
VOLUME 49, NUMBER 14 PHYSICAL REVIEW LETTERS 4 OCTOBER 1982 

336 (1957). 
9p • Nozieres and D. Pines, Phys. Rev . .!..!.!., 442 

(1958) . 
10K. S. Singwi, M. P. Tosi, R. H. Land, and A. Sjo­

lander, Phys. Rev. 176, 589 (1968); P. Bhattacharjee 
and K. S. Singwi, Phys. Rev. Lett. 29, 22 (1972). 

l1J. G. Zabolitzky, Phys. Rev. B 22, 2353 (1980). 
12D. Ceperley, in Recent FYogres7in Many-Body 

Theory, edited by J. Zabolitzky, Lecture Notes in 
Physics Vol. 142 (Springer-Verlag, Heidelberg, 1981), 
and Phys. Rev. B 18, 3126 (1978). 

13J. G. Zabolitzky, Adv. Nucl. Phys. 12, 1 (1981); 
F. Lado, J. Chern. Phys. 47, 5369 (1967). 

14Tapash Chakraborty, Phys. Rev. B 25, 3177 (1982), 
and J. Low Temp. Phys. 48,151 (1982), and Phys. Rev. 
B, to be published. 

15J. Wagner, A. Forchel, W. Schmid, and R. Sauer, 
Solid State Commun. 42, 275 (1982); p. L. Gourley and 
J. P. Wolfe, Phys. Rev. B 24, 5970 (1981). 

16p. PietiHi.inen and A. Kallio, Phys. Rev. B, to be 
published. 

17J. C. Owen, Phys. Rev. Lett. 47, 586 (1981). 

Evidence for Solitons in Conducting Organic Charge-Transfer Crystals 

A. J. Epstein, J. W. Kaufer, (a) H. Rommelmann, I. A. Howard, and E. M. Conwell 
Xerox Webster Research Center, Rochester, New York 14644 

and 

Joel S. Miller 
Occidental Research Corporation, Irvine, California 92713 

and 

J. P. Pouget and R. Comes 
La bora to ire de Physique des Solides, associe au Centre National de la Recherche Scientifique, 

Universite Paris -Sud, F-914050rsay, France 

(Received 1 June 1982) 

Magnetic susceptibility of (N-methy Iphenazinium)x(phenazine) l_x(tetracyanoquinodime­
thanide) [(NMP)x(Phen)l_x(TCNQ) J shows the formation of defect states for 0.5% x %0.54. 
Diffuse x-ray scattering and g-value studies indicate that these defects are solitons 
formed in the highly correlated quasi-one-dimensional system that occurs near the quar­
ter-fiUed-band limit. A model for the decrease in the energy gap in the presence of 
large numbers of solitons is proposed to explain the excess conductivity. 

PACS numbers: 71.50.+t, 71.30.+h, 72.60.+g, 72.80.Le 

Quasi-one-dimensional (lD) conductors have 
been widely studied, both as crystalline charge­
transfer salts, e.g., salts of TCNQ, and (doped) 
polymers, e.g., polyacetylene, (CH)x. l The prop­
er description of the electronic ground state of 
ID conductors with nearly commensurate charge 
concentration (i. e., number of charges per unit 
cell close to a rational fraction) has been a cen­
tral issue in the field. The suggestion2,3 that a 
small excess or deficit of charge relative to the 
commensurate state is accommodated in (CH)x 
by the formation of solitons with charge ± e , 
where e is the charge on the electron, is now 
well supported by experimental evidence. l Re­
cent theoretical studies of highly correlated ID 
Charge-transfer salts near the quarter-filled­
band limit have predicted the existence of solitons 

with fractional charge ±e/2.4 We report here the 
results of an experimental and theoretical study 
of such a salt, (NMP)x(Phen)l_xTCNQ with x ~ 0.5, 
as a function of the concentration of conduction 
electrons. Our magnetic and diffuse x-ray scatter­
ing results are a direct demonstration that soli­
tons are experimentally realized in charge-trans­
fer salts. Effects of these solitons upon the tem­
perature-dependent conductivity, a(T), are ob­
served and can be understood within a model of 
a decreased gap caused by the presence of the 
solitons. The concentration regime for soliton 
formation is identified. 

The system studied is based upon (NMP)(TCNQ), 
and is achieved by substituting neutral phenazine, 
Pheno, for up to 50% of the NMP. 5, 6 The Pheno is 
of Similar size, shape, and polarizability to 
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NMP+ but unlike NMP contributes no carriers. 
The overall (NMP)(TCNQ) crystal structure 7 

remains unchanged even with replacement of 
NMP by up to 50% Phen 0.5,8,9 The number of con-
duction electrons per unit cell to be shared among 
the donors and TCNQ is equal to the fraction, x, 
of NMP in the alloy (NMP)x(Phen)1_x(TCNQ).5 
Note that the values of x are accurate to ± 0.01. 
The distribution between donor and acceptor 
chains has been determined both by x-ray diffuse 
scattering 7- 9 and by resonance Raman scatter­
ing. 10 Detailed x-ray diffuse scattering, 7- 9 opti­
cal,ll thermoelectric power,I2 and magnetic 13 
studies have demonstrated that the Coulomb re­
pulsion, U, is greater than the energy bandwidth, 
W (=4t), for x%0.67. 

The calculations of Rice and Mele4 were car­
ried out for a Peierls-distorted (dimerized) Hub­
bard chain in the limit U /w - 00. In that limit, 
they point out, a quarter-filled-band 1D material 
becomes a spinless analog of (CH)x' For small 
departures from the quarter-filled band the crea­
tion of solitons to accommodate the excess of car­
riers over the commensurate value is favored 
over the excess electrons going into the conduc­
tion band (or holes into the valence band) since 
the energy of formation of a soliton for this case 
is 1/217 times the Peierls energy gap, 2ll..4 For 
a concentration of solitons, c, greater than the 
value c* =ll../7TW an incommensurate lattice dis­
tortion occurs.14 Similar concepts have been pro­
posed for n-fold commensurate systems. 15- 17 

Earlier6,8 studies have established that (NMP)O.5-
(Phen)0.5(TCNQ) is a large-U quarter-filled-
band system with a dimerized lattice ground 
state. As x is increased to 0.54, the x-ray dif­
fuse scattering for the TCNQ chainS, 9 remains 
pinned at the commensurate value of a*/2, where 
a* is the reciprocal lattice vector parallel to the 
TCNQ stacking axis. This suggests that the ex­
tra electrons go into defect states whose proper­
ties fit the predictions for solitons. 2 Further in­
crease in x (the number of conduction electrons 
per unit cell) to 0.59 results in a shift of the x-
ray diffuse scattering from the commensurate 
0.5a* . 

To determine the type of state into which the 
extra electrons go, we performed several experi­
ments. The spin susceptibility X, obtained with 
a Faraday technique, is plotted in Fig. 1. The 
data can be decomposed into two contributions, 13,18 
(1) a Bonner-Fisher susceptibility associated 
with a 1D antiferromagnetic (AFM) system, and 
(2) a contribution proportional to T - a, with QI a 
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FIG. 1. Molar spin susceptibility vs temperature 
for (NMP)x(Phen)l_x(TCNQl, O.50<x< 0.60. Note that 
the data for x = 0.55 are nearly indistinguishable from 
those for x = 0.57. 

constant, 0.6s CY s 1. Table I summarizes 1)(T), 
the number of spins per TCNQ, observed at 300 
and 4 K, and CY between 4 and 60 K for each sam­
ple. The data for T> 100 K are generally in 
agreement with 1D AFM with an exchange inter­
action J(= 2t 2/U) '" 300 K, consistent with other 
highly correlated quarter-filled-band TCNQ 
salts. IS For T < 100 K there is an additional con­
tribution to X(T) beyond that of the 1D AFM18 
which is largest for x = 0.54. As the bulk of the 
TCNQ spins are coupled in the 1D AFM array, 
this low-T X arises from spins not coupled to 
this electronic ground state. T -dependent g-val­
ue measurements for x = 0.51 and x = 0.54 verify 
that these spins are aSSOCiated with states on the 
TCNQ stacks. 

For x = 0.51 and x = O. 54 1)(4 K) correlates close­
ly with Na, the number of chemically added car­
riers per TCNQ in excess of 0.5 (Na =x - 0.50). 
For x=0.54, CY =0.81 implies that these spins are 
nearly completely decoupled (Curie spins). IS For 
x = O. 55 and x = O. 57, the smaller 1)(300 K) implies 
that the spins are now more strongly coupled (J 
is larger) and 17(4 K) shows that there are now 
fewer defect (uncoupled or weakly coupled) spins. 
Together, the X(T), g-value, and diffuse x-ray 
scattering studies demonstrate that increasing Nd 
from zero to 0.04 increases the number of defect 
states observed on the TCNQ chain with the lat­
tice distortion remaining commensurate. The 
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TABLE I. Spin susceptibility parameters for 
(NMP)x (Phenl I-x (TCNQ). 

x 7)(300 K) a 7)(4 K) a 

0.51 0.245 0.017 
0.54 0.263 0.048 
0.55 0.196 0.008 b 
0.57 0.205 0.011 

a1j= spins per unit cell. 
bExtrapolated from 70 K < T < 90 K. 

Q! 

0.67 
0.81 

0.65 

magnetic defects may be described in terms of 
formation of kinks in the AFM system. 13 For x 
> O. 55 the number of defect states decreases rap­
idly. Hence the defects are associated with the 
formation of solitons at midgap with the addition 
of charge below a critical excess electron concen­
tration above x= 0.5 of 0.05. The latter number 
may be compared with the characteristic excess 
electron concentration c* =~hrw /4 below which 
solitons may exist, with ~ taken as 900 K (from 
the slope of Ina vs T- 1 ) and a reasonable band­
width for TCNQ of 4500 K. This leads to c* = 0.06, 
in fair agreement with experiment. 

Samples for four-probe l9 a(T) were from the 
same synthesis used for X(T) and x-ray studies 
except for the 0.51 stoichiometry. Approximately 
a dozen samples of each stoichiometry were 
measured, with characteristic results found for 
each x. At 295 K a"" 25-100 n- 1 cm- 1 for all x. 
The normalized a-axis conductivity an(T) [= a(T)/ 
0(295 K)] is shown in Fig. 2. The data have been 
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FIG. 2. Normalized a-axis conductivity vs tempera­
ture for (NMP)x(Phenll_x(TCNQ), 0.50<x<0.60. 

renormalized to account for jumps in (Yn(T) asso­
ciated with formation of microcracks within these 
fragile crystals. A striking aspect of the data is 
the qualitatively different behavior of the x = O. 54 
sample from the others. For both x = 0.57 and x 
= 0.51 an (T) is strongly activated up to and includ­
ing 295 K. For x = 0.54, on the other hand, an(T) 
is strongly activated only up to -160 K and an(T) 
is actually decreasing with increasing T above 
the broad maximum at 240 K. 

We have shown that the increased conductivity 
in the x =0.54 samples, as compared to those 
with x = 0.51 and 0.57, can be attributed to a de­
crease in gap caused by the large number of soli­
tons. Solitons may contribute to a but their con­
tribution is expected to be negligible when there 
is a sizable concentration of electrons and holes, 
as is the case above perhaps 120 K. To obtain 
the gap equation we minimize the total free ener­
gy with respect to~. Since the gap on the TCNQ 
chain is mainly stabilized by internal rather than 
external lattice modes,20 we may write the gap 
equation 

(rrt/mEp)+ (4tNd /m~) 

=J'II fW M)(I-m 2 sin2kat li2d(ka) (1) 
Ok' , 

where t is the transfer integral, E p is the so­
called small polaron binding energy, m 2 = 4t 2/ (4t 2 

+~2), 2Nd is the number of (half-integer charge) 
solitons per lattice site, a is the lattice constant, 
andf (Ek' M) is the distribution function, Ek being 
the energy of an electron with wave vector k and 
fJ. the Fermi energy.21 In deriving (1) we have as-
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FIG. 3. Ratio of the gap to its value 6. 0(0) at T = 0 K 
in the absence of solitons vs temperature in units of 
the critical temperature T c (0) in the absence of soli~' 
tons. The numbers attached to each curve are x-0.5, 
or l the number of solitons per site. The parameters 
are 6. 0(0) = 900 K, T c (0) = 508 K. 
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sumed that the solitons are not on a lattice due to 
disorder on the neighboring chains. Equation (1) 
must be satisfied subject to the condition of con­
servation of charge: 

(2) 

where p v and nc are the densities of holes in the 
valence band and electrons in the conduction 
band, respectively. The latter number is much 
greater than the former, particularly at low tem­
peratures, because electrons on the midgap soli­
ton levels, 2N J(/:;.) in number, can get to the 
conduction band more readily than those from the 
valence band. For a given /:;. Eq. (2) serves to 
locate /1. It should be noted that, for the case of 
large U but no solitons, /1 lies below the center 
of the gap except at T = 0.22 

The results of using Eqs. (1) and (2) to calcu­
late/:;. vs T for 4t= 4500 K, Ep = 1580 K,24 and 
different values of Na are shown in Fig. 3. These 
values lead to /:;. = 900 K at 0 K and a critical 
temperature Tc of 508 K in the absence of soli.· 
tons. The presence of the solitons is seen to re­
duce the gap somewhat at T= 0 K. The major de­
crease occurs at higher T, however, and is due 
to the excess number of electrons in the conduc­
tion band. For N a = 0.04, the change in gap at 
150 K, for example, is sufficient to increase the 
number of conduction electrons and holes by a 
factor of 20. This could account for the excess 
a observed in the x = 0.54 samples. 

Below - 240 K for N d = 0.04 the gap is double 
valued. As in the case of gap change due to in­
jection,23 the dashed portion is found to corre­
spond to larger free energy and is thus unstable. 
Above - 240 K the metallic state (/:;. = 0) is the only 
stable solution. The presence of a large concen­
tration of chemically introduced solitons there­
fore causes the Peierls gap to be destroyed at 
much lower temperatures than in the absence of 
solitons. This can account for the disappearance 
of activated conductivity above - 200-240 K in 
the x = 0.54 sample. The drop-off in activation 
energy beginning at -280 K in the x = 0.51 sample 
can also be accounted for by this effect (see Fig. 
3). 

In summary, we have shown experimental evi­
dence for formation of solitons24 near the quarter­
filled-band limit below an experimentally de­
termined critical concentration. An excess con­
ductivity is observed in samples with large num­
bers of chemically induced solitons. To account 
for this a model is proposed based upon the de­
crease in the energy gap caused by the large num-
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A "spin superlattice" can pe formed by periodical doping with paramagnetic ions, 
so that only the effective g factor of the conduction electrons is affected. An external 
magnetic field and temperature therefore provide a suitable control for the modulation 
amplitude of the potential and hence for the resulting minigap. 

PACS numbers: 73.40.14, 75.20.Hr 

Superlattices are periodically arranged layers 
of semiconductor materials having different ener­
gy-band parameters with a periodicity much 
greater than the fundamental lattice constant.1 
The superlattice periodicity leads to the forma­
tion of different subbands separated by minigaps. 
The energy position of the subbands and the width 
of the gaps depend directly on the effective super­
lattice potential. Up to now the parameters of 
this potential were essentially set during the grow­
ing process of the superlattice, usually by molec­
ular-beam epitaxy. Afterwards only minor chang­
es could be obtained by space-charge effects. 

I propose now a completely novel kind of super­
lattice based on semimagnetic semiconductors. 
The effective super lattice potential can be tuned 
from zero to a saturation value depending on the 
external magnetic field, the temperature, and 
the" spin doping" of the material. In addition, 
the superlattice potential is approximately of the 
square-well type, so that from the theoretical 
point of view a corresponding Simulation is most 
easily performed. 

In a recent Letter we pOinted out that spin dop­
ing by paramagnetic ions affects essentially the 
electronic g factor of a semiconductor, whereas 
all other energy-band parameters can be well 
approximated by the values of the undoped mater­
ia1. 2 Spin doping is easily achieved by substitu­
tion of only a very small amount of crystal con­
stituents by paramagnetic ions. It is well known 
that for such a semiconductor A 1- xM xB-M in­
dicating the paramagnetic substance--the effective 

g factor is of the following form3 : 

g==g o+xJ(S.)/IlBH. (1) 

Here go is the g factor of the undoped material, 
IlB is the Bohr magneton, and H is the external 
magnetic field. J describes the s-d exchange 
coupling, and (Sz> is the thermal average of the 
localized spins of the paramagnetic dopant along 
the magnetic field axis. The quantity (Sz> is 
usually a very sensitive function of the tempera­
ture and therefore the temperature control pro­
vides a direct means of controlling the spin split­
ting. It should be noted that for very high tem­
peratures the average polarization (Sz) vanishes, 
so that in this limit the band structure merges 
into that of the undoped material. 

Actually the above assumption that the energy 
gaps are only negligibly affected by spin doping 
is not qui te correct. This shortcoming, however, 
can be easily overcome by the combination of two 
different mixed crystalsA1_xMxB andA1_yDyB in 
the superlattice, where the concentrations y of 
the nonmagnetic dopant D are chosen in such a 
way that the energy gaps of both materials are 
the same. Such complementary materials are, 
for example, Hgoo99MnooOlSe and Hgo.976Cdooo24Se, 
where only the manganese acts as "spin dopant," 
but the cadmium has no influence on the elec­
tronic g factor of the systemo4 ,5 

Such a periodic arrangement of A l-xM xB­
A1_yDyB double layers leads to a superlattice 
where only the electron g factor has a periodic 
spatial modulation, essentially a "spin super-
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