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One-dimensional antiferromagnetism in fluoro-gallium phthalocyanine(BF,) o5
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The crystal structure and magnetism of fluoro-gallium phthalocyai@aé’cH doped with BF; are studied.
A powder x-ray-diffraction analysis indicates that the stoichiometry is GaPcR}¢BEand that the unit cell is
a tetragonal oh=18.832+0.019 A andc=7.592+0.012 A in which the GaPcF polymer axes run parallel to
thec axis. The phthalocyanine rings have an interleaved structure, i.e., the rings in the nearest-neighbor chains
have differentc coordinates. The BF ions occupy their sites randomly with a probability of 0.25. The
electron paramagnetic resonar&>R signal intensity and the linewidth do not show any anomaly between
4.2 and 300 K, indicating that no magnetic transition occurs. The EPR signal intensity at 300 K indicates that
the spins are localized. The temperature dependence of the static magnetic susceptibility is explained by the
random-exchange Heisenberg antiferromagnetic ctREHAC) model. An analysis on the REHAC model
shows that the GaPcofBF,). .5 is a one-dimensional antiferromagnet in which the exchange interaction is
randomly disordered in such a way that, on the average, 25% of the nearest neighbor spins have an interaction
of 40% strength compared to the others. The one dimensionality is attributed to the interleaved structure and to
the random distribution of the BFions with a possible partial correlatiof50163-18298)04614-1

l. INTRODUCTION GaPcF(BF,) ¢ ,5 are localized as in the case of AIPcF-I but
the magnetism is one dimensiondlD). The difference in
Acceptor-doped phthalocyanines have been extensivelthe dimensionality is attributed to differences in the crystal
studied because of their high electric conductivity and alsastructure. Thus, it will be demonstrated that the dimension-
their interesting magnetism. A typical example of the highlyality is affected by structural factors.
conductive phthalocyanine is nickel-phthalocyanine iodide The crystal structure and charge transport properties of
(NiPc-).? The NiPc-l shows a conductivity of~500 GaPcF(BF,), have already been reported by Futameta
Q~lcm™! at room temperature and retains a metallic bandal.’ They interpret the magnetic susceptibility of GaPcF-
structure down to a temperature bel@ K showing Pauli  (BF,), as a sum of the Pauli and Curie components, which is
paramagnetisriln the NiPc-I, the phthalocyanin@®g) rings  often the case for many conductive polymers. They assume
form a cofacially stacked one-dimensional artayn which  that the Pauli component is independent of temperature and
the charge transport occurs with a strongly one-dimensionadstimate from what they assume to be the Pauli susceptibility
character. that the bandwidth is 0.14 eV. However, their interpretation
Fluoro-aluminum-phthalocyanine iodid&IPcF-1),>®>on  is not self-consistent since the Pauli susceptibility is tem-
the other hand, shows totally different transport and magperature dependent with a bandwidth as narrow as 0.1% eV.
netic properties from those of NiPc-I although AIPcF-I haslt is also quite doubtful that metallic charge transport occurs
an isomorphous crystal structure with NiPc-I: AIPcF-l showswith a bandwidth of only 0.14 eV. Since they do not show
a nonmetallic charge transport and exhibits threethe explicit experimental data of the temperature dependence
dimensional(3D) antiferromagnetism with a ¢ tempera-  of the susceptibility, only limited information is obtained
ture (Ty) of 80 K. The difference between AIPcF-lI and from their paper about the magnetism. Furthermore, the crys-
NiPc-l is attributed to the difference in the inter-ring distancetal structure proposed by Futamataal. does not give a
along the Pc chain, i.e., 3.55 and 3.24 A for AIPcF-I andsatisfactory fit to the experimental x-ray diffraction data. The
NiPc-I, respectively. The longer inter-ring distance for present study gives an improved analysis of the crystal struc-
AlPcF-I causes a narrower bandwidth, which makes the eleaure and shows that the spins are localized.
tron correlation effect more important. Thus, AlPcF-I is con-
sidered to be a Mott insulat8iThe localization of the spins
makes the interspin exchange interaction effective, resulting
in 3D antiferromagnetism in the case of AIPcF-I. Then, the GaPcF was synthesized using a procedure from the
guestion of whether the three dimensionality in the magneliteraturé1 and was purified by subliming three times at
tism is a common feature of the acceptor-doped phthalocya490 °C in a vacuum of 10? Pa. After this purification,
nines as long as the spins are localized arises, which is th®@aPcF did not have any impurity spins detectable by elec-
point of the present paper. tron paramagnetic resonan(@PR. NOBF, was purchased
In the present study, the crystal structure and magnetisfiom Aldrich Chemical Co. and was used without further
of BF,-doped fluoro-gallium phthalocyanind GaPcF- purification.
(BF,4)o25] are studied. The GaPcF is a cofacially stacked The GaPcHBF,), powder was synthesized by reacting
polymer phthalocyanine with aGa-F],, backbon€;® being ~ GaPcF with NOBR (Refs. 9 and 12 GaPcF and NOBf
isomorphous with AIPcF. It will be shown that the spins in with a molar ratio of 1:1 was mixed in a flask, into which

Il. EXPERIMENT
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TABLE I. X-ray-diffraction data for the GaPcEBF,) »s.
x1/3
B (h k l) 200bs 2acalc I obs l calc
g (110 6.65 6.63 1 1

E (200 9.40 9.38 0.2575 0.2541
g (220 13.32 13.28 0.0134 0.0033

=AY " (111 a 13.41 a 0.0056
& j wm (310 14.87 14.86 0.1478 0.1457

A (20D a 14.97 a 0.0242
(221) 17.70 17.70 0.0089 0.0172
T . (400 18.83 18.83 0.0191 0.0087

— U S A S (312) a 18.92 a 0.0017
10 2o (deé(r’ee) 40 >0 (420 21.07 21.07 0.0321 0.0262
(102 23.87 23.88 0.2356 0.3329
FIG. 1. Powder x-ray diffraction pattern of GaP@B¥,) s (212 25.69 25.71 0.0221 0.0470
with CuKa radiation. * denotes the reflection of the nondoped- (440 26.75 26.75 0.0087 0.0139
GaPcF phasef denotes a reflection of unknown origin. The bars (530 27.58 27.59 0.0093 0.0258
§hoyv the theoretical diffraction intensities for the crystal structurego) 28.39 28.40 0.0107 0.0169
in Fig. 2. (620 29.97 29.97 0.0194 0.0252
(710 33.61 33.61 0.0078 0.0174
degassed dichloromethane was introduced by vacuum disti{640) 34.28 34.30 0.0063 0.0090
lation. The mixture was stirred at 20 °C for 22 h in Ar gas, (730 36.27 36.29 0.0095 0.0124
then filtered. Finally, the product on the filter paper was(goo 38.20 38.19 0.0032 0.0050

dried by pumping with a rotary pump. The sample was not73y a 38.23 a 0.0018
washed with any solvent since the BHons are easily re- (g2 39.39 39.41 0.0050 0.0126
moved from the sampléThe stoichiometry of the obtained (750 41.20 41.19 0.0033 0.0059
product is GaPckBF,) »5 determined by an x-ray diffrac- (gaq 42.91 42.90 0.0014 0.0039
tion analysis as described in Sec. Il A. (910 43.44 43.46 0.0038 0.0069
The powder x-ray diffraction measurement was done on gg; ) 45.52 45.54 0.0056 0.0035

Rigaku RINT2100 diffractometer using Ni-filtered Gla (742 a 45.54 a 0.0025

radiation. TheKa, contribution to the diffraction intensity
was subtracted analytically from the neat diffraction intensity®The reflection overlaps with the neighboring reflection. For ex-
using the Rachinger methdd The receiving slit was set at ample, the(111) and the(220) reflections are not resolved, so that
0.15 mm, and the divergence and the scattering slits were sete listed value of thé,, for (220) is the sum of the intensities of
at 0.5° for 20=3°-30°, 1° for #=23°-50°, and 2° for the two reflections.

20=40°-65°. The analysis of the crystal structure was done

using the progranxrAy for a personal computer originally pascal constants. All the measurements at variable tempera-

elsewheré’* In the analysis, a temperature factor of

exf —8(sind/\)?] was assumed for the diffraction intensity,
referring to a temperature factor of NiP¢&-I. Il. RESULTS

The EPR measurement was done on a homerkaldand
(24 GH2 apparatus with & E;1; cylindrical cavity employ-
ing a 100-kHz field modulation of 0.2 G. The sample was Figure 1 shows the x-ray-diffraction pattern of the GaPcF-
sealed at 760 Torr with high-purity He gas. The temperaturéBF,), powder. In Fig. 1, the weak peaks a®26.98°,
dependence of the EPR signal intensity was determined b9.86° and 15.65° are those of pristine GaPcF, indicating that
measuring the relative intensity of the sample to that ofthe sample contains only a small amount of the nondoped
K3CrQg, which obeys the Curie-Weiss law with a Weiss phase. The weak reflection a2 8.96° is a reflection of
temperature of-2.7 K° Theg value and the effective spin unknown origin whose intensity slightly depends on the
number were determined using diphenylpicrylnydrdzyl samples. All the other reflections in Fig. 1 are indexed with a
(DPPH as a standard sample. tetragonal unit cell ofa=18.832£0.019 A andc=7.592

The static susceptibility measurement was done with the-0.012 A as shown in Tables | and II. In Table I, good
Faraday method using a Cahn 2000 Electro-Balance systeragreement is seen between the observed and the calculated
The vacuum chamber containing the sample was filled withdiffraction angles.
high-purity He gas of 710 Torr before cooling down the In order to find the structural arrangement of the Pc rings
sample to liquid-He temperature. The sensitivity of the Cahrand BF, in the unit cell, the theoretical diffraction intensi-
2000 system was calibrated using the standard samplées on a series of structural models have been compared with
[Ni(H,NCH,CH,NH,)3]S,05.2” The diamagnetic correction the experimental ones. The best fit is obtained with the struc-
of GaPcF(BF,)..5was done using a measured susceptibilityture shown in Fig. 2. In this structure, the unit cell contains
of pristine GaPcF and an estimated one of,Bfom the four Pc rings, and the GaPcF-polymer chains run parallel to

A. Powder x-ray diffraction
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TABLE Il. Crystallographic data of the GaPdB¥F,)g 5.

Stoichiometry Crystal system z Unit-cell parameters Staggering angle

GaPcFBF,) g5 tetragonal 4 a=18.832:0.019 A 15°
€=7.592-0.012 A

#The number of the Pc rings in the unit cell.

the ¢ axis. The two Pc rings adjacent along thelirection  teraction between the spins, this spin number is consistent
have an inter-ring spacing of 3.80 A and are staggéred  with the stoichiometry of GaPcfBF,), .5, and the observed
15°, which is the angle between the trans N-Ga-N vectors oEPR signal is attributed to the localized GaPcFadical.
the two Pc rings. The Pc-ring arrays of the nearest-neighbor Figure 4 shows the integrated intensity and the peak-to-
Pc chains have an interleaved structtiree., the Pc rings on  peak linewidth of the EPR signal as a function of tempera-
the neighboring chains have differentoordinates: The four ture. The EPR signal intensity increases gradually as the
Pc rings in the unit cell are located @, 0, 0, (0, 0, 0.%), temperature is lowered from 300 K and becomes almost con-
(0.5, 0.5, 0.), and(0.5a, 0.5a, 0.7c). BF, ions, on the stant between 50 and 100 K, and, & 20 K, the signal
other hand, occupy their sites randomly with a probability ofintensity shows a steep increase. These features suggest that
0.25 so that the stoichiometry becomes GaFBFj),.s.  the GaPCRBF,) s is a low-dimensional antiferromagnét.
The determination of the stoichiometry »&0.25 was pos- A nearly identical result is obtained for the static susceptibil-
sible since the intensities of t200) and the(310) peaks are ity which will be shown in the next subsection. A detailed
quite sensitive to the value af The explicitc coordinates of ~analysis will be given for the static susceptibility rather than
the BF, sites, however, are unknown since powder x-rayfor the EPR signal intensity since the latter has a relatively
diffraction is insensitive to the coordinates of them. The large experimental error.
theoretical diffraction pattern for this structure is shown in  The linewidth of the EPR signal shows a gradual tempera-
Fig. 1, and the experimental and the theoretical diffractiorfure dependence without any anomaly. This is also a charac-
intensities are listed in Table . Reasonable agreement is sed#fistic of low-dimensional antiferromagnéfsAs the tem-
between theory and experiment. perature is lowered, the linewidth increases gradually. This is
The stoichiometry ofx=0.25 does not depend on the due to the growth of the short range order which suppresses
samples: When GaPcF is reacted with a smaller amount ¢he exchange narrowing effect. A detailed analysis of the
NOBF, than the molar ratio of 1:1, the fraction of the non- linewidth atT<15 K will be given in the next subsection.
doped phase increases, but the stoichiometry of the doped
phase is always GaPdBF,) 5. This may indicate that the C. Static susceptibility

occupation of the Bf; sites is not totally random but there is Figure 5 shows the static susceptibiliyof the GaPcF-

sor_ne_correlation in the BF distribution which favors th_e (BF,) .25 powder. As the temperature is lowered from 300 K,
stoichiometry ofx=0.25. Although the powder x-ray dif- {he y increases gradually and at 100 K the rate of increase
fraction does not give any information about this correlatlon,snghﬂy diminishes, and af <20 K the y increases steeply.

a possible correlation will be proposed in Sec. IV in order toThese features are almost identical with those of the EPR
explain _the one dlmen5|onallty of the magnetism. Wherbignal intensity shown in Fig. 4. Thg at 290 K is 2.5
GaPcF is reacted with a larger amount of NQBRan the  »'19-4 emu/mol corresponding to the effective spin number
molar ratio of 1:1.5, on the other hand, the x-ray diffraction s 9 2o per Pc ring, which also agrees with the EPR result.

pattern of the doped phase becomes totally different from |, order to elucidate the dimensionality in the magnetism,
that in Fig. 1. The crystal structure in this case is unknown agy,o ¥/x. vs T plot is shown in Fig. 6, wherey,

present. CNGLES : . .
9 . 0 ugS(S+1)/3kgT is the Curie susceptibility. AT
G I;utsr;la:taet ?[lh re%otr;ec_i a dlff(_erenttclr)égftfal stt_ructurg of <15 K, the X! x. is proportional toT%% j.e., they is pro-
aPCFtBF,) although their experimental diffraction pattern portional toT %62 At T=90 K, the susceptibility is approxi-

'S :TI?]OSt |dent|caijvy|th t?et presenlt Ofgg |7n3 F’B'\g' 1('18_&6 Uit ated by the Bonner-Fisher cufevith J=70 K. Such a
cell ey proposed IS a tetragonal ar o. andb=c temperature dependence gf i.e., theyx<T ¢ (0=sa<1)

=18.94 A. With their unit cell, however, it is not possible to dependence at low temperature and the Bonner-Fisher-type
index all the reflections. The main reason that led them to th(aependence at high temperature, is explained by the random-

\Q’.ﬁng fumt geltl nlway bca trltat t?ey dldh.noht cpn5|der the p?ss"exchange Heisenberg antiferromagnetic ch@REHAC)
ility of the interleaved structure, which gives a correct in- /' c'5 0 decon and Sods2

g:ﬁglr?] and a much better fit to the experimental diffraction The REHAC Hamiltonian with an applied fiekd is

B. EPR H=2 2X,JS, Syt OusH S, (6]
n n

Figure 3 shows th&-band EPR spectrum of the GaPcF-
(BF4) .05 powder, which exhibits a weads anisotropy char- where x,J is the exchange coupling constant between the
acterized by two principal valueg andg, . The EPR signal  spins at the sites andn+1, with x, (O<x,<1) being a
intensity at 300 K corresponds to the effective spin numberandom variable representing the disorder. The magnetic be-
of 0.21 per Pc ring. Since there is an antiferromagnetic inhavior of the system is determined by the choice of the dis-



8504 HIROMITSU, IKEDA, HANDA, AND ITO 57

W

\®]
I

o

—
|
.
oo?

“e, *
. ..
Courre s Oy, RETH

. AMRSTIRE TS

EPR intensity (arb.units)

o

FIG. 2. The crystal structure of GaP¢BF,).5. The Pc rings
shown by the solid and the broken lines are adjacent each other
along thec direction. The BF ions are located randomly at the s
sites indicated by the filled circles with the probability of 0.25,
although the explicit coordinates of the BJ-cites are unknown.

it

—
|

.0
4

tribution functionf(x) for x,. Soos and Bondeson showed
that by assuming a distribution function of

f(x)=cdo(e—x)+(1—c)d(1—x), (2)

the susceptibility of quinoliniumTCNQ), and acridinium- 0
(TCNQ), is explained for the whole temperature range, 0 100 200 300
wherec and (1-c) are the probabilities of weak exchange T (K)

eJ (0=e<1) and strong exchangk respectively. Equation

(2) expresses a situation that a uniform chain has occasionm
weak exchanges resulting in random sequences of even- aragew
odd-length segments that interact weakly wéth For kgT

>eJ, the segments are thermally decoupled each other, ang,aijity of the appearance of a subsystem weakly inter-
the x is characterized by a broad peak centeredkgl acting with the rest of the system is negligibly snfall.

~1.2) dl.Je to short—r_ange order, which rgsembles the The observed temperature dependence/qf. in Fig. 6 is
Bonner-Fisher susceptibility of a regular antiferromagnetic, onresentation of the REHAC susceptibility. The crossover
chain. ForkgT<cJ, on the other hand, the even- and odd-

. . . occurs at y/x.=0.14, from which it is estimated that
length segments are frozen into their ground states, i.e., t _0.25. On theother hand. from the observed value @f

singlet and the doublet states, respectively. Because of th(zeo 62, it is roughly estimated that~ 0.4 referring to the
weak interactions between the odd-length segmentsythe \oq 115 of the Bondeson-Soos calculaf3rthus, on aver-

obeys aT™“ (0<a<1) law, the exponent being deter- ,40 55 o4 of the nearest neighbor spins have an interaction
mined by thee. The crossover between the high- and low- ¢ 494 strength compared to the others.

temperature regions occurs at The observed temperature dependence of the EPR line-
width at T<15 K is also explained by the REHAC model.

FIG. 4. Temperature dependence of the integrated intensity and
peak-to-peak linewidth of the EPR signal of GaPBF;)g 5
der.

X __¢ _ 3) Since the present experiment has been done for a powder
Xc 2—¢C sample with wealg anisotropy, the observed peak-to-peak
linewidth AH,, at the low-temperature region is approxi-
The REHAC model also expects that the EPR linewidthyi0q as P g PP

shows a temperature dependence offJfi{) in the low-

temperature r(_agion witfiy being a cgnstqrﬁ.‘f It is noted that' AHp=AH gnisst AHRgnAC (4)
such a behavior of and the EPR linewidth due to the dis- . ] o
ordered exchange interaction is restricted to the 1D magnethereAH s, is the temperature-independent linewidth due
because, in the two- and three-dimensional magnets, tH® theg anisotropy, and\Hgenac is the exchange-narrowed
dipolar linewidth which is explained by the REHAC model.
Following Soos and Bondes8h AHgepac is the linewidth

of an inhomogeneously broadened absorption spectrum:

R R ol
_p-1 _p-1Y _ Ak k
T S

wherel,(w) is the absorption spectrum of theh 1D do-

main which consists of several segments Rrid the number
FIG. 3. K-band EPR spectrum of GaP¢BF,) o ,spowder at 77 of domains. The essential point is that only the odd-length

K. segments in the domains have nonzero spin 1/2 in their
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g kA FIG. 5. Static magnetic susceptibility of
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N \ broken curve is a theoretical one of the Bonner-
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ground states at low temperature and that each domain has,(T) in Eq. (7) is the dipolar second moment witi(T)

its characteristic internal exchange field depending on the= y/y. in Fig. 6 andM (=) is the high-temperature second
lengths of the even- and odd-length segments. As a resulinoment.w,(T) in Eqg. (8) is the intradomain exchange fre-
the domains have variable linewidify and susceptibility ~quency withy,J; the strength of the exchange interaction
Xk- The linewidthI', of the kth domain at low temperature between theath and the (+1)th odd-length segments in the

is written as

TW(T)=Ma(M[2w(Tw, (T)] 2 (6)
with
Ma(T)=n(T)Ma(¢), (7)
_2 LN p( yn3|)
odM=77(N-17 3 yoexg = 5] ®)
2]

o, (T)=—=[n(]*2 ©)

kth domain andN is the number of the odd-length segments
in the domain. The value of, is determined by randomly
choosing the lengths of the even- and the odd-length seg-
ments.w, (T) in Eq. (9) represents the interchain exchange
frequency withJd, the interchain coupling constant at high
temperature.

Using the values of=70 K, c=0.25, ande=0.4, the
experimental linewidth at the low-temperature region is fitted
with two parameters\H o and M,()J; ¥2. The calcula-
tion was done for 3000 domains each of which contains four
odd-length segments, i.&R=3000 andN=4 in Egs.(5) and
(8). The inset of Fig. 6 shows the experimental and the the-
oretical linewidth with AH4,s=0.09 mT andM ,(x)J; 2

X/ Ae

FIG. 6. x/x. vs temperature of GaPcF-
(BF4) .25 powder, wherey, is the Curie suscepti-
bility. The solid line shows ay/x.<T%® line,
i.e., x<T %82 and the broken curve shows the
Bonner-Fisher susceptibility witd=70 K. The
inset shows the peak-to-peak EPR linewidth vs
InT of the GaPcRBF,)g,5 in the low-
temperature region. The solid curve in the inset is
the theoretical one by the REHAC model, the de-
tails of which is described in the text.
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=26 (mT) %2 As is seen in Fig. 6, the experimental tempera-
ture dependence of the linewidth &< 15 K is well ex-
plained by the REHAC model. It is noted thAH rgpac in

Eq. (4) shows a logy(T,/T) temperature dependence with
To=320 K in agreement with Soos and Bondeson’s result.
At T>15 K, the abovementioned analysis is no longer ap-
plicable since the internal excitation of the spin state occurs
in each segment. At this moment, no quantitative analysis is
possible for the temperature dependence of the linewidth at
T>15 K.

In GaPcFBF,) ,5, the BF, ions randomly occupy their 6
sites with the probability of 25%, as has been shown in Sec.
”.ItA' It is eXpegt.ed Ejhat.tht?] ranqoml.OCCUpincly of me‘EFPt ee Pcrings, e.g., 1, 2, and By andJ, ( are the intrachain and
ikgisn(,:?/\?:iiz ?s tﬁgroﬁgm ofetﬁglr&iesl(l)?gé?gg ;(gﬂgngg in?er- e interchain exchange coupling constants when the interacting

- . - .. . two spins are localized on the nearest neighbor Pc rings.
action. In Fig. 6, the crossover is not as sharp as it is in P g g

quinolinium{TCNQ), and acridinium(TCNQ),,** but the <
crossover region seems to be broadened between 20 and ZSOZ t?sgnined%(sﬁz)/vjl(pgtf ; .ntﬁgr:Qagtzgtrisr;ﬁn\?v’itglfg)':-I
K. This may indicate that thd and thee in the present 9 I

system have distributions so that thgfunctions in Eq.(2) .NJi(B)N?’OZé( estimated fromTy of 80 K using a mean-
should be replaced by other distribution functions of finitef'md formula:™ In this sect|on,_ the_ reIat|pn bgtw_een_ the crys-
widths. The broader distributions may be compatible withtal structure and the m'agnetlc dmenspnahty is discussed.
the random occupation of the BFsites. Summarizing, the . In AlPcF-, the d_ensf[y ofa spin c_hs_tnbutes over three Pc
observed temperature dependenceyoénd the EPR line- rings along the Ch.a?ﬁ (Fig. D'Whlch |s.|nte.rpre_ted7as due to
width is explained by the REHAC model, which gives evi- the_ coherence with the charge d_lstrlbutlon_ln the array .
dence that GaPctBF,)q .5 is a 1D antiferromagnet. The Wh'ch runs parallel to the Pc chain. ASS“'T“”Q that the spin
REHAC model is based on a localized spin picture, so thas"ensny distributes evenly for the three Pc rings, e.g. the rings
p

Juo

-
™ 7]

Jio

n A W N -

FIG. 7. The spin distribution in AIPcF-I. A spin distributes over

these results give an evidence that the spins are localized | .2 and 3 in Fig. 7, the intrachain and the mterc.:ham cou-
the present system. ing constants) andJ, are expressed as follows:

The broad peak in the temperature dependencg o JH(B)=(1/3)2J”0(B), (10)
expected also in two-dimension&D) antiferromagnets’
GaPcF(BF,) 5 is a 1D antiferromagnet, however, for the J,(B)=J,4(B), (12)

following reasons(a) The y and the EPR linewidth at<15 .
K is explained by the REHAC model which is applicable to WhereJjo(B) andJ, o(B) are the coupling constants when the
the 1D case, but not to the 2D casb) If the broad peak in interacting two spins reside on Fhe ne|ghbqrmg two Pc rings
the y— T plot corresponds to that of a 2D Heisenberg anti-along the paralle] and perp_endlcular directions to t_he chain.
ferromagnet, the in-plane exchange coupling consiagis ~ 1he factor(1/3)? in Eq. (10) is the product of the spin den-
estimated to be 47 K using the relatidgT(xma)/Jdp  Siti€S at the rings 3 and 4. Sindg(B)~J, (B)~30 K, it is
—1.90(Ref. 19 with T(xmg) = 90 K. The upper limit for the ~ €stimated thafjo(B) ~270 K andJ, o(B)~30 K.
interchain coupling constant, howeves,5 K because of the In the case of GaPctBF,) x5, the values offjo(A) and
interleaved structure in the present system, as will be estilio(A) should be different from those dfjo(B) andJ, o(B).
mated in Sec. IV, so that th&, value of 47 K is not pos- Since AlPcF-I and GaPctBF,)2s are considered to be
sible. () In most 2D antiferromagnets, the long-range orderMott insulators} Jjo is determined using the following
occurs aff=0.5],5= 24 K .° In contrast, no magnetic tran- formula:'®
sition occurs aff=4.2 K in the present system.

It may seem that the temperature dependence iof Fig. Jjo=
5 resembles that of AIPcF3Ithe latter having a broad peak
at T=80 K and a sharp increase &K 20 K. Definite dif-
ferences between the two systems are in the EPR results:

the case of AlPcF-l, the EPR intensity disappears and thﬁng. Whangbo and Stewart shovw#édhatt is a function of
linewidth diverges at the broad peak»fOn the other hand, the inter-ring distancel and the staggering angt. Using

the EPR intensity of GaPcfBF,) 5 shows an almost iden- the values ofd=3.80 A and¢=15° for GAaPCHBF,) o5
tical temperature dependence gsand the linewidth does _ 44_355 A andeg=40° for AIPCF-I, the ratict(A)/t(B)
not exhibit any anomaly. Furthermore.of AIPCF-I does not ¢ agtimated to be 0.60. Singeis 0.25 and 0.33 for GaPcF-
show they«T~* dependence at the low-temperature region gy .- and AIPcF-I, respectively, and should be nearly
Thus, the features of the—T curves of the two systems are . <ame for the two substances, it is estimated 38 )/

of totally different origins. 3j0(B)~ 0.17, 50 thatlo(A)~46 K.
IV. DISCUSSION ‘_]J_O! on the other hand, is_determi_ned by the direct inter-
action between the neighboring Pc rings through the carbon
As has been shown in the previous section, GaPcFsr orbitals in the benzene units of the Pc rings, rather than the
(BF4)0.25 (substance Ais a 1D antiferromagnet with(A) superexchange interaction through the intercalated

2t2

1 sin(2p)
] p

27p

: (12

wheret andU are the transfer integral and the on-site Cou-
[Bmb energy, respectively, andis the spin density per Pc
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Ce—>

FIG. 8. Definition of the parametes and 8 in the calculation
of the overlap integral between the neighboring carlroarbitals.

FIG. 9. A partially correlated Bf distribution seen from the

1428 o . axis. The squares and the circles express the Pc rings and the BF
anions. ™ Since GaPCcKBF,)o 55 has an interleaved struc- ions, respectively. The distribution of the BFs periodic in a sheet

t!Jre, Jio 5*?0“"?' be substantially diminished. In order to es'perpendicular to the axis, but that along the axis is random. This
timateJ, ¢ in this case, the overlap integral between the carcture induces a spin density of 0.25 on each Pc ring.

bon = orbitals was calculated for the interleaved and the
noninterleaved structures. The parameters used in the calcu- o o )
lation are defined in Fig. 8. The distaneds nearly the same May be some correlation in the distribution. A possible cor-
for the two substances A and B which is 3.4 A, white relation may be such that all the Pc rings have a spin density
=1.57 A(interleaved for A and 0 A (noninterleaveifor B.  of 0.25. Figure 9 shows such a BFdistribution. Since the
The ratio of the calculated overlap integral §A)/  BF, atthe sitey is surrounded by four Pc rings 1-4, 0.25
S(B)=0.18. Thus, it is roughly estimated thht,(A)/J, o(B)  spin density is induced evenly on the four Pc rings. Thus, it
~0.18, i.e.J; o(A)~5 K. It is noted thatl, o(A)~5 K gives  is assumed that the distribution of the BRons in a sheet
the upper limit for the interchain coupling constant in perpendicular to the axis is totally periodic but that along
GaPcF(BF,)o 25 sinced, g is for the interaction between the the ¢ axis is random. It is noted that this partially correlated
two spins localized on the nearest neighbor Pc rings. BF, distribution explains the experimental x-ray diffraction
In order to proceed with the estimation df(A) and  hayer in Fig. 1 giving almost identical diffraction intensities

T]l (.A)’ the knowledge of the spin dist_ributiqn in the SYSteM ISy« those for the completely random BHlistribution. In this
indispensable. In the present x-ray diffraction analysis, it was

found that the Bl ions occupy their sites randomly with the E%Sc% g}le tw;ric?r?énhc;vipmgifogitggrmg ti)r?scoomeiltle()(r?e)arest-
probability of 0.25. We first consider the case when the, BF P b b

c ) oA neighbor Pc rings along the chain. ThugA)=J,(A)=46
distribution is completely random so that the spins dlstrlbuteK. Igor the interc?hain in?eraction we shj&ld coLOsider the in-

randomly in the chains. In this case, the probability that a . L .
spin on a Pc ring has the partner spin on the neighboring rina?ractlon between the spins induced by the;Bins at the

becomes 0.25, so that 25% of the intrachain interactions havalteS ¥ and é. Since the interaction occurs through the Pc
a coupling constant af;(A)=1Jo(A)=46 K, and the rest of rings 3 and 6 or 4 and 5, the coupling conste_mt becomes
the interactions haveJj(A)=0, neglecting the second- J(A)=2(1/47J,,~0.6 K, where the factor 1/4 is the spin
nearest-neighbor and farther interactions. Similarly, 25% oflensity at a Pc ring and the factor 2 is the number of the
the interchain interactions have (A)=J, ((A)=5 K and the  interaction paths. Thus, it is expected tdatA)~46 K and
rest havel, (A)=0. This corresponds td=46 K, e=0, and  J, (A)~0.6 K for the spin distribution in Fig. 9. The value of
¢=0.75 in the REHAC Hamiltonian Eqg1) and (2). Al- J|(A)~46 K is in a correct order compared with the experi-
though J=46 K is in a correct order compared with the mental value 08 =70 K in the REHAC Hamiltonian Eq(1).
experimental value af=70 K, € andc are far different from  The occasional weak exchangesesf 0.4, estimated in Sec.
the experimental values ef=0.4 andc=0.25. Furthermore, Ill C, may be caused by the random distribution of the,BF
the estimatedl, (A) value is inconsistent with the experi- ions along thec axis which may induce a disorder in the
mental estimation ol ,()J] ¥?~26 (mT)%?in Sec. Il C:  exchange interaction. The estimated value] ofA)~0.6 K
Since the mean interspin distance along the chain becomé® also consistent with the experimental value of
4x(inter-ring distance=15.2 A, M,() is roughly —My(=)J; ¥2~26 (mT)*2 Since the nearest interspin dis-
estimate@® to be 1(mT)?, so that, =1.5x10"3 mT=1 tance is the interring distance 3.8 A along the chip(x)
X 10" ® K. This value is totally different from the mean value become¥~500 (mT)2, so thatJ, ~370 mT~0.25 K,
of the J, (A) estimated above, which is 0.25(A)~1 K.  which is in the same order as the estimated valug,d¢f)
Thus the experimental results are not explained by the com~0.6 K. Thus, the partially correlated BFdistribution in
pletely random spin distribution. Fig. 9 consistently explains the experimental results.

As has been mentioned in Sec. lll A, the stoichiometry of ~ With J, /J;~0.01 andJ;=70 K, the long-range order
GaPcF-(BR)q 5 is stable, which suggests that the distribu-may be expected to occur aty~10 K using Oguchi's
tion of the BF, ions may not be totally random, but there relation?® which is not observed in the present system. The
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lower Ty, in the present system is attributed to the disorder inend 300 K, indicating that no magnetic transition occurs. The
the exchange interaction with=0.4 andc=0.25 estimated temperature dependence of the static susceptibyliag well
in Sec. Il C. as the low-temperature EPR linewidth is explained by the
REHAC model. These results of the EPR and yhmeasure-
V. CONCLUSIONS ments indicate that GaPdBF,), »5is a 1D antiferromagnet

) with localized spins.
The crystal structure and the magnetism of the GaPcF-

(BF4) 25 powder have been studied. The crystal structure is
different from that of AIPcF-I in that the Pc-ring arrays in the
neighboring chains have differeatcoordinates and that the
counter anions distribute randomly with a possible partial This work was supported by a Grant-in-Aid for Scientific
correlation, which makes GaP¢BF,)y.5 a 1D antiferro- Research No. 08640739 from the Japanese Ministry of Edu-
magnet. The EPR does not show any anomaly between 4@tion, Science and Culture.
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