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order exist. From Fig. 3, the reduced magnetiza-
tion at 1.5 K in a field of 2.4 T is approximately
0.7. According to Fig. 5, this corresponds to J
'-"1.6 cm ' leading to a Weiss field of 2.57 T, con-
sistent with B„=2.4 T. On the other hand, J =2.1
cm ' leads to II =3.3 T at the nearest Gd sites,
almost completely saturating the cluster magneti-
zation at zero applied field and preventing the ob-
servation at 1.5 K of the effect of the spin-flop
transition and the initial rise of &F ~ (Fig. 4).
Furthermore, the energy & necessary to pro-
mote the Gd cluster to a saturated ferromagnetic
order is given approximately by 48S'I = 59 cm ',
it is larger than the &Fc observed, therefore
preventing relaxation in the ground states after
the fluorescence. On the other hand, the smaller
~ value accounts for the effects arising from non-
saturation of the relaxed ground state.

The changes in the effective ~ may reflect the
missing of higher-order terms in the Hamiltonian
or a change in the interatomic distances around
the Cr" in the 'A, state with magnetic field as
there is observed a simultaneous change of the
fluorescence lifetimes and intensities related to
the magnitude of the low-symmetry components
of the local crystal field.
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A resolution to the controversy over the magnitude of the effective short-range Cou-
lomb interaction in molecular conductors is proposed by showing that it depends very
strongly on band filling because of intermolecular correlations.

PACS numbers: 71.70.-d, 72.80.Le, 75.10.Lp

The variety of electronic properties in nearly
one-dimensional organic charge-transfer salts is
remarkabl. y rich. Structurally simil. ar materials,
consisting of chemicall. y similar molecules,
range from Mott insul. ators' through organic met-
als" and superconductors. ' Although the sys-
tematics of this behavior have not been fully de-
veloped, there is l.ittl. e doubt that they depend
heavil. y upon the effective short-range interac-

tions among conduction electrons. These inter-
actions, however, remain poorly characterized.
Intense controversy persists over whether they
are large' or small" compared with the conduc-
tion bandwidth, and strong experimental evidence
has appeared on each side."'

We seek here to resolve that controversy. We
argue that the short-range interactions in these
material. s are not fixed, but are self-consistently
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screened through the long-range interactions.
When intermolecular Coulomb correlations are
included, this screening becomes extremely sen-
sitive to the population of the conduction band.
We demonstrate the effect by exact numerical cal-
cul. ations on finite chains, and show how the ef-
fective short-range interactions can be large for
half-filled and also for quarter-filled bands, yet
small for certain intermediate band fillings. In
this light we reconsider the experimental evidence
and show that the entire class of materials fol.lows
the pattern we predict.

Traditionally, short-range interactions in these
materials have been discussed' in terms of the
simple Hubbard Hamiltonian

H, = t +,. (a,. ~a, „,+ a, „,a, ,)

+ Ueff2 ininni 8 y

where the operator a,. annihilates an electron of
spin o at site i. In this framework the relative
strength of the interactions is measured by the
ratio of U, ff, the effective repulsion between two
electrons on the same site, to t, the tight-binding
bandwidth parameter.

The Hamiltonian of Eq. (1) is incomplete. Im-
portantly, it negl. ects all long-range Coulomb in-
teractions, and with them the principal contribu-
tions to the cohesive energy, ' high-f requency ex-
citation spectrum, ' and dielectric screening. "
Especially in the metall. ic state, that screening
acts to modify the intramolecular Coulomb re-
pulsion, and must be considered even in the con-
text of properties which depend primarily upon
short-range interactions. To the extent that such
properties can be described by Eq. (1), they wil. l

reflect an apparent U, qq which can be substantial-
ly smaller than the bare on-site interaction U,
and which depends in general. upon the density p
of screening eonduetion electrons per molecule.

To demonstrate, recall that in the free con-
stituent molecules, U (measured as the difference
between the first and second ionization levels) is
typically 4 eV. This corresponds to the repulsion
between two electrons in a box of average radius
3.6 A, consistent with actual molecular dimen-
sions. That repulsion must be heavily screened
in a metallic solid like TTF- TCNQ (tetrathiaful-
valene-tetracyanoquinodimethane), where the
nominal Thomas-Fermi screening length is but
1.2 A. Indeed, a simple Thomas-Fermi calcula-
tion for a doubly charged impurity suggests that
U is reduced fiftyfold. In the random-phase ap-
proximation' the reduction is less drastic, but
still very substantial.
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Such estimates are not self-consistent, and

they neglect the effects of exchange and intermo-
lecular correlations. To assess these we have
developed elsewhere' a full calculation of the
screening, which is, however, rapidly convergent
only for a limited range of band fillings p. Our
results do confirm that the screening is essential-
ly complete, and the electronic pair correlation
function is at its tight-binding Hartree limit,
over distances larger than the nearest-neighbor
intermolecul. ar spacing. Hence it is sufficient to
frame a discussion of correlation effects in terms
of the first-neighbor extended Hubbard Hamilton-
ian, "

H =H + V+;n;n; „, (2)

where V is the Coulomb repulsion between car-
riers on nearest-intrachain-neighbor mol. ecules.
More distant neighbors can quantitatively, but not
qual. itatively, affect our results. We take both U

and V to have been renormalized by these effects
and by the background high-frequency diel. ectric
constant, and we defer until. later a discussion of
interchain screening.

To address the size of the short-range interac-
tions we ask what value of U, &f is required in
order that the low-frequency behavior of Eq. (1)
best mimic that of Eq. (2). Representative of
that behavior is the temperature-dependent static
magnetic susceptibility y(T), which will be en-
hanced over its Pauli value when U, &f is large.
Using the method of Mazumdar and Soos,"we are
able to calcul, ate y(T) exactly for finite chains.
These cannot reproduce the low-temperature sus-
ceptibil. ities of the real materials, but for our
purposes the high-temperature behavior will suf-
fice.

As displayed in Fig. 1, our results depend
strongly on p. For example, the position of the
maximum in X(T), nearly independent of p in the
simple Hubbard model, decreases rapidly as p- 0.5 in the more extended description. Consi-
stent with this trend, we observe that the experi-
menta, l y(T) generally reach maxima near room
temperature for materials with p=0.5, but are
still ascending at much higher temperatures for
materials with larger p.

For a half-filled band (p = 1), the susceptibilities
calculated from Eqs. (1) and (2) match closely
when U, ff = U —V, consistent with well-known re-
sults. Close to quarter-filling the susceptibility
is still. further enhanced, with U, ff approaching
U itself. In contrast, for intermediate band fill-
ings such as p = 0.8, the screening is far more
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(b) FIG. 2. Schematic behavior of off vs p for single
chain (solid line) and real nearly one-dimensional con-
ductor (dashed line).
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FIG. 1. Reduced magnetic susceptibilities vs reduced
temperature for single chains of N molecules with 4it

~

=0.5 eV, U=7~2iti, V=3~2it ~, and p = 4/¹ Solid line:
Eq. (2). Dotted line: Eq. (1) with V,ff= U-V. Dashed
line: Eq. (1) with {b) Ugff U-1.6V and (c) Ugff /J.

effective and U, ff is substantially smaller than
U-V.

The correlation effects underlying this pattern
are clearest in the limit t- 0. Here the ground
state of Eq. (2) is a Wigner crystal. consisting of
singly occupied and vacant sites, and U, ff is the
difference in energy between this ground state and
a weighted average of excited states containing
exactly one doubly occupied site. For p = 1, all
sites are singly occupied in the ground state, and
the transfer of an el.ectron from any site to a
nearest neighbor requires a.n energy U —V. If,

however, we eliminate the electron at site i, the
energy of the special transfers i+2-i+1 is but
U —2V, and U, ff is sl.ightly reduced by their con-
tribution. With further depletion of the band the
relative weight of such low-energy transfers in-
creases until it reaches a maximum at p = 0.75,
concomitant with a minimum in U, ff. The con-
tribution of these transfers then decreases rapid-
ly until. it vanishes at p =0.5, where only second-
neighbor sites are occupied in the ground state
and U, ff =U. When the same arguments are ex-
tended to include interchain correlations, the
conclusions are unchanged for p=1 and p=0.5,
but U, ff for intermediate p is further diminished.

For finite t, the overa, ll behavior of U, ff on a
single chain is plotted as a function of p in Fig. 2.
Also sketched is a schematic estimate of the ef-
fect in real organic conductors, where U and V

are both substantially reduced (at low frequencies)
by interchain metallic screening. " Material. s with
p in the neighborhood of 0.75 can behave as though

U, ff is relatively small, while outside that re-
gion U,«rises rapidly and can exceed the band-
width 4t. We have shown elsewhere" that the
metallic state is stable only below a critical. val-
ue of p near 0.8, where a first-order transition
occurs to a Mott insul. ator with p =1. In such in-
sulators the interchain screening is no longer
metallic, and U, f f U V.
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TABLE I. Signatures of U~ff for organic charge-
transfer salts in order of increasing band filling. The
abbreviations in the materials column are, in part, as
follows: MEM, methylethylmorpholinium; DEM, di-
ethylmorpholinium; TCNQ, tetracyanoquinodimethane;
Qn, quinolinium; TTF, tetrathiafulvalene; TSeF4, tet-
raselenafulvalene; NMP, N-methylphenazine; Phen,
phenazine. Some have prefixes DM, TM, or HM for
dimethyl, tetramethyl, or hexamethyl, respectively.

Material g enhanced~ 4&F~

MEM(TCNQ) 2

DEM(TCNQ),
Qn(TCNQ) 2

TMTSe F-DM TCNQ
TMTT F-bromanil
TMT FF-chloranil
TMTTF- TCNQ
TMTSe F-TCNQ
TTF-TCNQ
NMP„(Phen), „TCNQ

0.5 (x (0.57

0.67 ~x &1
TSeF-TCNQ
HMTTF- TCNQ
HMTSe F-TCNQ
TTF-Bro 7~)

HMTSe F-TCNQ F4
HMTTF- TCNQF4

0.5
0.5
0.5
0.5
0.5

-0.54
~0,55

0.57
0.59

0.5- 0.57

0.57- 0.67
0.63
0.72
0.74

-0.79

1.0
1.0

yes'
yesb
yes c

yes'
yese
yes
yes
yes

yes h

noh
no'
no
no'
no'

yes
yes'

yes'
yes
yesd
yes

?

yes'
no'
yesg

noh

nog
no&

nog
noj

~Ref. 13.
b Ref. 14.
'Ref. 15.
d Ref 19
Ref. 16.
Ref. 2.

~Ref. 20.
"Ref. 21.
' Ref. 17.
' Ref. 18.
"Ref. 1a.
1 Ref 1b

The commonly accepted signatures of large
short-range Coulomb interactions in organic met-
als are enhanced magnetic susceptibilities' and

the appearance' of diffuse x-ray scattering at
wave vectors 4kF. We have surveyed the experi-
mental literature" ""for such behavior, and

in Tabl. e I we list representative findings in order
of increasing p.

The results agree ful. ly with the predictions of
Fig. 2. Enhanced susceptibilities and 4k F scatter-
ing always appear in the range 0.50&p &0.55 and

never appear in the range 0.63&p &0.8. The in-
tervening range 0.55&p &0.63 forms a transition
region: the symptoms appear at p = 0.59 in TTF-
TCNQ, but do not appear at p = 0.5V in TMTSeF-
TCNQ, with its considerably larger bandwidth.
Compounds in the range 0.83 & p &1.0 are un-
known, and compounds with p =1 are universal-
ly Mott insul. ators with U, f f

These patterns cannot reasonably rise from
variations in bandwidth, crystal structure, or
unscreened U. For exampl. e, the mol. ecular U

and the intrastack lattice constants and overl. ap
patterns are nearly identical in the series TTF-
TCNQ, ' TMTTF- TCNQ, ' HMTTF- TCNQ, "and

the small-U, tf metal HMTSeF-TCNQ is isostruc-
tural. "with the large-U, ff Mott insulator
HMTSeF- TCNQF, ~ Especially persuasive are
the systematic studies of NMP„(Phen), „TCNQ
by Epstein et al. ,"who were able to control p
continuously in a single system. They observed
an evolution from an enhanced susceptibility and

pure 4kF scattering at p=0.50 to a Paul. i suscepti-
bility and pure 2AF scattering, consistent with
small. U,«, at p=0.63.

We expect corresponding p dependences in oth-
er quantities sensitive to correlation effects,
such as thermoelectric power and spin-lattice
relaxation rates. Reinterpretations of the data
are in progress.

In summary, we find that "big-U"' and "small-
U"" descriptions of organic metals are both
correct, but in different domains of band filling
p. It has become fashionable to construct phase
diagrams for these materials in terms of separate
coupling constants g, and g, for backward and for-
ward scattering on the Fermi surface. Our work
implies that the effective values of the g,. wil. l also
depend upon intersite Coulomb correlations, and

hence upon p. The band fil. ling thereby emerges
as an important variable in the design of new

organic conductors. Theoretical. criteria for its
chemical. control wil. l be discussed elsewhere.
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The polarizability function of a two-dimensional electron layer submerged in a three-
dimensional dielectric material and interacting with a random distribution of static
charged impurity centers is calculated Scatt.ering and screening are treated self-con-
sistently and each affects the other. The resultant scattering time is found to depend on
the impurity density N; through the (aN; +bN; ) ' law which has been observed experi-
mentally in silicon inversion layers. The theory is in good agreement with the experi-
mental findings on the parameters a and b.

PACS numbers: 73.40.Qv, 71.45.Jp

The screening behavior of a two-dimensional
electron gas has been a subject of great interest' '
in recent years. This interest is motivated to a
considerable extent by the existence of el.ectron
systems which are dynamically two dimensional
in their behavior. ' Such systems are inversion
and accumul. ation layers at semiconductor-insu-
lator interfaces, and electrons trapped in the
quantum wells of semiconductor heterostructures
and superlattices. A good knowledge of the
screening function is essential for our understand-
ing of these systems. In particular, a theory of
transport properties depends on the availability
of an accurate static diel. ectric function. The di-
electric function that has been commonly used' in

the calculation of transport properties is the one
obtained' within the random-phase approximation
(RPA) in which one uses the polarizability of the
noninteracting system in evaluating the dielectric
function. One of the features of the HPA is that
the corresponding l.evel. broadening or the scatter-
ing rate (including only the charged-impurity scat-
tering effects), calculated within the Born approx-
imation, is linearly proportional to the charged-
impurity density N, This is a feature of the
single-site approximation for impurity scattering,
and the feature persists in the more sophisticated
nonlinear screening formalism' of Vinter, which
is based on the density functional theory of the
inhomogeneous electron gas.
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