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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 susceptibilityy obtained by electron spin resonance in quasi-one-dimensional halogen-bridged mixed
metal complexes Ni ,Pd (cyclohexandiamingBr; (0<x=<1) shows a crossover from Curie-like to weakly
temperature-dependent behaviors above around 200 K. The valyestafw 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 nonmagnétic Pdt* states into magnetic
Pd* states in mixed metal chaingS0163-18209)11735-1

Much attention has been paid to quasi-one-dimensiongbetition between the CDW and SDW states in mixed metal
halogen-bridged mixed-valence metal complexes because chains, based on the Peierls-Hubbard mdteidditional
their interesting physical properties due to their quasi-oneexperimental evidence for the conversion into & Pstate is
dimensional structures, such as charge-density-Wazan) provided from the observed dependence of the ESR line-
states, spin-density-way8DW) states, eté.°® Theoretically, width andg values on the mixing ratio, as discussed below.
the quasi-one-dimensional halogen-bridged mixed-valence Samples of the mixed metal complexes
metal complexes are regarded as typical cases of the Peierlsi; _,Pd,(chxn),Br; (0<x<1) were prepared by the elec-
Hubbard systerfi. trochemical oxidation method as described elsewh&8R

Among these compoundsyi(chxn),Br; (M=Ni, Pd;  measurements were performed on polycrystalline samples by
chxn= 1R, 2R-cyclohexandiaminehave been shown to be using a Bruker E50X-band spectrometer equipped with a
either in a magnetic SDW (Ri) state for the Ni case or in gas-flow type cryostatOxford ESR-900. The spin suscep-

a nonmagnetic CDW (Pd-Pd*") state for the Pd case. tibility was obtained by integrating the first derivative ESR
This difference depends on the relative magnitude of on-sitsignal twice. The absolute magnitudes of the susceptibility
Coulomb interaction §) to the electron-phonon interaction andg value were calibrated using crystals of CuS&H,0

(), i.e., U>S in the Ni complexes and vice ver§4.Re- and diphenylpicrylhydrazylDPPH as a standard, respec-
cently the mixed metal complexes NiPd(chxn),Br; (0  tively.

<x<1) have been successfully synthesized to study the Temperature dependence of the spin susceptibyityf
competition between the SDW and CDW stdtéd/arious  the present complexes showed Curie-like behavior at low
kinds of measurements including room temperature electrotemperatures, and weakly temperature-dependent behavior
spin resonancéESR) have been applied. The IR, resonancefor higher temperatures for all the values examined, as
Raman, and x-ray photoelectronic spectrosco¥PS  shown in Fig. 1. The results for=0 and 1, that is, pure Ni
showed that the Bd-Pd'" mixed-valence states are influ- and Pd cases, were consistent with those reported previously
enced and approaching the3Pdstates with the increase of by Okamotoet al.” The small amount of spins in the pure Pd
the NP+t components. ESR signals showed monotonic decase may be ascribed to thermally excited solitons or chain
crease of the linewidth as the valueoincreases. There has defects. In the pure Ni case, weakly temperature-dependent
been, however, no evidence for induced magnetic momentg for higher temperature is interpreted as a Bonner-Fisher
of PP, type susceptibility of the Heisenberg antiferromagnéhE)

In this paper, we report on direct detection of the inducedchain. The exchange interactial+2700+500 K was ob-
spin moments of Pt in the mixed metal chains through the tained for the pure Ni case by fitting the present data to the
study of the variation of the temperature-dependent ESR spitheoretical curve of¢ by Bonner and Fishéf. On the other
susceptibility with the mixing ratio. Preliminary results at hand, the qualitatively similar behavior of the susceptibility
room temperature have been briefly reporf®@ihe observed at higher temperatures of the mixed system may suggest the
temperature-dependent spin susceptibilities of the whole occurrence of an AF chain due to i at first sight. The
region show clear enhancements from the linear summatiomeasurements of the absolute valueyphowever, reveal a
of the susceptibilities of Ni and Pd fractions of pure casesstriking feature of the present system.
without enhancement of Curie-spin concentration, providing Figure 2 shows the palladium concentration dependence
strong evidence that Pd converts from nonmagnetic CDWof y at 300 K on the mixing ratio for the whoberegion. The
states of pure Pd chains into a¥dstate in mixed metal error bar ofy is mainly due to the broad ESR linewidth, in
chains. The results are consistent with the recent theoretic@larticular, in the Ni-rich region, that causes a certain ambi-
study of the present system by Iwano, who has shown thguity in the integrated value of ESR intensity. retains
conversion of CDW states into Pd states due to the com- nearly the same magnitude &sncreases fronx=0 of the
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1.54 . . : T : TABLE I. Comparison of observed Curie-spin concentratign
= H (%) of Ni;_,Pd(chxn),Br; in the Ni-rich region &<0.3) with
g X = 0.00 theoretically expected value/(2—x) in the case of nonmagnetic
3 —e— x=033 impurities in Heisenberg antiferromagnetic chainsxet1.
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OM ———— '230' 0 less result in the enhancement of the susceptibility due to the

suppression of antiferromagnetic spin correlation at a given
temperature. This possibility, however, may be excluded by
: — }he observedk dependence of Curie-spin concentration as
FIG. 1. Temperature dependence of spin susceptibilities of,. .
Ni;_ Pd(chxn),Brs (0<x=<1). discussed below. Thus thedependence of indicates that.
X Pd becomes Pd up to aroundk~ 0.6, then the nonmagnetic

. ] . P*-Pd*" fraction increases as increases, and finally all
pure Ni case up to around-~0.6 then it monotonically drops  pg pecomes Pd-Pd** in the pure Pd chain, except for a

to the value ox=1 of the pure Pd case. This shows that gmall number of P spins associated with thermally ex-
exhibits a clear enhancement from the linear summation ofjied solitons or chain defects. In other words, the experi-
the susceptibilities of Ni and Pd fractions of pure casesmental results indicate that the CDW state of PP+ is

which is shown by a dotted line. A similar situation occurs grastically suppressed by the replacement of Pd sites by Ni
for x at temperatures above around 200 K. Sigcat higher  sjtes and it is almost destroyed when the Ni concentration
temperatures should reflect the intrinsic magnetic property ofecomes about 40%.

the chains, the observed enhancement indicates that the mag- according to the recent theoretical study by lwahdahis

netic states of mixed chains are significantly modified asqnversion may be caused by the effect that the Hubblard

compared with pure cases. _ _ at Ni sites is larger compared with the electron-phonon in-
Ni-and Pd ions in these materials are believed to be rangraction. The effect of the random mixing of Ni and Pd in

domly distributed” Generally speaking, the enhancementihe one-dimensional chain was treated by using a Peierls-
may occur from two possibilities. The first possibility is that y,pbard model and a mean-field approximation. The theo-
the enhanced fraction is due to the induced moment$; Pd retical resuilts have shown that the 50% concentration of Ni
in the Pd region, which may be reasonably correlated withjieg is enough to destroy the order of the CDW, which is
the results of optical and XPS measurements. As pointed ollgnsistent with the present experimental results.
in the preceding _paragraph, these measurements s_how thatThe above discussion may be further supported by the
the P&+'Pd4+. mixed-valence states are approaching thegct that the Pd fraction in the Ni-rich side, i.&s<1, does
Pd3+_s_t_ate§ with increasing Rif components. The second not simply act as nonmagnetic impurities for Ni chains. As
possibility is the modification of the R chain by the in-  pointed out above, Curie spins are observed at low tempera-
troduction of nonmagnetic Pd or Pd'* sites if they are  tyres for the whole region(Fig. 1). The Curie component at
isolated, or P#"-Pd'* segments for the Pd-rich side. This |ow temperatures may be ascribed to the free spins associ-
would bring about scission of the chain, which may more orated with the defect site of the chain, such as chain ends.
Table | shows the number of the Curie spiNsg,, estimated
4 . . . . from the susceptibility data at low temperatures %e0.3.
As is also shown in Table I, these values are much smaller
than the theoretically expected valu€$2—x) in the case of
nonmagnetic impurities in Heisenberg AF chains %e£1,
which is the probability of the odd spin segmehts? It
should be pointed out also that the theoretical value increases
as x, while the observed Curie spins rather decrease as
increases. Thus the Pd substitution does not simply cut the
magnetic chain and the substituted Pd atoms rather act as
magnetic ions, that is, Pd. This would be consistent with
the observation that the room temperature susceptibility re-
mains constant by Pd substitution of Ni chains up to around
x~0.6.

FIG. 2. Palladium concentration dependence of spin susceptibil- Thus, the present results strongly suggest the first possi-
ity at room temperature for Ni,Pd(chxn),Brs (0<x<1). The bility of the induced spin moments due to Pdsites. In-
dashed line shows the linear summation of the susceptibilities of Ntluced Pd* spins are not isolated and they may be interact-
and Pd fractions of pure cases. The solid line is a guide for the eyeng rather strongly to give the weakly temperature-dependent
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. : . increases. This interpretation is further supported by the
800 = monotonic. decrease @ values asx inqrease;, which has
g been previously reportédind also confirmed in the present
® z case using single crystalline samples. The obtagedalues
g 60060 a are, for exampleg, =2.156 and 2.135, fax=0.60 and 0.94,
5 % L respectively, that falls between tige values of pure cases.
2 "~ 0 2000 4000 6000 Thus the above discussion of tkelependence of, AH,
£ . . H(G) andg values clearly indicates the generation of Pdn the
x 400 i present mixed metal chain. This conclusion is consistent with
2 N T %e the optical and XPS measuremehtsMore recently, x-ray
$ . ’\ scattering experiments of the present system also supported
< 200f this conclusiort! Strong diffuse scattering, reflecting the
S —e-T=300K -. CDW order, was not observed farbelow about 0.7, which
| --m--T=200K by means that most of the transition metal ions including Pd
[ T U T ions have a valence of 3 in these samples.

Al

0 02 04 06 038 The observeck dependence of, AH, andg values, in
X particular, y, should contain information about the concen-
FIG. 3. Palladium concentration dependence of peak_to_peagatlon of Pd™ sites and their exchange interactions which is

ESR linewidth of N Pd(chxn),Br; (0=x<1) at 200 and 300 Ot known at present. Also, whether the’Pdspin sites are

K. Inset: ESR signal of Ni_,Pd,(chxn),Br; (x=0.63) at 300 K. spatially frozen or fluctuating in the Pd-rich side may be an
interesting problem. In this connection, it should be pointed

spin susceptibility close to those of AF chains for higherout that y tends to drop at lower temperatures for
temperatures, as observed. From the temperature dependere&00—-200 K, which becomes more prominent for the larger
of spin susceptibility, it may be considered that the contribux values, as seen from Fig. 1. One possible explanation for
tion of induced P&" spins to the susceptibility is compa- this behavior would be the conversion of 3Pdsites into
rable to that from Ni* chains. In this connection, it would CDW states at lower temperatures for the Pd-rich side. Such
be an interesting problem to obtain theoretically the spina possibility might be related to the thermal excitation of
susceptibility of the mixed chains by estimating the ex-solitons at higher temperatures in the CDW chain, suggested
change interactions between *PeNi** and Pd"-Pd*  inthe pure Pd caskThe existence of the soliton excitation is
spin sites. also discussed in the theoretical treatment of a mixed chain
The behavior of the linewidth also indicates the participa-by Iwano!! The relevance of the excitations to the observed
tion of P& sites in the ESR signal. Figure 3 shows the behavior ofy is left open for further experimental and the-
dependence of the peak-to-peak linewidth at 300 K and 20@retical studies of the present system, which could serve as a
K. Linewidth monotonically decreases asincreases. The prototype system to study the interplay between CDW and
linewidth of the Pd" region seems to be narrower than that SDW states and hence the understanding of the nature of the
of Ni®* chains. These Ni and the P&" region may be individual states also.
strongly exchange coupled, because there is only a single |n summary, the induced spin moments due td'Pspins
amalgamated resonance line for the whole concentratiom halogen-bridged mixed metal complexes
range. An example of ESR signal fer=0.63 is shown in the  Ni; _,Pd(chxn),Br; (0=<x=<1) have been clarified by ESR.
inset of Fig. 3. Exchange-narrowed dipolar widifj/H,,is At low temperatures, the Curie-spin concentration does not
excluded as the origin of linewidth because it is estimated tdncrease ax increases. This result cannot be explained by
the order of 102 G, using the dipolar fieldy of several the model of Heisenberg antiferromagne#d=) chains with
hundred gauss obtained from the lattice parameters and thnmagnetic impurities and indicates the existence &f Pd
exchange fieldH,, of 1.9x10" G using J=2700 K. This  spins around Ni" ions. At high temperatures, the spin sus-
value is much smaller than the observed value even when theeptibilities y showed the clear enhancement from the sum-
exchange narrowing of the AF chain may give a widthmation of the susceptibilities of Ni and Pd fraction of pure
broader than Hi/H., due to one-dimensional spin cases and the existence of induced moments due 6 Pd
diffusion® spins. The CDW state is drastically suppressed as Ni concen-
Rather large temperature dependence of the linewidth dfation increases and it is almost destroyed when Ni concen-
the Ni-pure case is consistent with the previous report byration is about 40%. The induced Pdspins and Ni* spins
Okamotoet al, who assigned the origin of the large tem- are strongly exchange coupled due to the existence of a
perature dependence of linewidth to that of the spin-latticesingle amalgamated resonance line of the ESR spectra. These
relaxation times due to spin-orbit coupling, that is, the modu-magnetic behaviors agree well with the recent theoretical
lation of crystal fields. In this case, the relaxation time may study of the present mixed metal system by Iwano using the
become longer adg becomes smalléf The principalg Peierls-Hubbard model to treat the competition between
values of pure cases have been reportedas2.021, g, CDW and SDW states.
=2.171 for Ni, g;=2.006, andg, =2.112 for Pd, respec- The authors are grateful to Dr. K. lwano for sending pre-
tively. This suggests the decrease of the linewidth as therints prior to publication. This work was partially supported
contribution of the P&" signal increases, which is consistent by the Murata Science Foundation and the REIMEI Research
with the observed decrease of the widthxathe Pd fraction, Resources of Japan Atomic Energy Research Institute.
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