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Hyperfine structure and exchange coupling with conduction electrons in the quasi-one-dimensional
organic metal Cq, o;Nig oPc(ASFg)o 5
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We found an anisotropic hyperfine structure in the magnetically diluted alloy system, quasi-one-dimensional
organic conductor, G@Nig gPdAsF)o 5 (Pc=C3,NgH; ), and confirmed that the doped CoPc was relevantly
substituted. The hyperfine signal was replaced by a broad Lorentzian sign@Dat. TheH_L c broad signal
shifted and narrowed with increasing temperatures. We interpreted the temperature-depevalant and
linewidth based on Hasegawa’'s phenomenological theory for dilute magnetic alloys. The density of state at the
Fermi level and the exchange energy between the local spin%f &ul itinerantr hole of the Pc chain were
estimated, respectively, &.=3.8=0.2 eV and|J,4|=0.013+0.002 eV.
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The quasi-one-dimensional phthalocyanine conductorsor, NiPqAsFg),s was metallic down to~40 K and in-
MPc(X), (M=H3", Co&", Ni**, Cuw#', PE"  creased its resistivity below40 K.** The role of the C#"
Pc=(C3,NgH19)?; y=0.5 for X=AsFs~, ClIO,”, SbR~, y  spin in this compound remains unclear. An important factor
=0.33 forl;) constitute a unique system that involves mag-in our understanding of the properties of CORFg)o 5 is
netic metal ions near the conducting pathway. Both thé€ exchange energy, 4 between the localized spin of €o

. 2t n : : and itinerant spin of 7 holes. To reduce the direct
paramagnetic M=Cc*’,Ci*") and diamagnetic N Co-Co exchange interaction, we prepared the alloy

oy . . i
=H3" NI, F_)IH) phthalocyanines yield nearly isostruc- cq Nj,  po(AsF,), s and characterized it using the methods
tural conductive crystals. Owing to this property, compara-f glementary analysis, crystal structure analysis, reflection
tive study of the phthalocyanine-based conductors with Paraspectroscopy, Raman spectroscopy, and SR this paper
magnetic and diamagnetic phthalocyaniné’(P¢") and e present the hyperfine structure of?Cdl =7/2) and es-
alloy systems have been studied in order to elucidate th@mate the exchange energy, in the magnetically diluted
influence of the localized spins on the conduction electronsalloy Caq, o;Nig oPdASFs)g 5.
The first study was reported by Ogawatal, on The single crystals of Gti;_PdAsF)o5 were grown
CuPdl3)g.33 in which a magnetic order was suggested belowelectrochemically in 1-chloronaphthalene soluttdnThe
8 K by electron spin resonan¢&SR static susceptibility, crystals of CoPc and NiP@ldrich) were grounded together
and NMR measurementsThey suggested a strong coupling with the weighting factor of NiPc:CoRe100:1. The mix-
between the localized spin of €u(S=1/2) and the conduc-  tures were sublimed four times under a high vacuum to en-
tion electron of the Pc chain. Subsequently, they suggesteslire intimate mixing. After allowing the electrochemical re-
the presence of the cross-relaxation process between the Igction to proceed for three weeks, all the starting materials
calized spin and itinerant electron through the analysis of thguere transformed into the Agfalts. The atomic ratio be-
temperature-dependent linewidth of ESRhe influence of tween Ni and Co in the Gdli;_,PdAsFy), 5 single crystals
the localized spin of Cif on the conductivity was studied by was determined on an electron probe microanalyzer system
Quirion et al, on CuP¢l3)y33 and analogous compounds, (Hitachi S-450. The alloy Kovar, CoP@sFy),s and
which in the microwave resistivity experiment they found aNipc(AsF;), s were used as the standards for the analysis of
huge negative magnetoresistance and proposed a spin-fligbalt and nickel concentrations. The analysis of several
scattering process produced by*Ciocal spin®* The essen-  points on each single crystal indicated that the distribution of
tial idea was consistent with the findings of a study of theco and Ni atoms in the samples was homogeneous. In all
alloys, CyNi;_Pdll3)g 35 and CyHy ;- Pdl3)o 33" cases, the Co to Ni ratio agreed with the ratio of the initial
Martinsenet al. reported the phthalocyanine conductor of mixture within 10%. ESR measurements were carried out on
another paramagnetic ion, €o(S=1/2), on CoPll3)y33 iN  an ESR spectrometer with an x-band caviBruker ESP-
which the central metal spine was responsible for the3o0B. The temperature was controlled withir0.1 K using
conductivity® The microwave conductivity of the alloy a helium-gas flow-type cryostdOxford Instruments For
CoNi;_,Pdl3)g 33 provided the same conclusidn? On the  the angular dependent ESR experiment, aligned single crys-
other hand, the authors reported a similar Co-containing phtals were mounted on a quartz rod. The static magnetic sus-
thalocyanine conductor CofAsFy)os " In contrast to  ceptibility was measured on a superconducting quantum in-
CoPdl3)0 33 the Pc chain played a part in the electrical con-terference device magnetomet@uantum Design MPMS
ductivity, and thus the Cd ions were anticipated to play the 7000. About 1 mg of single crystals was aligned on a quartz
same role as Cii in CuPdl;)y3; However, the magnetic plate to detect the anisotropy. Electrical resistivity was mea-
moment of C8" was suppressed by the direct Co-Co ex-sured by means of a conventional four-probe method. Silver
change interactio®? The resistivity of CoP@sFg)os  or graphite pastes were used for making the electrical contact
showed a minimum near the room temperafdreshereas  between the sample and the ifn gold or annealed plati-
the nearly isostructural diamagnetic phthalocyanine conducaum wire.
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ductivity temperature dependence, since the crystals are too

| ne o | Hie fragile to withstand temperature change.
» \ T294K 0 A ] | T7295K As shown in Fig. 1, we found well-resolved anisotropic
wa Wi U e .
I, W |/ i, hyperfine structures of €6 (1=7/2) at 3.5 K Hlic) and 3.2
X 4 /\v T=30K r‘: ‘I K (HLc). The individual hyperfine resonance line has a
R— www X8 ‘fd WN T 0K derivative peak-to-peak linewidth afH,=60G andAH
I
//\‘ [ eosk “W M *MW* =23G. The separation between the hyperfine lines signifi-
x4 ; ‘” o ‘w 4 190K cantly increases toward higher fields. Thevalue is deter-
e e xa o U1 Mot mined at the mid-field betweekl,= +1/2 lines. The NiPc
i 1 Y \ J IV | . . . ]
x4 By To184k Vi molecules are stacked along thexis making their molecu
oo, - ‘ lar planes exactly parallel to tha&b plane. Therefore the
" ;‘KIW | \'} axis of the crystal is parallel to the fourfold rotation axis of
/! xa M| T=138K ) y P _
x2 0 P "‘ Bt the NiPc molecule, and the andb axes are nearly equiva-
Hid T=114K " P Lo, . . - L
J\W”\f\ﬁ\w“-“* M o ”w lent with each other. If CoPc is substituted at the position of
)/\;;H"/W i | NiPc, this characteristic structure requires the following an-
ik ular dependence for thgevalue,
X “‘\M‘M I‘ ﬂ T=8.9K w \ \ \ T=10.0K g p @
T | LI .
AW iy 9(0)= (g7 co$ 6+ g7 sir? )12 &y
(' i
‘ pn “[ The experimentally obtained angular dependencg wdlue
x /\‘M | /\ f‘ T=35K ‘ “ ' T=32K perfectly agrees with the theoretical curve calculated by Eq.
Wi h (1). This agreement means that the doped CoPc is relevantly

‘ i substituted in the alloy.

Hyperfine structure is interpreted according to the Hamil-
tonian, which is used to analyze the ESR signal of the mag-
netically diluted CoPc in3-NiPc anda-ZnPc crystald’ The
hyperfine constanta for Hilc andB for HL ¢ are determined
by the least-squares calculation to reproduce the 16 lines
shown in Fig. 1. Table | presents tigevalues and hyperfine

We have determined the crystal structure ofparameters in G@NigoPdAsFs)os along with those of
CoNi;_4PdAsF;) 5 with x=0, 0.25, 0.55, and 1. As the CoPc diluted in the insulating-NiPc anda-ZnPc crystals.
crystals ofx=0.25 and 0.55 are isostructural to orthorhom-The hyperfine constants of the €o ion in
bic NiPdAsF;)o5 (x=0) (Ref. 16 and tetragonal CaqpNiggPdASFs)g5 resemble those ifB-Cay goiNig.gedPC
CoPdAsFy)o5 (x=1),*? respectively, the boundary of the rather thanx-Coy goiZNo.9efC because the local environment
tetragonal and orthorhombic systems is located between of the CG" ion doped in NiP¢AsFy), 5 resembles that in
=0.25 and 0.55 in this alloy system. We thus consider thap-NiPcl’ No super-hyperfine structure from the nearest four
Cay 01Nig odPdAsFs)g 5 is isostructural to NiP@AsFs)gs. The  nitrogen atoms is observed in £gNigodPdAsFg)os This
unit cell of NiPqAsF;), 5 involves two conducting columns  result indicates that the unpaired electron occupies the 3
with a metal-over-metal stack, half of the unit cell being orbital of C&", and this orbital is not extended to the nitro-
almost same as the unit cell of CdRsFy), 5 Based on this gen atomg® The very anisotropig value also supports the
crystal structure the mean separation between the magnetdd,. orbital for the location of the unpaired electron in
dopants along the stacking axis in gNig ofP0AsFg)osis  CoPcl® The resemblance of the anisotrogiwalues as well
estimated to be 66 A. It is determined from the analysis ofas the anisotropic hyperfine constants to the magnetically
the anisotropic Curie constants féetllc and HL ¢ that the diluted CoPc ing-NiPc indicates that the ESR signal of this
magnetic species consist of 0.77% of CoPc and 0.21% of aompound is coming from the CoPsubstituted in the mo-
defect. CgNipodPdAsFs)os shows metallic conductivity lecular column of NiPE". It should be noted that the mag-
from near room temperature at least down to 200 K. Atnetic impurity in this alloy is well characterized by the analy-
present, however, we have not determined the complete cosis of the hyperfine structure.
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FIG. 1. Temperature-dependent ESR signals i ¢eft) and
H.Lc (right).

TABLE I. g values and hyperfine splitting constatsand B.

Material Temperaturék) o 9, Acm™Y B (cm™)
Cp,0Nig 0P AASFo)o 5 32,35 2056  3.0454) 0.0191) 0.0291)
B-C0y,00Nig 00 @ 77, 27 1.891) 2.941) 0.0151) 0.0281)
@-Cp 60ZNo o0 & 300, 77, 27 200B)  2.4223)  0.01163)  0.00663)

&This data is taken from Ref. 17. Numerical values in parentheses are the estimated errors. The error is
defined by 3 in the case of CgyNigodPdAsF)os Whereo is the standard deviation in the least-squares
calculation.
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324— ‘ : - - : where Xg is the magnetic susceptibility by the bare local
30_lh. i moment on Co', x?, the susceptibility of the Pauli paramag-
g . . . X .
] oo . netism in NiP¢AsF;),5 and A the molecular field coeffi-
o 7 best-fit I cient. They are given by the following equations:
§ 2.6 4 b 9jjovs L
] Yircaic. L N
o A
2'4i X?T:7(97TMB)2DF! (4)
2.2
20 "Rag 0= NACo(Qams)?S(S+1) 5)
300 . T : d— ’
3kgT
1 - AHJ.obs B
2507 o Hu:alc |
i .- L4 Al //obs‘ )\ 2J7Td (6)
200 E =
) *oaa 2 e i NaG-9aks’
£ 1504 o 0 A8 g -
s . ° ReEdonnn o whereDg is the density of state per hole and per spin at the
£ oo, Sas s mnannns 8 Fermi level,c, the concentration of the magnetic idv, the
50 4 L Avogadro number, and .4 the exchange energy between the
1 local and itinerant spins. The temperature dependence of the
0 |

effectiveg value is expressed by the two independent param-
eters,Dg and J.4. Equation(2) reproduces the observed
g, (T) curve for the broad signal (20KT<300K) very
FIG. 2. Temperature dependencegof andg, values(top) and  closely, if we useDg=3.8=0.2 evV'! and J_4=-0.001
linewidths of the broad signal®ottom. See the text for the calcu- +0.03eV. The calculated, (T) curve is illustrated by the
lation of the best-fit curveg values, and linewidths. solid line in the top panel of Fig. 2. The density of state is
calculated a®=1.5eV ! when we take the 3/4-filled one-
With increasing temperatures, the hyperfine structurelimensional tight-binding band with the transfer integral of
weakens each line without increasing its linewidth, finallyt=0.3 eV® Due to a strong correlation effect, the density of
being replaced by the broad signal above 30 K as shown istate is usually enhanced in organic metals. Taking this cor-
Fig. 1. Above 30 K, the broad signal narrows the linewidthrelation effect into account, the agreement is satisfactory.
with increasing temperatures, and tie c signal in particu- Owing to the relatiorgy~9,, the effectiveg, value is ex-
lar shows a significarg shift. At room temperature, the sig- pected to be close to temperature independgnt In fact,
nal becomes a single Lorentzian withH, =130G, g, the g, value is nearly temperature independent as shown in
=2.078 andAH;=81 G, g,=1.98. Figure 2 shows the tem- the top panel of Fig. 2. The standard deviation ¢ is
perature dependence of tigevalues and linewidths, which small enough, bud .4 is insensitive tag, (T).
suggest that the exchange interaction between the localized To estimatel .4 more precisely, we conducted a numeri-
3d spin and itinerantr hole is involved in the relaxation cal calculation of the ESR line shape based on Hasegawa’'s
process. If an itinerant hole strongly interacts with a local- phenomenological theory for a dilute random alloy, which
ized 3d electron, the ESR lines of itineramt and localized was solved by Barnesetal, including a hyperfine
3d spins merge into a single line. In fact, the high- structure?’ Equations(3)—(5) derived from the molecular
temperature ESR signal suggests this case. This situatidield approximation are used in this model. The Korringa
corresponds to the so-called “bottleneck regime” in dilute relaxation rate is introduced asTy,=4m(DgJ,q)?kgT/%.
magnetic alloy£? In this regime, the cross-relaxation rates to describe the relaxation rate of the local spia the inter-
between itinerant and local spins are much faster than thaction with the itinerantr spin. The spin-lattice relaxation
spin-lattice relaxation rates of the local and itinerant spinsrate is assumed to be temperature independefity, 1/
and the effectiveg value is given by the following =23G and 1Ty ;=61G are taken from the ESR linewidth

T T T T T T T T T
50 100 150 200 250 300
temperature (K)

o

equatior?® of the individual hyperfine line, and T/, , =100G and
/T ,,=70G are taken so as to adjust the room-temperature
OuXrt9dr IXdL .l linewidth. The resonance magnetic fields of the hyperfine
Oeft )=~ Tyl (2)  lines are taken from the experimentally observed values. In

this model, the line broadening at low temperature is as-

wheregy, , is theg value of C8™ ions, andg,, the isotropic cribed to the hyperfine interaction. With the density of state
g value of = holes [g,=2.0023 for NiP¢AsFy)oq. If we  Dr=3.8 eV 1, we simulated the line shape by changing the

take the molecular field approximatiogy and y, are given ~ €xchange energy..4. For example|J 4 =0.001eV is too
by the following equation&® small to explain the observed broad signal because in this

case a narrow signal af spins appears separately from hy-

0 0 0 0 perfine signals of 8 spins in the whole temperature range.

1+ 1+ . ; .
Xd:Xd(TOX’B) and Xw:XW(foX%), (3)  The simulation with|J.4=0.02eV, on the other hand, re-
1=Nxax= 1=NXxax 7 produces they shift but does not reproduce the line broad-
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ening upon cooling. In this case, the linewidth is alreadytemperatures are estimated Bg~W exp(—1/Dg|J,4)) =2

narrowed above 20 K. The open squares and circles in Fig. 2 1075 K and Treky ~|J,4|°Dr=7 K, whereW is the band-

show theg value(top) and linewidth(bottom obtained from  width (=1.2 eV) of NiPc(AsFg)os ® This estimation is con-

the line shape calculated witt 4 =0.013 eV. This simula-  sjstent with the Curie-Weiss behavior of the low-temperature

tion properly explains both the temperature-dependesfiift ~ magnetic susceptibility.

and line narrowing above 30—-40 K. Below this temperature, J_, involves on-molecule exchange terdy,, and cova-

the observed ESR line shape is very different from the caltent mixing termJ.,,, therebyd_4=Jmo+Jem- JImo IS €Sti-

culation. In the temperature range of 186K <30K, the  mated from the following Coulomb energy:

hyperfine signal coexists with the broad line, and the replace- )

ment by the broad line appears to be continuous. Below 10 e

K, the hyperfine structure increases the line intensity accord- j f ¢x(r2)eq(r1) r_u¢ﬂ(rl)¢d(r2)drldr21

in rie law. The weak br line di rs in th . . .

st?ortl(; Cr:;/p?arfﬁ]e sig?]alseiaThzoggovee gsggf eV?/li;LTd t ewhered)qT andcgg_are the hlghesf[ occuplecc?ierolecuIar_orbltals

=0.013eV cannot reproduce the well-resolved hyperfine(HOMO.) of Pc™ and 32 orb|ta|_ of Co™, re_spectwely.

structure. This means that some part oCspins are de- According to the molgcular orl?|tal SO O.f N'PC’

coupled with7 holes below 30 K. Furthermore, the hyper- HOMO has nodes at Ni and N sites, and dt2orbital is
glso I(_)call_zed near the Ni sfé_.They mutually occupy sepa-

Curie law above 30 K. We thus speculate that th@oles rate sites in the phthalocyanine molecule, so the differential

may be weakly localized in this alloy below 30 K. overlap¢,(r)¢q(r) seems to be very small in every site in

Ogawaet al, estimated the dynamical exchange term pelhe molecule. If the molecular orbital of CoPc resembles

tween the local and mobile spins in @i; Pdl2)ess and NiPc, the above Coulomb energy seems to be very small.

ted th fficient df as 0.052 If int  thi Covalent mixing comes from the hybridization of the Co
presented the coe |C|en2 oras 9.5999. 1T e Interpret this 3d,2 orbital and Pc HOMO of the neighbor molecule. The
coefficient as 4r(DgJ,q)° in the Korringa relaxation rate,

¢ . : small value ofJ.,, suggests the small hybridization. This
the exchange energy is estimated|ag,|<0.017 eV, since suggestion is co?]n;'stent ith the characteristic feature of the
D: in the 5/6-filled band is larger than that of the 3/4-filled yoo o o ! S el ISt featu

band®? This |J,q value is comparable to that in HOMO and 31,2 orbital.
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