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A series of quasi-one-dimensional halogen-bridged dhmplexes, [Ni(chxpX]Y » (chxn= 1R 2R-diaminocy-
clohexane; X= Cl, Br, and mixed halides; ¥= Cl, Br, mixed halides, Ng@ BF,, and CIQ) have been synthesized

in order to investigate the effect of the bridging halogens and counteranions on their crystal, electronic structures,
and moreover the spin density wave strengths. In the crystal structures, the [Nijchgigties are symmetrically

bridged by halogen ions, forming linear-chain™NiX—Ni"' structures. The hydrogen bonds between the
aminohydrogens of chxn and the counteranions are constructed not only along the chains but also over the chains,
forming the two-dimensional hydrogen-bond networks. While th8-NX—Ni"' distances ob axes are almost
constant in the compounds with the same bridging halogens,akes which correspond to the interchain distances

in the directions of the interchain hydrogen bonds are remarkably lengthened with the increase of the ionic radius
of the counterions; X NO3 < BF,; < ClO,. These compounds show the very strong antiferromagnetic interactions
among spins on Ni 3dorbitals through the superexchange mechanisms via the bridging halogen ions. Judging
from the results of X-ray photoelectron spectra (XPS), Auger spectra, and single-crystal reflectance spectra, these
Ni compounds are not Mott-insulators but charge-transfer-insulators. Their electronic structures or the spin density
wave strengths are found to be tuned by the combinations of the counteranions and the bridging halogens.

Introduction cooperated with one anoth&Originally, the MX chains are
considered as one-dimensional metallic states with half-filled
d2 orbitals of metals and the filled pz orbitals of bridging
halogens. However, as it is well-known, the one-dimensional
metallic state is unstable and subsequently transferred to the

Recently, low-dimensional compounds have been attracting
much attention since they show very interesting physical
properties such as Peierls transition, spin-Peierls transition,

neutrat-ionic transition, charge density wave (CDW) states, spin insulating state by the electrephonon interactions) and the

. AN
density wave (SDW) states, superconductivities,’éitong electron correlationy). In most MX chains, due to the strong

these compounds, quasi-one-dimensional halogen-bridged rnlXeo"electron—phonon interaction, the bridging halogens are distorted
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MX chains have two characteristic points compared with the Table 1. Crystal Data for Ni(chxrCI(NOs)2

inorganic semicon_ductors and organic conjugated polymers as emp form [Ni(GH1aN2)2]CI(NO3),
follows. The magnitudes of the band gaps or the CDW strengths fw 446.5
can be tuned by varying chemical factors such as M, X, AA, cryst size(mr) 0.55x 0.30x 0.10
and Y; in other words, the physical paramet&sT{ U, andV) cryst syst orthorhombic
L . A 22.990(20)
can be tuned by substitution of the chemical factors. Moreover, b/A 4.982(2)
the interchain interaction can be controlled by using the intra- oA 8:001(5)
and interchain hydrogen bonds between the aminohydrogens V/IA3 916.4(11)
and the counteraniorfsThe excited states and their relaxation z 2
processes were well investigated by using various optical space group 1222
methods such as resonance Raman spectra, time-resolved D caled (g/crf) 1.618
luminescence spectra, photoinduced absorption spectra, etc no. of obsns 631
p » photol _ p p » elc. A 0.710 69

On the other hand, theoretically it was proposed that in the temp (K) 206

case of stronger on-site Coulomb interactioh ¢ompared with residuals: R R,° 0.066,0.058

the electror-phonon interactions), the M" state or SDW state
is considered to be more stable, where the bridging halogens

are located at the midpoints between neighboring two metal (chxnkX]Y 2 (X = Cl, Br, and mixed halides; ¥= Cl, Br, mixed

M= Ml — Y —
atoms (-X-M _X M X _)' More recently, our groups halides, NQ, BF,4, and CIQ) and investigated their crystal and
have succeeded in synthesizing such compounds formulated ag,|octronic structures.

[Ni"(chxnyX]X » (X = Cl and Br), since a Ni ion has a stronger

U gompargq with that of a Pd or Pt ion and/or compared with Experimental Section

S in a Ni ion® These Ni compounds show very strong _ _ _
antiferromagnetic interaction among spins located gn@tital Preparation of [Ni(chxn).X]X > (X = Cl and Br). Single crystals
in each Ni ion through the bridging halogens. The XP spectra, of [Nl(chxn)ZX]szere obtained by.the methods prev_lously repofted.
Auger spectra, and single-crystal reflectance spectra have Preparation of Ni(chxn).Cl.Br,. Single crystals of Ni(chxafl 4
revealed that these Ni compounds are not Mott-insulators but Brosaand Ni(chxm)Cly.88r,.7zwere obtained by slow diffusion of Br

h ¢ fer-i lat h th | | f th and C} into the 2-methoxyethanol solutions of Ni(ch¥@), and
charge-transier-insulators, where the energy 1evels ol e y;cpynyar, respectively. The ratios of Cl and Br were determined

bridging halogens are located betwee.n the upper and |0V\{efby single-crystal X-ray structure analyses as described previdusly.
Hubbard bandé.Th_er_efore, the electronic structures of the Ni Preparation of Ni(chxn)X(NO3),. Single crystals of the Ni-
compounds are similar to those of the starting materials of (chxnkpX(NOs), (X = ClI and Br) were synthesized by (a) chemical
copperoxide superconductors except for their dimensionality. and (b) electrochemical methods. (a) An amount of 10 mL of
While many Pt and Pd compounds were synthesized and their2-methoxyethanol solutions of Ni(chxiX), were cooled to—10 °C,
physical properties were extensively investigated so far, the and 20 mL of 61% HN@(—10°C) was added to their solutions. They
properties of the Ni compounds have not been fully understood, were kept in the refrigerator for 2_4 h, then green crystals were obtained.
since the compounds are only a few, and moreover, it is very (b) The compounds were c_)btalned k_)y an e!ectroc_:hemlcal method of
difficult to obtain single crystals. In this study, to investigate "€ 2-methoxyethanol solutions of Ni(chy) including NHNO; as

2R = J|IFol = [Fell/XIFol. * Ry = [YW(Fo — Fo)3WFoM2

the effect of the bridging halogens and counteranions on the
SDW strengths, we have synthesized neW ompounds, [Ni-

(4) (a) Okamoto, H.; Toriumi, K.; Okaniwa, K.; Mitani, T.; Yamashita,
M. Mater. Sci. Eng1992 B13 L9. (b) Huckett, S. C.; Scott, B.; Love,
A. P.; Donohoe, R. J.; Burns, C. J.; Garcia, E.; Frankvom, T.; Swanson,
B. I. Inorg. Chem1993 32, 2137. (c) Scott, B.; Berkey, M.; Swanson,
B. I. Chem. Phys. Lettl994 226, 537. (d) Donohoe, R. J.; Worl, L.
A.; Arrington, C. A.; Bulou, A.; Swanson, B. Phys. Re. B 1992
45, 13185. (e) Matsushita, N.; Kojima, N.; Ban, T.; TsujikawaJ.l.
Phys. Soc. Jpn1987 56, 3808. (f) Matsushita, N.; Toriumi, K;
Kojima, N. Mol. Cryst. Lig. Cryst.1992 216, 201.

(5) (a) Wada, Y.; Mitani, T.; Yamashita, M.; Koda, J. Phys. Soc. Jpn.
1985 54, 3143. (b) Wada, Y.; Era, K.; Yamashita, Molid State
Commun.1988 67, 953. (c) Wada, Y.; Mitani, T.; Toriumi, K.;
Yamashita, M.J. Phys. Soc. Jpn1989 58, 3013. (d) Wada, Y.;
Yamashita, MPhys. Re. B 1990 42, 7398. (e) lwasa, Y.; Funatsu,
E.; Koda, T.; Yamashita, MAppl. Phys. Lett1991 59, 2219. (f)
Okamoto, H.; Mitani, T.; Toriumi, K.; Yamashita, MPhys. Re. Lett.
1992 69, 2248. (g) Ooi, H.; Yamashita, M.; Kobayashi, Them.
Phys. Lett. 1993 210, 384. (h) Kobayashi, T.; Sekikawa, T.;
Yamashita, M.Chem. Lett1997 1029. (i) Okamoto, H.; Kaga, Y.;
Shimada, Y.; Oka, Y.; lwasa, Y.; Mitani, T.; Yamashita, Fhys.
Rev. Lett. 1998 80, 861. (j) Gammel, J. T.; Saxena, A.; Bishop, A.
R.; Batistic, I.Synth. Met1993 54, 237.

(6) (a) Toriumi, K.; Wada, Y.; Mitani, T.; Bandow, S.; Yamashita, M.;
Fujii, Y. J. Am. Chem. Socl1989 111, 2341. (b) Toriumi, K,;
Okamoto, H.; Mitani, T.; Bandow, S.; Yamashita, M.; Wada, Y .; Fujii,
Y.; Clark, R. J. H.; Michael, D. J.; Edward, A. J.; Watkin, D.; Kurmoo,
M.; Day, P.Lig. Cryst. Mol. Cryst199Q 181, 333. (c) Okamoto, H.;
Toriumi, K.; Mitani, T.; Yamashita, MPhys. Re. B199Q 42, 10381.

(7) (a) Okamoto, H.; Shimada, Y.; Oka, Y.; Chainani, A.; Takahashi, T.;
Kitagawa, H.; Mitani, T.; Toriumi, K.; Inoue, K.; Manabe, T
Yamashita, M.Phys. Re. B 1996 54, 8438. (b) Okamoto, H.;
Chainani, A.; Takahashi, T.; Kitagawa, H.; Mitani, T.; Manabe, T.;
Yamashita, M.Synth. Met1997, 86, 1977.

an electrolyte at room temperature with an electric current o0
using an H-shaped céllThe concentrations of Ni(chxs¥, and NH:-
NOs; were 40 mmol and 0.5 mol, respectively. After several weeks,
single crystals were obtained.

Preparation of Ni(chxn)>X(ClO4),. The Ni(chxn}X(ClOs), (X =
Cl and Br) compounds were obtained by halogenation of the 70%
HCIO, solutions of Ni(chxn)ClO,4), at —10 °C. Anal. Calcd for
C1oH2eN4OsCLILBrNi: C, 25.47; H, 4.98; N, 9.97. Found: C, 25.45; H,
5.59; N, 9.45. Anal. Calcd for SH2aN4OsClsNi: C, 27.64; H, 5.41;

N, 10.74. Found: C, 28.29; H, 5.33; N, 10.62.

Preparation of Ni(chxn),CI(BF4)2. The Ni(chxn}CI(BF4), is ob-
tained by chlorination of the 40% HBEolution of Ni(chxn)(BF). at
—10 °C. Anal. Calcd for GH2gN4FsB2CINi: C, 29.05; H, 5.68; N,
11.29. Found: C, 28.80; H, 5.45; N, 11.03.

Single-crystal X-ray structure measurement was carried out at room
temperature. Intensity data were collected on a RIGAKU AFC-5 four-
circular diffractometer for [Ni(chxn)CI}(NOs), using Mo Ko radiation.
Crystal data are listed in Table 1. The structure was solved by the heavy
atom method and refined by the full-matrix least-squares technique.
All non-hydrogen atoms were refined with anisotropic thermal param-
eters. X-ray powder patterns were measured on MAC Science MPX3
using Cu ku radiation at room temperature.

13C CP/MAS NMR spectra of [Ni(chxaX]Y 2 and [Pd(chxn)[PdCl-
(chxn)] (ClO4)4 were recorded at room temperature by applying proton
decoupling using a Bruker MSL-300 spectrometer. The chemical shifts
given in ppm are relative to external TMS.

(8) Yamashita, M.; Tsuruta, E.; Inoue, K.; Furuta, T.; Okamoto, H.; Mitani,
T.; Toriumi, K.; Ohki, H.; Ikeda, RSynth. Met1993 5557, 3461.

(9) Yamashita, M.; Inoue, K.; Furuta, T.; Ichikawa, A.; Kimura, N.; Ohki,
H.; lkeda, R.; Kitagawa, H.; Bandow, S.; Toriumi, K.; Mitani, T.;
Ohishi, T.; Miyamae, HMol. Cryst. Lig. Cryst.1994 256, 179.
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Figure 1. ORTEP drawing of [Ni(chxmCI](NO3)2.

Yamashita et al.

by the hydrogen bonds between aminohydrogens and counter-
anions, and moreover, there are the hydrogen bonds among the
neighboring chains, constructing the two-dimensional hydrogen
bond networks parallel to thiec plane. In the compounds of
[Ni(chxn),CI](NOg),, the intra- and interchain hydrogen bonds
are composed of NH-O---HN and NH:-O—N—0O---HN sys-
tems, respectively, and the oxygen atom of ;NQvithout
incorporation with the interchain hydrogen bonds between the
amino hydrogens and NQ is disordered into the upper and
lower sides with half occupation. As described previously, in
the compounds of Ni(chxsEl,Bry, the occupancy factors of

Cl and Brions in the bridging and counteranion positions were
determined by the full-matrix least-squares refinements. The
occupancy factors of Cl and Br at the bridging halogen sites
are 0.976 and 0.024 for Ni(chxi®l2.4s8r0541 (1) and 0.68 and
0.32 for Ni(chxn}Cly 2dBr1.72 (2), respectively, and those at the
counter halogen sites are 1.483 and 0.517 for (1) and 0.60 and
1.40 for (2), respectively. Accordingly, their formula can be
correctly represented as [Ni(chx6)o.9783r0.024Cl1.48Bro s17for

(1) and [Ni(chxn)Clo eeBro.3]Clo.sdBr1.40 for (2)8

The measurements of the XPS and Auger Spectra were performed TO dlSCUSS thell’ e|eCtI’0nIC StI’UCtUI‘eS, |t |S essentlal to deCIde

using ESCALAB MK Il (VG Scientific Co.) photoelectron spectrometer
with Mg Ka (hv = 1253.6 eV) or Al ka (hv = 1486.6 eV) as an

whether the bridging halogens are located at midpoints between
the two neighboring Ni atoms (Ni=X—Ni"' structure) or

excitation light source. In these measurements, all samples were grounddeviated from the midpoints (Ni--X—Ni'V—X structure). On

into powder form in a Mgas-filled glovebox attached to the preparation

the basis of the careful consideration of the X-ray diffraction,

chamber and inserted into the high-vacuum chamber without exposureyye concluded that these Ni compounds have tHE-N{—Ni'"

to air. The base pressure of the analysis chamber was in tA&Tidrr

range. The excitation light was operated at low power because the
samples degraded on prolonged exposure at high incident power, a:
observed by the broadening of the Ni 2p core-level spectra. The Fermi

S

structures or SDW states. First, their"NiX distances are
significantly shorter than those of the discrete octahedrdll Ni
compounds, [NiX3([14]aneN)]CIO4 (X = Cl and Br)!

level of the sample was determined by referring to that of silver sample. S€cond, the structure analyses of these compounds do not

For the measurements of the polarized reflection spectra, a hatogen

indicate positional disorders of the bridging halogen atoms. The

tungsten incandescent lamp was used. Light from the lamp was focusedthermal ellipsoids of the bridging halogen atoms are very small.

by a concave mirror on the entrance slit of a 25 cm grating
monochromator (JASCO CD-25). The monochromatic light from the

Finally, neither diffuse scattering nor satellite peak relating to
a superstructure has been observed on the X-ray oscillation and

exit slit was passed through a polarizer and was focused on the specificyejssenberg photographs of these compounds.

surface of a single-crystal sample by using an optical microscope.
Reflected light from the sample was focused by a concave mirror on

the detector (a PbS cell or a photomultiplier tube).

Theb axis andc axis are correspondent with the"Ni X —
Ni"" distance along the chain and the interchain distance in the

Magnetic susceptibilities of polycrystalline samples were measured direction of the hydrogen bonds, respectively. These two axes
on a Quantum Design SQUID magnetometer in an applied magnetic are systematically influenced with the substitution of the

field of 2000 G from 2 to 300 K with rising temperature after cooling
in a nearly zero magnetic field.
Electrical conductivities of single crystals were measured by using

bridging halogens and counteranions. Thaxes in the Ni-
(chxnkCl,Bry increase in the order of [Ni(chxsQl]Cl, <
[Ni(chxn)Clo g7d310.024Cl1.4880.517 < [Ni(Chxn),Clo s6Br0.33Clo.6c

four-probe methods between 165 and 300 K. Carbon paste was usedy, ,q < [Ni(chxn).Br]Br,, which is due to the increase of the

for adhering samples to gold wires.

Results and Discussions

The crystal structures of [Ni(chxQI](NO3), are isomor-
phous to [Ni(chxmBr](NO3),, [Ni(chxn:X]X, (X = Cl and
Br), and Ni(chxn)CI,Bry so far reporte®®®and, moreover, to
the mixed-valence compounds k¢hxn)][M "V (chxnpX,]Y 4
(M = Ptand Pd; X= ClI, Br, and I; Y= X and CIQy) although
the positions of the bridging halogens are different from one
another® The chain structure of [Ni(chxpEI(NO3); is shown

amounts of Br ions with larger ionic radius. Next, to investigate
the effect of the counteranions of NOand halogen ions (X)

on theb andc axes, we compare [Ni(chx¥](NO3), with [Ni-
(chxnkX]X 2 (X = Cl and Br). While the NI'—X or Ni"" =X —

Ni'" distanceslf axis) are almost similar in the same bridging
halogens, the axes of the N@ compounds are much larger
than those of X compounds, which is due to the larger ionic
radius of NQ~ compared with those of X The correlation
between théy axis andc axis is shown in Figure 2. It can be
seen that the Ni—X—Ni"" distances ob axes are dependent

in Figure 1. The relevant bond distances of these compoundson the species of bridging halogens and almost constant in the

are listed in Table 2, along with those of [Ni(chxB)](NOs),,
[Ni(chxn)X]X> (X = CI and Br), and Ni(chxpCLBry for

same bridging halogens. This is due to the tight covalent bonds
of Ni"—X—Ni". Unfortunately, we could not obtain single

comparison. The four N atoms of the two chxn are coordinated crystals of Ni(chxmX(ClO4)2 (X = Cl and Br) and Ni(chxnClI-

to a Ni atom in a planar fashion. The Ni(chxmpoieties, lying

(BF4)2. Therefore, we obtained their crystal parameter such as

on special position 222, are bridged by halogen atoms andthea, b, andc axes by using X-ray powder patterns, since their

stacked along thé axis, constructing linear-chain structures.
The neighboring Ni(chxi)moieties along the chain are linked

(10) (a) Larsen, K. P.; Toftlund, HActa Chem. Scand.977, 31, 182. (b)
Wada, Y.; Lemmer, U.; Gobel, E. O.; Yamashita, M.; Toriumi, K.
Phys. Re. B 1995 52, 8276.

structures are also isomorphous to the Ni(chXg)vhose crystal
structures were determined by single-crystal X-ray diffraction
methods. The correlations betwdeandc axes are also shown

(11) Ito, T.; Sugimoto, M.; Toriumi, K.; Ito, HChem. Lett198Q 1477.
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Table 2. Crystal Parameters and Bond Distances (A)

Inorganic Chemistry, Vol. 38, No. 8, 1999897

a b c Ni—X Ni—N
Ni(chxn).Cls 23.975(5) 4.894(1) 6.913(1) 2.447(1) 1.944(1)
Ni(chxn)Cl,.458r0.541 23.901(1) 4.914(1) 6.971(1) 2.457(1) 1.939(2)
Ni(chxn)CI(NOs), 22.990(20) 4.982(3) 8.001(5) 2.491(1) 1.927(7)
Ni(chxn)Cly 26Br1.72 23.720(2) 5.063(1) 7.189(1) 2.531(1) 1.948(3)
Ni(chxn)Brs 23.587(5) 5.161(2) 7.121(1) 2.578(1) 1.944(3)
Ni(chxn)Br(NOs), 22.906(3) 5.213(1) 7.855(1) 2.6065(5) 1.937(4)
T T T
6L i
6 J —©— Pt -
- —O—Pd
X =Br ®— Ni 4
®
Br(NO3); ]
Br(Cl0y); ... | _ ]
< B e ° <
= LT © CliasBrin COI(BF4)2 < ©
--------------------------- T o105 s -
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Figure 2. Correlation betweeb andc axes in [Ni(chxn)X]Y 2. The Figure 3. Correlation betweem andc axes in M(chxmCIY2. The

open circles show the chlorobridged compounds, the black circles showdouble circles show the Pt compounds, the open circles show the Pd
the bromobridged compounds, and the double circles show the mixed compounds, and the black circles show the Ni compounds.
halide-bridegd compounds.

= SN\
in Figure 2. Theb axes or Ni' =X—Ni"" in the same bridging ~ l ~n B

halogens are almost constant, while thaxes or the distances o '
in the direction of the interchain hydrogen bonds are remarkably
lengthened in the order X NO; < BF4; < CIO4 as the

counteranions. Such a trend is consistent with the order of the

4

. | ) ) N N : Ni(chxn)2C13
ionic radius of counteranions. That is, since thé' NX—Ni"!
covalent bonding is tight, the larger counteranions cannot
approach the chains, resulting in lengthening of ¢rexes.
At this stage, it is very interesting to compare the correlation Ni(chxn),Bry

between thé andc axes in the Ni compounds with those in
the Pd and Pt compounds in the systems of M(c}3HY), (Y

= CI~ and CIQ"), where the Ni compounds take 'Nistates
(SDW States), and the Pt and Pd compounds take-MI'Y
mixed-valence states (CDW states). The correlation is shown
in Figure 3. Going from Y= ClI to CIO, in the Pt compounds,
both theb andc axes are lengthened, where while th& PCI
distances in both compounds are almost constant, the €t
distance in the Cl@compound is much longer than that in Cl
compoundg? Thec axis in the CIQ compounds is much larger
than that in the Cl compound, due to the difference of their

Ni(chxn),Cl, 459Brg 451
Ni(chxn), CII'Z'M
|

ionic radius and the hydrogen bond systems. A similar trend is Pd(chxn),CI(ClO,),

also observed in the Pd compounds, but the degree of the '

inclination is smaller than that of the Pt compounds. Such results L B R
are reasonable from the viewpoint of the intervalence interaction. 70 20

Because the interaction or overlapping of orbitals betweén Pd 8/ppm

and P& atoms through the bridging halogens is larger, judging Figure 4. 3C NMR spectra of [Ni(chxnX]Y 2 and Pd(chxr)CI(CIO)2.
from the results of intervalence CT bands and electrical
conductivities, the Pd--Cl—PdV distance ob axis is shorten-
ing. Then, since the counteranion of Gl€annot approach to  halides) observed at room temperature exhibited three resonance
the chain, thes axis results in lengthening compared with the lines with almost integrated intensity as shown in Figure 4.
Pt compounds. In the Ni compounds, such trends are moreThese results are in good agreement with the crystal structural
prominent compared with the Pt and Pd compounds, as showndata, revealing the presence of three kinds of crystallography-
in Figure 3, due to the tight covalent bonding of'"NiCl— cally independent carbon atoms of the chxn ligands in the
Ni'', crystals, namelyg-, 8-, andy-carbons.

13C NMR spectra of Ni(chxnpX3 (X = Cl, Br, and mixed
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Ni3d (Valence) Ni(chxn),Br; Ni2ps),

Ni(chxn),Br;

Ni(chxn),Br(NO;),

Ni(chxn),Br(NOs),

Nichxa),CINO); Ni(chxn),CI(NO5),

Ni(chxn),Cl, 459Bro 541

Ni(chxn),Cl; 450Brg 541

Ni(chxn),Cl; ,5Br; 7,
Ni(chxn),Cl; 23Br; 7,

s 1 L | s 1 A \ | L | L

8 6 4 2 0 870 860 850
Binding (eV) Binding (eV)
Figure 5. Valence-band XP spectra of [Ni(chxX]Y ». Figure 6. Ni 2p XP spectra of [Ni(chxnX]Y 2.
To estimate the on-site Coulomb energies of these com- NiLVV
pounds, we have measured their Auger spectra and XP spectra. Ni(chxn);Br;

Figure 5 shows the valence-band XP spectra of the Ni
compounds, which were obtained by using Mg Kadiation.

In the spectra, the broad peaks centered-a# &V binding
energies are observed. Both Ni 3d and bridging halogen 3p(Cl)
or 4p(Br) electrons will contribute to the XPS intensities in this
region. Since the XPS cross section of the Ni 3d electrons is
comparatively larger than those of Cl 3p and Br 4p electrons
for the Mg Ka radiation, the broad peak at-& eV can be Ni(chxn),CI(NO;),

considered to have a dominantly 3d character. The Ni 2p XP
spectra obtained using MgdKradiation are shown in Figure 6.
The spectra are composed of the two peaks, that is, bl 2p

and Ni 2p/,, where the former is observed in the higher energy
region compared with the latter. These binding energies are
higher than those in the Nicomplexes. To evaluate the
electron-electron correlation between the 3d electrahshe

Ni LVV Auger spectra have been measured. Figure 7 shows Ni(chxn),Br,+Cl
the Auger spectra which are obtained by Al IKadiation, since
the strong N 1s XP line appears in the Auger spectral region
1 1 L |

with the excitation of the Mg k& radiation. From these results, .
the U values are obtained by using the equation described 830 IGnet?j(()eV) 850
previously? All results are listed in Table 3. The values in
these compounds are about 5 eV, which are almost equal to
those of [Ni(chxmX]X > reported previously. eV. Therefore, the lowest transitions are considered as those of
The optical conductivity spectra of the single crystals of these the bridging halogens to the upper Hubbard bands of the Ni
compounds are shown in Figure 8, which were obtained by the 3dz. Then, these compounds are not Mott-insulators but CT-
Kramers-Kronig transformation from the polarized reflectivity  insulators, where the energy levels of the bridging halogens are
spectra with the electric vect& parallel to the chain axis (E located between the lower and upper Hubbard bands composed
Il b). In the energy region from 1-22.0 eV, the prominent  of the Ni" 3d: orbitals. The peak energies shift in the order of
absorptions are observed in these compounds, where areNi(chxn)Clz > Ni(chxn)Cl, 458ro.541 > Ni(chxn)Cly 2dBr1.72
polarized parallel to the chain aisbut no prominent structures > Ni(chxn)Brs, which is well interpreted by the energy
are observed for the B b spectra. Their peak energies are listed difference of the 2p of Cl and 3p of Brions. In the same bridging
in Table 3. As mentioned above, the on-site Coulomb energieshalogens, the peak energies of thejN©ompounds are higher
are estimated to be about 5 eV. On the other hand, the lowestthan those of the halogen counteranions, which is due to slightly
transitions are observed in the energy regions from 1.2 to 2.0 longer Ni'"' =X —Ni'" distances in the N& compounds.

Ni(chxn),Br(NOs),

Ni(chxn),Cl,+Br

Figure 7. Ni LVV Auger spectra of [Ni(chxmX]Y ».
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Table 3. Electron Correlationsy), CT Peak Energies, and 10 : T
Electrical Conducting Data i o
~Ni—Br —Ni—Br—
U (eV) Ecr(eV) Ea(eV) logo (Scnt?) 8o 4 4w
Ni(chxn)Cls ~4.47 195 0302  —6.61 = ! antiferro.
Ni(Cth)gclg_45d3ro_541 ~5.95 1.75 a a E 6} \\ b
Ni(chxn)Cls ~4.9 1.80 0.232 —6.00 2 o
Ni(chxn)Br(NOs), ~591 145 0.178 —5.61 L BN ]
Ni(chxnxCli28Br1.72 ~5.35 1.45 0.137 —4.73 = o e
Ni(chxn),Brs ~5.84 1.28 0.117 -3.16 < , R e U
aSingle crystals are too small to be measured.
0 { |
j j = j T T ' j ' ' 0 100 200 300
i ] T (K)
Figure 10. Temperature dependence of magnetic susceptibility of [Ni-
(chxnkBr]Br,. The dashed line represents the linear combination of
4000 L Ni(chxn),Brs - the BonnerFisher curve and Curie curve (0.22%).
E Cls, and in the same bridging halogens those of thesNO
C{i L Ni(chxn);Cly 2sBr1.72 _ compounds are larger than those of halogen counteranion
2 ) compounds. Such orders are the same as those of the peak
b AN energies of the charge-transfer bands.
2 2000} {4 NiCchxn)yClgsoBrosa The temperature-dependent magnetic susceptibility measure-
5 Voo ments reveal that all these compounds show the very strong
antiferromagnetic interactions, which are due to the superex-
- change mechanism through the bridging halogens between
neighboring spins located on the Ni 3dFigure 10). The
ol ] exchange parameterfd| are estimated to be 1150 K for Ni-

(chxnkCI(NOg),, 1200 K for Ni(chxn)Cls, 1500 K for Ni(chxn)-
Br(NOgs)2, and 1700 K for Ni(chxmnBrs by using the Bonner
Fisher equations. The negative linear correlation between the
magnitudes ofJ| and the peak energies of the CT bands are
observed. This is well interpreted with the superexchange
et — interactions through the bridging halogen ions between neigh-
boring Ni"" ions12

Energy (eV)

Figure 8. Optical conductivity spectra of the single crystals of [Ni-
(chxn}X]Y ».

Ni(chxn),Br(NO;), ] Conclusion

New guasi-one-dimensional halogen-bridgeti Bompounds,
[Ni(chxn).X]Y , have been synthesized by chemical and elec-
. trochemical methods. Judging from the results of crystal
structures, XPS, Auger spectra, and single-crystal optical
measurements, these compounds are CT-insulators, where the
- energy levels of the bridging halogens are located between the
upper and lower Hubbard bands. Therefore, their electronic
structures are very similar to those of the starting materials of
the copperoxide supperconductors. It is founded that the SDW
strengths in these compunds can be tuned by substituting the
bridging halogens and the counteranions.

Ea=0.178 eV

-7

log(o - Scm'l)

Ea=0.302 eV

Ni(chxn),CI(NO;),
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Supporting Information Available: X-ray crystallographic data
Single-crystal electrical conductivities have been measured for [Ni(chxn),CI(NO3). including tables of atomic coordinates, bond
a|ong the chain axes by the four-probe method (Figure 9) All angles, and bond Iengths. This material is available free of Charge via
these compounds show semiconducting behaviors. All data arethe Internet at http://pubs.acs.org.
listed in Table 3, where the resistivities at room temperature |c9812499
and the activation energies increase in the order of Ni(clBxg)
< Ni(chxn)Cly 2dBr1.72 < (Ni(chxn)Cly 458ro.s47 < Ni(chxn),- (12) Okamoto, H.; Yamashita, M. Manuscript in preparation.






