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A series of alloys Cu Ni& (PC)I (PC = phthalocyanine) of the two isostructural molecular con-
ductors, phthalocyaninato nickel(II) iodide, Ni(PC)I, and phthalocyaninato copper(II) iodide,
Cu(PC)I, have been prepared. These crystals contain partially oxidized M(PC) stacks and are
quasi-one-dimensional molecular metals whose charge carriers are associated with the highest occu-
pied ~ molecular orbitals of the PC macrocycles. The Cu + (S = 2) local moments of Cu Ni&

(PC)I remain exchange coupled even when the paramagnetic metal-ion chain incorporated within
the M(PC) stacks is diluted (x « 1) with the diamagnetic Ni + ions and the Cu magnetization is also
coupled to the itinerant m-electron charge carriers. For alloys with x 0. 1, the EPR signal of the
coupled magnetization exhibits two anomalies at low temperature. The g values and linewidths first
begin to deviate from their high-temperature behavior at T, -25 K, roughly independent of compo-
sition for 0.05 x & 1. A more dramatic response of the linewidth occurs upon cooling through Tb,
which decreases from -8 K as x is reduced from 1.0. Surprisingly, the g value of the x =0.50 alloy
at low temperature shows a field dependence: At X-band frequency, g~~ increases to -2.21 by
T-2.3 K, a g value much larger than that of the parent Cu(PC) (g~~

=2. 18); t'his anomaly is
quenched at a higher observing field (Q-band frequency). These alloys are highly conducting, as are
the two parent materials. The dependence of the conductivity on x indicates that o.(Q is governed
by magnetic scattering by the Cu + ions. In the low-temperature region, the results for the four-
probe and microwave conductivity diAer sharply in a composition-dependent fashion and indicate a
novel coupling between dielectric and magnetic properties.

INTRODUCTION

We report here the properties of alloys between the
two isostructural porphyrinic molecular metals, '

phthalocyaninato nickel(II) iodide, Ni(PC)I, and
phthalocyaninato copper(II) iodide, Cu(PC)I. ' These
two compounds crystallize as metal-over-metal stacks of
partially ( —, ) oxidized M(PC) units surrounded by chains
of I3 counterions. Both are organic conductors whose
charge carriers are associated with the highest occupied
rr molecular orbitals of the PC ring. For Ni(PC)I the
Ni + ions are diamagnetic and play no direct role in the
electronic or magnetic properties of the crystals. How-
ever, Cu(PC)I is a novel material because its Cu + (d,
S =

—,
'

) ions are paramagnetic and form a linear magnetic

chain embedded within a one-dimensional "Fermi sea" of
organic charge carriers.

The copper sites in Cu(PC)I are exchange coupled to
one another as well as to the itinerant carriers. This
unusual situation, found also in Cu(TATBP)I, (TATBP
is triazatetrabenzporphyrinato) results in the observation
of a new type of low-temperature phenomenon character-
ized by transitions of the coupled local-moment—
itinerant-carrier systems. These include the onset of
anomalies in the EPR g shift and linewidth at T, -20 K,
and an abrupt broadening and disappearance of the EPR
signal at Tb —8 K that occurs without an associated loss
of paramagnetism. The Tb transition is accompanied by
unusual features in the microwave conductivity, and 'H
NMR spin-lattice-relaxation times. The Cu + spin sys-
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FIG. 1. Representation of one-dimensional exchange interac-
tions of Cu + (S = —') spins (circles with arrows) with neighbors
( Jd d ) and with carriers (J d ). Diamagnetic Ni'+ ion (S =0) is
indicated by an open circle.

tern dominates the magnetic properties of Cu(PC)I at low
temperatures, and these low-temperature transitions may
well be driven by the Cu + paramagnets. Analysis of the
NMR relaxation times indicated that direct exchange
coupling between neighboring Cu + sites is small
(Jd;, /k~ =0.3 K) as compared to the total exchange en-
ergy estimated from the Curie-Weiss temperature or
EPR-linewidth data (J/ks =6 K). It was therefore sug-
gested that direct interactions between neighboring Cu +

sites do not play a significant role in the low-temperature
behavior of Cu(PC)I and that long-range, carrier-
mediated interactions between copper spins predominate.

To further characterize this novel situation and to test
the hypothesis that indirect Cu-Cu interactions drive the
EPR transition in Cu(PC)I, we have prepared a homolo-
gous series of compounds, Cu Nii (PC)I, having a wide
range of local moment, Cu +, concentration, 0.05
~x ~ 1.0. These compounds are shown to be solid solu-
tions and can be considered as alloys of the molecular
metals, Cu(PC)I and Ni(PC)I, in which direct Cu-Cu ex-
change is interrupted by intervening diamagnetic Ni(PC)
sites (Fig. 1). The Cu + local moments of
Cu Ni, „(PC)I remain exchange coupled even when di-
luted (x ((I) and the Cu magnetization also is coupled
to the itinerant ~-electron charge carriers. At low tem-
peratures, the coupled EPR signal of materials with
x ~ 0. 1 exhibits anomalies related to the two observed for
Cu(PC)I and Cu(TATBP)I. These studies support the hy-
pothesis that the vr carriers mediate long-range, indirect
interactions, between the Cu + spins, and that these in-
teractions are fundamental to the low-temperature transi-
tion first observed in Cu(PC)I.

EXPERIMENT

Synthesis of Cn„Ni, „(PC)I

Copper and nickel phthalocyanine [Cu(PC) and
Ni(PC)] were purchased from the Eastman Kodak Com-
pany and sublimed two or three times prior to further use
(400'C at 10 Torr). The purified materials were
ground together in the desired proportions, and the re-
sulting mixtures were sublimed to yield red-violet crystals
of Cu„Ni, (PC). This procedure was consistently found
to result in an even distribution of paramagnetic Cu(PC)

and diamagnetic Ni(PC) molecules in both these noncon-
ductive materials and in their conductive counterparts
(Vide infra).

Cu Ni, , (PC)I was prepared as follows. Solid
Cu, Ni, , (PC) of the appropriate composition was
placed in one arm of an H tube, and excess I2 was added
to the other arm with 1-chloronaphthalene as a solvent.
The side containing the M(PC) was heated to ca. 170'C,
hotter than was used to .prepare the Cu(PC)I studied in
Ref. 3. After several days, large (2—3 mm) green-black
needles of Cu Ni, (PC)I were obtained from the cooler
portion of the tube. In the case of x =0.75, the reaction
did not produce homogeneous bulk material. Instead,
single crystals of CuQ75Nio25(PC)I were found to be
mixed with crystals of the unoxidized starting material;
individual crystals of the former material were easily
separated under a binocular microscope.

Elemental analyses (C, H, and N analysis; Microtech
Laboratories, Inc. , Skokie, II) were performed on samples
prepared to have the composition, Cu Ni, „(PC)I
(x =0.05, 0.10, 0.25, and 0.50). They confirm that each
material has the stoichiometry, M(PC)I, with one iodine
atom per macrocycle. The same is assumed for
Cuo75Nio&~(PC)I; no analysis was performed for this
composition as there was not sufFicient bulk material.
Analyses for Cu„Nii „(PC)I were as follows. For
x =0.05: Calculated C, 55.03; H, 2.31; N, 16.04. Found
C, 55.15; H, 2.39; N, 16.10. For x =0.10: C, 55.02; H,
2.31; N, 16.04. Found C, 55.09; H, 2.45; N, 16.18. For
x =0.25: C, 54.96; H, 2.48; N, 16.06. Found C, 54.82;
H, 2.48; N, 16.06. For x =0.50: C, 54.68; H, 2.31; N,
15.99. Found C, 54.74; H, 2.34; N, 15.79.

Resonance Raman measurements

Raman-spectra measurements were made at ambient
temperature on polycrystalline samples of
Cu, Ni, „(PC)I contained in 5-mm Pyrex types. The
tubes were spun ( —1200 rpm) to eliminate decomposition
of the sample by the laser. The spectra were recorded on
a spectrometer described elsewhere using a 5145-A Ar+
laser line as the excitation source and were corrected,
where necessary, for the plasma line.

Magnetic susceptibility measurements

Static magnetic susceptibility measurements were ob-
tained using a VTS Model 50 susceptometer at an exter-
nal field of either 5 or 10 kG within the temperature
range 300~ T~ 1.7 K. The paramagnetic component of
the observed susceptibilities of Cu Ni, (PC)I were ob-
tained by correcting for the core diamagnetism of tri-
iodide, the PC ring, and the metal center using Pascal's
constants, as previously. Samples, consisting of 20—30
mg of polycrystalline materials, were crushed to avoid
anisotropy eft'ects and placed in sample holders made of
high-purity spectrosil quartz (Thermal American, Inc.
NJ). A background calibration of the sample holder was
routinely run over the full temperature range just prior to
each experiment. Calibration of the instrument was
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checked with a Pd standard obtained from the National
Bureau of Standards.

Electron paramagnetic resonance measurements

EPR spectra at X-band frequencies ( -9 GHz) were ob-
tained as described earlier. ' Single-crystal spectra were
obtainable from Cu Ni, (PC)I for x =0.75, 0.50, and
0.25; the signals from single crystals of samples with
x =0.10 and 0.05 were sufficiently weak that powdered
samples were employed for temperatures above 100 K.
EPR measurements at T ~4.2 K employed powder sam-
ples and a pumped-helium immersion cryostat; similar
samples and procedures were used for X-band and Q-
band ( —35 GHz) measurements. Simulations of powder
spectra were used to determine the g values and
line widths.

Conductivity

Single-crystal conductivities were measured with a
four-probe (27 Hz) apparatus previously described. A
standard microwave cavity perturbation technique' was
used to measure the 17 GHz conductivity and the dielec-
tric constant.

Electron microanalytical probe

Electron-micr oprobe analysis was performed on a
Cambridge Scientific Instruments, Ltd. , Stereoscan S-4
Scanning electron microscope.

RESULTS

one iodine atom per macrocycle but cannot accurately
determine the relative amounts of Cu and Ni, namely, the
value of x in Cu Ni, „(PC)I. This was accurately deter-
mined by magnetic-susceptibility measurements de-
scribed below. Electron-microprobe analysis confirmed
these susceptibility results and demonstrated that the Cu
and Ni are homogeneously distributed on a macroscopic
( ~ 1 pm) scale. Finally, EPR measurements performed
on samples that had been deiodinated to give
Cu, Ni, (PC) indicate that the Cu(PC) and Ni(PC) mol-
ecules in Cu, Ni, „(PC)I are homogeneously distributed
on a microscopic, molecular level.

Resonance Raman spectroscopy

The resonance Raman spectra of polycrystalline sam-
ples of Cu„Ni, , (PC)I at room temperature are identical
over the entire range, 0.05~x ~1.0. Each exhibits a
sharp fundamental peak at 107 cm ', with overtone
peaks occurring at 213, 320, and 436 cm '. This pattern
is characteristic of linear chains of symmetrical triiodide
ions. " The absence of any observable peaks having an
intensity larger than that of the overtone band at either
167 or 212 cm eliminates I5 or I~ as being significant
iodine forms in these materials. By analogy with the
study of Ni(PC)I ' for which ' I Mossbauer experiments
provided no evidence for the presence of I, we conclude
that the same holds for Cu Ni, (PC)I. Thus, the
Cu„Ni, (PC)I can be described formally with the
mixed-valence notation, [Cu„Ni, ,(PC)] ' +[I3 ]Q 33 to
indicate partial oxidation of one-third of the electrons per
metallomacrocycle.

Characterization of Cu„Ni, „(PC)I

To compare the properties of Cu Ni& (PC)I with
those of Cu(PC)I, it is necessary to establish the
stoichiometry of these materials and to prove that they
exist as homogeneous solid solutions and not segregated
regions of Cu(PC)I and Ni(PC)I. The C,H, N analyses
listed in the Experimental section confirm that each
prepared material has a composition corresponding to

Magnetic-susceptibility measurements

Room-temperature magnetic-susceptibility measure-
ments were used to determine the fraction of the
paramagnetic Cu + (5 = —,

'
) ions in Cu„Ni& „(PC)I.

Samples of each composition, x, were first quantitatively
deiodinated by heating overnight to 160 C in vacuo (10
Torr). The paramagnetic susceptibility of the resulting
Cu Ni, „(PC) was obtained by correcting for the suscep-

TABLE I. Composition and magnetic susceptibility data for Cu„Ni, (PC)I.

(in reagents)

1.0
0.50
0.25
0.10
0.05

&a—c

(measured)

0.98
0.57
0.28
0.09
0.06

Cobs
(emu K rnol ')

0.394
0.2304
0.1137
0.0351
0.0226

X.'
(emumol ')

1.9X 10
1.4X 10
1.6X10 '
3.0X 10
3 ~ 1X 10

ea
(K)

—4.0
—2.47
—1.59
—0.83
—0.069

Susceptibility for Cu Ni, „(PC)I was fit to Eq. (1). To best characterize the behavior of the local-
mornent spin system, values presented in this table are determined by fitting the data within the temper-
ature range 10~ T ~ 100 K to Eq. (2).
As described in the text, x is measured by fitting the susceptibility of the deiodinated material to the

Curie-law formula: x =C,b, /C„&„where C„~,=Ng p&S(S+1)/sk& =0.409 emu Kmol
'To best characterize the behavior of the local-moment spin systems, values presented in this table are
determined by fitting the data within the temperature range 10~ T + 100 K to Eq. (2).
Reference 3.
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tibility of the sample holder and the core diamagnetism
of the sample as estimated from Pascal's constants. As
these materials are insulators and there is no contribution
from charge carriers, the stoichiometric coefficient x of
Cu Ni, „(PC), and thus of Cu, Ni, (PC)I was calculat-
ed from the paramagnetic susceptibility through use of
the Curie-law formula

c.b. ~T =«o T

Here Co is the calculated Curie constant for one Cu +

spin per site: Co=Kg p~S(S+I)/3k~=0409, where &
is Avogadro's number, pz is the Bohr magneton, kz is
Boltzmann's constant, S =

—,', g =
—,'(2gz+g~~ )=4.367 as

calculated from the EPR g values of polycrystalline
Cu(PC). Results presented elsewhere show that it is not
necessary to use the more general Curie-Weiss formula
for this analysis because the Weiss constant for interac-
tions between Cu + spins in these materials has a negligi-
ble inliuence at this temperature; for Cu(PC), 0= —0. 11
K. The susceptibility results presented in Table I demon-
strate that the compositional variable, x, in
Cu„Ni& (PC)I as measured in this way is in good agree-
ment with the Cu:Ni ratios of the starting materials used
in the initial iodination reaction.

Electron microprobe

Semiquantitative analyses by electron microprobe were
performed on single crystals of Cu Ni, (PC)I to
confirm the relative amounts of Cu and Ni. In each case,
the atomic ratio of Cu:Ni was approximately equal to the
original ratio of Cu(PC):Ni(PC) in the starting mixture.
In the electron-microprobe experiments, the electron
beam also was traversed along the length and breadth of
individual crystal faces. These experiments demonstrate
that the distribution of Cu and Ni within crystals of
Cu Nil „(PC)I is homogeneous on the scale determined
by the size of the electron beam ( ~ 1 pm diameter).

Microscopic distribution of Cu(PC) and Ni(PC) sites
by EPR

may be observed in addition to smaller couplings to the
coordinating N atoms. In the absence of intermolecular
magnetic interactions, the EPR spectrum of polycrystal-
line Cu(PC) is expected to exhibit an axially symmetric
EPR signal having clearly resolved Cu and N hyperfine
features. However, as seen in Fig. 2, the observed EPR
signal of polycrystalline Cu(PC) displays poorly resolved
axial symmetry without evidence for hyperfine coupling
to either ' Cu or ' N. This is as expected from a previ-
ous study in which Cu(PC) was shown to behave as a
highly-one-dimensional Heisenberg antiferromagnet.
The dipolar interactions between neighboring Cu + sites
gives the EPR line a second moment of M2=2. 5X10
G, which would correspond to an EPR linewidth of
(M2 )' =500 G; exchange coupling,

~ J/k~
~

~ 0.3 K, be-
tween near-neighbor Cu + sites narrows this dipolar
width to produce the observed spectrum.

If the Cu and Ni sites of Cu„Ni, (PC)I existed in
segregated domains, then the EPR of deiodinated
Cu Ni, (PC) would be similar to that of Cu(PC) for all
x, merely reduced in intensity by a factor of x. This
clearly is not the case (Fig. 2). These results extend the
conclusions based on the electron microprobe analysis
and indicate that the two types of M(PC) are microscopi-
cally dispersed within the Cu, Ni, (PC)I.

At high values of x, the use of EPR methods to charac-
terize the microscopic dispersion of Cu and Ni sites in
Cu„Ni, „(PC) is complicated by two competing effects.
First, lowering the concentration of paramagnetic spins
by the introduction of diamagnetic Ni(PC) molecules
tend to narrow the EPR line as this reduces the dipolar
interactions between neighboring Cu + sites; in the limit
of a randomly diluted system, Mz(x)=xM2(1) where

X=1

To examine the microscopic distribution of Cu(PC)
and Ni(PC) sites in Cu Ni, , (PC)I, EPR measurements
were again conducted on deiodinated samples of
Cu Nil „(PC), because their magnetic properties are not
complicated by the presence of mobile charge carriers.
The deiodination procedure was conducted in Uacuo
(10 Torr) at temperatures of —160 C, substantially
below the sublimation point of metallophthalocyanines
( T,„b =400 C, 10 Torr). Thus, molecular migration
will not occur during this procedure and the distribution
of the component molecules in the deiodinated samples
will reAect that for the conductive materials.

Figure 2 presents the room-temperature EPR spectra
of polycrystalline samples of Cu Ni, „(PC), x = 1.0,
0.25, and 0.10, prepared in the above fashion. The EPR
parameters of the isolated Cu(PC) molecule have been
previously studied in magnetically dilute single crystals. '

Its g tensor has the principal values
g~~

=2.179 and
g~ =2.050, and large hyperfine couplings to the Cu center

X= 0.25

X= 0.1

FICx. 2. Powder EPR spectra of deiodinated samples of
Cu Ni& (PC) with x =1.0, 0.25, and 0.10.
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Mz(1) is the dipolar second moment of the magnetically
condensed material. ' Secondly, the interruption of the
one-dimensional Cu(PC) chain by intervening Ni(PC)
molecules will reduce the efFects of exchange, thereby
tending to broaden the EPR line. The spectrum at
x =0.50 (not shown) clearly demonstrates these effects:
it may be described as the superposition of a narrow sig-
nal arising from groups of Cu(PC) molecules, where the
sharpening efFects lead to a well-resolved, but exchange-
narrowed, feature at g~=2. 05, and of a broad EPR line
dominated by dipolar interactions.

At lower values of x, the situation becomes simpler.
The small exchange interaction present within the M(PC)
structure (~J/ks~ (0.3 K) would have no measurable
effect upon the EPR of small oligomers of Cu(PC) mole-
cules and thus, only dipolar-broadening efFects should be
observed. ' As seen in Fig. 2, the Cu hyperfine splittings
are indeed well resolved by x =0.25, and the hyperfine
coupling constants are those of the isolated molecule. By
x =0.10, the spectrum is better resolved and evidence for
' N splitting is now detectable. For x =0.05, the spec-
trum approaches that of an isolated Cu(PC) molecule.
This smooth progression of spectra features observed as x
decreases from -0.50 strongly suggests that the distribu-
tion of Cu(PC) and Ni(PC) molecules in Cu„Ni, (PC)I
is essentially homogeneous on the molecular level.

In summary, electron microprobe analysis of
Cu, Ni&, (PC)I and EPR studies of deiodinated samples
of this material show no evidence for the segregation of
Cu and Ni complexes in Cu„Ni, „(PC)I sites on either
the macroscopic or molecular scales. Thus, we shall treat
the Cu Ni, „(PC)I as true solid solutions of the constitu-
ent molecular subunits. As the two parent compounds
Cu(PC)I and Ni(PC)I each behaves as a molecular met-
al, ' we may consider these solutions as molecular alloys.

Properties of Cu„Ni, „(PC)I

Magnetic-susceptibility measurements

Susceptibility measurements provide a convenient
probe to examine the magnetic interactions present in
Cu„Ni, „(PC)I. The temperature dependence of the
static paramagnetic susceptibility for Cu(PC)I, x =1.0,
has been reported and Fig. 3 presents y ' as a function
of temperature for compounds with x ~0.50. Measure-
ments for bulk samples, 0.5 &x & 1.0, could not be per-
formed as only small quantities of single crystals were
available. For all compositions studied, the observed sus-
ceptibilities increase with decreasing temperature and for
T ~ 10 K accurately follow an expression that contains a
Curie-Weiss contribution associated with a system of lo-
calized magnetic moments and a temperature indepen-
dent, Pauli-like component associated with charge car-
riers

X(+)=Xc (&)+Xp

=C, /(bT —e)+yp .

To best characterize the magnetic behavior of the local
spin system of these materials, we have analyzed the sus-

2000

EI
0
E

1000-

20 40 60
Temper atur e (K)

80 100

FIG. 3. Inverse, bulk paramagnetic susceptibility (mol/emu)
of Cu„Nil, (PC)I plotted as a function of temperature for
x =0.50, 0.25, 0.10, and 0.05. The solid lines indicate the best
fit of the data to Eq. (2) as described in the text.

ceptibility data for 10& T~100 K, where the Curie-
Weiss contribution dominates. As shown in Fig. 3, the
data within this temperature range fit Eq. (2) extremely
well. Table I summarizes the results of this analysis. The
observed Curie constant for Cu Ni& (PC)I is linearly
dependent upon the fractional occupancy of Cu + ions:
C,b, (x)=xCo, where Co is the calculated Curie constant
for pure Cu(PC)I. Thus, for all x, including x =1 [pure
Cu(PC)I], the local spin system in the Cu Ni, (PC)I is
comprised of the paramagnetic Cu + spins, and the
charge carriers are associated solely with the m. orbitals of
the PC ring. If the converse were true and the copper
centers of these materials were partially oxidized, the
resultant Curie constants would have been reduced from
those that were observed. Examination of the Pauli con-
tribution to the susceptibility of Cu„Ni, , (PC)I supports
this conclusion, as these values are close to the observed
for the x =0 organic conductor, Ni(PC)I ' (yz =2 X 10
emu mol ').

The Weiss temperature 8 which provides a measure of
the exchange interactions involving the paramagnetic
Cu + sites, varies linearly with the concentration of Cu +
sites in Cu„Ni, „(PC)I (Fig. 4). As discussed for
Cu(PC)I, the Weiss temperature for Cu, Ni, „(PC)I
may have two separate contributions: eoBs =edj, +Ojgd.
In a one-dimensional Cu + chain, direct, near-neighbor
Heisenberg interactions between adjacent spins would
give rise to a term, ed;, = ~ J„„~/ks, where J„„ is the ex-
change parameter. ' In the conductive Cu, Ni, (PC)I a
second term, 6;„d, arises from an indirect, carrier-
mediated exchange between distant Cu + neighbors. '

This interaction is introduced because there is an in-
tramolecular exchange interaction, Jd, between the lo-
calized spin associated with the in-plane d 2 & orbital of
the Cu + ion and the mobile charge carriers whose wave
functions involve the highest occupied m. orbitals of the
PC ring;' a perturbation-theory approach would give. d

'H NMR measurements indicate that direct exchange
interactions between adjacent Cu + sites are weak in
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FIG. 4. Absolute value of the Weiss constants, e, for
Cu Ni& (PC)I plotted as a function of composition (x).

FIG. 5. Parallel component of the EPR g tensor of
Cu Nil {PC)I plotted as a function of temperature. The solid
lines indicate the best fit of the data to Eq. (3) as described in the
text.

Cu(PC)I, ~6d;, ~

& 0.3 K. Such interactions would be fur-
ther diminished in the Cu„Ni, , (PC)I by the incorpora-
tion of diamagnetic Ni ions within the M(PC) spine
and the effects of ed;, can be neglected in these materials.
Thus, we infer that the indirect, carrier-mediated interac-
tions dominate the exchange coupling between the Cu +

spins in Cu„Ni, (PC)I. It is expected that 6;„d intro-
duced by such couplings would vary linearly with the
concentration of Cu + sites, ' consistent with the results
in Fig. 4.

EPR results: T )20 K

g ualues

The EPR signal of Cu, Ni, (PC)I consists of a single,
roughly Lorentzian line whose g values and linewidth are
angle and temperature dependent. The susceptibility
data presented in the preceding section demonstrate that
these alloys of Cu(PC)I and Ni(PC)I possess two distinct
magnetic subsystems: an array of localized Cu + spins
and mobile ir-electron charge carriers. As with Cu(PC)I
these mixed materials exhibit a single EPR line demon-
strating the existence of exchange coupling
[J»(g "—g )piiHo] between the two magnetic sys-
tems. EPR measurements have been performed on single
crystals of Cu Ni, (PC)I, where x = 1.0,0.75,0.50.
Each composition exhibits an axially symmetric g tensor
whose unique axis corresponds to the crystal-needle axis.
For materials with x ~0.25, EPR signals from single
crystals were too weak to be observed at temperatures
greater than -20 K, but powder EPR spectra show that
they also display an axially symmetric g tensor,

g~~
)g~.

As shown in Fig. 5, at any temperature above T-20 K,
the g values increase with increasing concentrations of
Cu sites but remain intermediate between those expected
for isolated Cu(PC) (g~~-2. 18, gi=2. 05) and m carrier
spins (g,„=2.00). For each composition x the g value in-
creases with decreasing temperature in contrast to the

temperature-independent g values of both unoxidized
Cu(PC) (Ref. 4) and of the molecular metal, Ni(PC)I.
This behavior results from strong exchange coupling be-
tween the two magnetic systems, and the temperature
dependent g values may be described as the susceptibility
weighted average of those of the individual com-
ponents

(3)

In Eq. (3), g is the isotropic g value of the vr carriers,
g "(P) is the Cu +-site orientation-dependent g value, P
is the angle between the external magnetic field and the
crystal-needle axis, fc„(T) is the fractional susceptibility
of the Cu + spin system: fc„(T)= Igc„(T)/
[gc„(T) +y p ]], and f„(T)= 1 —fc„(T). Note particular-
ly that fc„~1 as T~O K, and that Eq. (3) thus predicts
the T =0 intercept to be g "(P) independent of x, in
agreement with observation.

For samples of Cu Ni, , (PC)I with x ~ 0. 50, we have
used the measured susceptibilities to calculate f ( T)
within the temperature range, 20~ T+300 K and have
calculated g

" and g by fitting experiment to Eq. (3).
Static susceptibility data were not available for x =0.75,
but the results presented above indicate that it is ap-
propriate to calculate gc„(T) for this composition by as-
suming the Cu + spins contribute a Curie-%'eiss suscepti-
bility with C =0.75Co, where Co is the value for
Cu(PC)I, and 6= —3 K as interpolated from Fig. 4. The
mobile charge carriers are assumed to exhibit a
temperature-independent susceptibility similar to that ob-
served for Ni(PC)I ', g~ =2 X 10 emu K mol

As shown in Fig. 5 and in Fig. 5 of Ref. 3, for all x the
temperature variation of the g values within the tempera-
ture range, 20~ T» 300 K fits Eq. (3) well; in each case
the fit yields g„"=2.15 (the T=O intercept, Fig. 5),
g "=2.04 and g =2.00. These results indicate that the
Cu + and ~ carrier spin systems remain strongly coupled
for all concentrations of Cu + sites studied, x ~0.05.
However, it is interesting to note that the temperature
dependences of g ~~" and g~" for these alloys with x ~ 0.75
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follow Eq. (3) well throughout the entire temperature
range, 20~ T+ 300 K, in contrast to the case of pure
Cu(PC)I where g~" deviates from Eq. (3) below 100 K.

Linewidth: temperature dependence

Figure 6 presents the temperature dependence for the
linewidth at

g~~
for Cu Ni& (PC)I. As shown, the

linewidth for each composition follows a temperature
dependence having two separate regions; as x decreases
the temperature at which the behavior changes also de-
creases. At high temperatures the linewidth decreases
temperature; upon further cooling the linewidth in-
creases. In addition, the data presented in Fig. 6 show
that at any temperature, the linewidth decreases with in-
creasing values of x. '

In the previous section, the EPR g value of
Cu, Ni, , (PC)I has been analyzed in terms of strong ex-
change coupling between the local Cu + spins and the
itinerant charge carriers. In such cases, the EPR
linewidths will occur at the susceptibility weighted sum
of the linewidths of the individual systems, '

A,b, =fc„b "+f b (4)

where fc„and f„are the fractional susceptibilities of the
component spin systems used in Eq. (3) and 6 " and 6
and their intrinsic linewidths, de6ned as the half-width at
half-height of the absorption signal. The fractional sus-
ceptibility of the Cu + spin systems at a given tempera-
ture increases with increasing x and extrapolates to unity
at 0 K for all values of x [Eq. (3)]. Thus, the observed
linewidth of Cu, Ni, „(PC)I is progressively dominated
by the contribution of the local moments as the concen-
tration of Cu + sites is increased, and for each x this is
accentuated at low temperature; conversely, high temper-
atures and low values of x enhance the contribution of

From the data taken upon cooling from room tem-
perature (Fig. 6), it appears that 6 is moderately large
and decreases upon cooling. It has been shown else-
where that under the high-temperature conditions of

crystal growth employed, the ~ carriers of Ni(PC)I,
which has no local spins, behave in a similar fashion.
From the low-temperature data shown in Fig. 6, it ap-
pears that 6 "increases upon cooling in a manner similar
to that reported for Cu(PC)I. Thus, the temperature
dependence of the linewidth of Cu„Ni, , (PC)I may be
qualitatively understood: At higher temperatures, those
compounds with the lowest Cu + concentration have
linewidths that are dominated by the ~ carriers, and that
decrease upon cooling. At low enough temperatures, the
fractional susceptibility of the Cu + spins becomes dom-
inant for all values of x, and the lines broaden upon cool-
ing.

Linewidth: angular dependence

The Cu Ni, , (PC)I display an exchange-narrowed,
Lorentzian signal at all values of x, with the linewidth at
all temperatures increasing smoothly as x is lowered.
This shape invariance provides qualitative evidence for a
non-nearest-neighbor, indirect exchange between Cu +

sites. A one-dimensional Cu + chain having only direct,
near-neighbor interactions would display EPR signals
that vary in both line shape and width as x decreases: di-
lution would destroy the exchange efFects between neigh-
boring sites and break the chain into progressively small-
er magnetic segments, each having its own separate EPR
properties, much as is observed for the insulating, deiodi-
nated Cu Ni, (PC).

Quantitative analysis of the orientation dependence of
the EPR linewidth of Cu, Ni, „(PC)I supports the pres-
ence of long-range, indirect Cu -Cu + exchange. Stud-
ies of one-dimensional Cu + complexes ' show that the
interplay of strong dipolar and exchange interactions
where the exchange frequency, co„exceeds the Larmor
frequency results in a narrowed EPR signal whose second
moment has the dipolar dependence, Mz ~ (1+cos 8).
We therefore use the expression 6 "=bD(1+cos 0) in
Eq. (3) to analyze the linewidth (derivative peak-to-peak)
of the Cu + spins at ambient temperature.

b (0)=f b. +fc„[b,D(1+cos 8)]
= b.o+ b, , ( 1+cos 0), (sa)

where the contribution of the angle-dependent term is set
by the dipolar factor

(5b)
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0.75

0
0 KOO 200 300

Temperat;ur e (K)

FICz. 6. Parallel component of the peak-to-peak EPR
linewidths of Cu Ni, (PC)I plotted as a function of tempera-
ture.

where AD is the scalar factor determining the dipolar
linewidth; unfortunately, the isotropic width, Ao, cannot
be broken up into individual contributions. Figure 7
displays the angular dependence of the linewidths for sin-
gle crystals of Cu, Ni, „(PC)I, with x =0.25 and 0.10,
taken at 20 K. A nonlinear least-squares fit of the data to
Eq. (5a) is in good agreement with the experimental re-
sults (Fig. 7) and yields the following parameters: for
x =0.25, ho=3(1) G, b, , =11(1) G; for x =0.10,
b,o=25(4) G, b, , =6(2) G. For x &0.25, b,

&
for T =20 K

was calculated directly, according to Eq. (5a):
b, , = [b(0=0)—A(0=7r/2)]. These two data sets are
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and itinerant spins; co ~ T. We therefore attempt to de-
scribe the modulation of the Cu + spins by an effective
exchange frequency of the function form,
A'co, -J+Aco -kii(a+bT) T.he first term, J is the rms
value at a site for the sum of the direct and indirect
quantum-mechanical exchange coupling between Cu +

centers and thus in a mean-field model, ~8~ -a/2&2; bT
represents the dynamical exchange between local and
mobile spins. In the present case, we assume that long-
range interactions are dominant, in which case the ex-
chan'ge should vary with composition as' J=a&x. In
accordance with this model, b, D of Eq. (6) becomes

Ratgt iaaf Angle (DegIees) 8 xmD

3v'3 irico, (x)
8 xmD

3U'3 kit(a&x +bt)
(7)

FIG. 7. Angular dependence of the peak-to-peak EPR
linewidths of Cuo INio 9(PC)I and Cuo»Nio»(PC)I taken at 20
K. The solid lines are the best fit of the data to Eq. (5a).

mD=[3S(S+1)(gP) /r ] g n
n=1

=—', [(g P) /r ](1.0173), (6)
0

where r =c/2=3. 195 A is the Cu-Cu spacing and S =
—,'.

In addition, studies of isolated local moments exchange
coupled to itinerant spins' suggest that one should also
allow for a second, temperature-dependent contribution
to ~, arising from the dynamic exchange between local

representative in that 6, decreases but AQ increases as x
decreases. Because there is no obvious way to analyze
AQ we are forced to focus on

Figure 8 shows that the scalar dipolar factor, AD (20
K), calculated from b, i (Fig. 5) and Eq. (Sb) decreases as x
is lowered from x =1.0. As discussed above, the long-
range dipolar interactions along the Cu + chain ' varies
roughly hnearly with x, Mz(x) =xM2 =x (8/3&3)mD,
where mD is of the form

where md =1.58 X 10 ' erg G, a =7. 1 K, and b =0.055
was obtained from fits for 20~ T 5 300 K Cu(PC)I; there
are no free parameters, the only variable being the occu-
pation number of the Cu + sites, x. The values of AD
versus x at 20 K as calculated with Eq. (7) are plotted in
Fig. 8 and are in reasonable agreement with the observed
values of AD.

KPR results: T &20 K

Figure 9 presents the temperature response of the nor-
malized, low-temperature EPR linewidths ( T (20 K) for
x =0.10,0.25,0.75. As described above, the linewidths of
these materials increase with decreasing temperature
down to ca. T, =20 K( Fig. 6). Upon further cooling,
Fig. 9, they deviate from this high-temperature behavior
and remain constant down to a composition-dependent
temperature, Tb, where a second, abrupt change is ob-
served. As shown in Fig. 9, the EPR line of
Cuo ~~Nio 25(PC)I rapidly broadens and becomes unob-
servable at Tb = 8 K in a manner similar to that seen for
x =1.0, Cu(PC)I. The EPR signal for a material with
0. 10~x ~0.50 remains visible down to at least 2 K, but
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x =0.75
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FIG. 8. Dipolar linewidth, bD[Eq. (5)], of Cu„Ni, „(PC)I a. t
20 K (x =0.10,0.25,0.50,0.75, 1.0) as a function of x. The solid
line is obtained from Eq. (7) as described in the text.

%0 15 20 25

Temperatur e (K)

FIG. 9. Low-temperature EPR linewidth of Cu Nil (PC)I
(x =0.10,0.25,0.75), with Ho parallel to the conducting chains.
For each x the values are normalized to that at 30 K. Solid
lines are to guide the eye.
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the linewidths begin to increase at a temperature, Tb,
which decreases as x decreases from 1.0. However, the
rate at which the line broadens upon cooling below Tb,
( db—, /dT), also decreases with x, and thus it is not pos-
sible to determine T&(x) accurately. By x -0.05 anoma-
lous linebroadening no longer is discernible (data not
shown).

In addition to the weak deviations in the linewidth for
T ~ T„ there is a much more obvious deviation of the g
values from the susceptibility-weighted average, Eq. (3).
For x ~0.25, at T, —17+3 K the g values begin to in-
crease above the value predicted by Eq. (3). The magni-
tude of this deviation depends on x, but because it begins
gradually there is no clear dependence of the onset tem-
perature on x. Figure 10 shows data for x =0.50. By 2.4
K, g~i

=2.25, strikingly far from that predicted from Eq.
(3) (g~~

"=2. 15) and sharply greater than that previously
observed for Cu(PC) in any environment. At still lower
temperature lack of resolution in spectra of the powder
samples employed prevents accurate measurement of g~I.
The discrepancies as measured at 2.4 K decrease with de-
creasing x: for x =0.50, g~~

"=2.20; for x =0.25,
"=2.17; and for x =0.10, gii" =2. 16. For x 0. 10,

Eq. (3) is followed accurately down to 5 K at least. Thus,
as with the EPR linewidths, the extent of the deviation
from the high-temperature prediction is correlated with
the Cu content of these materials.

Prompted by observations in the related system,
Cu(TATBP)I, we performed EPR measurements at a
higher magnetic field (microwave frequency, 35 GHz).
The g values at convenient selected temperatures in the
high-temperature regime (270 K, 100 K) match to those
at X-band frequencies. However, in the low-temperature
regime they are not the same. As illustrated in Fig. 10,
the Q-band values do not show a sharp rise seen at X-
band values, but remain at g -2. 18 down to T-2. 13 K.
Thus, the anomalous g shift seen at the L band is

-quenched at higher observing fields, and the electronic

structure itself, as reflected in g~~, is a function of the ap-
plied field.

Conductivity in Cu„Ni, „(PC)I

In Fig. 11, we present a log-log plot of the four-probe
and microwave conductivity as a function of tempera-
tures for single crystals of Cu Ni, (PC)I. All the alloys
behave similarly: The conductivity is metallic at room
temperature, reaches a maximum as the temperature is
progressively decreased and rapidly drops upon further
cooling. As shown for x = 1, the four-probe and mi-22

crowave measurements (normalized at T=300 K) show
broad agreement down to —10 K, indicating that the
maximum at -90 K is an intrinsic property and not
caused by strains from the contacts. Figure 11 further
shows that as x decreases: (1) the absolute microwave
conductivity of Cu, Ni, „(PC)I increases; (2) the conduc-
tivity maximum shifts to lower temperature; and (3) the
fall at lower temperatures becomes less steep. Four-
probe measurements of o(T) to low temperature for
Cu Ni, (PC)I, x ( 1, is dificult because the crystals are
very fragile. However, one crystal each of
Cu Ni, „(PC)I, x =0.75,0.50,0.25, has been successfully
cycled throughout the entire temperature range, 5 —300
K (data not shown) with similar results.

Significant discrepancy between the two techniques is
observed at lower temperatures. Figure 11 also shows
that for x = 1 as the crystal is cooled below T, -8 K, ap-
proximately the transition temperature, Tb, seen in the
EPR measurements, the microwave conductivity be-
comes constant and is enhanced in comparison to the dc
conductivity. The data for the three alloys further sug-
gests that T, decreases with x. In this low-temperature
range the limited four-probe data for all x follows that for
x =1 in that o. smoothly decreases down to the lowest
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FIG. 11. Temperature dependence of the four-probe (0 ) and
microwave ( ~ ) conductivity (0 ' cm ') of Cu Ni& „(PC)I tak-
en along their needle axes. The maxima appearing around 60 K
are reversible upon a complete temperature cycle; the break in
the curve for x = 1.0 at T-20—30 K is an artifact.
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FIG. 12. Dielectric constant of Cu Ni& (PC)I for x =0.10,
0.75, and 1.00.

temperature accessible, T-5 K, and does not show such
a change in slope.

To understand the conductivity, one has also to consid-
er the behavior of the dielectric constant. In Fig. 12, we
present the microwave dielectric constant as a function of
temperature for the same compounds; because the con-
ductivity is relatively high, results can be obtained only at
low temperatures. The dielectric constant is quite high
and increases with temperature; however, it is a decreas-
ing function of the Cu + concentration. These results are
extremely surprising because they imply an important
coupling between the magnetic and the dielectric proper-
ties of the structure.

DISCUSSION
The results presented here have shown that the

Cu„Ni, „(PC)I are homogeneous alloys of the molecular
metals, Cu(PC)I and Ni(PC)I. These materials possess
charge carriers associated with the m. orbitals of the PC
ring and have Cu centers that retain their paramagnetic
(S = —,') +2 oxidation state.

The EPR signal of Cu Ni& „(PC)I consists of a single
line whose temperature-dependent g value arises from
strong exchange coupling between local moments and
itinerant carriers. Its width displays the characteristic
anisotropy of strongly exchange-narrowed dipolar in-
teractions within a one-dimensional chain, which demon-
strates that the Cu + sites dominate the EPR properties
of these materials. As the concentration of Cu + sites is
systematically lowered, the EPR signals of
Cu Ni, (PC)I remain homogeneous and characteristic
of exchange-narrowed dipolar interactions down to low
values of x, which behavior suggests the presence of
long-range exchange interactions between distant Cu
sites. This interaction is believed to be mediated through
the itinerant charge carriers because such behavior is ob-
served only for the conductive Cu Ni& (PC)I and not
the deiodinated Cu„Ni, (PC), whose EPR spectra ex-
hibit a complicated composition dependence, as expected
for near-neighbor exchange. Furthermore, the existence

of long-range Cu-Cu interactions in the Cu„Ni, „(PC)I
is consistent with the composition dependence of their
linewidths, Eq. (7), as previously observed for atomic spin
glasses.

As an apparent result of this unusual long-range cou-
pling between Cu + spins, the EPR signal of
Cu„Ni, (PC)I exhibits a series of composition-
dependent, low-temperature anomalies qualitatively simi-
lar to those observed for Cu(PC)I, x = 1.0. At T, =20 K,
the g values of those compounds having x & 0.25 begin to
rise above the values predicted from the susceptibility-
weighted behavior of coupled local and itinerant spins.
The X-band g values reached at T &2 K are far greater
than that extrapolated from high-temperature measure-
ments, and far higher than have ever been reported for
Cu(PC) under any circumstances. However, the large g
shifts are field dependent, being quenched at Q-band fre-
quencies. This suggests that the Cu, Ni, (PC)I are not
undergoing a spin-Peierls (SP) transition. The X-band
EPR signal disappears at temperatures below a SP transi-
tion; it remains visible in measurements at very high ob-
serving fields and is found to show unusual g shifts. This
is in contrast to the report here of large X-band g shifts
that are quenched upon increasing the observing field
from -0.3T(Xband) to —1.2T (Q band).

For x «0. 1, the
g~~

linewidth increases as the tempera-
ture is lowered to T„and are temperature independent
upon further cooling to Tb, at still lower temperatures
the linewidths begin to broaden sharply, but the g value
continues to increase smoothly. The EPR signal of
Cuo 75Nio 25(PC)I becomes unobservably broad at T& -8
K in a manner identical to that seen for Cu(PC)I. For
compounds having lower percentage of Cu + spins in the
metal-ion chain the signal broadens below Tb, but
remains observable. As x decreases, Tb decreases and the
broadening ( —db, /dT) is progressively reduced. In the
limit of high dilution of Cu sites, x ~0.05, the Tb
anomaly disappears.

Although the conductivity is associated with ~ carriers
on the macrocycle, nevertheless, its dependence on the
composition x clearly shows that o. is controlled by in-
teractions with the S =

—,
' local moments on Cu +. The

exact nature of the conductivity maximum is not fully
understood, but it is not believed to be associated with a
metal-insulator or semiconductor transition since for
Cu(PC)I the thermopower measurement indicates a me-
tallic behavior down to 10 K. The rapid drop of the con-
ductivity may thus be qualitatively associated with mag-
netic scattering of the carriers —an independent-Kondo-
impurity model. ' As the temperature is decreased,
the magnetic local moments become more efficient as
scattering centers for free carriers and a maximum is ob-
served in the conductivity data. An external magnetic
field should partially freeze the local moments and thus
reduce the scattering rate of the itinerant carriers:
indeed, as shown elsewhere this results in a positive mag-
netoconductivity. Unfortunately, no exact model may
be found in the literature for such a one-dimensional
Kondo system. Furthermore, the results are not in quan-
titative agreement with the conventional three-
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dimensional Kondo model; the temperature dependence
is not observed and the drop in conductivity of over three
orders of magnitude below the maximum is much larger
than the value generally obtained in the three-
dimensional Kondo system (10%). These discrepancies
might be attributable to the low dimensionality of these
compounds: scattering and localization e8'ects are ex-
pected to be more dramatic in one dimension.

The sharp departure between four-probe and mi-
crowave measurement at low temperatures occurs ap-
proximately at the same temperature where the EPR
linewidth suddenly increases: T, —Tb. At these tempera-
tures the EPR signal is dominated by the Cu + local mo-
ments [f(T)~1],an observation that reinforces the pro-
position that the frequency dependence of the conductivi-
ty in this regime is also related to the local moments.

The presence of important coupling between magnetic
and dielectric properties is confirmed by the surprising
dependence of the dielectric constant on the Cu + con-
centration.
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