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Induced spin moments in quasi-one-dimensional halogen-bridged mixed metal complexes
of nickel and palladium
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Spin susceptibilityx obtained by electron spin resonance in quasi-one-dimensional halogen-bridged mixed
metal complexes Ni12xPdx(cyclohexandiamine)2Br3 (0<x<1) shows a crossover from Curie-like to weakly
temperature-dependent behaviors above around 200 K. The values ofx show a clear enhancement from the
linear summation of susceptibilities of Ni and Pd fractions of pure cases, without enhancement of Curie-spin
concentration, providing strong evidence for the conversion of nonmagnetic Pd21-Pd41 states into magnetic
Pd31 states in mixed metal chains.@S0163-1829~99!11735-1#
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Much attention has been paid to quasi-one-dimensio
halogen-bridged mixed-valence metal complexes becaus
their interesting physical properties due to their quasi-o
dimensional structures, such as charge-density-wave~CDW!
states, spin-density-wave~SDW! states, etc.1–5 Theoretically,
the quasi-one-dimensional halogen-bridged mixed-vale
metal complexes are regarded as typical cases of the Pe
Hubbard system.4

Among these compounds,M (chxn)2Br3 (M5Ni, Pd;
chxn51R, 2R-cyclohexandiamine! have been shown to b
either in a magnetic SDW (Ni31) state for the Ni case or in
a nonmagnetic CDW (Pd21-Pd41) state for the Pd case
This difference depends on the relative magnitude of on-
Coulomb interaction (U) to the electron-phonon interactio
(S), i.e., U.S in the Ni complexes and vice versa.6,7 Re-
cently the mixed metal complexes Ni12xPdx(chxn)2Br3 (0
<x<1) have been successfully synthesized to study
competition between the SDW and CDW states.8,9 Various
kinds of measurements including room temperature elec
spin resonance~ESR! have been applied. The IR, resonan
Raman, and x-ray photoelectronic spectroscopy~XPS!
showed that the Pd21-Pd41 mixed-valence states are influ
enced and approaching the Pd31 states with the increase o
the Ni31 components. ESR signals showed monotonic
crease of the linewidth as the value ofx increases. There ha
been, however, no evidence for induced magnetic mom
of Pd31.

In this paper, we report on direct detection of the induc
spin moments of Pd31 in the mixed metal chains through th
study of the variation of the temperature-dependent ESR
susceptibility with the mixing ratio. Preliminary results
room temperature have been briefly reported.10 The observed
temperature-dependent spin susceptibilities of the whox
region show clear enhancements from the linear summa
of the susceptibilities of Ni and Pd fractions of pure cas
without enhancement of Curie-spin concentration, provid
strong evidence that Pd converts from nonmagnetic CD
states of pure Pd chains into a Pd31 state in mixed meta
chains. The results are consistent with the recent theore
study of the present system by Iwano, who has shown
conversion of CDW states into Pd31 states due to the com
PRB 600163-1829/99/60~11!/7699~4!/$15.00
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petition between the CDW and SDW states in mixed me
chains, based on the Peierls-Hubbard model.11 Additional
experimental evidence for the conversion into a Pd31 state is
provided from the observed dependence of the ESR l
width andg values on the mixing ratio, as discussed belo

Samples of the mixed metal complexe
Ni12xPdx(chxn)2Br3 (0<x<1) were prepared by the elec
trochemical oxidation method as described elsewhere.8 ESR
measurements were performed on polycrystalline sample
using a Bruker E500X-band spectrometer equipped with
gas-flow type cryostat~Oxford ESR-900!. The spin suscep-
tibility was obtained by integrating the first derivative ES
signal twice. The absolute magnitudes of the susceptib
andg value were calibrated using crystals of CuSO4•5H2O
and diphenylpicrylhydrazyl~DPPH! as a standard, respec
tively.

Temperature dependence of the spin susceptibilityx of
the present complexes showed Curie-like behavior at
temperatures, and weakly temperature-dependent beha
for higher temperatures for all thex values examined, as
shown in Fig. 1. The results forx50 and 1, that is, pure N
and Pd cases, were consistent with those reported previo
by Okamotoet al.7 The small amount of spins in the pure P
case may be ascribed to thermally excited solitons or ch
defects. In the pure Ni case, weakly temperature-depen
x for higher temperature is interpreted as a Bonner-Fis
type susceptibility of the Heisenberg antiferromagnetic~AF!
chain. The exchange interactionJ527006500 K was ob-
tained for the pure Ni case by fitting the present data to
theoretical curve ofx by Bonner and Fisher.12 On the other
hand, the qualitatively similar behavior of the susceptibil
at higher temperatures of the mixed system may sugges
occurrence of an AF chain due to Ni31 at first sight. The
measurements of the absolute value ofx, however, reveal a
striking feature of the present system.

Figure 2 shows the palladium concentration depende
of x at 300 K on the mixing ratio for the wholex region. The
error bar ofx is mainly due to the broad ESR linewidth, i
particular, in the Ni-rich region, that causes a certain am
guity in the integrated value of ESR intensity.x retains
nearly the same magnitude asx increases fromx50 of the
7699 ©1999 The American Physical Society
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pure Ni case up to aroundx;0.6 then it monotonically drops
to the value ofx51 of the pure Pd case. This shows thatx
exhibits a clear enhancement from the linear summation
the susceptibilities of Ni and Pd fractions of pure cas
which is shown by a dotted line. A similar situation occu
for x at temperatures above around 200 K. Sincex at higher
temperatures should reflect the intrinsic magnetic propert
the chains, the observed enhancement indicates that the
netic states of mixed chains are significantly modified
compared with pure cases.

Ni and Pd ions in these materials are believed to be r
domly distributed.8 Generally speaking, the enhanceme
may occur from two possibilities. The first possibility is th
the enhanced fraction is due to the induced moments, P31

in the Pd region, which may be reasonably correlated w
the results of optical and XPS measurements. As pointed
in the preceding paragraph, these measurements show
the Pd21-Pd41 mixed-valence states are approaching
Pd31 states with increasing Ni31 components. The secon
possibility is the modification of the Ni31 chain by the in-
troduction of nonmagnetic Pd21 or Pd41 sites if they are
isolated, or Pd21-Pd41 segments for the Pd-rich side. Th
would bring about scission of the chain, which may more

FIG. 1. Temperature dependence of spin susceptibilities
Ni12xPdx(chxn)2Br3 (0<x<1).

FIG. 2. Palladium concentration dependence of spin suscep
ity at room temperature for Ni12xPdx(chxn)2Br3 (0<x<1). The
dashed line shows the linear summation of the susceptibilities o
and Pd fractions of pure cases. The solid line is a guide for the
of
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less result in the enhancement of the susceptibility due to
suppression of antiferromagnetic spin correlation at a gi
temperature. This possibility, however, may be excluded
the observedx dependence of Curie-spin concentration
discussed below. Thus thex dependence ofx indicates that
Pd becomes Pd31 up to aroundx;0.6, then the nonmagneti
Pd21-Pd41 fraction increases asx increases, and finally al
Pd becomes Pd21-Pd41 in the pure Pd chain, except for
small number of Pd31 spins associated with thermally ex
cited solitons or chain defects. In other words, the exp
mental results indicate that the CDW state of Pd21-Pd41 is
drastically suppressed by the replacement of Pd sites by
sites and it is almost destroyed when the Ni concentra
becomes about 40%.

According to the recent theoretical study by Iwano,11 this
conversion may be caused by the effect that the HubbarU
at Ni sites is larger compared with the electron-phonon
teraction. The effect of the random mixing of Ni and Pd
the one-dimensional chain was treated by using a Peie
Hubbard model and a mean-field approximation. The th
retical results have shown that the 50% concentration of
sites is enough to destroy the order of the CDW, which
consistent with the present experimental results.

The above discussion may be further supported by
fact that the Pd fraction in the Ni-rich side, i.e.,x!1, does
not simply act as nonmagnetic impurities for Ni chains.
pointed out above, Curie spins are observed at low temp
tures for the wholex region~Fig. 1!. The Curie component a
low temperatures may be ascribed to the free spins ass
ated with the defect site of the chain, such as chain en
Table I shows the number of the Curie spins,NC , estimated
from the susceptibility data at low temperatures forx<0.3.
As is also shown in Table I, these values are much sma
than the theoretically expected valuesx/(22x) in the case of
nonmagnetic impurities in Heisenberg AF chains forx!1,
which is the probability of the odd spin segments.13,14 It
should be pointed out also that the theoretical value increa
as x, while the observed Curie spins rather decrease ax
increases. Thus the Pd substitution does not simply cut
magnetic chain and the substituted Pd atoms rather ac
magnetic ions, that is, Pd31. This would be consistent with
the observation that the room temperature susceptibility
mains constant by Pd substitution of Ni chains up to arou
x;0.6.

Thus, the present results strongly suggest the first po
bility of the induced spin moments due to Pd31 sites. In-
duced Pd31 spins are not isolated and they may be intera
ing rather strongly to give the weakly temperature-depend

f

il-

i
e.

TABLE I. Comparison of observed Curie-spin concentrationNC

~%! of Ni12xPdx(chxn)2Br3 in the Ni-rich region (x<0.3) with
theoretically expected valuex/(22x) in the case of nonmagneti
impurities in Heisenberg antiferromagnetic chains forx!1.

x NC x/(22x)

0.00 0.34% 0.00%
0.04 0.18% 2.04%
0.10 0.15% 5.26%
0.15 0.27% 8.11%
0.30 0.22% 17.65%
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spin susceptibility close to those of AF chains for high
temperatures, as observed. From the temperature depen
of spin susceptibility, it may be considered that the contrib
tion of induced Pd31 spins to the susceptibility is compa
rable to that from Ni31 chains. In this connection, it would
be an interesting problem to obtain theoretically the s
susceptibility of the mixed chains by estimating the e
change interactions between Pd31-Ni31 and Pd31-Pd31

spin sites.
The behavior of the linewidth also indicates the particip

tion of Pd31 sites in the ESR signal. Figure 3 shows thex
dependence of the peak-to-peak linewidth at 300 K and
K. Linewidth monotonically decreases asx increases. The
linewidth of the Pd31 region seems to be narrower than th
of Ni31 chains. These Ni31 and the Pd31 region may be
strongly exchange coupled, because there is only a si
amalgamated resonance line for the whole concentra
range. An example of ESR signal forx50.63 is shown in the
inset of Fig. 3. Exchange-narrowed dipolar widthHd

2/Hex is
excluded as the origin of linewidth because it is estimated
the order of 1022 G, using the dipolar fieldHd of several
hundred gauss obtained from the lattice parameters and
exchange fieldHex of 1.93107 G using J52700 K. This
value is much smaller than the observed value even when
exchange narrowing of the AF chain may give a wid
broader than Hd

2/Hex due to one-dimensional spi
diffusion.15

Rather large temperature dependence of the linewidth
the Ni-pure case is consistent with the previous report
Okamotoet al., who assigned the origin of the large tem
perature dependence of linewidth to that of the spin-lat
relaxation times due to spin-orbit coupling, that is, the mo
lation of crystal fields.7 In this case, the relaxation time ma
become longer asDg becomes smaller.16 The principalg
values of pure cases have been reported asgi52.021, g'

52.171 for Ni, gi52.006, andg'52.112 for Pd, respec
tively. This suggests the decrease of the linewidth as
contribution of the Pd31 signal increases, which is consiste
with the observed decrease of the width asx, the Pd fraction,

FIG. 3. Palladium concentration dependence of peak-to-p
ESR linewidth of Ni12xPdx(chxn)2Br3 (0<x<1) at 200 and 300
K. Inset: ESR signal of Ni12xPdx(chxn)2Br3 (x50.63) at 300 K.
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increases. This interpretation is further supported by
monotonic decrease ofg values asx increases, which has
been previously reported8 and also confirmed in the prese
case using single crystalline samples. The obtainedg' values
are, for example,g'52.156 and 2.135, forx50.60 and 0.94,
respectively, that falls between theg' values of pure cases

Thus the above discussion of thex dependence ofx, DH,
andg values clearly indicates the generation of Pd31 in the
present mixed metal chain. This conclusion is consistent w
the optical and XPS measurements.8,9 More recently, x-ray
scattering experiments of the present system also suppo
this conclusion.17 Strong diffuse scattering, reflecting th
CDW order, was not observed forx below about 0.7, which
means that most of the transition metal ions including
ions have a valence of13 in these samples.

The observedx dependence ofx, DH, and g values, in
particular,x, should contain information about the conce
tration of Pd31 sites and their exchange interactions which
not known at present. Also, whether the Pd31 spin sites are
spatially frozen or fluctuating in the Pd-rich side may be
interesting problem. In this connection, it should be poin
out that x tends to drop at lower temperatures forT
5100–200 K, which becomes more prominent for the larg
x values, as seen from Fig. 1. One possible explanation
this behavior would be the conversion of Pd31 sites into
CDW states at lower temperatures for the Pd-rich side. S
a possibility might be related to the thermal excitation
solitons at higher temperatures in the CDW chain, sugge
in the pure Pd case.7 The existence of the soliton excitation
also discussed in the theoretical treatment of a mixed ch
by Iwano.11 The relevance of the excitations to the observ
behavior ofx is left open for further experimental and the
oretical studies of the present system, which could serve
prototype system to study the interplay between CDW a
SDW states and hence the understanding of the nature o
individual states also.

In summary, the induced spin moments due to Pd31 spins
in halogen-bridged mixed metal complexe
Ni12xPdx(chxn)2Br3 (0<x<1) have been clarified by ESR
At low temperatures, the Curie-spin concentration does
increase asx increases. This result cannot be explained
the model of Heisenberg antiferromagnetic~AF! chains with
nonmagnetic impurities and indicates the existence of P31

spins around Ni31 ions. At high temperatures, the spin su
ceptibilitiesx showed the clear enhancement from the su
mation of the susceptibilities of Ni and Pd fraction of pu
cases and the existence of induced moments due to P31

spins. The CDW state is drastically suppressed as Ni con
tration increases and it is almost destroyed when Ni conc
tration is about 40%. The induced Pd31 spins and Ni31 spins
are strongly exchange coupled due to the existence o
single amalgamated resonance line of the ESR spectra. T
magnetic behaviors agree well with the recent theoret
study of the present mixed metal system by Iwano using
Peierls-Hubbard model to treat the competition betwe
CDW and SDW states.

The authors are grateful to Dr. K. Iwano for sending p
prints prior to publication. This work was partially supporte
by the Murata Science Foundation and the REIMEI Resea
Resources of Japan Atomic Energy Research Institute.

k



ol

r.

H
.

s.

ta
.

to,
al

als,

ech-

be,

7702 PRB 60BRIEF REPORTS
*Present address: Department of Chemistry, Graduate Scho
Science, & PRESTO~JST!, Tokyo Metropolitan University, 1-1
Minamiohsawa, Hachioji, Tokyo 192-0397, Japan.

1M. Yamashita, inNew Functional Materials, edited by T. Tsu-
ruta, M. Doyama, and M. Seno~Elsevier, Zurich, 1993!, Vol. C,
p. 539.

2H. Okamoto and M. Yamashita, Bull. Chem. Soc. Jpn.71, 2023
~1998!.

3A. R. Bishop and B. I. Swanson, Los Alamos Sci.21, 133~1993!.
4K. Nasu, J. Phys. Soc. Jpn.53, 427 ~1984!.
5H. Okamoto, T. Mitani, K. Toriumi, and M. Yamashita, Mate

Sci. Eng. B13, 9 ~1992!.
6H. Okamoto, Y. Shimada, Y. Oka, A. Chainani, T. Takahashi,

Kitagawa, T. Mitani, K. Toriumi, K. Inoue, T. Manabe, and M
Yamashita, Phys. Rev. B54, 8438~1996!.

7H. Okamoto, K. Toriumi, T. Mitani, and M. Yamashita, Phy
Rev. B42, 10 381~1990!.

8T. Manabe, M. Yamashita, T. Kawashima, H. Okamoto, H. Ki
gawa, T. Mitani, K. Toriumi, H. Miyamae, K. Inoue, and K
Yakushi, Proc. SPIE3145, 106 ~1998!.
of

.

-

9T. Manabe, T. Kawashima, M. Yamashita, Y. Kaga, H. Okamo
H. Kitagawa, and T. Mitani, in Proceedings of the Internation
Conference on Science and Technology of Synthetic Met
Montpellier, 1998, edited by P. Bernier@Synth. Met.~to be pub-
lished!#.

10S. Kuroda, K. Marumoto, T. Manabe, and M. Yamashita, inPro-
ceedings of the International Conference on Science and T
nology of Synthetic Metals, Montpellier, 1998,edited by P.
Bernier @Synth. Met.103, 2155~1999!#.

11K. Iwano, J. Phys. Soc. Jpn.68, 935 ~1999!.
12J. C. Bonner and M. E. Fisher, Phys. Rev.135, A640 ~1964!.
13T. Tonegawa, H. Shiba, and P. Pincus, Phys. Rev. B11, 4683

~1975!.
14T. Tonegawa, Phys. Rev. B14, 3166~1976!.
15P. M. Richards, Phys. Rev. B10, 805 ~1974!.
16G. E. Pake,Paramagnetic Resonance~Benjamin, New York,

1962!, Chap. 6.
17Y. Wakabayashi, N. Wakabayashi, M. Yamashita, T. Mana

and N. Matsushita~unpublished!.


