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The organic charge-transfer salt N-methyl-phenazinium tetracyanoquinodimethanide is
described in terms of a one-dimensional disordered Hubbard model. For low tempera-
tures and small transfer integrals this model reduces to a disordered Heisenberg anti-
ferromagnet. The magnetic susceptibility of the latter can be described adequately by
the disordered classical Heisenberg model. Fitting of susceptibility data by the one-
dimensional classical Heisenberg model provides us with values of £ =0.055 eV, Ug¢s
=0.130 eV, and ¢=10.136 eV for the parameters of the original Hubbard Hamiltonian,

The paramagnetic susceptibilities, x,, of the
high-conductivity charge-transfer salts'" > N-meth-
yl-phenazinium tetracyanoquinodimethanide (NMP-
TCNQ), quinolinium tetracyanoquinodimethanide
[Qn(TCNQ)z], and acridinium tetracyanoquinodi-
methanide [Ad(TCNQ),] depend weakly on temper-
ature at high temperatures, but behave' as yx,
a«1/T7 with y <1 at low temperatures. Figure 1
shows various experimental results for NMP-
TCNQ, whose magnetic properties are the sub-
ject of this Letter. The crystal structure®:’ of
NMP-TCNQ consists of chains of closely stacked
TCNQ ™ anions separated by chains of NMP* ca-
tions. The small intrachain TCNQ " spacing and
large interchain distances lead to pseudo one-di-
mensional motion of electrons along the individu-
al stacks. Bloch, Weisman, and Varma® first
recognized that structural disorder is important
for the conductivity of NMP-TCNQ. X-ray stud-
ies showed that the orientation of the asymmetric
NMP* cations can be either random,®"” with a var-
iable degree of disorder, or ordered.’ We attrib-
ute the large variability in susceptibility through-
out the whole temperature region, Fig. 1, to the
intrinsic structural disorder.

Epstein ef al.? have argued that at low tempera-
tures their data can be quantitatively described
by the half-filled periodic Hubbard model. Their
explanation, however, cannot account for the rap-
id growth of the susceptibility observed by others.
Butler, Wudl, and Soos'® found their NMR data to
be consistent with the assumption of partial charge
transfer, and attributed the low-temperature
growth of x, to electrons localized on 5% of the
NMP sites. This picture cannot explain the vari-
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ability in the susceptibility and does not give the
1/T7 behavior. Bulaevskii et al.! proposed a phe-
nomenological model which they based on the dis-
ordered Heisenberg model with a nonsingular
probability distribution P(J) of the coupling con-
stant J. A canonical transformation reduces this
model to one of interacting spinless fermions.
They assumed that the Fermi-liquid theory holds
for the interacting spinless fermions and that the
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FIG. 1. Paramagnetic susceptibility data of NMP-
TCNQ as a function of temperature. O, from Ref, 4;
e, from Ref. 2; O, from Ref. 1; a, from Ref. 3; and
x, from Ref. 5.
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density of states has a singularity of the form 50———1————1—
p(E) < |E|"7. They were then able to explain the
low-temperature magnetic and thermodynamic 40 |
properties of NMP-TCNQ. However, they did ’
not justify the applicability of the Fermi-liquid
theory, and their justification of the singularity _ 30 =
in the density of states is incorrect. A singulari- RS ]
ty in p(E) cannot exist without a singularity in a 20 |
P(J) for the Heisenberg model.

We use the disordered Hubbard model to de-
scribe NMP-TCNQ. Conductivity data suggest 1.0 —
that for 7 <200°K the electron-phonon interaction
is small compared with static disorder. Thus the 0 K ' ' :

disordered Hubbard Hamiltonian can be written
as

H=23€,A,TUNN,N,,
1,0 ]

+tlZ>(AloTA(l+L)0+A(l+l)oTAto), (1)
0

where the €, are the single-site energies, U the
on-site Coulomb repulsion, and ¢/ the hopping ma-
trix element. The energies €, of the unpaired
electrons on TCNQ ™ are random because of their
dependence on the random orientation of the NMP *
dipoles. We assume that the €, are uncorrelated
with a Gaussian probability distribution having
rms o.'’ Studies of (1) without hopping show'?
that at 27 « U sites with €,< 35U are doubly occu-
pied, those with - %U<e,<§U are singly occupied,
and sites with €,>3U are empty. This model
gives a susceptibility'?"3® y(T)a« U/kT for kT <« U
and constant for U «kT «o. It is roughly consis-
tent with the data for NMP-TCNQ but does not
provide the detailed low-temperature behavior.
We examined the case t#0 but 0= U » ¢ because
the other limiting relations between the parame-
ters of the Hubbard Hamiltonian do not give re-
sults similar to experiment. Treating the hop-
ping term as a perturbation gives a random ex-
change J between localized spins, and the Hub-
bard Hamiltonian (1) reduces to a disordered
Heisenberg antiferromagnet. We note that the
susceptibility data also indicate antiferromagnet-
ic coupling between localized spins. In the low-
est order of perturbation, J(n) is proportional to
2" for large n, where n is the random separation
between the spins. A detailed numerical analysis
of perturbation theory'® shows that J(x) can be ac-
curately represented by f(#)B?" with g=1¢/(0.920
~0.260) and f(n) a function of n, U, ¢, and 0. For
J <0, P(J) has the behavior

PJ)x1/Jv¢ (2)
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FIG. 2. Probability distribution of J/¢ as a function
of J/o for 0=0.136 eV, £=0.055 eV, and U=0.130 eV,

with ¢ =p/2|Ing| and p the probability for a site
to be singly occupied. Equation (2) follows di-
rectly from J(n) « g?" and probability distribution
of n, pe®". The distribution (2) is singular for ¢
<1. Monte Carlo calculations of P(J) for n=0
and 1 were connected by interpolation to the as-
ymptotic behavior (2) to give the entire probabili-
ty distribution which is shown in Fig. 2 for o
=0.136 eV, U=0.130 eV, £=0.055 eV,

We now must solve the problem of the random
Heisenberg antiferromagnet with S=3. There is
no exact solution for the periodic one-dimensional
(1-D) Heisenberg model, let alone for the disor-
dered one. Studying instead six exactly soluble
1-D disordered models® '*"!* with P(J) given by
(2), we found that the low-temperature suscepti-
bility for the quantum Ising model with magnetic
field H|| 2, the classical Ising, the classical plan-
ar with H in the plane, and the classical Heisen-
berg models behaves as 1/7'°¢ while for the quan-
tum Ising model with H 1 2 the behavior is 1/7°%
and for the XY model 1/T. We can understand the
1/7T' ¢ behavior via a cluster argument. The coup-
ling between spins is strong if J >%T and weak if
J <kT. We ignore all weak couplings and are left
with a system of decoupled clusters in their
ground states. Only odd clusters contribute to x,.
The magnetic susceptibility of the system is then
Xp < Noo(T)/T, with N 4 the number of odd clus-
ters. Using J = f(n)3?" to calculate N, we obtain

X, 1/, (3)

We can thus account for the 1/7'°¢ behavior of
the four simple models. The Ising model with
perpendicular magnetic field has the property
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that only clusters of size one contribute to the
susceptibility because it is energetically unfavor-
able for larger clusters to rotate from the z axis
towards the direction of the magnetic field. We
thus find y,1/7"2¢, The disordered XY model
is equivalent'® to spinless fermions with nearest-
neighbor interaction and off-diagonal disorder.
The state in the middle of the band has such strong
fluctuations that it is not possible to decompose
the spins cleanly into separate clusters.!” On the
other hand, diagonal disorder in the 1-D Heisen-
berg model restores the applicability of the clus-
ter argument. Thus the low-temperature behav-
ior of the disordered quantum Heisenberg model
is 1/TV ¢, the same as that of the classical Heis-
enberg model. The classical x, constitutes an -
upper bound on the quantum x,, since the zero-
point motion lowers the latter. Moreover the sus-
ceptibility given by the formula

- 1+ <(Xper—X0)/(Xper+Xn)>
XP x01 - <(Xper —Xo)/(x‘-)er+xo)>’

(4)

where x,= Npu’g®?/4kT and x ., is the susceptibility
of the periodic quantum Heisenberg model, calcu-
lated numerically by Bonner and Fisher,'® bounds
from below the disordered Heisenberg suscepti-
bility. The difference in x, between the upper

and lower bounds, for P(J) given by Fig. 2, is

~ 10% throughout the whole temperature region
and therefore the difference between the classical
and the quantum y, is less than 10%. We conclude
that the magnetic susceptibility data for NMP-
TCNQ can be fitted by the disordered classical
1-D Heisenberg model,'®

_NpgP2 1+ @)

Xo” Tqp7 1-(up

(5)

with U=4kT/3J~ coth(3J/4kT). Fitting the low-
temperature data fixes the ratios {/0 and U/o and
fitting the high-temperature data fixes 0. The fit-
ting of Di Salvo’s data,? shown in Fig. 3, gives o
=0.136 eV, U.=0.130 eV, t=0.055 eV, p=0.367,
and ¢ =0.36. X-ray analysis” of crystals from the
same batch as Di Salvo’s showed that they were
disordered.

Molecular orbital calculations of ¢ for NMP-
TCNQ do not exist. However, such calculations
for tetrathiafulvalene tetracyanoquinodimethane
(TTF-TCNQ), which has an internal structure of
the TCNQ " stacks similar to that of NMP-TCNQ,
give =0.1" or 0.05 eV.?® Also analysis of re-
flectivity data of TTF-TCNQ gives /=0.1.2' OQur
value for ¢ is therefore in the same range as ex-
isting estimates. In disordered systems the wave
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FIG. 3. Paramagnetic susceptibility of NMP-TCNQ.
e, Di Salvo’s data (Ref. 2); solid curve is the present
theory with Us;=0.130 eV, £ =0.055 eV, and 0=0.136
ev,

function of an electron will be approximately con-
stant over a region of L, sites and then will de-
cay exponentially with a decay length L,.?*> Thus
the effective Coulomb repulsion will be equal to
Uers=U/(L,+2L,), with U the “bare” Hubbard re-
pulsion.’"'* Experiments done at frequencies
higher than the plasma frequency will yield val-
ues of U, while experiments at low frequencies
will yield values of U ;. L,and L, can be calcu-
lated® for U=0. For our o and / we have L,~3
and L,~2 intermolecular distances. Then the
“bare” U according to our calculations is equal
to U=~0.9 eV. Optical measurements give?® U~1
eV. We note that Papatriantafillou and Cohen!!
analyzed microwave properties and dc conductiv-
ity data with the disordered Hubbard model and
obtained values for {, U, and o in the same range
as ours,

Examining the heat capacity, C, and strong
field magnetization, M, within the framework of
our model gives MxH® and CxT° at low tempera-
tures, as is observed and given by the model of
Bulaevskii ef al.'***

In conclusion, our analysis provides an excel-
lent fit of the experimental data for X, of NMP-
TCNQ in the whole temperature region and gives
values for the parameters, ¢, U, and ¢ in good
agreement with independent estimates. Our pic-
ture gives the observed behavior of Mand C as
well. If the validity of the Fermi-liquid theory
used by Bulaevskii and co-workers'?* were estab-
lished for the present singular distribution of
coupling constants, our work would constitute a
derivation of their assumed density of states. We
should point out that the use of the Hubbard model
with a half-filled band is not a requirement for
obtaining relation (2). A system with the follow-
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ing two features would be sufficient: (1) random
distribution of localized spins along a line, and
(2) an exponential decay of the exchange coupling
with separation. (1) follows from disorder if the
net electron-electron coupling is repulsive and
(2) then follows automatically from localization.
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We have measured the isomagnetic temperature dependence of the anomalous Hall ef-
fect that arises from the asymmetric scattering of the conduction electrons by the local-
ized moments in two alloys of Au containing ~8.1 at.% Fe or Mn. The experiment is evi-
dently a sensitive way to detect the magnetic rearrangement in a spin-glass. It shows
clearly the spin-glass transition and features that are tentatively ascribed to the presence

of magnetic clusters and “loose spins.”

We report a sensitive way to detect the rear-
rangement of localized moments in a metallic
spin-glass.! We measure the anomalous part of
the Hall effect that arises from the spin-orbit
coupling between the conduction electrons and a
solute’s moment in the resonant scattering by the
virtual bound state.? This coupling gives to each
elastic scattering event an asymmetric probabil-

ity with respect to the plane containing the sol-
ute’s moment and the electron’s incident veloc-
ity.® In an applied magnetic field B the effects of
these events for those moments aligned by the
field are combined additively and, when B is nor-
mal to the current flow, appear as the “skew
component” of the transverse electric field.?
Moments that are randomly arranged throughout
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