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Nuclear and electronic resonance approaches to magnetic and lattice fluctuations
in the two-chain family of organic compounds (peryiene)&[M(S2C2(CN)2)z] (M =Pt,A.u)
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In this work we present and analyze the temperature dependence of the 'H nuclear-spin-lattice relaxa-
tion rate and of the magnetic susceptibility of the two-chain organic compound {Per)z[Pt(mnt)z]. [Here,
"Per" is perylene; "mnt" stands for maleonitriledithiblate, which is the same as cis-(2,3-dimercapto-2-
butenedinitrile). ] The analysis confirms the existence of localized spins on the Pt(mnt)z chains and their
dominant inAuence on the relaxation through an interstack dipolar coupling. A scaling relation of the
form T& ~ Ty, (T) is found to exist in the entire temperature domain, including the regime of one-
dimensional spin-Peierls Pt(mnt)z lattice fluctuations observed by x-ray experiments below 30 K. The
magnetic-field dependence of the relaxation is also found to qualitatively agree with one-dimensional
spin diffusion which is cut off in the low-field region. A comparison is made to data obtained for
(Per)z[Au(mnt)z], which have a completely diff'erent T, ' temperature dependence. This is demonstrated
to be a characteristic of itinerant electrons. Finally we analyze the existing EPR data on
(Per)z[Pt(mnt)z] and show that the observed low-temperature linear temperature profile of the EPR
linewidth results from the existence of an exchange coupling between the itinerant and the localized
spins of diff'erent stacks. Similar conclusions previously made for Perz[Pd(mnt)z] allow one to study
such two-chain compounds as realizations of a one-dimensional Kondo lattice. We discussed several
puzzling questions raised by the analysis concerning possible mechanisms that can lead to a spin-Peierls
distortion.

I. INTRODUCTION

Among the large variety of organic conductors, the
family based on perylene and some metal his-dithiolates
has gotten its own reputation due to the possibility of
having a metal-like conductivity over a wide temperature
range in the presence of a stack of localized magnetic mo-
ments. This occurs within the series of compounds
(Per)z[M(mnt)z], where "Per" is perylene, "mnt" stands
for maleonitriledithiolate, a common name for the ligand
cis (2,3-dimercapto--2-butenedinitrile), and M is a transi-
tion metal (Pt,Au, Pd, Ni, Cu, Fe,Co), for several members
of the series (e.g. , M=Pt, Pd). '

The consequences of this particular feature for the
electronic properties related to the Fermi level and the
role that they play in the one-dimensional instabilities
that occur in organic conductors can be revealed by a
comparison with isostructural systems with diamagnetic

counterions (e.g., M= Au). The first assertion that can be
made is that the transport properties do not di6'er sub-
stantially for (Per)z[Pt(mnt)z] or (Per)z[Au(mnt)z], as
both present identical room-temperature values for the
electrical conductivity, typically o. =700 0 ' cm ', and
for the thermoelectric power, S =32 JMV K ', indicating
that they are primarily governed by the band parameters
due to the perylene stacking. ' On the contrary, the x-
ray study revealed lattice instabilities of one-dimensional
character for the Pd and Pt compounds and none for
(Per)z[Au(mnt)z]. In agreement with this observation,
the temperature dependence of the electrical resistivity of
the Au compound evolves from the metallic regime to a
situation with a negative temperature derivative through
a broad minimum, whereas for the Pt and Pd com-
pounds, we11-defined metal-to-insulator transition temper-
atures of 7 and 28 K, respectively, can be ascribed by
sharp anomalies in the derivative d lnpldT. The transi-
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II. EXPERIMENTAL RESULTS

The magnetic susceptibility of (Per)z[Pt(mnt)z] was
measured on a powder sample of 100 mg using a vibrat-
ing sample magnetometer, under a static magnetic field of
70.5 kOe, in the temperature range 2. 5 (T (40 K. The
results after correction of the constant diamagnetic con-
tribution, are displayed in Fig. 1. They exhibit a max-
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FIG. 1. Paramagnetic susceptibility y, of (Per)z[Pt(mnt)z j
for T (40K.

tion temperature for (Per)z[Pt(mnt)z] was not attained at
the time of the x-ray diffuse scattering experiment, but
for the Pd compound condensation of Bragg satellites is
observed at the same temperature, at half distance be-
tween the main reflexions along the stacking direction b.

The microscopic mechanism for these transitions can-
not be simply described within the framework of
electron-phonon coupling (Peierls) or spin-phonon cou-
pling (spin-Peierls), as discussed previously. " Besides the
role played by lattice instabilities, spin-exchange interac-
tions between the perylene and the Pt(mnt)z, put into evi-
dence by EPR experiments' must also be considered. In
other organic conductors with arrays of localized mo-
ments coupled to itinerant electrons, such as the copper
phthalocyanine iodide or the copper triazatetrabenzpor-
phyrinato iodide, the exchange interaction play an im-
portant' role in their singular properties. The theory
developed thereby is not, however, applicable to the
present case as lattice instabilities are also present.

As we faced a somewhat singular situation, we decided
to make use of the NMR spin-lattice relaxation time (T, )

experimental tool, which proved to be useful for getting
information about the electronic correlations that are in-
volved in organic conductors that undergo phase transi-
tions. The pair of isostructural compounds with M=Pt
and Au in the series (Per)z[M(mnt)z] was chosen because
the first contains chains of local moments and the second
does not. In both, the studied nucleus with spin- —,

' 'H be-
longs only to the perylene moieties, whose stacking are
mainly responsible for the conducting properties of the
compounds.
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FIG. 2. 'H nuclear-spin-lattice relaxation rate (T& 'j as a
function of temperature for (Per)z[Pt(mnt)z]. Note in the inset
the decrease of T&

' with temperature for T ~ 40.

III. THEORETICAL ASPECTS AND ANALYSIS

A. Magnetic susceptibility

According to the x-ray data reported by Henriques
et al. , it has been clearly established that the lattice in-
stabillity of (Per)z[M(mnt)z] occurs on the M(mnt)z

imum in the range 15—20 K, followed at lower tempera-
ture by a steep decay.

The relaxation-time measurements of the nuclear spin
of proton in (Per)z[Pt(mnt)z] and (Per)z[Au(mnt)z] were
performed with a Clark-type NMR spectrometer, using a
standard relaxation-recovery technique. For both com-
pounds powder samples were used, 66 mg for
(Per)z[Pt(mnt)z] and 52 mg the Au compound. For the
temperature dependence of the relaxation time T„all the
measurements were made at 36.4 MHZ (magnetic field of
8.55 kG). The results for the Pt compound are shown in
Fig. 2. The most remarkable feature is that there is no
T& dependence on temperature over a wide temperature
range (40—300 K). For T (40 K, a noticeable decrease
of T, with temperature is observed (inset of Fig. 2).

At T =300 K, we performed some measurements of Tj
at difterent values of the magnetic field, in order to detect
one-dimensional spin diffusion. In spite of the few points
obtained (Fig. 4), a rough estimate of a threshold field of
15 kG can be made for the Pt compound.

The temperature dependence of T
&

for
(Per)z[Au(mnt)z] exhibits a behavior reminiscent of one-
dimensional conductors, with deviations to the Korringa
law ( T&

' ~ T), clearly shown by the upward curvature in
the high-temperature range, with a similar profile to the
corresponding data for (TMTTF)zPF6 (Ref. 10) or
TTF[Ni(dmit)z]z (Ref. 11), where dmit is 4,5-
dimercapto-1, 3dithiole-2-thione, TTF is tetrathioful-
valene, and TMTTF is tetramethyltetrathiofulvalene.
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chains for M= Pt,Pd. It is characterized by a one-
dimensional (1D) phonon softening, which becomes ap-
parent below T, =25 K (Pt) and 100 K (Pd). Owing to
the localized nature of the spins degrees of freedoms, as
shown by the Curie-Weiss susceptibility profile above T,
(Ref. 12; see also Fig. 1), the lattice softening can be con-
sidered as a spin-Peierls instability. The tendency to
form dimers will then strongly affect the response of spin
degrees of freedom owing to their singlet nature. We will
disregard for the moment the problems of the microscop-
ic modeling of the spin-Peierls instability, which presents
anomalous characteristics (see Sec. IV). Nevertheless, it
is rather easy to illustrate using simple arguments how
the spin susceptibility is depressed by 1D thermodynami-
cal fluctuations in the lattice dimerization. Our approach
is strictly 1D and will thus be applicable in the tempera-
ture range of x-ray experiments where there is no trans-
verse component for the lattice Auctuations above the
true phase transition.

Assuming that the spins satisfy an adiabatic condition
with respect to the lattice, large thermodynamical 1D
Quctuations of the lattice will break the dimerization cor=
responding to large spin fluctuations. For a chain that
consists of N/2 dimers, long-range order will be broken
at finite temperature due to the formation of thermally
excited lattice kinks. These consist of isolated Pt(mnt)2
molecules separated by ordered regions of opposite
phases. By a standard argument, the change in free ener-
gy for the kink-antikink pair formation in a chain of N
molecules with boundary conditions is given by

hI =6—k~TlnX .

Here 6 is the effective cost exchange energy to break a
singlet dimer, whereas kzlnX is the associated entropy.
For an infinite system, hF is always negative whenever
TAO, and then no long-range order can be stabilized at
finite temperature. The value X, for which AF =0,
namely,

N, =exp( b, /kz T),
determines the average size of ordered regions. This
quantity can be identified as the correlation length
(=N, b of the system, with b as the lattice spacing. For
each kink one can associate a localized free spin, and the
average number of such spins will be

N, ( T)=N exp( —b, /k~ T ) .

Assuming that each isolated spin will respond to a uni-
form magnetic field according to a Curie law, the uniform
and static magnetic susceptibility per site will take the
singlet-doublet form

2 2
~gs Pa

)(,(T)= exp( —6/ksT) .
B

Here g, stands for the Lande factor of localized spins,
and n is the number of spins per site. At very low tem-
perature ( T «b, ), the susceptibility will then be thermal-
ly activated due to the spin-Peierls pseudogap. At large

temperature ( T » 6), however, one recovers a Curie-
Weiss type of behavior

y, (T»b, )= 'ng—,pzkz (T+0) (5)

includes )(,(T) as the contribution of conduction elec-
trons of the Perylene stacks. The latter is shown to be
much smaller than y, (T} (Ref. 15) and weakly tempera-
ture dependent so that )((T)=)(,(T) for (Per)2[Pt(mnt)z]
and (Per)2[Pd(mnt)2].

B. Nuclear relaxation

(Per) 2 I Pt(.rnn t)zJ

The 'H nuclear relaxation-rate data presented in Fig. 2
for the (Per)2[Pt(mnt)2] compound are found to be tem-
perature independent down to 40 K or so. There, T&

'

starts to become significantly depressed as the tempera-
ture is lowered. This temperature range essentially coin-
cides with the one found for the deviations of y( T) to the
Curie-Weiss behavior' (see also Fig. 1). This would sug-
gest that the protons of the perylene chains probe the
fluctuating fields produced by the localized spins of the
neighboring Pt(mnt)2 chains. This is also supported by
the values of T, ' and y observed for the platinum com-
pound, which are much higher than those observed for
the gold compound' (see also Fig. 5), which has no local-
ized spins. For the latter, the protons can then only relax
through their coupling to the spins of itinerant electrons
of the perylene chains. Two intrachain contributions, the
dipolar T& d and the contact T, ,' can be considered for

II

the conducting chains. As we will see, this unique source
of nuclear relaxation for (Per)&[Au(mnt)z] allows us to
explain the quite different temperature dependence ob-

with 8=6, /ks. Using expression (4) for the data of Fig.
1, one obtains 0=20 K, which essentially coincides with
the temperature of the maximum of )t', (T), which is in
turn of the order of T, seen in x-ray experiments. Here,
the maximum of the susceptibility is uniquely due to the
onset of strong lattice fluctuations. This should not be
confused with a Bonner-Fisher type of susceptibility ob-
tained from a 1D Heisenberg antiferromagnet. ' In that
case, the maximum of y, reveals the onset of quantum
spin dynamics for temperatures of the order of the
nearest-neighbor antiferromagnetic coupling constant J.
Therefore, here the M(mnt)2 chains present essentially
no spin dynamics when the phonon softening occurs at
T, . This is quite unusual in the spirit of the theory of
the spin-Peierls phase transition in quasi-ID systems.
Indeed, according to the work of Cross and Fisher, ' one
should have k~T,p

(&J as a necessary condition for spin
dynamics to be able to induce a lattice softening. The
characteristic energy found for b, in (Per)2[Pt(mnt)2]
shows that this condition is not satisfied. This will have
puzzling consequences when one tries to identify the mi-
croscopic origin of the lattice instability. This will be dis-
cussed in more detail in Sec. IV. Before ending this sec-
tion, one should note that the total susceptibility,
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served in these compounds for T, ' (see Figs. 2 and 5).
Owing to the rather large anisotropy in conductivity

and in the band structure, ' the contribution T1,' com-

ing from the interchain contact term will be considered
as small in comparison to a dipolar type of coupling be-
tween both spins. From the sum of all the contributions
to T, 'namely,

T '=T '+T '+T '+T
1 1 dIi 1 cia 1 di 1 ci

and the data of Fig. 2, only the transverse dipolar part
T] d will be taken as relevant for the (Per)2[Pt(mnt)2j
compound. The inhuence of dipolar interaction on the
molecular relaxation has been studied in several contexts
for many years, ' ' including the study of low-
dimensional magnetic systems. ' For the present particu-
lar two-chain problem, we have thought it useful to give
some details of the derivatio~ of T, „' .

r J

The dipolar Hamiltonian Hd is commonly expressed in
terms of the following six contributions:

IId =-,'-g g(r;j )(D()+D() +D ] +D] +D 2+DE),
1WJ

where

D (3 cos 0, —1)S„I,

Do = ——„'(3cos 0;, —1)(S+;I j+S;I+ J. )

+I+.
D+, =

—,'sinO, . cosO;.e "(S~;I, +S, , +I+ . ),
+21g2l g

Here 6I," and cp; are the polar angles of the unit vector
r,"/r; joining . the electronic spin (S) to the one of the nu-
cleus (I) at sites i and j respectively, while y, and y~
stand for the gyromagnetic ratios of the electronic and
the nuclear spins. In the usual way, the expression for
the nuclear-spin-lattice relaxation rate follows from the
master equation of the full nuclear magnetization m,
parallel to the applied static magnetic field Ho~~z and it is
written as

dm, /dt= —T, '(m, —mo),

where mo is the equilibrium nuclear magnetization. T,
is related to the nuclear spin-Aip probability per unit of
time ( W) at the fixed nuclear site j. For T] d, one will

have

T]d, =2~=2 y & 'g(rj)g(r;J)I&o(0;, , O, j)G~(i, G7~ co, )+A—](0,, y,, ;0, gJ, ,, ) G( i~„)
l, l WJ

+ A~(0;, (p;. ;0;)g; )G (i, coiv+co, )j, (10)

where the Fourier transforms of the spin-correlation
functions are defined as follows

+ oo

G~(,)(i,co)= dt(S (,)~( o)0S(~,);(t))e'"' . (ll)

T, d
——g (r()) —3G, (co)v)+ —', G (co, )+g—]G~(i, co, )

(13)

The geometrical factors are given by

Ao(0;, 0 ) = —,', (3 cos 0;, —1)(3 cos 0; j —1),

~](Oij~Vij&Oi'j&Vi'j ) 4 Oij sOij

I (g,,—tg, ,, )

XsinO; cosO,' e

(12a)

(12b)

G, (cu)v) and G (m, ) are spatially local dynamic correla-
tion functions. Here, we have taken cu, +co&-—co, and we
have neglected the fact that protons occupy different po-
sitjons on the periphery of the perylene molecule' ' by
identifying r" in (10) to the average distance ro between
the perylene and the Pt(mnt)2 molecules. Taking
ro = 10 A for example, gives

t2(y. —cp, . )

A~(0;, cp;;0;,y,', )= —,', sin 0; sin 0, e (12c) g (ro)=]]]' g (ro)=]]'t y, y)]ilr0=2. 5X10" sec

The NMR experiments reported here have been per-
formed on powder samples so that the evolution in time
of the nuclear magnetization and in turn of T1 d must be

J

averaged over all the possible directions. ' Actually
powder averaging of T, d will eliminate most of the non-

local spatial dependence of the dynamical correlators
with the result

The second and the third terms of (13) are related to a
spin-Aip transition of both the nucleus and the electron.
These will then require an energy -co„which is much
higher than for the process related to the first term where
only the nuclear spin is Aipped with an energy ~~ ((co, .
Consequently, it is the latter process that we will consider
to dominate the relaxation for a dipole source of
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hyperfine coupling. ' ' In the following, we will then
concentrate on the expression

T, d' = —',g'(ro)G, (~~) . (14)

The important quantity to evaluate is the dynamic corre-
lator G, (co+). For a quite large nuclear Larmor preces-

sion period with respect to the collision time

(cozen «1), spin fluctuations modes of wavelength larger
than the mean free path 1 (ql «1) become difFusive. If
one assumes that the diffusion is limited by the intrachain
exchange interaction, then l-b, and only the hydro-
dynamic limit can be taken for G, (co&). We can write

&S,(0)S,(t)&=N ' g (S,(q, t)S, (
—

q, o))
q«I

=k~T(gp~) g, (T)N ' g exp[ —(Dq +r, ')~t~],
q«l

(15)

where D —Jb is the spin diffusion constant, ~, is the characteristic lifetime cutoff due to processes that do not con-
serve the spin along the chain. Interchain transfer of spin fluctuation is usually considered the main contribution to

The Fourier transform of (15) and the wave-vector integration then lead, for T, ',

Ti dI
= —kaTC (ro)(gpss) Xs(T)(Deox) ' $r(rom), (16)

with

g(co~)=(roar, )'
I I+[I+(togs, ) ]' ]

' +toys, [l+(cogr, ) ] '(I[I+(cogr, ) ]' —I]/[I+(coyr, ) ]' )'

As a function of the temperature at fixed 00 one then has

T, „' ~Ty, (T) . (18)

At high temperature, where T))T, , the Curie-Weiss
spin susceptibility of the platinum chains' will essentially
lead to a temperature-independent T, „' as precisely

shown by the data of Fig. 2 above 40 K. This behavior is
typical of weakly interacting localized spins. At lower
temperature the observed T

&

' is sizably depressed due to
lattice fluctuations. In order to check whether relation
(17) holds in this domain, we have plotted in Fig. 3 the

T, ' versus Ty, (T) data, and one finds that the scaling
between the two quantities is again well satisfied down to
lowest temperature above the true phase transition es-
timated to be around 7 K (see Sec. III C). The observa-
tion of this dependence confirms the inhuence of lattice
Auctuations as well as diffusion on spin Auctuations. One
must note that the hydrodynamic regime of spin dynam-
ics is commonly checked through the frequency depen-
dence of the nuclear relaxation. This is especially true in
one dimension, where the expression (16) in the limit
cu&~, )&1 leads to the 1D characteristic square-root fre-
quency dependence:

T, d = k~Tg (ro)(gp~) y, (T)(Drotv) . (19)

20-
However, the diffusion-induced increase of the relaxation
rate when the field is decreasing is cutoff by the lifetime

~, of spin fluctuations along the chain. ' Indeed, in the
opposite frequency limit co&~, && 1, one has

T) d = —k~ T0 (ro)(g pa ) gs( T)(D /7 q )

(20)

0
0.0 0.5 1.0 1.5 2.0 2.5

Tx(& ) (orb. units)

FIG. 3. Scaling of T, ' with Ty, for (Per)2[Pt(tnnt)z].

which is field independent. The data of Fig. 4 for the fre-
quency dependence, though taken in a limited field
domain, give some indication of a saturation of T j at
HO=15 kG, which implies a value of ~, =2.5X10 sec.
One must note here that in both limits only the first term
of (17) matters.
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For the intrachain dipolar term only an expression of the
form (14) is important by taking r, =4 A as the average
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distance between the protons and the center carbons of
the perylene molecule. The evaluation of the dynamic
response functions for a 1D interacting electron gas has
been done in several contexts, "" and some of the previ-
ous results can be transposed to the present discussion.
Starting from expression (14), which can be written as

kg T(gpss ) g (ro )b dq X."(q,~~)I&~~
II 5m II

00.0
I

0.1 0.2
H (kG )

I

0.5 0.4

FIG. 4. Field dependence of the 'H nuclear-spin-lattice re-
laxation rate of (Per}z[Pt(mnt}2] (circles) and (Per}&[Au(mnt}2]
(triangles) at room temperature.

(22)

As for the contact term, it is related to the transverse
spectral function G~(co, ), and it will involve an electronic
spin flip in the applied magnetic field. It is then useful for
T&,' explicitly to put the dependence on the electronic

Larmor frequency cu, so that

T
1 kg T(gag ) 'l A l'yfv tr ' J dq X&'(q, tu, )I~,

2. (Per)2 (Au(rnnt)z7

T] '=T) d +T (21)

For the case of (Per)2[Au(mnt)z] compound, there are
no localized spins on the dithiolate chains and the relaxa-
tion of the protons comes from the fluctuating field pro-
duced by the spins of itinerant electrons along the
perylene stacks. No Knight-shift measurements have
been performed on the protons of perylene, and therefore
the amplitude of the contact term for the relaxation is not
known. Furthermore, the T, ' field dependence for the
gold compound in Fig. 4 is quite weak in the range of
field available so that it is difficult to estimate the impor-
tance of the dipolar source of relaxation with respect to
the contact source of relaxation. In the following we will,
therefore, be interested in the contributions

(23)

Here y,"(~~ is the imaginary part of the retarded spin sus-
ceptibility along the z (l) direction, and A is the hyperfine
local coupling constant.

The spectral weight of interest for spin fluctuations in
one dimension is concentrated near q-0 and q-2kF,
where kF is the Fermi wave vector. " At small q
(ql «1) and co (cur«1), however, spin fiuctuations will
become diffusive. Since co, )&co&, we will consider the
particular but realistic situation where the condition
co&~(& 1 makes the dipolar term sensitive to the diffusive

spin fluctuations, whereas, for the contact term, the con-
dition co, ~&)1 allows us to prove only nondiffusive fluc-
tuations. When electron-electron interaction is included,
the expression for X,(q, co) at small q and co in the
random-phase approximation is given by"

X,(q, co~ ) =fip~Eg 'X, (q, tott )I[1—
—,'g, ( T)(rru~fi) 'X, (q, cotv )]

where

(24)

X (q toe)=(Doq +r )l[(Doq +r ) ttox] (25)

is the impurity-averaged bare susceptibility in the presence of an intrachain lifetime ~, for uniform spin fluctua-

tions. X,(q, to~) has been normalized to the Pauli susceptibility, and Do =u~ r is the diffusion constant in one dimen-

sion. uF =uz(1 g4/2vr6uF) is the —effective velocity for spin excitations, and g4 is the small momentum-transfer part of
the electron-electron interaction. g&(T} is the electron-electron backward-scattering coupling constant, which is loga-
rithmically screened from its bare value g & by 1D many-body effects according to

g &
( T)=g &

/[1+ ( vn5uP ) g, ln(EF /k+ T )], (26)

with Eg =Rugk~ (kz=n/2b) for a q.uarter-filled band. Therefore the static magnetic susceptibility is enhanced by g,
when the temperature is increased. The expression of the relaxation (20) in the diffusive sector then becomes

T, d (0& ~qI &&l ')= —Rk&TJ (ro )Eg [1—g&(T)(2vrh'ug) ') ~ (co&r) '~ p(co&),
II 5

(27)
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where the diffusion constant in p(tv~) is replaced by Do.
The diffusion dynamics for itinerant electrons imposes a
temperature dependence of the form Ti d o- Ty, ~ (T),
which is different than the one found in (16) in the local-
ized case. The increase with temperature of the short-
range efFective electron-electron interaction in (23) will
enhance the relaxation rate with respect to an ideal metal
Korringa law (T, ' ~ T). This is consistent with the T, '

versus T profile of Fig. 5, which clearly shows an upward
curvature in the high-temperature domain. It is
worthwhile to mention, however, that the enhancement
of the relaxation is less important than the one found for
the Bechaard salt series. ' This must be put together
with the observation for (Per)2[Au(mnt)2] of a weak
enhancement of g, with temperature. ' Another remark
concerns the thermal dilatation, which also contributes to
the increase of y and of ( T, T) with T. This effect is
not included in the constant vo1ume of theory presented
here. This further reduces the effects of interactions and
then indicate that the coupling constant g, /ir))ivF is
indeed small.

In contrast to uniform spin fluctuations, which grow in
amplitude with the temperature, the contribution of 2k+
spin Auctuations in the 1D metallic system with Coulomb
interaction is well known to become singular at low tem-
perature. Near 2k+, their nondiffusive character can be
considered dominant. First-order renormalization-group
calculations have shown that the auxiliary 2kF spin-
density wave response function

y(q —2k~, T,co)= [1 g, (vrhug )—
Xln[max(ks T, Bur*;q, Ace)/EF*]] '

y,"(q 2k—z, co)~g(q —2k~, T)yo, (co), as co~0,
where

(29)

yo', (co) =(gps ) i')i real(32' k~ T) (30)

is the imaginary part of the bare 2k~ spin-density wave
response function at small cu for a quarter-filled band.
The q integration of (22) in the range ))ivF*~qI &k)iT
around 2kF leads to

T, z (q-2k+)= Rkj)TJ (ro )Eg ~g(2k+, T)1,dII E 40 8 0II E (31)

for fin& &(kz T. This form leads to a nonuniversal
power-law enhancement of the quantity (Ti ~ T) ' at

II

low temperature.
If we now focus on Ti,' in (23) coming from the con-'

II

tact term, we first remark that in the absence of diffusion
(oi, ~&&1} for the small q spin fluctuations the magnetic
susceptibility is dominated by paramagnons type of exci-
tations. In RPA, one has"

yi(q, co) =y~(q, cv)/[ I —
—,'g, (T)y~(q, co) ] . (32)

where g~ is the bare transverse susceptibility. For a
linearized spectrum, the imaginary part of g~ is

y = (2))im.uF* ) '(2g2 —g, ) & 0,
which is a function of the bare forward- (g2) and the
backward- (gi) scattering coupling constants. For small
co, g(q —2kF, Tl is related to g"(q —2k~, co) in the follow-
ing way:

X [max(kii T&AuFq, Aced)/EF ]

has a power-law singularity with an exponent

(28) gj '( q, co ) = ,' (gps ) fivF q —/EF*5(m uF q )—
and one gets from (23)

T, ,' (q-0)= ,'fikriTy~l A—l'

(33)

XEg [ 1 (2irfiuF* } 'g,—( T) ] (34)

(Per )&Au(znnt)q

~ ~

~ gN ~
~0

I

~ ~ 0

I ) I ) I

50 3001 00 1 50 200 250
Temperature (K)

FIG. 5. Temperature dependence of 'H nuclear-spin-lattice
relaxation rate (T, ') for (Per)i[Au(tnnt)zj. Note the upwards
deviation to the Korringa law ( Tl ' o- T}.

for A'cu, &(k&T. One then recovers the characteristic
T, ,' (q-0) ~ Tgj(T) scaling form in presence of
nondiffusive 1D paramagnons, which enhance the relaxa-
tion rate in the high-temperature domain. Comparing
(34) and (27), it is the contact term that gives the strong-
est deviations to a noninteracting linear temperature
dependence. However, since the amplitude of the
hyperfine coupling constant 3 is not known together
with the observation of a relatively weak enhancement of
the magnetic susceptibility at high temperature and the
absence of field dependence of the relaxation (see Fig. 4),
we are not in a position to single out which contribution,
diffusive or nondiffusive, dominates the relaxation rate at
high temperature for (Per)&[Au(mnt)2].

Near 2k+, the power-law enhancement of T&,' is ob-
II

tained in a way similar to the one leading to (31), and it is
given by

(q 2k~) = Ryjvk)i T}A~ Eg ~g(2k~, T),
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which is valid for fico, «k&T. Otherwise, one replaces
k~ T by A'cv, in (26) and (28), and in this high-field domain
the two contributions of T, ,' are depressed by the mag-

netic field.
From the data of Fig. 5, no enhancement of ( T, T) ' is

seen down to the lowest temperature reached. Assuming
that the assembly of perylene chains still remain one di-
mensional, this indicates that the value of exponent y
should be small. Owing to the weak high-temperature
enhancement of the susceptibility' and of T, ' (Fig. 5),
one can infer that the values of the coupling constants g &

and g2 are relatively small. This is not so surprising if
one considers that the perylene molecule is large and
highly polarizable. This is known to favor a weak
electron-electron coupling constant. Very precise T, '

measurements in the low-temperature domain are, how-
ever, needed to confirm the weakness of g2."

C. Electron paramagnetic resonance

The first detailed EPR measurements performed by Al-
cacer and Maki on (Per)2[Pd(mnt)z] already showed
some rather nice peculiarities of the magnetic properties
of this type of compound. The EPR spectra, taken be-
tween room temperature and 77 K, shows that the three
principal values of the g tensor are temperature depen-
dent with a growing anisotropy that evolves toward those
of magnetically dilute [Pd(mnt)z] complexes as the
temperature is lowered. Actually, no superimposed line
at g, =gp„-2.003 of magnetically diluted perylene+,
was found. Therefore the observed temperature depen-
dence of the g tensor was interpreted as the signature of
sizable exchange interaction between the two different
Pd(mnt)2 and the perylene spin systems.

Direct consequences on the thermal dependence of the
EPR spin-lattice relaxation rate T', are to be expected.
T&

' and the linewidth AH are essentially proportional to
each other when small spin anisotropy is present. One is
therefore confronted to a problem similar to the one en-
countered in dilute magnetic alloys in higher-dimensional
systems where the exchange interaction between the lo-
calized spins of magnetic ions and those of conduction
electrons imposes very characteristic features to the EPR
spectra as well as to its temperature dependence. Actu-
ally, exchange interaction will lead to interchain spin-Aip
processes between the two different stacks. The resulting
exchange of angular momentum is sufticiently rapid that
the relaxation and the thermal line broadening of the two
coupled spin systems can only be achieved through the
lattice. This particular situation is well known as the
"bottleneck" regime of relaxation. Using a molecular-
field-like treatment for the coupled equations of motion
of both spin systems in presence of the different channels
of relaxation, the "bottleneck" regime is characterized
b 35

6H=AH(0)+cT, (37)

where bH(0)=y, 'T,', ', c =kz(g, Ig, )bH„~n 'N(0),
with n as the number of localized spins per unit cell dis-
tance b and N(0) =(irtrrvg )

' as the density of electronic
states at the Fermi level. We have reproduced in Figs. 6
and 7, the EPR susceptibility data for (Per)2[Pt(mnt)2]
for 6 K& T &50 K as obtained by Henriques et al. En

the geometry used in this experiment, a single line at
g, &g=2.016&g, was observed. From Fig. 6, we first
note that the EPR intensity temperature profile is clearly
consistent with the susceptibility data of Fig. 1 obtained
by the Faraday method, thereby indicating that the spin
of the platinum chains dominate the EPR signal. The
data also show that a phase transition takes place at
T, =7 K, where the EPR intensity drops off abruptly.
The disappearance of the spin degrees of freedom is thus
compatible with a spin-Peierls type of ordering. As for
AH, Fig. 7 shows that it is linear with T above the critical
spin-Peierls domain, and this is highly suggestive of a

(Per) Pt (mnt)

g=2.016

00 20

Temperature (K)
40

y, and g, stand for the related bare susceptibilities. Tc]
'

and Ts&
' are small quantities because of the slow mecha-

nisms involved for the relaxation imposed by the lattice.
In the case of (Per)&[Au(mnt)2], for example, the absence
of localized spins makes the EPR signal directly accessi-
ble to T,'I ' -y, hH, &. From the EPR data of Henriques
et al. obtained on the gold compound, it turns out that
b,H, i is indeed quite small (-0.5 G) and very weakly
temperature dependent. Therefore, in the above condi-
tions, the temperature dependence of the EPR linewidth
for the two coupled spin subsystems is expected to be
linear:

T —i T —i +(~opto)T'— (36)

Here T,'& ' and T,'& ' are the conduction electron and the
localized spin-lattice relaxation rates, respectively, while

FIG. 6. The integrated intensity of EPR signal for
{Per)2[Pt{mnt)2], after Ref. 5.
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45 sponding total Hamiltonian can be written as

H =Hpc (gi g2)+HM(J)+Hi (38)

30—
where Hp„ is the Hamiltonian for the interacting con-
duction electrons and HM is the localized spin part that
contains the direct spin-spin exchange term. The inter-
chain Kondo-like coupling can be expressed in the form

15— Hi= Ji;.S; x -s. xdx . (39)

00 30

Temp er atur e(K)
60

FIG. 7. EPR linewidth as a function of emperature for
(Per)z[Pt(mnt)2], after Ref. 5.

IV. DISCUSSION

The existence of an exchange coupling between local-
ized spins and itinerant electrons would allow us to look
at (Per)2[M(mnt)2] compounds with M=Pt and Pd as
realizations of a two-chain 1D Kondo lattice. The corre-

"bottleneck" regime of spin relaxation characterized by
b,H(0)=3.5 G and c=0.74 G/K. The abrupt increase
of the linewidth as we approach T

p
is also interesting.

Indeed, since a "bottleneck" type of EPR relaxation is
dependent on the concentration of spin degrees of free-
dom (c ~ n '), a vanishing n at T, would then imply a
singular increase of hH, as observed. However, the data
of figure do not show any 1D precursors for T ~ T, =20
K, where deviations to the Curie-Weiss are clearly seen
for the susceptibility (Figs. 1 and 6). One should point
out, however, that the macroscopic approach leading to
(38) is mean field like and does not include fiuctuations
effects. In this respect, it is not ruled out that lattice Quc-
tuations will afFect both n and N(0) For the la.tter, the
observation of an upturn of resistivity below T,~ (Ref. 2)
can originate to some extent from a decrease of the densi-
ty of states at the Fermi level. An obvious shortcoming
of the fiuctuation-free expression (38) resides in the value
of AH,

&

——6X 10 G obtained from the apparent slope of
AH versus T when the maximum value nb = 1 is taken for
the spin density with the value bN(0) =1.3 states/eV ob-
tained from the thermoelectric power data of Ref. 3.
Therefore AH,

&
is almost four orders of magnitude higher

than b H (0)=b H, i and the observed linewidth for the
gold compound. The discrepancy can be reduced to
some extent if one takes the effective and smaller value of
n deduced from the susceptibility data. ' The agree-
ment remains only qualitative, however.

Here S,.(x) and s (x) are the electronic spin operators for
nearest-neighbor platinum (i) and perylene (j) chains, and
x is the position along the b direction. J~ is the exchange
coupling taken as antiferromagnetic (Ji )0). Depending
on its amplitude and the band filling, a Kondo lattice is
well known to present either a Kondo scattering or a
magnetic modulation instability of the localized
spins. The latter is induced by the so-called
Ruderman-Kittel-Kasuya- Yosida (RKKY) indirect ex-
change coupling JRz~v(2k~, T). In the present case, this
spin-spin interaction is generated by the 2k~ spin-density
wave instability of the perylene stack, which is singular in
one dimension [JRKKv(2kF, T) Jig(2kF, T), see Ref.
37]. As far as the Kondo screening is concerned, one
should note that for a Kondo lattice like
(Per)&[M(mnt)z], which has a quarter-filled band for the
conduction electrons and one localized spin per
[M(mnt)2] molecule, there are not enough conduction
electrons to achieve a perfect Kondo screening. ' It is
worth pointing out, however, that the actual value of n as
deduced from the susceptibility data' was found to be
smaller than 1. This effect can then be interpreted as a
result of a partial screening of the localized spins. Al-
though the amplitude of J~ can be sizably renormalized
and increased, the Kondo effect, being incomplete, gives
place to the RKKY instability. The latter is obviously
not observed either. Instead, one has the remarkable ex-
perimental fact that the coupling phonons make such a
system unstable towards a lattice distortion.

As already mentioned, despite the clear confirmation
by NMR and EPR of the existence of localized spins on
the dithiolate stacks, the microscopic origin of this ap-
parent spin-Peierls phase transition is not so clear.
Indeed, from x-ray experiments 1D lattice correlations
are found to be already well developed, whereas the anti-
ferromagnetic correlations of localized spins do not show
any evidence for quantum dynamics and, in turn, no spa-
tial extension (T, )0). For (Per)z[Pd(mnt)2], the situa-
tion is even worse, since, from x ray, T, =100 K and
T

p
28 K, while the Curie-Weiss temperature estimated

from the high-temperature data of Alcacer and Maki is
found to be only 0-20 K. This would imply for exam-
ple, that at T,„, the one-chain correlation length for di-
merization becomes macroscopic, while the magnetic one
is still of the order of the unit cell distance b f. It follows
that the standard approaches' ' to the spin-Peierls tran-
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sition, which are all fixed to the condition T, «0™,can-
not be applied in a straightforward way. It is known that
the only prerequisite to stabilize a dimerized ground state
for a linear chain of spins is its capacity to develop quan-
tum spin dynamics, although this condition would be
satisfied in the present isotropic spin case with S =

—,
' for

thermal energies k~T smaller than the characteristic en-

ergy scale J=k~O. Therefore, it is not so clear how
strong 1D lattice softening precursors can appear in a
temperature domain where thermal magnetic Auctuations
apparently dominate. Yet, NMR and EPR results show
clear evidence for the localized spins to be involved in the
transition.

It is thus of interest to look for other possible contribu-
tions to quantum spin dynamics and more specifically for
the possible role played by the neighboring perylene
stacks in the transition. Two scenarios with their respec-
tive relevance will be discussed. First, the 1D metallic
conditions that prevail along the perylene stacks will
favor the development of 2k+ and even 4k~ density-wave
correlations. This is known to occur below the highest-
energy cutoff of Hp„ in (37), namely, the Fermi energy
E+-0.5 eV. Of course the amplitude of the singularities
for the related response functions are strongly dependent
on the electron-electron interaction [c.f. (29)]. One can
infer that, in order to observe x-ray diffuse scattering at
qo=+/b, the bond charge correlations of the dithiolate
stacks would be precisely coupled via the direct Coulomb
interaction to the 4kF charge-density-wave Auctuations of
neighboring perylene stacks. This in turn, can give rise
to a large temperature domain of 1D lattice softening
precursors. The weakness of this scenario, however, re-
sides in the complete absence of diffuse scattering for
(Per)2[Au(mnt)2] at both 2k+ and 4kF. This shows that
these density wave Auctuations are either small or their
coupling to the perylene lattice is extremely weak.

Another interesting possibility emerges if one considers
the inAuence of the spin-spin interaction JRKK~ mediated
by the conduction electrons. Being proportional to
Jig(2k~, '1), this interaction, though small at high tem-
perature, will grow under the inAuence of the singular be-
havior of y(2k~, T) [see (29)] and to some extent from the
effect of the partial Kondo screening on J~. Although we
have no idea of the net amplitude of JR«z, there is no
doubt that this will bring additional quantum Auctuations
for the localized spins degrees of freedom. A difticulty
arises, however, when one tries to match the perylene
spin-density modulation wave vector 2kF =m/2b with the.
one of the lattice modulation qo= n/b, which is twice as
large.

The RKKY interaction will therefore weaken antifer-
romagnetic correlations at qo=~/b. Moreover, accord-
ing to a recent work, it turns out that this mismatch is
sufficient to give rise to a negatiue or ferromagnetic con-
tribution to the Curie-Weiss constant O. Therefore, this
suggests that the direct antiferromagnetic exchange J be-
tween spins is likely to be larger than the estimated 8
from the susceptibility data. The consequences of this on
the stability of the lattice at qo=m/b is not clear at the
present time.

At this point it is important to emphasize that the
rather puzzling properties of M(mnt)2 spin chains are
apparently peculiar to the (Per)2[M(mnt)2] type of com-
pound. In this respect, it is worthwhile to mention that
the one-chain compound Lio sz(H20)2[Pt(mnt)2] presents
metallic properties at high temperature and is followed
by the observation of 1D diffuse x-ray scattering at 2kF
located above a regular incommensurate Peierls distor-
tion at T =215 K." The metallic properties of the
dithiolate chains occur despite an intermolecular distance
along the stacking axis that is essentially the same as the
one found for (Per)2[M(mnt)2]. ' Furthermore pre-
liminary band calculations' made for (Per)2[Pd(mnt)2]
show that the lowest unoccupied molecular (LUMO) or-
bitals of the dithiolate molecules overlap to form a band
dispersion of 0.4 eV, which is not too far from the 0.75
eV previously found for the lithium compound. No
doubt that the fact that the band is not half-filled in this
case should play a major role in the existence of metallic
properties. Actually, in contrast to the lithium corn-
pound there is one negative charge transferred for each
M(mnt)2 complex so that the dithiolate bands are half-
filled, which is known to lead to a Mott-Hubbard type of
localization. As the temperature scale of the insulating
properties depends on the value of the one-site repulsion
U, the Curie-Weiss type of susceptibility data shows that
the value of U must exceed the bandwidth. Taking the
standard expression J =2t /U for the intermolecular ex-
change in the large-U limit and the estimated value of0-J/kz —-20 K, one finds a ration t/U —10, which
thus implies a quite large value for the one-site repulsion
U. This puzzling result is somewhat surprising if one
considers that the LUMO orbitals for M(mnt)2 (Ref. 34)
have a sizable polarizability.

In conclusion, this work has shown that the low-
temperature susceptibility and the nuclear relaxation rate
data of (Per)2[Pt(mnt)2] give firm evidence for a 1D
spin-Peierls instability on Pt(mnt)2 stacks of localized
spins below 40 K, in agreement with previous x-ray stud-
ies. In contrast, a weakly enhanced metalliclike T,
temperature profile has been found for (Per)2[Au(mnt)2],
which has no localized spins. The linear scaling relation
between T&

' and Tg, found for all temperatures of the
1D regime for (Per)z[Pt(mnt)2] has emphasized the
diffusive and the weakly correlated character of the local-
ized spin degrees of freedom. The absence of quantum
spin dynamics, however, was found to raise some basic
and unanswered questions about the microscopic driving
force of the spin-Peierls instability. From the analysis of
the existing data for the EPR linewidth temperature
dependence, which confirms, at least in a qualitative way,
the existence of a Kondo-like interstack exchange cou-
pling between localized spins and itinerant electrons, it
was conjectured that the RKKY-induced interaction be-
tween localized spins can play an important role in the
dynamics of the transition. It is clear that additional ex-
perimental works on other members of this family, which
are now under way, are needed in order to get a more
complete understanding of this interesting family of com-
pounds.
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