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Utilizing techniques for synthesizing very pul@(pc), (pc=phthalocyanine), we prepared alloys of the
type CyM,_,(po)l, M=H, or Ni to examine the interaction between the conduction electrons and the local
moments associated with tise= % Cu' 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%p€ueduces 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 inygig o5(pc)l 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 cdfstaat,
increases linearly witlx, the Cu content. The slope  is explained in the companion paper by Martin and
Phillips [Phys. Rev. B60, 530(1999]. [S0163-182699)04521-X

INTRODUCTION where S, represents the local moment spf,is the carrier
spin, andl,_4 represents the coupling between them. Studies
Quasi-one-dimension&f1D) conductors are of great in- of the CyNi;_,(pc)l alloys further showed that the coupling

terest because they display such features as charge-densitfy the local moments and the itinerant carriers leads to
waves(CDW'’s), spin-density wave6SDW'’s), and anion or-  carrier-mediated Cu-Cu exchange interactions along the one-
dering, that can lead to unusual phase transitions and magimensional stacks of the forfth
netic properties™ The interaction of local moments with
conduction electrons, which gives rise to such characteristic H :2 A0S @
phenomena as the Kondo effect in three-dimensional metals, i S-S
has not been studied as extensively in one-dimensional
systems 12 We have been examining this phenomenonThis indirect interaction was found to be substantially stron-
within a family of q1D conductors based on the macro-ger than the direct Cu-Cu exchange coupling between neigh-
cycle phthalocyanine (pc), the molecular metals bors along a stack.
[M(pc)]%33 (137)0.33. Substitution of a paramagnetic metal ~ The Cd' local moments in these materials strongly sup-
ion such as Cli (S=1/2) into pc leads to a unique situation press the conductivity through spin-flip scattering; the maxi-
wherein the itinerant carriers associated with the macrocycl&um conductivity decreases with increasing levels of Cu and
and the local moments associated with the metal ion coexighe temperature at which the maximum conductivity occurs
on the samemolecule, and thus, theameql1D stack. This increaseS”"**However, for small values of, these materi-
may be contrasted with the system of (perylehgjmnt),, als show large increases in conductivity upon application of
M =Pd or Pt, which forms a family of q1D molecular con- & magnetic field(positive magnetoconductivity because
ductors where the conduction electrons are associated wiffe field freezes the local spins thereby decreasing the spin-
the perylene stack while the local moments are associateltip scattering of the carriers by the QL) local moments. At
with the M(mnt), stack!**? low temperatures and high Cu concentrations, there is a fre-

Magnetic susceptibility measurements of (gal, quency effect in the conductivity that manifests itself as a
and of the alloys CiNi;_,(pol, and Cutatbpl sharp enhancement in the microwave conductivity at 16.8
(tatbp=triazatetrabenzoporphyrin) have shown a Curie-GHz as compared to that seen in the four-probe measure-
Weiss component due to the presence of @cal moments ments (27 Hz. This appears to reflect a novel carrier and
and a Pauli term from the conduction electrons associatetpcal moment relaxation mec_haglsm that results from the
with the pc ring>®4 However, EPR studies showed only carrier-mediated Cu-Cu couplirg®** _
one signal from these two spin systems, which demonstrates We have recently found that the purity of tM(pc) pre-
that the Cll local moments are exchange coupled to thecursors dramatically affects the low-temperature charge-
conduction electrons. The spin-exchange coupling betweentansport properties of thd (pc)l materials, with the con-
local moment and the carriers in a metal is described scheéluctivity maximum of H(pol and Nipc)l at low

matically by the Hamiltonian terfA temperature being improved from the previously reported
value of five times greater than that at room temperature
He g=2Je_ ¢Sy S (1)  to ~30-fold or more?®=?2 Therefore, we have used these
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high-purity materials to examine the effects that local mo- TABLE I. Composition and magnetic susceptibility data for
ments have on the intrinsic charge-transport and magneti€uHz(1-x) (POl alloys.
properties of these q1D conductors by using the high-purity

M(pc) parent materials to prepare and study theX Xmeas Cealc Creas 0 Temp. range
Cu,Hz (1 (po)l alloys and to reexamine the Qi; _(po)l (emu K/mo) (K) (K)
alloys. The nature of the local moment-itinerant spin cou- 02 000818 0.0098) —1.26) 300-5

pling in the newly prepared alloy systems,,Bid; (POl
and CyNi;_,(po)l is explained in a companion paper by
Martin and Phillipg® in which they extract a value for the
carrier-mediated exchange interaction.

0.05 0.061) 0.02045 0.020) —1.001) 300-5
0.10 0.146) 0.0409 0.041(B) -1.425  300-5
0.25 0.236) 0.10225 0.108) -1.803) 300-8
0.35 0.424) 0.14315 0.146%) -2.257)  300-8
0.50 0.525) 0.2045 0.198) —2.625  300-8
EXPERIMENTAL 0.75 0.30675 0.328) —3.52) 300-14

Synthesis of CiM;_(pc)l, M=H, and Ni. High- 090 1.044) 0.3681 0.36@@3 —3.711) 300-14
purity H,(pc) and Nipc) were prepared as reported earfier; 1.00 1073 0.409  0.386l) —3.866)  300-14
high-purity Cupc) was prepared similarl§t Dark-green
crystals of CyM;_,(pc)l, M=H, and Ni, at the desired
composition were prepared as described befoFar M
=H,, alloys of the ratiosx=0.01, 0.02, 0.05, 0.10, 0.25,
0.35, 0.50, 0.75, 0.90, and 1.0 were prepared. Because st

les have already been done on thex@‘f—x(p‘?)' System,  \ere used to aid in determining the low-temperature cutoff
fewer alloys were prepared from the high-purity parent mayq, e fits. variation of the high-temperature limit for the fit
terials: x=0.05, 0.25, 0.50, and 0.75. Previous studies oryig not significantly alter the fit parameters. The results of
M,Ni; _,(pc)l alloys, whereM=Cu or Co, demonstrated e fits to Eq.(3) are given in Tables I and Il along with the
that theM(pc) to iodine ratio is indeed unity, that thé:Ni o mperature range of the fit. We also fit the susceptibility

ratio- is the same as that of_ the starting materialyata over the same temperatures to the following
M,Ni; _,(pc), and that thé (pc) units are homogeneously equation?®2’

distributed throughout the crystdté* The CyM;_,(po)l,

M=H,, and Ni alloys prepared here behave similarly, as Xp C

described in detail elsewhefte. X= d=om + T=0) 4
Conductivity measurementsSingle crystals were

mounted on graphite fibers with a locally prepared palladiumwhich self-consistently takes into account the coupling be-

paste. Measurements of the four-probe(2¢ H2 conduc- tween the local moments and the conduction electrons. The

tivity along the stacking axis were performed asparameters derived from the two equations were indistin-

described?! at temperatures between 300 and 1.85 K andyuishable.

magnetic fields of 5 T. Room-temperature conductivities

ranged from 150 to 700 *cm ™ for these alloys. The mi- RESULTS AND DISCUSSION

crowave conductivity and magnetoconductivity data at 16.8

GHz were obtained utilizing a cavity perturbation Four-probe conductivity. To appreciate the effects of in-

techniqué® with the capability of application of a transverse corporating paramagnetic &ipc) units into a partially oxi-

magnetic field of up to 10 T. dizedM(pc) stack,M =H, or Ni, we first recall the conduc-
Magnetic  measurementsEPR  and  magnetic- tivity of high-purity Hy(po)l and Ni(pc)l; as the data for

susceptibility = measurements were performed  adNi(po)l is similar, we show only that for Hpo)l in Fig. 1.

described®?!  The susceptibility data for the The room-temperature conductivities for high-purity(pt)l

CuHa(1- 5 (POI and CyNi;_,(po)l alloys were initially fit and Nipc)l are similar to earlier values, witho(RT)

to a Curie-Weiss susceptibility law associated with the~500Q~*cm 11819230 As the temperature is lowered

Cu' (S=1) local moments plus a term for the temperature-

&/alues determined by EDAX measurements on single crystals.
Curie constant determined by fit of susceptibility data xg
=C/(T—-60)+xp, Eq.(3).

U lower temperatures for decreasirgPlots of 14 vs T

independent Pauli paramagnetism of the carriers, TABLE II. Composition and magnetic susceptibility data for
CuNi;_,(po)l alloys.
C
X:XP+ TTa (3) X Xmease,1 Ccalc Cmea_'? 0 Temp' range
(emu K/mo) (K) (K)

Previous studies on @opc)l and Cutatbpl, show that the 0.05 0.0369) 0.02045 0.0299) —1.602) 300-5
susceptibility does not follow the above equation down to they 25  0.0201) 0.10225 0.12@) —2.01) 300-8
lowest available temperatur@ K),5'6'14'17and thus, the sus- g 59 0.495) 0.2045 0.208) —2.146) 300-8
ceptibility fits for largex were done over a truncated tem- g 75 (0.744) 0.30675 0.30B) -2.961) 300-14
perature range of 50-8 or 10 K to emphasize the contribuj 4o 1.073)  0.409 0.3921) —4.206) 300-14
tion from the Curie-Weiss term. However,adecreases, the
contribution of this term decreases proportionateBpk), &/alues determined by EDAX measurements on single crystals.
and so does the temperature at which deviation from Curie’Curie constant determined by fit of susceptibility data xg
Weiss behavior is observed. Thus, we extended the fits downr=C/(T— 6)+ xp, Eq. (3).
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FIG. 1. Temperature dependence of the normalized single-
crystal conductivity of CyHy(; (PO, x=0, 0.01, 0.05, 0.25, and FIG. 2. Plot ofarei for both alloy systems, G, _,(pol, M
CuNi; _,(po)l, x=0.05 and 0.25. =H, and Ni, versus Cu contenx, Inset: Plot ofT ., versus Cu
contentx.
from 300 K, the conductivities of these two high-purity com-

pounds increase in a metallic fashion with decreasing tempefore. Addition of 5% Cu into the Kpc)l lattice led to a

perature over the temperature range 368K, where they  decrease fromy*~5 to ~4 in the alloy prepared from

reach a maximum, and then slightif0-40% decrease myitiply sublimed, commercially available matert&f®??In

upon further cooling to 1.9 K% At the conductivity maxi- general, for x=0.25, the values of o™ in the

mum, T,a—3K, the absolute conductivity is~1-2 CuUHa1-(PO! and CyNi;_,(po)l alloys are similar to

71 71 - . - .. ) N
x10* Q" tem™L, representing an |2;:Xrease in conductivity {hose previously reported for the (Ni;_,(po)l alloys

over that at room temperature @fr”=0(Tma)/0(300K)  \hich, however, did vary somewnhat in different repsrté3*
~30. In contrast, earlier studies on(dc)l and Ni(pc)l gave  The general agreement at larger valuex &f not surprising

values ofoyei*~2—7 andT pa~15-25 K18:1929-33 because the present data show #3f* is roughly indepen-
Plots of the temperature dependence of the normalizeglent of the concentration of any impurities for 0.25.
conductivity data for the two series of alloys @i, _(po)l, More careful examination of the composition-dependence

M=H, and Ni, are also presented in Fig. 1. The two alloy of zMa andT,,,,in the plateau region, 0.25x<0.8 (Fig. 2),
systems behave similarly. For each composition with0,  shows modest quantitative differences for the two alloy sys-
the maximum conductivity is reduced from that of the tems that can be attributed to scattering from the random

=0 compound and the maximum occurs at a highgk:  potential created by the random occupancy of metal-ion sites

belowT . the conductivity for thex>0 alloys rapidly tends along a molecular stack. Thusg™™~25 for the

toward zero with further _c_oollng. The value efi)* de- Clo sH205(PO) alloy is one-half that of the GitHa o 5(PO)!
creases sharply upon addition of Cu~0.1-0.2) andlmax  alloy, and T, is ~2 times greater, Fig. 2, inset. Moreover,
shifts correspondingly to higher temperatu@sg. 2). In- a5y increases from 0.8 to 1.0 in the @b (3, (po)l alloys,
deed, incorporation of only 1% Cuinto Ni(pol or Hy(pO)l  the conductivity improves slightly, as reflected in a small
causes a twofold decrease #rfg™, and 5% incorporation increase inr™ and a small decrease Ty These results
decreases g, - from ~30 down to~10. The importance of are counter to expectation if scattering of the itinerant carri-
this is emphasized when it is noted that the effective dilutiorers is dominated by interaction with the local moments; in-
in a 1 Dmetal is far greater than in an isotro D metal  stead they reflect the existence of a second scattering mecha-
because of the reduced dimensionality. Thus, for a 1% domism in the CuyHy (15 (POl alloys. This is confirmed in
ing level (x=102) in one dimension, a carrier travels on other studies on a wide range of Ni(;_4(po)l and
average~100 lattice sites before encountering a dopant molj,zn, _,(pc)l alloys, which show that the difference in the
ecule, whereas in a 3D isotropic material, a much lower dop~; orhital energies of adjace (pc) andM’(pc) units in a
ing level ofx=10"%% (x=10"°) would give the same av- conducting stack causes scattering of the carfietisis may
erage first-encounter distance. Asis increased beyond be denoted “potential” scattering in contrast to the spin-flip
~0.10-0.2,07¢* and Tpa become weakly dependent on  scattering from the Culocal moments.
with plateau values ofo~2.5-5 andT.,~60—80K Microwave conductivity. Our earlier work shows that
(Fig. 2, insel. microwave conductivity and magnetoconductivity measure-
The high-purity Mpo)l conductors and their ments can be used to examine the role of spin-flip scattering
CuM,_,(pol, M=H, or Ni, alloys show much higher con- of the itinerant carriers by the local moments in
ductivities forx<0.25 than reported in previous studies on CuH, ;4 (po)l and CyNi,_,(po)l alloys. Figure 3 shows
CuNi;_,(po)l alloys, and the effects of addition of €dlis-  the 16.8 GHz microwave conductivity measurements of a set
played in Figs. 1 and 2 are far more dramatic than seeof CuH,;_,(pol alloys. For 20KsT=300K, these
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FIG. 3. Normalized microwave conductivi{fi6.8 GH2 as a Sté).sz‘b(om(pC)' and Nb zgz0.75(PO)l for T=50-1.9K andH
function of temperatures for GH,(;_,(po)l at H=0 T (symbolg ’
andH=10T (lineg. X=0 (O), 0.05(V), 0.10(1), 0.25(A), and
0.75(9). Inset: Temperature dependence of the normalized fourinduced by the application of a fieldAo(H)=[o(H)
probe (—— —) and microwave (—) conductivity for —g(0)]/c(0). Neither alloy shows an effechia 5 Tfield
Clo sH20.5(PO)I- for T=20K. AsT decreases, the magnetoconductivity of the

Cly2H20.75(pO)I alloy in this field rises toAc=0.6 atT

curves have the same general shape as the correspondia® K, then decreases to 0.45 with further cooling to the
four-probe data of Fig. 1, and they exhibit the same decreadewest temperature availabl&=1.9K. In contrast, for the
in o g and increase iy, With increasingc. An expanded  Nig ,dHz0.75(p0)! alloy, Ao becomes negative & is low-
comparison of the 27 Hz and 16.8 GHz data forered and is small, witiAa(5 T)~—0.04 atT~4 K. This
Cug sHz0.5(PO)I, x=0.50 is shown in Fig. 3, inset. In this latter behavior parallels that of ordinary metHlawith fur-
case the normalized curves agree well down to 10 K. At lowther cooling, a small positivéo is imposed on the weak
temperatures, the microwave conductivity levels off at somanegative curve; this likely reflects residual paramagnetic im-
temperature Tp depending on x and approaches a purities. Thus, the large, positive magnetoconductivity exem-
temperature-independent value; in the case&60.50, this  plified by the Cy 4,0 75(p0)! alloy confirms the impor-
plateau value is 1000 times less than that at room temperdance of spin-flip scattering in the charge-transport properties
ture. The deviation between the four-probe and microwavef the CyH, ;) (pc)l and CyNi; _,(pc)l alloy systems.
conductivity has been observed previously in 8y _,(po)l Figure 3 also shows the normalized microwave conduc-
alloys and is attributed to a type of frequency-dependent cattivity for a series of CyH, ;) (po)l alloys in the presence
rier relaxation associated with the @o) local of a 10 T field. Forx<0.50, at the fields and temperatures
moment$~-814Thus, observation of this same frequency de-available, the conductivity in the applied field always is
pendence in the GHl,;—,(po)l alloys confirms that the greater than the zero-field conductivity. FRE=0.50, the
spin-flip scattering mechanism here is similar to that ob-magnetoconductivity is positive in the temperature range
served in the previously studied (Ni; _,(pc)l alloys. Tp<T=T,a but belowTp the magnetoconductivity be-

Magnetoconductivity. To confirm that the decrease of comes negative as shown for Ely;_,(pc)l, x=0.75 in
oo with increasing x in the CyH,;_,(pol and  Fig. 3.
CuNi; _4(po)l alloys results from spin-flip scattering by Although the general characteristics of the microwave
=3 CU' ions, we measured the effect of an applied magnetiecnagnetoconductivity of the GM;_,(po)l, M=H, and Ni,
field on the four-probe conductivity. Materials with spin-flip alloys are very similar to those observed previously for the
scattering typically exhibit increases in their conductivities CuNi;_,(po)l alloys,?? the magnitude of the magnetocon-
upon application of a magnetic field®3¢3"This occurs be- ductivity is much greater in the newly prepared materials
cause the field largely quenches the spin degrees of freedomspecially for small values of For example, direct compari-
which reduces the probability of a spin-flip scattering eventson of the data for CiNi; _,(pc)l, x=0.05 shows that at-2
and thereby, decreases the effect of the coupling between thethe increase in conductivity in a 10 T field is remarkably
local moments and the itinerant carriers. As a control, wdarge and over four times greater in the new allogst/o
prepared the NidH,0.75(pO) alloy because the Nion has =8 vs Ag/o=1.7"?? This may be compared with o/ o
no local moments. Figure 4 shows the four-probe magneto=—0.05 for the corresponding diamagnetic alloy
conductivities of the Nj,dHy (0 75(pC)l and Cu ,dH5(0.75(PO)! NixHz 1 x) (PO, x=0.053° At higher concentrations of Cu,
alloys plotted as the fractional increase in the conductivityx=0.25, the new materials show larger field-dependent ef-
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FIG. 5. MagnetoconductivityAa/o of CuygHyp5(P0)l as a
function of H2 at T=12.05 and 1.91 K.
fects as well, but these increases are not as pronounced as U § S —
those found for low values of. 2200 2600 3000 3400 3800
At temperature§ ,<T<T, the magnetoconductivity of ) ]
both high-purity CyM, _,(pc)l alloys increase linearly with Magnetic Field (G)

H2,715 as shown forT=12K in Fig. 5 for Cy 5(H,)o 5(po)!
for which Tp~4.5K. However, forT<Tp the magnetocon-
ductivity of this material has a complicated field dependenc
(Fig. 5. Similar behavior was reported for the ] ] ) )
Cu,Ni;_(po)l alloys”? Full analysis of the unusual mag- metal doped with paramagnetic metal ions can be described
netoconductivity observed in the M, (pol, M=H,and @S the sum of two term$Egs. (3),(4)]: a temperature-
Ni, alloys will be presented in a separate pajfer. independent Eq(3) or nearly independent E@4) contribu-
Magnetic properties. EPR measurements confirm that tion from the conduction electrons, and the Curie-Weiss
the conduction electrons and the local moments are tightl{e™. representing the contribution from the local moments.
coupled in both the GiiH(; (POl and CyNi;_,(po)l al- e fit the susceptibility data as described in the experimental
loys. Both systems exhibit spin coupling between thd Cu Section. The Curie consta@tdepends linearly on the Quc)
local moments §,=2.18 andg, =2.05) and ther conduc- ~ fraction in bothothe CiM;_x(po)l, M=H, and Ni aIong,
tion electrons ¢=2.0) that leads to a single EPR signal with and t2he slopeC™ agrees well with the expected valug,
axial symmetry andg,>g, . The observedy values are =N #eS(S+1)/3g [Tables | and I); a small residual
susceptibility-weighted averages of those for the two spifé'm asx—0 reflects the presence of powder defect&and
systems. Thusj) at any temperature botj) andg, increase residual magnetic impurities in the parent compotnd.
with increasing C(pc) content, andii) both g, andg, in- Mean-field theory for local moments in an insulator predicts
crease in value with decreasing temperature and appear tgat the absolute value d, the Weiss constant, varies lin-
approach theg values for isolated Gpc), g,=2.18 andg, early from O asx increases and an indirect coupling of the
—2.05. The latter follows because the 'Capins have a local moments through the conduction electrons can be de-
Curie-Weiss susceptibility that increases at low temperatureC'iPed in terms of a Weiss constathat is a simple, linear
whereas the conduction electrons have a  roughlyunction ofx with |6]—0 asx—0. The absolute value of
temperature-independent Pauli susceptibility. does vary approximately linearly withwith a slope of~3
Earlier X-band EPR studies on the Bli, ,(po)l alloys < but with a nonzero intercept at=0 (Fig. 7); this behav-
reported large increases in the parallel linewidth below 10 KO S Similar to that previously seen for (Ni; _,(po)l al-
and increases of), to values even greater than 2.&PR loys. The interceptfes~1 K is attributed to the powder de-
measurements on QNi; _,(po)l, x=0.50, show similar be- fects and 0reS|duaI magnguc |mpgr|t|es in the pargnt
havior; asT is lowered from 4.2 to 2 Kg, increases from compoqn_dﬁ._The susceptibility data is analyzed by Martin
~2.17 to~2.3 and the linewidth increases twofold, Fig. 6. In @1d Phillips in terms of the 1D exchange between local Cu
a surprising contrast, the values for the CygHy (1 (PO, spins and itinerant carriefS.
x=0.25, 0.35, and 0.50, alloys remain at the(@u limit for
2<T=<4.2 K,_and the linewidths do not increase. SUMMARY
Susceptibility measurements provide a measure of the
strength of the coupling of the ®uocal moments to the The CyM,_,(po)l, M=H, and Ni, conductors represent
conduction electrons. The high-temperature susceptibility foa unique system with which to examine the interactions of

FIG. 6. Powder EPR spectra of £4Nig 5(pc)l taken at 9.5 GHz
éx band.
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5 . . T . T (Fig. 2). Because of the quasi-one-dimensionality of our sys-
tems, this dopant level of 5% is equivalent to a dopant level
of ~10 3% in an isotropic three-dimensional metal. There-
4 . fore, these q1D materials are in the dilute limit where the
° widely studied Kondo effect is operative in 3D metHls.
The small quantitative differences in the valuesogt™
3+ . and T .« at intermediate values of in the CyM;_,(po)l,
lo| ° M=H, and Ni, alloys are attributed to a second scattering
mechanism due to differences in the energy of the Hamo
2L - orbital of various M(pc) molecules based on studies of
° NixHo(1-5(pOI and Ni,Zn; _,(po)l alloys.
° The availability of high-purity and highly conducting ma-
1lLe i terials has permitted us to discover quite remarkable magne-
toconductivities in the materials with low. For the
CuM,_,(pol, M=H, and Ni alloys studied here, when
0 ; . L L | =0.05, the relative increase in conductivity upon application
00 02 04 06 08 10 of a 5 T magnetic field isAo/o, ~10 fold, more than four
X times greater than in the ggNig o5pc)l material prepared
FIG. 7. Absolute value off, the Weiss constant, for the from commercial C(pc) and Nipc). These values are very
CUtz(l—x)(pC)I alloys as a function of Cu content Iarge Compared to those observed for most 3D Kondo Sys-

N _ _ o tems, but are of the same order of magnitude as (MBLe
itinerant carriers with local moments embedded within thewith 1.2% atomic percent C&:3’

stack of a q1D conductor. Recent improvements in materials Analysis of the linear dependence |&f on x by Martin
preparation of the diamagnetic hdSthave resulted in un- and Philip&® leads to a value for carrier-mediated exchange
precedented conductivities of 1x20°Q"*em™* at T interaction,|J,_¢|~240-370K[Eq. (1)]. This constitutes
~4 K for Hy(po)l and Ni(po)l. These values are-30 greater  the first determination of the carrier-mediated exchange cou-
than those at room temperature, and appear to represent thng for a molecular conductor like GNi;_,(po)l.**
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