed single crystals of
Wurster's blue perchlorate. It is assumed that
the paramagnetic susceptibility of these crystals
ideally fits a Curie-Weiss law for spins of & with

ag factor of 2. 003':

x= c(r- e) '.
8 was independently determined by means of the
integration technique and amounts to —33. 9 'K.
The Curie constant per mole pure substance was
C = 0. 3'763 emu 'K. Static- susceptibility measure-
ments' on Wurster's-blue-perchlorate crystals
showed 99+ 2% "free radical, " agreeing with the
above assumption. Temperature-dependent mea-
surements were performed with a variable-tem-
perature device (100—550 'K). Care was taken
with the microwave power so as to prevent any
saturation effects of the ESR resonance signal,
which are especially important at low tempera-
tures.

The electronic absorption spectra were mea-
sured in the range between 4000-44000 cm ' and
were recorded with a Cary spectrophotometer
Model No. 14. Spectra were taken of transparent
films of solid M'TCNQ salts, prepared by either
of the following methods. (a) The reasonable
solubility of LiTCNQ in acetonitrile, acetone,
etc. , permitted thepreparation of LiTCNQ films

by evaporation on a small quartz plate of its solu-
tion in these solvents. (b) The other alkali salts
are sparingly soluble, so method (a) cannot be ap-
plied. However, films can be prepared by rubbing
out the solid material on a polished plate of quartz.

Spectra of LiTCNQ films, prepared by both
methods, hardly differ, except for a small blue
shift of the low-energy band when method (b) is
used. Besides this, the reliability of this method
was checked by taking crystalline spectra of TCNQ
and anthracene, which agreed very well with the
known spectra of these material. s.

III. THEORY

A. Justification of the Model

It is well known that correlation effects usually
prevent the straightforward application of one-
electron band theory to electrons in a lattice in the
limit of small transfer integrals between the con-
stituents of the lattice. In particular, when the
energy U of the doubly occupied (or "ionized")
states in the Wannier representation exceeds this
interaction the simple one-electron band theory is
expected to fail. In the chainlike TCNQ-ion lattice,
however, it may well be that the "ionized" states
are not so high in energy. ' This is due to the
rather peculiar geometry of the TCNQ molecule.
SCMO-Cl (self-consistent molecular orbital with
configuration interaction) calculations of Lowitz'
and Jonkman and Kommandeur' have shown that in
TCNQ and TCNQ the charges are located mainly
on the C(CN)z "tails" (see Fig. 1) and to a high de-
gree of approximation the charge distribution in a
TCNQ-ion pair can be given as in Fig. 2(a). For
the "gasphase "-disproportionation reaction [cf. ,
Fig. 2(b)]

TCNQ + TCNQ TCNQ + TCNQ

Jonkman and Kommandeur calculated an energy
increase of 3. 5 eV. In the solid, however, the re-
pulsion of the neighboring TCNQ ions should be
subtracted. A partial- charges calculation based
on the charge distributions in TCNQ, TCNQ, and
TCNQ ' gives, for the usual TCNQ- TCNQ dis-
tance of 3.3 A, a value of 2. 8 eV, which should be
subtracted from the disproportionation energy,
leaving about 0. 7 eV. Polarization further de-
creases this energy.

The gain in polarization energy for a doubly
ionized state is equal to the polarization caused by
an electric dipole in a neutral molecular lattice
along with the monopole polarization of each of the
constituents of this dipole caused by its charged
partner. The latter contribution is about ne /R,
where e is the electronic charge, R is the near-
est-neighbor distance, and n is the polarizability
of the TCNQ molecule (ion). Various estimates
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have been made for a molecular crystal; a value
of about 1.0 eV does not appear at all unreason-
able.

In summary, we come to the conclusion that the
disproportionation energy, i. e. , the energy to
form a doubly ionized state may be small if not
zero for a TCNQ-neighboring pair. [It is tempting
to extend these calculations to molecules with
similar configurations such as tetramethyl-p-
phenylenediamine (TMPD), ' and maybe even di-
phenylpicrylhydrazyl (DPPH), ' but we will here
confine ourselves to TCNQ. ] For non-neighboring
pairs, the disproportionation energy will be high-

er, but polarization and interaction between pairs
should also be taken into account and therefore,
at finite excitation densities, these long-range
pairs are perhaps not at such a high energy either.
In any case, the stationary states of the crystal
would be given by a complete configuration-inter-
action calculation of all possible charge configura-
tions, which would be a formidable task.

Application of band theory requires that all
doubly ionized Wannier states lie within the band-
width. This may not strictly be the case, but if a
sufficiently large fraction does, band theory can
still be applied. In Sec. III B we will describe the
band theory for the present case and then show,
that it gives good results for the radical-ion salts
considered.

where I2,, and h3 are transfer integrals between a
molecule and its two inequivalent neighbors,

kg p= f pg p V ppdx. (3.2)

V' is the lattice potential deriving from all sites
except the site labeled zero. The y's are m-elec-
tron wave functions for the unpaired electrons on
neighboring molecules. The squares of these h

integrals denote the tunneling probability of an
electron from one ion to its neighbors on either
side.

In (3. 1) a is the unit-cell length and k =4np/Na,
where e runs from —+ N to + 4 ¹ Each of both
bands consists of —,'N states. Assuming )h3) to be
the smaller of the absolute values of both transfer
integrals, the width E~ of each band is given by

Z, =2)k, [ (3.3)

and the separation between these bands is 2E~,
where

Bloch theorem applied to a linear chain consisting
of —,'N unit cells, each containing two molecules,
an expression for the energies of the one-particle
states in the ground-state split-band system is de-
rived in the Appendix,

E(k) = + (k, + kp+ 2h, kp cosak)'~ (3. 1)

B. Band Model

One-dimensional band theory will now be applied
to the alternating linear ion-radical system, pres-
ent in the crystalline M'TCNQ salts. The un-
paired electrons are tightly bound to the molecular
cores and the overlap of the electronic wave func-
tions on neighboring lattice sites will be small. As
proposed by Fedders and Kommandeur, a tight-
binding approximation (linear combination of molec-
ular orbitals) will be used in calculating the elec-
tron states of the lattice.

From a variational calculation together with the

2

FIG. 2, Approximate charge distribution in (a) pair
of TCNQ" ions, (b) disproportionated pair.
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E(k} E(k, o,)= E(k)+-,'a, gp, & (3. 10)

I

GAP=2 E9 0

o, =+1, —1 stands for spin-down and spin-up elec-
trons, respectively. The dimensionless quantity
o. in (3.9) is related to the Fermi energy E~,

(3. 11)

and is determined by the number of electrons (1V,)
in the crystal,

N =-
e

8 lnZ
8n

(s. 12)

I(

0
FIG. 3. Split-band system derived for an alternating

linear chain.

which is not necessarily equal to the number of lat-
tice sites ¹ There may be a small excess or
deficit of electrons due to lattice imperfections,
such as nonstoichiometry, for instance. This
deviation is governed by the parameter 5n, defined
by the relation

N /N = 1 + 6n . (3. 13)
E, =

I
h

I

-
I h. I (s.4)

The total width, from the bottom of the lower band
to the top of the higher band is E,

E.=2(E,+E,)=2Ih, I+2Ih, I. (3.6)

It is more convenient, for this particular one-di-
mensional model, to parametrize the band system
slightly differently. Instead of Eq. (3. 1), we write

E(k) = + E,(g'+ cosa —,
' ak)'~, (3.6)

The zero-field spin susceptibility can be derived
from the grand partition function via the relation

1 8lnZ
g= lim )f(H) =lim

H"0 H 0
(3. 14)

Z= Q {1+exp[- PE(k, a,)- o'B. (3. iS)

The expression (3.9) for Z can be rewritten in the
completely factored form

with

E,= 2(h,h~)'~ (3.7)

This equation enables us, together with (3.12) and
(3. 13), to write down an implicit expression for o.
terms of the density of states given by (3, 6) and
6n, summations having been replaced by integra-
tions;

E . 1
g= ~ = sinh —ln ~

E, 2 h2
(s. 6)

[If h, and hz possess opposite signs then E,
=2(!hqh~})'~ and in the E(k) expression cos —,'ak is
replaced by sin —,'ak, which only means a shift of
v/a in the one-dimensional k space. ] We obtain
the usual band system as depicted in Fig. 3.

C. Calculation of the Susceptibility

In order to calculate the spin susceptibility
quantitatively on the basis of this band model, we
write down the grand partition function in the pres-
ence of a magnetic field H for this Fermi-Dirac
system, '

Z= Z Z exp{[-PE(k, o,)- n]n(k, a, )j,
( 0 g ep) n(& peg, )

(3.9)
where n(k, o„) is the occupation number of the
state (k, a, ) and P = I/kT; the second summation is
over all sets n(k, o„) with each member of the set
taking on the values 0 or 1.

The energy of the one-particle state (k, o, ) now
reads

~ 1/2»

6n =—I (e' "e"" 1) 'd(-'ak)+
-1/2» .1/2»

& "1/2»
(e ' ~'e""+ 1) 'd( —'ak)

++1/2»

+ -1/2»

-Bl ( I (e Bl&(R&l 1)Rd( k) (3 17)

where C is the Curie constant.
Numerical results were obtained by solving

(3. 16) for a, using a self-consistent method for
fixed values of &, g, and PE„with the aid of a

1 /2»

cosh'+ coshPE(k)
(3. 16)

In the same way we arrive from (3. 14) and (3, 15)
at a parametric expression for the spin suscepti-
bility,

1/2»

e~+eie(k&)(e&+Ble(k) I I)-2d(& k)C=7ri
+ -1/2»
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E,=E.(g'+1)'"- E.g. (3. 18)
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Telefunken TR4 computer.
It is most convenient to compute n and gT/C

subsequently from (3.17), as a function of PE, with
constant parameters 5n and g. Generalized plots
of gT/C vs the reduced temperature kT/E, can be
obtained now as shown in Fig. 4 for various values
of g and 5n. At very low temperatures the absolute
values of 6n determine the susceptibility. In the
split-band system, a small excess of electrons,
for instance, will remain in the upper band even at
0 'K. They give rise to a temperature-independent
Pauli susceptibility, whereas at somewhat higher
temperatures they behave in a Curie fashion. If
the temperature increases further, the excitation
of electrons across the gap will soon become
dominant and a sharp rise in the susceptibility re-
sults. At high temperatures (kT&E ) all curves
bend towards )fT/C = 0. 50, the limit for the un-
perturbed band system. Experimental- suscepti-
bility data, transformed into a )fT/C-vs-log&OT
plot, enable us to uniquely determine the relevant
band parameters by comparison with the computed
curves of Fig. 4. If these curves are plotted on
the same scale, then the horizontal shift, needed
for coincidence of the experimental and one of the
calculated curves, yields E,; the slope of the
coinciding curves then determines the g value, Sz
is easily found from the almost-flat low-tempera-
ture portion. The band gap 2E~ then follows from
(3.8), whereas the width of each band can be cal-

PIG. 4. Computer-calculated curves of XT/C vs log
(kT/E~) for different values of the parameters g and

6n; g=0, 0. 5, and 2 from left to right, whereas On=0. 05,
0. 02, and 0 from top to bottom in the low-temperature
region.

In Sec. IV the experimental-susceptibility data for
LiTCNQ will be explained quantitatively on the
basis of this band model.

Finally, a remark should be made on the nature
of 5n. As stated earlier in this section it may
arise from nonstoichiometry. In this case an inci-
dental replacement of a TCNQ in the linear chain
by TCNQ or TCNQ accounts very well for an
excess or deficit of electrons, respectively. How-

ever, the occurrence of an "impurity contribution"
at low temperatures in the paramagnetic suscepti-
bility may also be due to a small extend of disorder
in the crystalline material. The theory of amor-
phous semiconductors ' shows the existence of tails
of localized states at the various band edges. So
the effect of an impurity content may equally well
be ascribed to a fraction of localized single-parti-
cle states in both hands. Electrons accommodated
in these states will exhibit a Curie-type suscepti-
bility at (very) low temperatures and not a Pauli
susceptibility.

IV. RESULTS

Polycrystalline LiTCNQ exhibits a single electron-
spin-resonance (ESR)absorption line down to 77 ' K;
the linewidth is about 1.5 G. From this ESR signal
the absolute spin susceptibilities were determined
by the integration technique mentioned in Sec. II.
The experimental values of XT/C vs temperature
for crystalline LiTCNQ, obtained from two inde-
pendent measurements, are shown in Fig. 5. At
room temperature the susceptibility is 6. 1% of the
Curie susceptibility X,; it rapidly falls off with de-
creasing temperature and below 150 'K it practical-
ly behaves in a Curie fashion with y=0. 031X„
where )f, = C/T.

This curve enables us to determine the band
parameters E, and g as described in Sec. III; the
results are E,/k = 1185 'K and g= 0. 66. From
these we derive a bandwidth E~/k = 640 'K and half of
a band gap of E,/k = 780 'K; the excess or deficit
of electrons amounts to 3. 4%%uo as determined from
the flat portion of the curve. The excellent agree-
ment between theory and experiment is demon-
strated by the calculated curve of XT/C vs tem-
perature, which completely coincides with the
drawn experimental curve. This agreement is also
shown in the susceptibility versus temperature
curve for LiTCNQ, which looks somewhat peculiar
at first sight. In Fig. 6, the drawn line gives a
result of a calculation with the parameters men-
tioned and again compares theory with experiment.
It is important to note that a temperature-depen-
dent spin-susceptibility measurement on another
crystalline LiTCNQ sample could equally well be
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FIG. 5. Comparison of experimental and theoretical
values of gT/C for LiTCNQ; E~/0=780 K, E&/0=640'K,
and 6n= 0. 034.

The impossibility of obtaining sufficiently large
I iTCNQ single crystals has so far prevented an
exact crystal-structure determination. Fortunately,
the structure of the low-temperature phase of
RbTCNQ was investigated recently by Hoekstra,
Spoelder, and Vos' and in order to check the above
results for LiTCNQ, we performed some calcula-

described with the same band parameters E, and

g; 5n, however, appeared to be somewhat different
(0. 031), showing the variable nature of this param-
eter for a given substance, as would be expected
(Fig. 6). Although theory predicts a Pauli-type
susceptibility for an excess or deficit of electrons
in the band system at very low temperatures, it
will be very difficult to investigate this experimen-
tally. Extension of the calculations, with the pa-
rameters found for LiTCNQ to low temperatures
indicates that this temperature-independent portion
of the susceptibility eventually appears at tempera-
tures below 1.3 'E. Similar measurements on

CuTCNQ have been reported in a previous paper. "
These results can be interpreted in the same way
as for LiTCNQ but with a much lower impurity
content (5n = 0.05%).

V. DISCUSSION

tions with reference to this RbTCNQ structure, as-
suming this structure also to be basic to the other
simple alkali TCNQ.

Crystalline RbTCNQ has monoclinic symmetry
and belongs to the space group P2, jc. '0 Figure 7
shows the essential part of this structure, which
consists of fairly isolated rows of TCNQ ions
along the a axis, surrounded by Rb'. Similar rows
have also been observed in a number of other TCNQ
complexes ' ' and in TCNQ itself. ' The figure
shows the stacking of the TCNQ 's within such a
row; the ions have the shape of a shallow boat, be-
cause the quinoid rings bend towards one another,
so as to give the appearance of dimers. Some
spacings of interest are given in the figure. It is
important to note that theoretical calculations for
the TCNQ ion reveal that the greater part of the
spin density (i. e. , the electron density in the "va-
lence orbital" ) is carried by the flat guinoid skel-
eton, whereas the total electronic charge is almost
entirely located on both C(CN)~ "tails" (cf. Fig.
l) 88, 23

The dimerlike behavior of the TCNQ 's, within
a row, also appears in the electronic absorption
spectrum of the solid M'TCNQ salts, as given in
Fig. 8 for RbTCNQ. Peaks arise at about 38600,
27300, 16100, 11800, 10400, and 7600 cm
This spectrum turns out to be almost independent
of the counter cation M'(M= Li, Na, K, NH4, Rb,
Cs) except for the location of the low-energy band
and the observability of the 11800- and 10400-cm '
absorptions. These crystalline electronic spectra
strongly resemble those observed by means of a
diffuse-reflectance technique at room temperature
by Iida. " Moreover, these spectra are similar to
that of the (TCNQ)2 dimer observed by Boyd and
Phillips in a concentrated aqueous solution of
LiTCNQ, "with absorption peaks at 27 000 and
1560Q cm '. This spectroscopic evidence supports
"dimerization" at least of the "valence orbitals"
of the ion radicals in the solid state. A further
plausibility of this statement can be found in the
crystalline spectrum of (N-methylphenazinium)'
TCNQ".

According to Fritchie, the TCNQ ions in this
compound form a regular chain with a relatively
small interplanar distance of 3.26 A. Probably
because of the lack of alternation in these TCNQ
chains, the crystalline spectrum3' is much less
similar to the dimer spectrum than in the M'TCNQ
salts, just discussed. The band at 11 800 cm ' is
much more pronounced and the dimer band at
16400 cm ' is strongly suppressed in the phenazin-
ium complex.

Although the foregoing comparisons of spectra
are useful, they do not give an explanation of the
observed crystalline spectra of the M'TCNQ
salts. In a subsequent paper we will show the
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ability of band theory to explain these spectra at
least in a qualitative way.

The spectral resemblance of all (alkali)'TCNQ
salts involved and their striking similax'ity with the
dimer spectrum lend more credence to our assump-
tion that the RbTCNQ structure is also basic to the
other alkali TCNQ. Furthermore, this structure
justifies our theoretical discussion of these sys-
tems as linear chains with alternating interionic
distances.

As discussed in the Appendix the band param-
eters E, and g (or E~ and E~) in the tight-binding
approximation are mainly determined by the trans-
fer integrals A,, and h~ between neighboring mole-
cules. A numerical estimate of these integrals
can be obtained by substituting a simple Coulombic
interaction potential e'/r for the potential-energy
expression in Eq. (3. 2). The v-electron wave
function for the unpaired electron on the radical
ions was written as a linear combination of atomic-
Slater-type 2pa functions with an effective nuclear
charge of 3.4; the coefficients were taken from
Jonkman and Kommandeur's results, who compared
SCMO CI calculations in the Pariser-Parr-Pople
(PPP) approximation for TCNQ, TCNQ, and TCNQ
with one fairly reliable set of parameters. In this
approximationbothh integrals were calculated for

TABLE I. Comparison of experimental LiTCNQ and
calculated RbTCNQ parameters.

g = sinh(& ln l h~/82 l )

Z, = 2( l I,I, l
)'~'

Eq=2I h2I
E~= l @pl —

l @2l

Ew=2l "gl +2l A'

LiTCNQ
(experimental)

0.66
1185'K

640 'K
780 'K

2840 'K

RbTCNQ
(calculated)

0, 67
2010 'K

1075 'K
1340 ' K

the known atomic positions in RbTCNQ' and Table I
shows their relation to the mutually dependent pairs
of band parameters (E„g)and (E~, E ) The agre.e-
ment between the experimental and theoretical
band parameters is reasonable, probably vali. dating
a Posterievi some of the assumptions that have
been made. It should, moreover, be realized that
wave functions have been used that are "calibrated"
on energy, optical transitions, and spin densities,
properties sensitive to the internal structure of the
TCNQ ion. The band parameters derive from the
external part of the wave function, about which very
little is known,

Applying band theory, it is also very interesting
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like a metal, as shown by its high conductivity and
the Pauli susceptibility. These properties have
been observed by Kepler in the quinolinium salt
with X~=5. Ox10~ emu. From his measure-
ments, one derives a total width of the band system
of about 3000-4000 'K for this complex, which is
again of the same order of magnitude as found for
E (2840 'K) in LiTCNQ.

Another interesting quantity that can be calcu-
lated from the LiTCNQ band structure is the effec-
tive number of charge carriers,

N = — fodke«2~ ' m
(5. 1)

3.48 A 7A

7.19A

3..16A &A

0~Sg ~

FIG. V. Stacking of the TCNQ ions in a chain
(RbTCNq) (Ref. Zo).

to consider complex salts like M'(TCNQ)o, here
the number of electrons is half the number of lat-
tice sites and npw even the lower band is half-filled
and the system will tend to split once more (Fig.
S). At low temperatures all electrons can again
be found in the lowest band and a small excess will
again give rise to a Curie-type "impurity" behav-
ior. If at higher temperatures the small gap is no
longer felt by the electrons, the material will act

integrated over both hands. In this equation, N is
the number of ion radicals per cm' (3. 5 x10 '); m,
and m* are the free and effective electron mass,
respectively, where mf =5 td E(k)/dk'j ' can be
deduced from Eq. (3. 6) and f„ is the Fermi-Dirac
distribution function 1/{expIPE(k)+ n]+ I). Sub-
stituting the band parameters found for LiTCNQ,
one calculates N«-2. 2xl 0"/ mcoat 300'K; a
very reasonable number in view of experimental
data available from Hall-effect measurements on
(triethylammonium)' (TCNQ)o. In this complex
Farges et al. derive an N,«of about 3x10' cm
at room temperature. As the number of free spins
in LiTCNQ at 300 K is NXT/C = 2. 2 x 10 /cm',
the charge carriers in both bands possess an aver-
age effective mass (m»*) =10m, . At the band edges
(k=ao/a), we derive (m» [=45 g/aoE, =4m, .

Finally, we compare bandwidth and band gap in
LiTCNQ with those found in neutral organic-radical
systems. The magnetic susceptibilities of DPPH
are well explained with a bandwidth and band gap
of the order of a few degrees Kelvin. The planar
carbazyl group in the structurally related picryl-
amino-carbazyl (PAC) will allow for a larger
overlap between neighboring molecules and higher
values for the band parameters are expected, in
agreement with the experimentally derived band-
width E»/k = 105 'K and band gap 2E, /k = 180 'K.

l.O—

0.5—
FIG. 8. Electronic absorption

spectrum of solid RbTCNQ.

0 4 12 20 28 36
V in 1000 cm
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FIG. 9. Doubly split-band system in M' (TCNQ)2.

The still higher values in LiTCNQ can be ex-
plained as a consequence of the partial localization
of the greater part (85%")of the spin density on
the quinoid skeleton. Figure 7 illustrates the ar-
rangement of TCNQ ions in RbTCNQ, which is
such as to allow an appreciable m overlap between
regions of highest spin density on nearest neigh-
bors, while retaining almost equal separation be-
tween the charge carrying tails. " Moreover, the
distance 3.16 L between suscessive TCNQ 's is
one of the shortest interplanar TCNQ spacings ob-
served so far. Assuming a similar structure for
LiTCNQ, these arguments account well for the
relatively large total width of the band system in
this material.

VI. COMPARISON VfITH OTHER THEORIES

In this section, the experimental-susceptibility
data for LiTCNQ and their theoretical interpreta-
tion as given in this paper, will be compared with
those predicted by theories presented up to now,
such as (a) the simple singlet-triplet theory for
dimers in the valence-bond (VB) approximation, ~

(b) the molecular-orbital (MO) treatment of isolated
dimers, (c) the linear Ising model, and (d) the
alternating linear- Heisenberg-antiferromagnetic
chain

(a) The well-known expression for singlet-ground-
state dimers, each having a triplet state lying at
an energy IE above this ground state is in the case
of noninteracting triplets

is not in accordance with (6. 1). A more accurate
4E value is obtained from the drop off of the rela-
tive ESR intensity (1) with temperature, using

f(T) (1 Lees/Ar)-& (6. 2)

X,T/C

0.100

0.010—

The best fit is acquired with AE/k = 1300 'K (0. 103
eV). However, this bE value substituted in (6. 1)
yields an absolute susceptibility far higher than ex-
periment (see curve I of Fig. 11). The deviations
amount to 60-70% above room temperature. The
exponential behavior of f(T) vs 1/T is often as-
cribed to a system of noninteracting triplets. An

accurate inspection of the absolute spin suscepti-
bilities will generally contradict this assumption
in these solids. Naturally, (6. 1) can be fitted by
assuming hE to be temperature dependent; the
result for LiTCNQ is an increasing hE value with
increasing temperature (AE = EEO+0. 7kT, amount-
ing to an increase in hE of 15% over the tempera-
ture region of interest), contrary to predictions
from theoretical viewpoints ' ' 8 and observations
in other TCNQ complexes. ~4 3~

(b) The above VB treatment of pure dimers char-
acterizes the limiting case in which the contributior,
of doubly occupied states is neglected. As is well
known, in the MO treatment, one possibly overes-
timates the occurrence of these "ionized" states
by giving them equal weight as the states of single
occupancy, neglecting the intrasite electron- elec-
tron interaction. For comparison the MO calcula-
tion of the dimer, given below, may be of interest.

yT/C=+(I+ —,'e sa
) '. (6. 1)

Conventionally, hE is estimated from the slope of
curve I given in Fig. 10; this curve is obtained
from the experimental data (Fig. 5) after subtrac-
tion of the low-temperature Curie part, which is
usually put down to impurities. A straight line is
only obtained in the high-temperature region, which

0.001—
2

-10/ T

FIG. 10. Curve I: behavior of XT/C vs 1/T for the
LiTCNQ susceptibility data, after subtraction of the
"impurity" contribution (3.06%). Curve II: comparison
with the modified Ising model (Ref. 5).
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FIG. 11. Comparison of var-
ious theories with experiment:
I, singlet-triple theory (VB) for
dimers, (Ref. 27); II, MO
treatment of isolated dimers;
III, alternating linear-Heisenberg-
antiferromagnetic theory (Ref.
6) IV, split-band theory (pres-
ent study). A Curie-type im-
purity (3.06%) contribution has
been added to curves I, II, and
III.
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)(T/C = [I+—,
' cosh(2k/kT)] '. (6.3)

A value 2[kl/k=1250'K (0. 106 ev) gives the best
reproduction of the relative-susceptibility behavior
of I.iTCNQ (from Fig. 10, curve I). Substitution
of this k value in (6.3) results the susceptibility
curve II of Fig. 11. The curve clearly improves
upon the VB calculation of the dimer (curve I), but
the deviation from the experimental behavior is
still considerable (40-50%%uo above room tempera-
ture). An adjustment of (6. 3) to the experimental
results needs a transfer integral with a positive
temperature coefficient for its absolute value:
2 ) 0 ) = 2 ) h I+ 0. 5A; 7, which is very unlikely.

(c) In the Ising model, the exchange coupling be-
tween localized spins i and j is represented by

The MO scheme for an isolated dimer consists of
three singlet states and one triplet state. Neglect-
ing overlap, the three singlet states successively
possess an energy of —2A. , 0, and + 2h with respect
to the triplet state, in which h is the transfer inte-
gral between the dimer constituents. The spin
susceptibility is easily derived from the partition
function of. this system in the presence of a mag-
netic field,

—2J;.J S«S&,. Edelstein treated the problem of
randomly distributed paramagnetic or diamagnetic
impurities added to an antiferromagnetic Ising
chain. Only nearest-neighbor exchange interac-
tions J are considered and the paramagnetic im-
purity is assumed coupled to both its neighbors by
a, different exchange constant J', whereas the
diamagnetic impurity causes a superexchange J,
between its neighbors. The quantity )(T/C depends
on the reduced exchange integrals J/kT and J '/kT
(or 4, /k T), as well as the impurity fraction I [Eqs.
(23) and (24) in Ref. 5]. At high temperatures both
expressions reduce to

gT/C - aI = e~"r, (6.4)

where aI is the impurity contribution. This pre-
diction is compared with experiment in Fig. 1Q.
The slope of the straight line at temperatures above
300 K yields —8/k = 1180 'K(0. 102 eV). The
straightness of this line, together with the almost
constant 1(T//C at low temperatures (Fig. 5), im-
poses certain requirements upon the nature of the
impurity exchange coupling. Thr ee possibilities
will be considered. (i) The impurity coupling is
strongly ferromagnetic (J '/Z= —1 or J,. /8= —1).
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This result is rather unlikely and, moreover, it
does not explain the negative deviation of the ex-
perimental curve from the straight line at tempera-
tures below 300 'K in Fig. 10. (ii) The impurity
coupling is zero (J =0 or J,=O). This possibility
also results in constant impurity contribution to
)lT/C, but the objection, mentioned in (i), remains
in this case. (iii) The impurity coupling is weakly
antiferromagnetic. For a paramagnetic impurity
we approximate

XT/C- II= e~~" +IJ'/kT, (6. 5)

supposing IZ'f k7.'& 13J ).
The initial portion of the negative deviation in

Fig. 10 (curve I), mentioned in (i), can be ex-
plained in this model with J '/k = —17 'K and an
impurity content I of about 2. 0%. However, at low
temperatures (T & 150 'K), where the exponential
part in (6. 5) may be neglected, the additional tem-
perature-dependent J'' term causes a yT/C value,
which is too low, although its variation with tem-
perature is within the experimental error. Fur-
thermore, it should be remarked that a negative
value of J'' implies a decreasing y at temperatures
below ) J'(/k. The same description holds for a
diamagnetic impurity with J, /k =- 23 'K and I
=6.0%. We can, of course, adjust the impurity
content to 1=2.5% and fit the low-temperature
value of XT/C correctly. However, at I= 2. 5%, we
have J'/k = —30 'K and this value gives the wrong
temperature dependence as compared with experi-
ment.

Hitherto, only relative susceptibilities were con-
sidered (except for the determination of I from low-
temperature yT/C values). From the high-tem-
perature measurements we derived J/k = —1180 'K.
Apart from its high absolute value, discussed in
Sec. IV(d), this J value, substituted in (6.4), pre-
dicts a number of "free spins" )fT/C aI (excluding-
impurities), which is about 45% lower than experi-
mentally observed (Fig. 10, curves I and II). Only
a linear temperature dependence J= J + 0. 58k 7 is
able to account for this discrepancy, but the nature
of such a relationship would remain puzzling. The
above discussion clearly reveals the inability of the
linear Ising model to explain the susceptibility be-
havior of LiTCNQ in a satisfactory manner.

(d) In the theory of the alternating linear Heisen-
berg chain, one considers an array of tightly bound
electrons that are exchange coupled to their neigh-
bors'4'.

a~ra

K= &~ [- 2J(1+6)f~~ '82~, ~
—2Z(l —5)83q 'S~~.~+ J j.

(6.6)
An extension of exciton theory to arbitrary alterna-
tion 5 and temperature has been presented by
Boos. The "exchange integral" J plays a dominant
role in this theory. A triplet exciton band is ob-

J=- 2k'/II, (6.7)

where h is the mean transfer integral between
neighboring sites and U is the intrasite electron
repulsion for doubly occupied TGNQ sites, which
is assumed a positive quantity by these authors.
Following their arguments, insertion of the as-
sumed J and the calculated k values for LiTCNQ
in Eq. (6.7) gives U/tk(-1. This result, however,
invalidates the use of the effective spin Hamiltonian
(6.6) and the Heisenberg antiferromagnet is no
longer a good approximation for the alkali- TCNQ
salts.

It should be pointed out that all five theories pre-
sented up to now, including the present one, are
three-parameter theories. They all fit a quantity
5n (the "impurity"), an "exchange" energy, and
an alternation parameter (or in the dimer theories
and Ising chain the temperature coefficient of 6E,
[k ), and J, respectively). The present theory,
however, gives at least a rea, sonable interpretation
of the parameters E, and g via a simple BCMF cal-

tained in which the band parameters are determined
by the exchange interaction and alternation within
a chain. At elevated temperatures, bandwidth and
minimum energy separation from the singlet ground
state become temperature-dependent quantities.

Starting from this theory we computed XT/C by
solving the temperature-dependent master equa-
tions, given in Ref. 6. The values J/k = —900 'K
and 5=0. 10 give the best reproduction of the abso-
lute susceptibility behavior of LiTCNQ; this result
points to a weakly alternating antiferromagnet with
a low-temperature triplet- exciton bandwidth of
0. 174 eV (2020 'K) and a minimum excitation ener-
gy of 0.080 eV (930 'K). However, the determina-
te.on of J and 5 is not exactly unique. Alternations
in the range 0.00-0. 20, with —J/k =925-800 'K,
almost fit equally well, with a slight preference for
the parameters mentioned.

Although the susceptibilities, calculated with
these parameters, give a good fit of the high-tem-
perature part of the curve, the discrepancy with
the experimental values at low temperatures is
still considerable, as shown in curve III of Fig. 11,
where predictions from the theories discussed are
compared with the accurate susceptibility data for
LiTCNQ. Besides this, the I Jl/k value of 900 'K
seems improbably high in view of a calculation of
the Heitler-London exchange integral J(HL) in a
radical dimer, simply starting with 2po wave func-
tions on both sites, separated by 3.3-3.6 A; it
yields —J(HL)/k = 10-30 'K. ' Apart from this
small direct exchange contribution, J is supposed
to include important charge-transfer effects, as
has been derived by Soos and Klein from their
modified Hubbard model. ' Equation (3. 10) approxi-
mately reads in the case of the (1:1) TCNQ salts
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cules relative to the center of the
unit cells, labled 0, 1, . . . , n, . . . .

culation, while it gives a very logical explanation

impurity other than TCNQ, but just a slight s ox-

chiometric excess or deficien yc of these ions or,
as discusse ad t the end of Sec. III, it merely arises

m a small extent of disorder in the crystal.
so, e ' e ].ains the metal-Also, the present theory easily exy

vior of the M'(TCNQ)3 compounds and the
semiconductive behavior of the 1:

b xtended to donor-acceptor D-It can easily e ex
s stems. It doescomplexes and to neutral radical systems.

1 n the exciton zero-field split-not, however, exp ain
b ed in some TCNQ complexes. Sometings observe in

elec ron-e et - 1 ctron interaction would have o e '-
As is well known,eluded to explain these excitons. As is we

nsion of the tight-bindinghowever, only a minor exten '

theory is nee e o incd d t ' lude excitons in the model.
F lly it may be surprising that one can use

le ti ht-binding MO theory in a systemmof so
electron- electron re-little interaction. Usually, electron-

ulsion would be sufficient to invalidate the one-

ointed out that the low energy of the doubly occu-
TCNQ chains may well justify itspied states in the

application to these materials.

VII. CONCLUSION

A close stu y od of the susceptibility of Li'TCNQ
shows that the results are best explained by one-

band theory. In this respect it appears
fall 'thin one limit of the Hubbar eory.to wi

that if bandwidths are small, ththe electron-is clear, a i
be bi ger ore ec ron '

1 t interaction energies may e igg
e of thesmaller than these bandwidths. In the cas

present compound they app ear to be smaller,
which, together with their lineari y,'t makes close

ble In other TCNQ salts theycomparisons yossi e. n
edthe simple picture is destroye

and other approximations should be use . e
interest in e'n the TCNQ-ides, of course, lies particu-

thi direction. It should then, however,
be rembered that accurate absolute suscep i i i y
data are required.

t mi ht be expected that LiTCNQ would be a
semiconductor with cr=aoe &, wi

tibilit results. This is not the case;the suscep i i y r
the ac iva iont' t'on energies for conductiv y e ng

data.higher ' anth E found from susceptibility a a.

I thi appendix we shall calcula te the electron
ener bands for a periodic one-dimensio lattice

ll usin the tight-with two molecules yer unit ce, '
g

roximation. We assume a linear chain
consisting of &N unit cells of len a, wi

boundary con i ions.d't' 44 Let the molecules within
and bthe unit ce ell be positioned at distances 5& an

ell Fi . 12).with respect to the center of the ce ( ig.
n in the formThen the potential may be written in

(Al)V(x)= Q V(x-a„,.),
(ny e'j

where

(A2)a e=na+be.nse

(and later a similar tluanti y P eq't uals 1 or 2; naQ an
bels the center of the unit cells an dU is thela es ec
t tial due to a single molecule. uFurther, letpo eni
(z) by the wave function of an electroron bound to

the single molecu e in i1 'ts ground state with energy
Eo and neg ec1 t all excited electronic states. In
order to o ain a sbt ' olution we assume a trial wave
function of the form

4= Q A, (n)y„„,
(ns e)

(As)

y„=y(x- a„)
and use the variational principle. T pThe ex ectation
value of the energy is

(A4)

E= Z A (n)Aq(m)H, ~(n- m
(n~ elm, 8)

Z Ag(n)A~(m) J~ &(n —m), (A5)
(ns 'e

.f m f 8)

However, is ith' is easily understood, when one con-
'd the one dimensionality of the mo e . ssi ers "even for ah b a number of investigators,

s a a duetoone-dimensional metal one expects a g p,
the inherent disorder of the system.

c conductivityP 1' '
ary measurements of the are imin

r with in-have shown a decreasing activation energy
which is in accordance withcreasing frequency, whic

t' It should be remembered that sus-expectation. s
cey i i i yt'b'1't measurements give the loca ion o

xtent toone- and two-electron states, not the exten
which they are extended.

APPENDIX: BAND THEORY
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where

J,(n —m)= J(p„*, y, qdx (A8)

and

J ~(p)=Q J, ,(n) e'~". (Als)

A~(m) =A~ e'~ (Alo)

can be found. Insertion of this into (A9) shows
that this is satisfied if

H, ,q(n —m) = f y„*, [(- I2/2m)(d'/dxa)

+ V( )]q. ,dx (.AV)

Here we have used the fact that J and H depend
only on (n —m). Using (Al), one easily finds that

a.,&(n m—)=Z Z, ,&(n —m)+ f q„*,, [V(x)

—U(x —a, e)] qr ~ dx

=ED J, ~(n — m)+k, ,z(n m-). (A8)

The condition that (A5) be stationary is that

Z [k z(n —m)- (E- E )J z(n —m)]A&(m)=0.
(AO)

Due to the periodicity of the lattice, solutions of
the form

k„(0)= k„(0)=-k, ,

k„(0)= k~, (0) =- k, ,

hm(- 1)= ku(1) —= k2 .
(A15)

Under these conditions (A11) yields the two solu-
tions,

E~ = Eo+ ko + (kl+ k2+ 2kgha cosp) (A16)

In addition, the periodicity requirement on the
wave function limits P to the &N values

Since both Z(n) and k(n) decrease rapidly with in-
creasing n, because the overlap of the molecular
wave functions becomes progressively smaller,
it is sufficient to keep only the largest terms.
Thus we approximate

(A14)

and retain only the largest k, ,~(n)'s, which are

(A11)
P = ak, k = 4nx/Na, (Ale)

where

k, ,(p) = Z k, ,(n) e'~" (A12)

where n is any integer whose absolute magnitude is
less than ,'N. Eguati—on (A16) was also given by
Adler and Brooks in their paper on semiconduc-
tor-to- metal transitions.
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Hyperfine-Field Measurements on Sc in Fe and Re in Ni
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The hyperfine fields (Hh&) at Sc nuclei in an iron matrix and at Re nuclei in a nickel ma-
trix are measured at room temperature using time differential perturbed (y-p) angular correla-
tion technique (TDPAC). The values obtained are Hh& ScFe (300 K) =-94+3 kOe and H„&
~ VReNi (300 'K) =-107+ 3 kOe. An external magnetic field of a few kOe was applied to polarize
the host matrices of iron and nickel. Using the same TDPAC technique, the magnetic moments
of the 68-keV state in Sc and of the 206-keV state in Re are measured. The values obtained
are + (0. 345+ 0. 007)pz and + (5. 04 a 0. 14)pz, respectively, The measured hyperfine-field
values are compared with the predictions of the existing models.

I. MAGNETIC MOMENT AND HYPERFINE-FIELD
STUDIES OF "4Sc

A. Introduction

Kogan et al. ,
' from their nuclear orientation ex-

periments, have determined the hyperfine field
H~ on Sc in Fe. Measured to an order of magni-
tude, they reported a value of 100 kOe. The nu-
clear- magnetic-resonance (NMR) studies of Koi
et al. gave them a value of 58 kOe. None of these
workers have measured the sign of the hyperfine
field. The values reported by them vary by a fac-
tor of 2. Moreover the NMR studies often contain
impurity-impurity interactions because of the poor
sensitivity of the technique. Therefore, we have
measured the hyperfine field using time differential
perturbed (y-y) angular correlation technique. '
In this technique, the concentration of the impurity
atoms is so small that the impurity-impurity inter-
actions are completely negligible. From the sense
of rotation one can determine the sign of the hyper-
fine field. The determination of the sign of the
hyperfine field on Sc in Fe is important for the
studies of the systematics. 4

The magnetic moment of the 68-keV state in 44Sc

was measured by Bergstrom et al. ' and by Ristenen
et al. e The values reported by them agree within

the errors quoted by them. We have repeated
these measurement using an external magnetic
field of 7 kOe.

B. Experimental

The 44Ti source was procured in solution form
as chloride from NSEC (Nuclear Science and Engi-
neering Corp. , USA) and was used as such for the
lifetime and the magnetic-moment studies of the
68-keV state in Sc. For the hyperfine-field stud-
ies, the liquid source was evaporated on a thin foil
of iron (99.99% pure); then the foil was melted in
an argon atmosphere using an induction furnace.
The molt was cooled slowly to room temperature.
The resulting shining ball was rolled into. a thin
foil and was annealed for about 24 h at 850'C. The
annealed active foil was gradually cooled to room
temperature over a period of 3 h.

Two 2 &&2-in. Nai(TI) scintillators coupled to a
56-AVP photomultiplier tubes were used for the
detection of the y rays populating and depopulating
the 68-keV level in '48c. The details of the spec-
trometer are described elsewhere. ' The half-life
(T~ ) of the 68-keV state in 4'Sc is measured to be
j.55. 8+ 2. 0 nsec, which is in agreement with some
of the earlier reported values' and in disagree-
ment with some others. '


