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Enhanced effects of local moment–carrier couplings in the high-purity alloys
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Utilizing techniques for synthesizing very pureM (pc), (pc5phthalocyanine), we prepared alloys of the
type CuxM12x~pc!I, M5H2 or Ni to examine the interaction between the conduction electrons and the local
moments associated with theS5

1
2 CuII metal ions embedded in the macrocycle center. The effects of the local

moments, which include large decreases in conductivity and large positive magnetoconductivities, are greatly
enhanced in these purer materials. Introduction of 5% Cu~pc! reduces the conductivity by a factor of 3. This
same alloy shows a positive magnetoconductivity with a relative increase in conductivity of tenfold; this effect
is four times greater than that observed in Cu0.05Ni0.95~pc!I made from commercially available material. Mag-
netic studies including susceptibility and electron paramagnetic resonance confirm that the two spin systems
are strongly coupled. A magnetic susceptibility fit to a Curie-Weiss expression yields a Weiss constant,uuu, that
increases linearly withx, the Cu content. The slope ofuuu is explained in the companion paper by Martin and
Phillips @Phys. Rev. B60, 530 ~1999!#. @S0163-1829~99!04521-X#
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INTRODUCTION

Quasi-one-dimensional~q1D! conductors are of great in
terest because they display such features as charge-de
waves~CDW’s!, spin-density waves~SDW’s!, and anion or-
dering, that can lead to unusual phase transitions and m
netic properties.1–4 The interaction of local moments wit
conduction electrons, which gives rise to such character
phenomena as the Kondo effect in three-dimensional me
has not been studied as extensively in one-dimensio
systems.5–13 We have been examining this phenomen
within a family of q1D conductors based on the mac
cycle phthalocyanine ~pc!, the molecular metals
@M (pc)#0.331(I3

2)0.33. Substitution of a paramagnetic met
ion such as CuII (S51/2) into pc leads to a unique situatio
wherein the itinerant carriers associated with the macroc
and the local moments associated with the metal ion coe
on thesamemolecule, and thus, thesameq1D stack. This
may be contrasted with the system of (perylene)2M (mnt)2 ,
M5Pd or Pt, which forms a family of q1D molecular con
ductors where the conduction electrons are associated
the perylene stack while the local moments are associ
with the M (mnt)2 stack.11,12

Magnetic susceptibility measurements of Cu~pc!I,
and of the alloys CuxNi12x~pc!I, and Cu~tatbp!I
(tatbp5triazatetrabenzoporphyrin) have shown a Cur
Weiss component due to the presence of CuII local moments
and a Pauli term from the conduction electrons associa
with the pc ring.5,6,14 However, EPR studies showed on
one signal from these two spin systems, which demonstr
that the CuII local moments are exchange coupled to
conduction electrons. The spin-exchange coupling betwe
local moment and the carriers in a metal is described sc
matically by the Hamiltonian term15

Hs2d52Je2dSd•se, ~1!
PRB 600163-1829/99/60~1!/523~7!/$15.00
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whereSd represents the local moment spin,se is the carrier
spin, andJe2d represents the coupling between them. Stud
of the CuxNi12x~pc!I alloys further showed that the couplin
of the local moments and the itinerant carriers leads
carrier-mediated Cu-Cu exchange interactions along the o
dimensional stacks of the form16

H5(
i , j

J~ i , j !Si•Sj. ~2!

This indirect interaction was found to be substantially stro
ger than the direct Cu-Cu exchange coupling between ne
bors along a stack.17

The CuII local moments in these materials strongly su
press the conductivity through spin-flip scattering; the ma
mum conductivity decreases with increasing levels of Cu a
the temperature at which the maximum conductivity occ
increases.5–7,14However, for small values ofx, these materi-
als show large increases in conductivity upon application
a magnetic field~positive magnetoconductivity!,7 because
the field freezes the local spins thereby decreasing the s
flip scattering of the carriers by the Cu~II ! local moments. At
low temperatures and high Cu concentrations, there is a
quency effect in the conductivity that manifests itself as
sharp enhancement in the microwave conductivity at 1
GHz as compared to that seen in the four-probe meas
ments~27 Hz!. This appears to reflect a novel carrier a
local moment relaxation mechanism that results from
carrier-mediated Cu-Cu coupling.6–8,14

We have recently found that the purity of theM (pc) pre-
cursors dramatically affects the low-temperature char
transport properties of theM ~pc!I materials, with the con-
ductivity maximum of H2~pc!I and Ni~pc!I at low
temperature being improved from the previously repor
value of five times greater than that at room temperature18,19

to ;30-fold or more.20–22 Therefore, we have used thes
523 ©1999 The American Physical Society
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524 PRB 60JULIA A. THOMPSONet al.
high-purity materials to examine the effects that local m
ments have on the intrinsic charge-transport and magn
properties of these q1D conductors by using the high-pu
M (pc) parent materials to prepare and study
CuxH2(12x)~pc!I alloys and to reexamine the CuxNi12x~pc!I
alloys. The nature of the local moment-itinerant spin co
pling in the newly prepared alloy systems, CuxH2(12x)~pc!I
and CuxNi12x~pc!I is explained in a companion paper b
Martin and Phillips23 in which they extract a value for th
carrier-mediated exchange interaction.

EXPERIMENTAL

Synthesis of CuxM12x(pc)I , M5H2 and Ni. High-
purity H2~pc! and Ni~pc! were prepared as reported earlier20

high-purity Cu~pc! was prepared similarly.21 Dark-green
crystals of CuxM12x~pc!I, M5H2 and Ni, at the desired
composition were prepared as described before.6 For M
5H2, alloys of the ratiosx50.01, 0.02, 0.05, 0.10, 0.25
0.35, 0.50, 0.75, 0.90, and 1.0 were prepared. Because
ies have already been done on the CuxNi12x~pc!I system,
fewer alloys were prepared from the high-purity parent m
terials: x50.05, 0.25, 0.50, and 0.75. Previous studies
MxNi12x~pc!I alloys, whereM5Cu or Co, demonstrated
that theM (pc) to iodine ratio is indeed unity, that theM :Ni
ratio is the same as that of the starting mate
MxNi12x(pc), and that theM (pc) units are homogeneous
distributed throughout the crystals.6,24 The CuxM12x~pc!I,
M5H2, and Ni alloys prepared here behave similarly,
described in detail elsewhere.21

Conductivity measurements.Single crystals were
mounted on graphite fibers with a locally prepared palladi
paste. Measurements of the four-probe ac~27 Hz! conduc-
tivity along the stacking axis were performed
described20,21 at temperatures between 300 and 1.85 K a
magnetic fields of 5 T. Room-temperature conductivit
ranged from 150 to 700V21 cm21 for these alloys. The mi-
crowave conductivity and magnetoconductivity data at 1
GHz were obtained utilizing a cavity perturbatio
technique,25 with the capability of application of a transvers
magnetic field of up to 10 T.

Magnetic measurements.EPR and magnetic
susceptibility measurements were performed
described.20,21 The susceptibility data for the
CuxH2(12x)~pc!I and CuxNi12x~pc!I alloys were initially fit
to a Curie-Weiss susceptibility law associated with t
CuII (S5 1

2 ) local moments plus a term for the temperatu
independent Pauli paramagnetism of the carriers,

x5xP1
C

T2u
. ~3!

Previous studies on Cu~pc!I and Cu~tatbp!I, show that the
susceptibility does not follow the above equation down to
lowest available temperature~2 K!,5,6,14,17and thus, the sus
ceptibility fits for largex were done over a truncated tem
perature range of 50–8 or 10 K to emphasize the contr
tion from the Curie-Weiss term. However, asx decreases, the
contribution of this term decreases proportionately (C}x),
and so does the temperature at which deviation from Cu
Weiss behavior is observed. Thus, we extended the fits d
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to lower temperatures for decreasingx. Plots of 1/x vs T
were used to aid in determining the low-temperature cu
for the fits. Variation of the high-temperature limit for the fi
did not significantly alter the fit parameters. The results
the fits to Eq.~3! are given in Tables I and II along with th
temperature range of the fit. We also fit the susceptibi
data over the same temperatures to the follow
equation:26,27

x5
xP

~12u/T!
1

C

~T2u!
, ~4!

which self-consistently takes into account the coupling
tween the local moments and the conduction electrons.
parameters derived from the two equations were indis
guishable.

RESULTS AND DISCUSSION

Four-probe conductivity. To appreciate the effects of in
corporating paramagnetic CuII~pc! units into a partially oxi-
dizedM (pc) stack,M5H2 or Ni, we first recall the conduc-
tivity of high-purity H2~pc!I and Ni~pc!I; as the data for
Ni~pc!I is similar, we show only that for H2~pc!I in Fig. 1.
The room-temperature conductivities for high-purity H2~pc!I
and Ni~pc!I are similar to earlier values, withs(RT)
'500V21 cm21.18,19,28–30 As the temperature is lowere

TABLE I. Composition and magnetic susceptibility data f
CuxH2(12x)~pc!I alloys.

x xmeas
a Ccalc Cmeas

b u Temp. range
~emu K/mol! ~K! ~K!

0.02 0.008 18 0.0094~8! 21.2~6! 300–5
0.05 0.06~1! 0.020 45 0.020~4! 21.0~1! 300–5
0.10 0.14~6! 0.040 9 0.0410~3! 21.42~5! 300–5
0.25 0.23~6! 0.102 25 0.102~3! 21.8~3! 300–8
0.35 0.42~4! 0.143 15 0.1465~6! 22.25~7! 300–8
0.50 0.52~5! 0.204 5 0.193~1! 22.62~5! 300–8
0.75 0.306 75 0.320~3! 23.5~2! 300–14
0.90 1.04~4! 0.368 1 0.367~3! 23.7~1! 300–14
1.00 1.07~3! 0.409 0.386~1! 23.86~6! 300–14

aValues determined by EDAX measurements on single crystals
bCurie constant determined by fit of susceptibility data toxM

5C/(T2u)1xP , Eq. ~3!.

TABLE II. Composition and magnetic susceptibility data fo
CuxNi12x~pc!I alloys.

x xmeas
a Ccalc Cmeas

b u Temp. range
~emu K/mol! ~K! ~K!

0.05 0.036~9! 0.020 45 0.0294~9! 21.6~2! 300–5
0.25 0.020~1! 0.102 25 0.121~2! 22.0~1! 300–8
0.50 0.49~5! 0.204 5 0.203~1! 22.14~6! 300–8
0.75 0.74~4! 0.306 75 0.307~3! 22.96~1! 300–14
1.00 1.07~3! 0.409 0.392~1! 24.20~6! 300–14

aValues determined by EDAX measurements on single crystals
bCurie constant determined by fit of susceptibility data toxM

5C/(T2u)1xP , Eq. ~3!.
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from 300 K, the conductivities of these two high-purity com
pounds increase in a metallic fashion with decreasing t
perature over the temperature range 300–;3 K, where they
reach a maximum, and then slightly~10–40 %! decrease
upon further cooling to 1.9 K.20 At the conductivity maxi-
mum, Tmax;3 K, the absolute conductivity is;1 – 2
3104 V21 cm21, representing an increase in conductiv
over that at room temperature ofs rel

max5s(Tmax)/s(300 K)
'30. In contrast, earlier studies on H2~pc!I and Ni~pc!I gave
values ofs rel

max'2–7 andTmax'15– 25 K.18,19,29–33

Plots of the temperature dependence of the normal
conductivity data for the two series of alloys CuxM12x~pc!I,
M5H2 and Ni, are also presented in Fig. 1. The two all
systems behave similarly. For each composition withx.0,
the maximum conductivity is reduced from that of thex
50 compound and the maximum occurs at a higherTmax;
belowTmax the conductivity for thex.0 alloys rapidly tends
toward zero with further cooling. The value ofs rel

max de-
creases sharply upon addition of Cu (x;0.1– 0.2) andTmax
shifts correspondingly to higher temperatures~Fig. 2!. In-
deed, incorporation of only 1% CuII into Ni~pc!I or H2~pc!I
causes a twofold decrease ins rel

max, and 5% incorporation
decreasess rel

max from ;30 down to;10. The importance of
this is emphasized when it is noted that the effective dilut
in a 1 D metal is far greater than in an isotropic 3 D metal
because of the reduced dimensionality. Thus, for a 1% d
ing level (x51022) in one dimension, a carrier travels o
average;100 lattice sites before encountering a dopant m
ecule, whereas in a 3D isotropic material, a much lower d
ing level of x51024% (x51026) would give the same av
erage first-encounter distance. Asx is increased beyond
;0.10–0.2,s rel

max and Tmax become weakly dependent onx
with plateau values ofs rel

max;2.5– 5 andTmax;60– 80 K
~Fig. 2, inset!.

The high-purity M~pc!I conductors and their
CuxM12x~pc!I, M5H2 or Ni, alloys show much higher con
ductivities for x,0.25 than reported in previous studies
CuxNi12x~pc!I alloys, and the effects of addition of CuII dis-
played in Figs. 1 and 2 are far more dramatic than s

FIG. 1. Temperature dependence of the normalized sin
crystal conductivity of CuxH2(12x)~pc!I, x50, 0.01, 0.05, 0.25, and
CuxNi12x~pc!I, x50.05 and 0.25.
-

d

n
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-

n

before. Addition of 5% Cu into the Ni~pc!I lattice led to a
decrease froms rel

max;5 to ;4 in the alloy prepared from
multiply sublimed, commercially available material.18,19,22In
general, for x>0.25, the values of s rel

max in the
CuxH2(12x)~pc!I and CuxNi12x~pc!I alloys are similar to
those previously reported for the CuxNi12x~pc!I alloys
which, however, did vary somewhat in different reports.5,22,34

The general agreement at larger values ofx is not surprising
because the present data show thats rel

max is roughly indepen-
dent of the concentration of any impurities forx>0.25.

More careful examination of the composition-dependen
of s rel

max andTmax in the plateau region, 0.25&x&0.8 ~Fig. 2!,
shows modest quantitative differences for the two alloy s
tems that can be attributed to scattering from the rand
potential created by the random occupancy of metal-ion s
along a molecular stack. Thus,s rel

max'2.5 for the
Cu0.5H2~0.5!~pc!I alloy is one-half that of the Cu0.5H2~0.5!~pc!I
alloy, andTmax is ;2 times greater, Fig. 2, inset. Moreove
asx increases from 0.8 to 1.0 in the CuxH2(12x)~pc!I alloys,
the conductivity improves slightly, as reflected in a sm
increase ins rel

max and a small decrease inTmax. These results
are counter to expectation if scattering of the itinerant ca
ers is dominated by interaction with the local moments;
stead they reflect the existence of a second scattering me
nism in the CuxH2(12x)~pc!I alloys. This is confirmed in
other studies on a wide range of NixH2(12x)~pc!I and
NixZn12x~pc!I alloys, which show that the difference in th
p orbital energies of adjacentM (pc) andM 8(pc) units in a
conducting stack causes scattering of the carriers;35 this may
be denoted ‘‘potential’’ scattering in contrast to the spin-fl
scattering from the CuII local moments.

Microwave conductivity. Our earlier work shows tha
microwave conductivity and magnetoconductivity measu
ments can be used to examine the role of spin-flip scatte
of the itinerant carriers by the local moments
CuxH2(12x)~pc!I and CuxNi12x~pc!I alloys. Figure 3 shows
the 16.8 GHz microwave conductivity measurements of a
of CuxH2(12x)~pc!I alloys. For 20 K&T&300 K, these

e-
FIG. 2. Plot ofs rel

max for both alloy systems, CuxM12x~pc!I, M
5H2 and Ni, versus Cu content,x. Inset: Plot ofTmax versus Cu
contentx.
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526 PRB 60JULIA A. THOMPSONet al.
curves have the same general shape as the correspo
four-probe data of Fig. 1, and they exhibit the same decre
in s rel

max and increase inTmax with increasingx. An expanded
comparison of the 27 Hz and 16.8 GHz data f
Cu0.5H2~0.5!~pc!I, x50.50 is shown in Fig. 3, inset. In thi
case the normalized curves agree well down to 10 K. At l
temperatures, the microwave conductivity levels off at so
temperature TP depending on x and approaches
temperature-independent value; in the case ofx50.50, this
plateau value is 1000 times less than that at room temp
ture. The deviation between the four-probe and microw
conductivity has been observed previously in CuxNi12x~pc!I
alloys and is attributed to a type of frequency-dependent
rier relaxation associated with the Cu~pc! local
moments.6–8,14Thus, observation of this same frequency d
pendence in the CuxH2(12x)~pc!I alloys confirms that the
spin-flip scattering mechanism here is similar to that o
served in the previously studied CuxNi12x~pc!I alloys.

Magnetoconductivity. To confirm that the decrease o
s rel

max with increasing x in the CuxH2(12x)~pc!I and
CuxNi12x~pc!I alloys results from spin-flip scattering byS
5 1

2 CuII ions, we measured the effect of an applied magn
field on the four-probe conductivity. Materials with spin-fl
scattering typically exhibit increases in their conductiviti
upon application of a magnetic field.7,15,36,37This occurs be-
cause the field largely quenches the spin degrees of freed
which reduces the probability of a spin-flip scattering eve
and thereby, decreases the effect of the coupling between
local moments and the itinerant carriers. As a control,
prepared the Ni0.25H2~0.75!~pc!I alloy because the NII ion has
no local moments. Figure 4 shows the four-probe magn
conductivities of the Ni0.25H2~0.75!~pc!I and Cu0.25H2~0.75!~pc!I
alloys plotted as the fractional increase in the conductiv

FIG. 3. Normalized microwave conductivity~16.8 GHz! as a
function of temperatures for CuxH2(12x)~pc!I at H50 T ~symbols!
andH510 T ~lines!. X50 ~s!, 0.05 ~,!, 0.10 ~h!, 0.25 ~n!, and
0.75 ~L!. Inset: Temperature dependence of the normalized fo
probe ~ ! and microwave ~ ! conductivity for
Cu0.5H2~0.5!~pc!I.
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induced by the application of a field:Ds(H)5@s(H)
2s(0)#/s(0). Neither alloy shows an effect in a 5 Tfield
for T>20 K. AsT decreases, the magnetoconductivity of t
Cu0.25H2~0.75!~pc!I alloy in this field rises toDs50.6 at T
53 K, then decreases to 0.45 with further cooling to t
lowest temperature available,T51.9 K. In contrast, for the
Ni0.25H2~0.75!~pc!I alloy, Ds becomes negative asT is low-
ered and is small, withDs(5 T);20.04 atT'4 K. This
latter behavior parallels that of ordinary metals.38 With fur-
ther cooling, a small positiveDs is imposed on the weak
negative curve; this likely reflects residual paramagnetic
purities. Thus, the large, positive magnetoconductivity exe
plified by the Cu0.25H2~0.75!~pc!I alloy confirms the impor-
tance of spin-flip scattering in the charge-transport proper
of the CuxH2(12x)~pc!I and CuxNi12x~pc!I alloy systems.

Figure 3 also shows the normalized microwave cond
tivity for a series of CuxH2(12x)~pc!I alloys in the presence
of a 10 T field. Forx,0.50, at the fields and temperatur
available, the conductivity in the applied field always
greater than the zero-field conductivity. Forx>0.50, the
magnetoconductivity is positive in the temperature ran
TP&T&Tmax, but below TP the magnetoconductivity be
comes negative as shown for CuxH2(12x)~pc!I, x50.75 in
Fig. 3.

Although the general characteristics of the microwa
magnetoconductivity of the CuxM12x~pc!I, M5H2 and Ni,
alloys are very similar to those observed previously for
CuxNi12x~pc!I alloys,7,22 the magnitude of the magnetocon
ductivity is much greater in the newly prepared materi
especially for small values ofx. For example, direct compari
son of the data for CuxNi12x~pc!I, x50.05 shows that at;2
K the increase in conductivity in a 10 T field is remarkab
large and over four times greater in the new alloys:Ds/s
58 vs Ds/s51.7.7,22 This may be compared withDs/s
520.05 for the corresponding diamagnetic allo
NixH2(12x)~pc!I, x50.05.35 At higher concentrations of Cu
x*0.25, the new materials show larger field-dependent

r-

FIG. 4. Comparison of magnetoconductivity,Ds/s, of
Cu0.25H2~0.75!~pc!I and Ni0.25H2~0.75!~pc!I for T550– 1.9 K andH
55 T.
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PRB 60 527ENHANCED EFFECTS OF LOCAL MOMENT–CARRIER . . .
fects as well, but these increases are not as pronounce
those found for low values ofx.

At temperaturesTp,T,Tmax the magnetoconductivity o
both high-purity CuxM12x~pc!I alloys increase linearly with
H2,7,15 as shown forT512 K in Fig. 5 for Cu0.5~H2!0.5~pc!I
for which TP'4.5 K. However, forT&TP the magnetocon-
ductivity of this material has a complicated field depende
~Fig. 5!. Similar behavior was reported for th
CuxNi12x~pc!I alloys.7,22 Full analysis of the unusual mag
netoconductivity observed in the CuxM12x~pc!I, M5H2 and
Ni, alloys will be presented in a separate paper.39

Magnetic properties. EPR measurements confirm th
the conduction electrons and the local moments are tig
coupled in both the CuxH2(12x)~pc!I and CuxNi12x~pc!I al-
loys. Both systems exhibit spin coupling between the CII

local moments (gi52.18 andg'52.05) and thep conduc-
tion electrons (g52.0) that leads to a single EPR signal wi
axial symmetry andgi.g' . The observedg values are
susceptibility-weighted averages of those for the two s
systems. Thus,~i! at any temperature bothgi andg' increase
with increasing Cu~pc! content, and~ii ! both gi and g' in-
crease in value with decreasing temperature and appe
approach theg values for isolated Cu~pc!, gi52.18 andg'

52.05. The latter follows because the CuII spins have a
Curie-Weiss susceptibility that increases at low temperat
whereas the conduction electrons have a roug
temperature-independent Pauli susceptibility.

Earlier X-band EPR studies on the CuxNi12x~pc!I alloys
reported large increases in the parallel linewidth below 10
and increases ofgi to values even greater than 2.8.6 EPR
measurements on CuxNi12x~pc!I, x50.50, show similar be-
havior; asT is lowered from 4.2 to 2 K,gi increases from
;2.17 to;2.3 and the linewidth increases twofold, Fig. 6.
a surprising contrast, theg values for the CuxH2(12x)~pc!I,
x50.25, 0.35, and 0.50, alloys remain at the Cu~pc! limit for
2<T<4.2 K, and the linewidths do not increase.

Susceptibility measurements provide a measure of
strength of the coupling of the CuII local moments to the
conduction electrons. The high-temperature susceptibility

FIG. 5. MagnetoconductivityDs/s of Cu0.5H2~0.5!~pc!I as a
function of H2 at T512.05 and 1.91 K.
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a metal doped with paramagnetic metal ions can be descr
as the sum of two terms@Eqs. ~3!,~4!#: a temperature-
independent Eq.~3! or nearly independent Eq.~4! contribu-
tion from the conduction electrons, and the Curie-We
term, representing the contribution from the local momen
We fit the susceptibility data as described in the experime
section. The Curie constantC depends linearly on the Cu~pc!
fraction in both the CuxM12x~pc!I, M5H2 and Ni alloys,
and the slopeC0 agrees well with the expected value,C0

5Ng2mBS(S11)/3kB @Tables I and II#; a small residual
term asx→0 reflects the presence of powder defects a
residual magnetic impurities in the parent compound40

Mean-field theory for local moments in an insulator predi
that the absolute value ofu, the Weiss constant, varies lin
early from 0 asx increases and an indirect coupling of th
local moments through the conduction electrons can be
scribed in terms of a Weiss constantu that is a simple, linear
function of x, with uuu→0 asx→0. The absolute value ofu
does vary approximately linearly withx with a slope of'3
K, but with a nonzero intercept atx50 ~Fig. 7!; this behav-
ior is similar to that previously seen for CuxNi12x~pc!I al-
loys. The intercept,u res;1 K is attributed to the powder de
fects and residual magnetic impurities in the pare
compounds.40 The susceptibility data is analyzed by Mart
and Phillips in terms of the 1D exchange between local
spins and itinerant carriers.23

SUMMARY

The CuxM12x~pc!I, M5H2 and Ni, conductors represen
a unique system with which to examine the interactions

FIG. 6. Powder EPR spectra of Cu0.5Ni0.5~pc!I taken at 9.5 GHz
~X band!.



th
ia

t
in

y
fo
y

ys-
vel
e-
he

ing
o
of

-
ne-

ion

y
ys-

ge

ou-

try
ant
f
a-

e

528 PRB 60JULIA A. THOMPSONet al.
itinerant carriers with local moments embedded within
stack of a q1D conductor. Recent improvements in mater
preparation of the diamagnetic hosts20 have resulted in un-
precedented conductivities of 1 – 23104 V21 cm21 at T
;4 K for H2~pc!I and Ni~pc!I. These values are;30 greater
than those at room temperature, and appear to represen
intrinsic, low-temperature charge-transport behavior. The
troduction of low levels of paramagnetic Cu~pc! dopant (x
<0.05) into both H2~pc!I and Ni~pc!I to give the
CuxM12x~pc!I, M5H2 and Ni, alloys leads to substantiall
larger effects on the conductivity than observed earlier
CuxNi12x~pc!I alloys prepared from purified, commerciall
available material,6,7,22,34 as represented bys rel

max and Tmax

FIG. 7. Absolute value ofu, the Weiss constant, for th
CuxH2(12x)~pc!I alloys as a function of Cu contentx.
-

-
e

J
m

-

.

.

.

-

e
ls

the
-

r

~Fig. 2!. Because of the quasi-one-dimensionality of our s
tems, this dopant level of 5% is equivalent to a dopant le
of ;1023% in an isotropic three-dimensional metal. Ther
fore, these q1D materials are in the dilute limit where t
widely studied Kondo effect is operative in 3D metals.15

The small quantitative differences in the values ofs rel
max

and Tmax at intermediate values ofx in the CuxM12x~pc!I,
M5H2 and Ni, alloys are attributed to a second scatter
mechanism due to differences in the energy of the Homp
orbital of various M (pc) molecules based on studies
NixH2(12x)~pc!I and NixZn12x~pc!I alloys.

The availability of high-purity and highly conducting ma
terials has permitted us to discover quite remarkable mag
toconductivities in the materials with lowx. For the
CuxM12x~pc!I, M5H2 and Ni alloys studied here, whenx
50.05, the relative increase in conductivity upon applicat
of a 5 T magnetic field isDs/s, ;10 fold, more than four
times greater than in the Cu0.05Ni0.95~pc!I material prepared
from commercial Cu~pc! and Ni~pc!. These values are ver
large compared to those observed for most 3D Kondo s
tems, but are of the same order of magnitude as (LaCe!B6
with 1.2% atomic percent Ce.36,37

Analysis of the linear dependence ofuuu on x by Martin
and Philips23 leads to a value for carrier-mediated exchan
interaction, uJe2du'240– 370 K @Eq. ~1!#. This constitutes
the first determination of the carrier-mediated exchange c
pling for a molecular conductor like CuxNi12x~pc!I. 41
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