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Electronic structure of the quasi-one-dimensional halogen-bridged Ni complexes
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The electronic structure of the one-dimensional Ni complepégchxn),X] X,(X=ClI, Br; (chxn=1R,2R-
cyclohexanediamine is studied together with the discrete Ni complexédliX,([14]aneN,)]JCIO,(X
=ClI; Br;([14]aneN,)=1,4,8,11-tetraazacyclotetradecpnsing optical spectroscopy, x-ray photoelectron spec-
troscopy (XPS and Auger electron spectroscopy. The optical spectra show that the Br compounds have a
smaller gap as compared with the Cl compounds. An analysis using a sknlNieX trimer model on the
optical spectra and the Ni2XP spectra yields quantitative estimates for the charge trafGfBrenergyA
and the transfer energly for discrete and one-dimensional Ni complexes. The analysis on thé/NMiAuger
spectra in conjunction with the valence XP spectra indicates that the average ahéi@eulomb energyJ
in the one-dimensional and discrete Ni complexes is about 5 eV, quite similar to the case of the Ni dihalides.
The obtained results demonstrate that the one-dimensional Ni complexes are CT insulators. We discuss the
differences in the electronic structures of the one-dimensional Ni complexes compared with the Ni dihalides
and the one-dimensional Pt complexes on the basis of the estimated parameter valjes, aind U.
[S0163-182696)07335-3

I. INTRODUCTION

In recent years, the one-dimensiofaD) halogen(X)-bridged transition-metalM) complexesor, equivalently, theM X
chain compoundshave been attracting much attention as a good target material to investigate the properties of the 1D
electronic state under the influence of both the strong electron-léttiCeinteraction and electron-electron correlatiofiIn
MX chain compounds, the electronic structure of the 1D chain is composed of the halfifllecbitals of metals, and the
filled p, orbitals of halogens. So far, studies have concentrated on the complexéd wkt and Pd, for which is it established
that the bridging halogen ion deviates from the midpoint between the neighboring metal ions due to the site-diagenkl-type
interactions and the commensurate charge-density W@&V) is stabilized even at room temperature as shown below.

e X T M X M2 X T —MAT X M2 X T = M X

In complexes withM =Pt or Pd, the energy level of thg, orbital of halogens is much lower than that of tthe orbital of
metals® Therefore, their electronic structures are described essentially by the 1D Peierls-Hubbard model, in which only the
d,> orbitals are taken into account and the contribution of gherbitals is effectively incorporated into the supertransfer
energy between thd,2 orbitals of the neighboring metal iofisin these complexes, electronic structures of fundamental
excitations such as excitons, solitons, and polarons, and their dynamical properties, have been clarified from both
experiment&° and theoretical points of view '

In contrast to Pt and Pd complexes, complexes wWitt=Ni such as[Ni(chxn,X]X,(X=Cl, Br; (chxn=1R,2R-
cyclohexane-diaminehave a regular chain structure composed of'Nons andX~ ions shown belov:*81°

X NPt X T Ni®T X —Ni¥ X —Ni® X —Ni¥ —Xx".
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Lattice distortions related to Peierls or spin-Peierls mecha- Il. EXPERIMENT
nisms have not been observed even at low temperatures.

These complexes are found to be insulating, suggesting the,. hxr)- X1 X.(X=Cl. B dTNiX-([14 ClO, (X
importance of electron-electron interactions betweeh 3@&0 ép))zw]eré( prepa{redr) ;cr::ogdilngzqo gr?gelli%g]ratén’?‘éﬁ’('zz

electrons. Hence this kind of material may be. regarded as RiX,(X=Cl and Bj samples were commercially obtained.
prototype of a strongly correlated 1D electr@pin) system. The measurements of the XP and Auger spectra were per-
In fact, the magnetic susceptibilifyof [Ni(chxn),Br|Br, has  formed using a ESCALAB MK II(VG Scientific Co) pho-
a finite value even at low temperatures, which is scarcelyoelectron spectrometer with M§a (hy=1253.6 eV or Al
dependent on temperatuf&uch a behavior foy has been K a (hy=1486.6 eV as an excitation light source. In these
tentatively interpreted by using the 1D Heisenb€sg-3)  measurements, all samples were ground into powder form in
model with a large antiferromagnetic exchange interaclion a N,-gas-filled glovebox attached to the preparation cham-
(~3600 K).2 However, the natures of the electronic and spinber, and inserted into the high-vacuum chamber without ex-
states seem not to be fully understood. posing to air. The base pressure of the analysis chamber was
In order to investigate the electronic structure of thesel0 °-Torr range. The excitation light was operated at low
strongly correlated electronic systems, high-energy spectrogpower, because the samples degraded on prolonged exposure
copy is a powerful tool. In fact, not only the simple divalent at high incident power, as observed by the broadening of the
transition-metal oxides and halides, but also the perovskiteBi 2p core-level spectra. The Fermi level of the sample was
of Cu, Ni and other transition-metal oxides, have been exdetermined by referring to that of silver sample.
tensively studied by high-energy electron spectroscop)(] For the measurements of polarized reflection spectra, a
[x-ray photoemission spectroscop¥PS), x-ray absorption alogen-tungsten incandescent lamp was used. Light from

spectroscopy,  ultraviolet photoemission spectroscopyt,h_e lamp was focu_sed by a concave mirror on the entrance
bremsstrahlung isochromat spectroscopy, JetBtudies of slitof a 25—cm.gr§tlng monochromat()}ASCO GD-23. The
simple Ni dihalides such as Mi(X=F, CI, Br, |) have monochromatic light from the exit slit was passed through a

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

these compounds) is smaller tharl), the on-sited-d Cou- ;0 detectofa PbS cell or a photomultiplier tupeFor mea-

lomb interaction energy, and the magnitude/ohas been g, ements of the absorption spectra, the ground powder
found to depend on the choice of halogens following thesamples were dispersed in liquid paraffin.

expected chemical trerfd.

The target material of the present study is
[Ni(chxn),X]X, (X=CI, Br). (Hereafter, these complexes
are called 1D Ni complexesAs compared with NX,, im- Figure Xa) shows the crystal structure of
portant features of electronic states of the 1D Ni complexe$Ni(chxn),Br]Br, viewed along thea axis!® The four N at-
are summarized as followsl) Ni is trivalent [(tzg)e(eg)l]. oms of amino groups in twéchxn molecules coordinate a
(2) The electronic states are purely one-dimensiof®@iThe  Ni®** ion. The NP* (chxn), units bridged by the Brions are
organic ligand moleculegchxn coordinate the Ni ions, stacked along thé axis (the chain axis The neighboring
probably leading to a strong crystal field. It is interesting toNi(chxn), moieties on the same chain are linked by the four
investigate whether the CT energy and/or the electron corréNH...Br...HN intrachain hydrogen bonds which are drawn
lation might be modified in the 1D Ni complexes. by the dashed lines in Fig(d). The hydrogen-bond network

In this paper, we report the valence XP spectra, thefNi 2 extends over the chains, forming a 2D structure parallel to
XP spectra, and the NiVV Auger spectra, together with the thebc plane. But the electron wave function of a Ni-Br chain
optical-absorption spectra of the 1D Ni complexes;does not overlap with that of the neighboring chains, and the
[Ni(chxn),X]X, (X=CI, Br). These measurements were electronic state is purely one-dimensional. The crystal struc-
also performed on the Xi, and[NiX,([14]aneN,)]CIO, (X  ture of [Ni(chxn),CIICl, (Ref. 19 is the same as that of
=Cl, Br; ([14]aneN,)=1,4,8,11-tetraazacyclotetradecane [Ni(chxn),Br]Br,.
compounds for reference. The latter materials are composed The molecular structure of the discrete®Nicomplex,
of discreteX -Ni®"-X~ units. (Hereafter, these complexes [NiBr,(14]JaneN)]CIO,, is shown in Fig. 1b).?® The four N
are called discrete Ni complexg3he parameted has been atoms of a macrocyclic molecui¢l4]laneN,) coordinate a
evaluated from a comparison between thelNiV Auger  Ni®* ion. A NiBr,(14JaneN,) unit is completely isolated
spectra and the self-convolution of the valence-band XHArom the neighboring ones by the counter ani¢G$O,) .
spectra.A and the transfer energlyy between thep, orbital ~ The crystal structure dNiCl,([14]aneN)]CIO, (Ref. 29 is
and thed,2 orbital have been obtained from an analysis ofisomorphic with that of NiBr,([14]aneN,)]CIO,.

Single crystals of the Ni complexes,

shown that the band gaps are of a charge-tran€tan
type 2% determined by a halogen-to-metal CT enefgyin

lll. CRYSTAL STRUCTURES

the satellite structures in the Np2XP spectra and the opti- Ni dihalides have a cadmium chloride structure. Th&"Ni
cal gap energies. From the results, we discuss the electronions are located in a distorted octahedron formed by the
structures of the 1D Ni complexébli(chxn),X]X, (X=CI,  nearest-neighbor halogen ions. These materials are consid-

Br), which will be compared with those of M. Moreover, ered layered compounds, with the Ni layers alternating with
the difference in the ground states between the 1D Ni coma double layer of halogen atoms.

plexes and the isomorphic 1D Rir PJ complexes in the In Table I, the interatomic distances Ni-and NiN, are
CDW phase will be elucidated on the basis of the differencdisted for the Ni compounds discussed in this paf§éf:?124

of the electronic structures, namely,andU. The Ni-X distances are quite similar for the three types of
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FIG. 1. (a) Crystal structure ofNi(chxn),Br]Br, viewed along
thea axis. The 1D Ni-Br chain is along theaxis. (b) The molecu-
lar structure of NiBg([14]aneN,) in the [NiBr,([14]aneN,)]CIO,

complex.

compounds(2.45-2.46 A forX=Cl, and 2.58—2.62 A for
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FIG. 2. (a) Absorption spectra ofNiX,([14]aneN,)]CIO, (X
=Cl, Br) for powder samplestb) Optical conductivity spectra of
[Ni(chxn),X] X,(X=Cl, Br) for the single crystals witlEllb (chain
axis).

IV. EXPERIMENTAL RESULTS
A. Optical-absorption spectra

The absorption spectra of the powder samples of discrete
Ni complexes, and the optical conductivity spectra of single
crystals of 1D Ni complexes, are presented in Figa) and
2(b), respectively. Optical conductivity spectra were ob-
tained by the Kramers-Kronig transformation from the polar-
ized reflectivity spectra, with the electric vectmparallel to
the chain axid (Ellb). In the absorption spectra of the dis-
crete Ni complexes, weak structures are observed around 1.6

X=Br). The distance between a Ni ion and the nearesteV, which can be attributed to the intraatordicd transition
neighbor C atom is largé~2.8 A) for both the discrete and of Ni®* ions?? This transition is weakly allowed in the dis-
1D Ni complexes. Thep® hybridized orbitals of the C atom torted octahedron structure, where the Xibonds are
form o bonds with neighboring C, H, and N atoms, andslightly tilted from the normal to the NijNplane. Strong

therefore have negligible overlaps with tHeorbitals of the

Ni ion.

TABLE |. Comparison of the averaged bond distantks

Ni-X Ni-N Ref.
[NiCl,([14]aneN,]CIO, 2.452 1.970 24
[NiBr,([14]aneN)]CIO, 2.616 1.971 18
[Ni(chxn),CI|Cl, 2.447 1.944 19
[Ni(chxn),Br]Br, 2.578 1.944 18
NiCl, 2.46 21
NiBr, 2.58 21

absorption bands around 3.1 eV ##=Cl and around 2.6 eV

for X=Br are assigned to the halogen to Ni CT transition
(X, Ni**=X°, Ni%?"). On the other hand, in 1D Ni com-
plexes, absorption peaks corresponding to the gap energies
are observed at much lower energiesl.8 eV forX=Cl and

1.3 eV for X=Br). These bands were found to be polarized
parallel to the chain axi®, and may be assigned to the
intermetallic transition corresponding to the Hubbard gap
(Ni®", Ni** —Ni**, Ni?") or the halogen to Ni CT transition.

In our previous papers®2°we had tentatively adopted the
former assignment, but the results presented in this paper
demonstrate the latter assignment to be appropriate as dis-
cussed in Sec. V. The energiEg of the absorption peaks
indicated by the arrows in Fig. 2 are listed in Table II.
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TABLE Il. The optical gap energieEcr, the peak energies of the main lifig,,,, and the satellite
Esa In the Ni2ps, XP spectra, the splitting of thep,, lines E¢(=Eg,;— Emai) and the intensity ratio
| sat/ | main fOr the discrete and 1D Ni complexes.

Ecr (eV) Emain (€V) Esa (8V) E; (eV) l sat/ | main

[NiCl,([14]aneN)]CIO, 3.07 855.2 861.9 6.7 0.59.1

[NiBry([14]aneN)]CIO, 2.62 855.0 862.0 7.0 0.59.1

[Ni(chxn),CIICl, 1.80 855.0 862.7 7.7 0.69.1

[Ni(chxn),Br]Br, 1.28 854.7 862.7 8.0 0.69.1
B. Valence-band XP spectra the binding energiesH|,,i» andEs,) and the splitting E) of

In F|g 3, we present the valence-band XP Spectra of thg’]e two a.')3/2 IineS, and the satellite intensities relative to the
six Ni compounds, which were obtained using Mg radia- ~ Main line I s/l yain for the discrete and 1D Ni complexes.
tion. In the spectra for the discrete and 1D Ni complexes, dsa! main Was determined from the area under the curve after
broad peak centered at 3—4 eV binding energy is observegubtracting a linear background. In the estimations of
Both Ni 3d and halogen B (Cl) or 4p (Br) electrons will  Isaflmain, there are some ambiguitgee Table I), since the
contribute to the XP intensities in this energy region. Sincesatellite structures are considerably broadened. It has been
the XP cross section of the Nid3electrons is comparatively reported that the 2, spectra are seriously affected by the
larger than those of CIB and Br 4p electrons for the Mg strong interference effects,and hence we restrict our dis-

K a radiation?® the broad peak at 3—4 eV can be consideredtussion to the @, lines in this paper.
to have a dominantly @ character. The spectra for X}j are

broader compared with the discrete and 1D Ni complexes. D. Ni LVV Auger spectra
In order to study electron-electron correlation between the
C. Ni 2p XP spectra 3d electronsU, the NiLVV Auger spectra have been mea-

sured. The results are shown in Fig. 5. The Auger spectra for
NiX, were obtained by MK « radiation, while those for the
1D and discrete Ni complexes were obtained bykAl ra-
diation, since the strong NsIXP line appears in the Auger

The Ni 2p XP spectra obtained using Mg« radiation
are shown in Fig. 4. The spectra of i are in good agree-
ment with those previously reportétiexhibiting a main line
and two satellite structures in both Nipg, and 2,,, re-
gions. On the other hand, in discrete and 1D Ni complexes,
only one satellite structure is observed. In Table I, we list ' '

—_—
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FIG. 3. Valence-band XP spectra of the Ni compounds mea- FIG. 4. Ni 2p XP spectra of the Ni compounds measured with
sured with MgK « radiation at room temperature. Mg Ke radiation at room temperature.
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@ s el VR T spectra are listed in Tablt_a lll. As seen in Fig. 5 fox®j the

Ni LW —Ci04 Ni LWV Cio, structure around 848 eV is due to the presence of two uncor-
related holes, and consequently the structure around 843 eV
is attributable to the two correlated hole final states. The
values ofU for NiX, are estimated to be about 5 eV from the
[Ni(chxn)BriBr separation of the two structures, which are listed in Table IIl.
A similar comparison shows that the features in the Auger
electron spectra of the 1D and discrete Ni complexes are
attributable to the intraatomic Auger process under the influ-
ence of the correlatiot. From the difference between the
peak energy of the observed Auger lir;{ and that of the

self-convolution spectrumg3),U is estimated to be about 5

830 840 850 860 830 &40 850 860 eV for both the discrete Ni complexes and the 1D Ni com-
Kinetic Energy (eV) Kinetic Energy (eV) p|exes as listed in Table III.

. . The fact that Auger lines due to the interatomic process
FIG. 5. NiLVV Auger spectra OtN'XZ(.[M]aneM)]C!O“ and are not observed in 1D Ni or discrete Ni complexes suggests
[Ni(chxn),X] X, measured with AK « radiation, and of NX, mea- e -
sured with MgK « radiation: (a) for X=Cl and (b) for X=Br. Al f[hat_p-d hybrl_d|zat|0n would be_smaller comparec_;l with that
measurements were performed at room temperature. The dottdd NiXz, leading to a suppression of spectral weight for the
lines are the self-convolution of the valence-band XP spectra showHt€ratomic process.
in Fig. 3. As seen in Fig. Zor Table 1)), the optical gap energies of
the 1D Ni complexes are much smaller than the valugd of
spectral region with the excitation of the Mg radiation.  (~5 €eV) estimated from the Auger spectra. This suggests
For NiX,, two structures labeled 1 and 2 are clearly identi-that these optical gaps are not due to the Hubbard gap but to
fied. On the other hand, for the other four complexes, thdhe charge-transfer gap essentially determinedAbysimi-
spectra exhibit a single peak, the kinetic energy of which idarly to the case of NK,. The change oA is responsible for
almost equal to that of the lower kinetic-energy structure 1 irfhe difference in the gap energies between the complexes
NiX,. In Table Iil, the kinetic energies of the observed Au- With X=Br and Cl.
ger lines are listed. From the energy positions of these struc- We next discuss the Nif2 core-level satellite structures.
tures, magnitude of), the average on-site Coulomb energy As previously reported in detail by Zaanen, Westra, and
can be evaluated, as discussed in Sec. V. Sawatzky?! the appearance of the two satellite structures in
NiCl, and NiBy, is related to the fact that both the ground
and excited(final) states are composed {®),|d°L), and

|dL?) states by the effect of thp-d hybridization. Here

In the Ni compounds investigated here, the contributionL indicates a hole in the haloggnorbital. In contrast, Nik
of the electron-electron correlatidh is essential for opening shows only one satellite to the main peak. As Ni& more
the large gap energies. As for, the NiLVV Auger spectra ionic compared with NiGland NiBL,, the ground state will
give important information. be dominated byd®) and|d°L) contributions leading to a

In order to characterize the origin of the structures in thesingle satellite structuré. This is also the case for 1D and
Ni LVV Auger spectra in Fig. 5, we numerically calculated discrete Ni complexes, with the observed spectra exhibiting
the self-convolution of the valence-band XP spectra as plotenly one satellite structure around 862 é8e Fig. 4. In
ted by the dotted lines, which correspond to the two-holeghese complexes, the-d hybridization occurs between the
final state spectrum of the interatomic Auger process in abd,2 orbitals of the Ni ions and thp, orbitals of the halogen
sence of the electrothole) correlation?’~**The zero of the ions. Thed,2_ 2 orbitals of the Ni ions have negligible over-
two-hole final-state spectrum has been shifted by the bindintap with thep orbitals of halogen ions. It is, therefore, quite
energy of the main peak of the Np3;, core level € ain in reasonable that only one satellite structure is observed in the
Table Il). The peak energiesE(;) of the self-convolution Ni 2p XP spectra of the 1D and discrete Ni complexes.

Intensity (arb. units)
Intensity (arb. units)

V. DISCUSSIONS

TABLE lll. The energy positions of the Auger linds, , and the peak energies of the self-convolution of
the valence XP spectr&; for the discrete and 1D Ni complexes and the Ni dihalidés;{E;] and
[E5—E;] correspond to the on-sig-d Coulomb interaction energy.

Auger Self-Convolution
E; (V) Ey(V) Ej(eV) [Ex-Ejl(eV)  [Ez—Ej](eV)
[NiClx([14]aneN,]CIO, 842.9 847.9 5.0
[NiBry([14JaneN,)]CIO, 843.3 849.2 5.9
[Ni(chxn),CI]Cl, 843.2 848.1 4.9
[Ni(chxn),Br]Br, 843.0 848.5 5.5
NiCl, 842.8 847.8 847.2 5.0 4.4

NiBr, 843.2 848.0 847.5 4.8 4.3
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FIG. 6. Schematic energy-level diagram of an isolated trimer

(X-Ni-X). (a) and (b) show the neutral state and the core-ionized
state, respectively.

To analyze the Ni B XP spectra of the discrete and 1D
Ni complexes, we will consider aiX™-Ni*"-X~ trimer,
where only thed,2 orbital of the Ni ion and they, orbital of
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FIG. 7. The ratio of the intensity of the lower-energy satellite

the halogen ions are taken into account. The lower-lyingand the main line of the Ni 2, XP spectra as a function df in

state|d’) and the CT excited statéd®L . o) are expressed as
follows:
|[d7y=|X"Ni®*X™)
1
d8Le)= —=(|X°Ni?* X )+ |X Ni2*X°
0= 75 )+ )
1
d8L oy = —= (] XONi2*X7)— X" Ni?*X?)).
|d®Lo) ﬁ(l )= )
Here NF™ and X° represent a hole in the.,2 orbital and the
p, orbital, respectively, anwsge) and|d®L,) represent the
even(e) CT and odd(o) CT states, respectively. The energy

difference between th@l”) state and théd®L, ) states is
defined byA, and the transfer energyis defined by

t=(XONi2*X"|H|X Ni¥"X")

=(XTNi2*XO[H|X Ni¥*X7). 2
The effectivep-d hybridizationT is determined as
T=(d"|H|d®L¢)= 2. (3

As a result of mixing thgd”) and|d®L.) states, there are
three levels, as shown in Fig(8. Optical-absorption corre-
sponding to the transition from the ground state to the od
CT excited state has the enerBy= 3(A+ JAZ+4T?).

[NiX5([14]aneN)]CIO,, X=CI (the solid ling andX=Br (the bro-
ken line. In the calculations, the parameter values Bf;
=3.07 eV andE;=6.7 eV are used foK=Cl andEr=2.62 eV
andEg=7.0 eV for X=Br.

La,NiO,, Q is estimated to be 112—1.4J,%°-32 which is
considerably larger thad. Then the energy levels of the
final states can be described as Fig)6

The|cd’) and|cd®L,) states are mixed with one another.

The resultant two states are responsible for the main line and
satellite, as shown in Fig.(B). The separation between the

satellite and the main lin&, is given asV(A —Q)?+4T2.
The relative intensityl ¢,/1 main CaN also be estimated as a
function of A, T, andQ on the basis of the sudden approxi-
mation.

The trimer model can be directly applied to the discrete
Ni complexes. From the values &c1, Eg, andlg/l main
experimentally obtained, we can determine the value4,of
T, andQ, The experimental values 6f,/1 ,in include some
ambiguity, so that we calculatdd,/| ., fOr various values
of T in the discrete Ni complexes by using the experimental
values ofEct andEg. (Ecy=3.07 eV andE;=6.7 eV for
X=Cl, andEc1=2.62 eV andE,=7.0 eV for X=Br.) The

Fesults are plotted in Fig. 7. Using the valueslgf/! nain

(=0.55*+0.1) for the two Ni complexes, we obtaineti, T,

The next problem is to determine the eigenstates in thendQ as listed in Table IVQ/U is 1.1+0.1; that is, close to

presence of a core hole. The final states of the pNiXP are

composed oflcd’) and |cd®L,,) states, the energies of
which areE; andE.+ A —Q, respectively. Here& denotes
the core-hole statek. the core-hole energy relative to the
ionic lattice, andQ the core-holed-electron Coulomb at-

the empirical value 1.2—1.4. The dependenceAobn the
choice ofX is in accord with the chemical trend.

In the above discussion, Ni-N hybridization has not been
considered. The Ni-N distances is shdgss than 2 A so
that the Ni-N hybridization may not be negligible. However,

traction. In several Ni compounds such as NiO, NiS, andhere is no prominent structure due to the ligahd to Ni

TABLE IV. Parameterq\, T,Q, andU for the discrete Ni complexes and the Ni dihalides.

A T Q U Ref.
[NiCl,([14]aneN,)]CIO, 1.2(*=0.3 2.4(50.2 5.8(+0.7) 5.0 This work
[NiBr([14]aneN,)]CIO, 0.64(=0.3) 2.3(%0.2 6.0(x0.7) 5.9 This work
NiCl, 3.6 2.8 7.0 5.0 21
NiBr, 2.6 2.8 7.0 5.0 21
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CT transition up to 4 eV in the polarized reflection spectra21 and 34 and Ni 3d XPS3 The results obtained by
for ELb of the 1D Ni complex This suggests that the en- Zaanen, Westra, and Sawatzky from the i XPS on the
ergy levels of the occupied orbitals of the N atoms are muclbasis of the impurity approximation without multiplet
lower than those of the unoccupiedorbitals of the Niions. effect$! are listed in Table IV. They estimated all the pa-
Therefore, the contribution of the atomic orbitals of the Nrameters(A, U,Q, andT) from the Ni 2p XP data, but did
atoms to both the ground and excited states shown in Fig. fiot reproduce the gap energidscf) from these parameters.
can be neglected, even if the Ni-N hybridization is compa-Because of the difference in the analysis procedure, it is
rable with the NiX one. somewhat difficult to compare directly the magnitudes of the
Let us proceed to a discussion of the results of 1D Niparameters between Xj and Ni complexes. Therefore, we
complexes. The trimer model introduced above is too simpleshall give only semiquantitative discussions below. As seen
to analyze the experimental data of the 1D Ni complexesin Table IV, the material dependencelWdf(Ref. 36 andQ is
However, the parameters, T, andQ estimated for the dis- small. As for thep-d hybridization, we should compare the
crete Ni complexes also seem to be suitable for the 1D NT values defined byd’|H|d8L) for the Ni complexes with
complexes, as argued below. The paramef@randU for  those defined byd®|H|d°L)(=(d°L|H|d*L?)) for NiX,.>’
the 1D Ni complexes should be nearly equal to those for th - -
discrete Ni complexes, sind®@ is an atomic quantity. The

transfer energyl of the four Ni complexes is determined . ; . N
; o : « that the interatomic Auger process is observed iX Nbut
mainly by the NiX distance. As seen in Table I, the differ ot in the 1D Ni complexes. The sum of the andd-band-

ence in NiX distances between the discrete Ni complex and' . - B Y]
the 1D Ni complex with the same halogen ions is negligibIeW'dthSW Is 3.5 eV W,=3.0 eV, Wy=0.5 eV) in NiXy,

. . which is larger than that estimated for the 1D Ni complexes
(less than 0.04 A suggesting that the magnitudesToin the (W=2.6 eV). In fact, the bandwidths of the valence XP spec-
two types of complexes are almost equal to each other. AC'fra in NiX, are larger than those in the 1D Ni complexes as
cording to the ionic crystal model, the bare CT gap energy is 2 g P

) : : seen in Fig. 3. These results are consistent with the larger
written asA =8V /e()+A,,% where 5V, is the differ- Co o T : . .
ence in the Madelung site potentialg, for holes on the Ni p-d hybridizations in NK; as compared with those in 1D Ni

. . : complexes. In NX,, the p-p hybridization as well as the
and halogeng(«) the dielectric constant, andl, the atomic ; .
limit of tr?e d-(p )Ievel separation. In the 1D Ni complexes, p-d one might aiso be responsible for the larger valus\of

8V, will be enhanced by the effect of the long-range Cou- The most remarkable difference betweeiXNand the 1D

lomb interaction along the 1D chain. Therefofepf the 1D Ni complexes is observed in. A in the Ni complexes is

) X X . . smaller by about 2 eV than that in X}j. This feature is
“: ggmg:gi might be slightly larger than that in the dlscreterelated to the change in the gap enefy:: in the 1D Ni

. . . R . complexesEctis 1.8 eV forX=Cl and 1.3 eV forX=Br,
Keeping the above discussions in mind, we will compare hile, in NiX,, it is 4.3 eV for X=Cl and 3.5 eV for

the experimental data of the 1D Ni complexes with those of e 55’y el 00 Bt f vl e difer-

the discrete Ni complexe€, and | g5l nain Of the 1D Ni ;
complexes are not so different from those of the discrete Nﬁgﬁi Iget:ri;:g;nCtﬁgfz:c:rgz:]itglznérsgy%fna?é?tgse%
complexes. However, there is a significant difference N Swered Ieading, 10 a decrease in the magnitud.oThis

Ect; Ectin the 1D Ni complex is smaller by about 1.3 eV .
. ; ; rend has been clearly observed for the Mn, Fe, or Cu oxides,
than that in the discrete Ni complex. Such a large decrease (it)r‘;ewhich A decreases by 2—4 eV frodf to d" 122

Ect cannot be attributed to the variation in the physical pa- " _. . : . .
rameters, sincd,U, andQ values of the two types of com- Finally, we will Q|scuss the difference in the electronic
' . §tructures in the Ni and Pt complexes. All of the Pt com-

plexes, having the same halogen ions, are almost equal pﬂexes obtained are in the commensurate CDW state, in

each other. The possible change Andue to the intersite which the gap is formed between the filleg: (PE*) state

Coulomb interaction in the 1D Ni complex will tend to en- . d the unoccupied,2 (P£) state. The gap energies of the

hanceEcy, contrary to the experimental result, and hence is,, complexes are 0.85-3.2 éV8while the transition ener-
not responsible for th.e qhange EET.' . gies from the filledp, state to the unoccupied? state are

The chang.e OFcr IS "k8|y explained by taking account 5-6 eV> As for U, several groups have reported the esti-
of the bandwidths. In 1D Ni complexes, the haloggnva- mated values for ’Pt to be in the range of 0.5—1%%17

lence band and the Ni,2 upper Hubbard band have finite ThusU of Pt is much smaller than that of Ni obtained in this

Eandwmth? IWh'g_h é\"” .be compﬁrablle with ;hﬁ % energypaper. Consequently, the CDW state could be stabilized in
ecause ot large. cr IS generally given as Toflows. the Pt complexes by the presence of strenlinteraction.
Ecr=A+(28"— 6" 1= " — 1AW, +W,). (4 Whenreplacing Pt by Pd, the enhancemeriiaé estimated
P to be about 0.4 eV"® which is not so large. Therefore, the Pd
Heren is the number ofi electrons,s" is the hybridization  complexes are considered to be in the same situation. On the
shift, andW,, and Wy are the widths of the andd bands, other hand, in the Ni complexes, the CDW state is located at
respectively. Assuming that the second term of Et.is  high energy because of the lartje and should be unstable.
common in the two types of complexes/(=W,+Wy) in
the 1D Ni complexes is estimated to be 2.6 eV from the VI. CONCLUSION
difference ofEy values for the 1D and discrete complexes.
It is interesting to compare the physical parameters of the We have studied the electronic structure of the 1D Ni
discrete and 1D Ni complexes with those ob®i For NiX,, complexeq Ni(chxn),X]X,(X=CI, Br) and the discrete Ni
the parameters have been estimated from piXPS (Refs.  complexes[NiX([14]aneN,)]CIO4X=Cl, Br) by use of

S in NiX, (2.8 eV) is larger than those in the Ni complexes
(T=2.3 or 2.4 eV. Such a difference is reflected in the result
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optical, XP, and Auger spectroscopies. The CT enérgynd  due to the largeJ value (~5 eV). This situation is in con-

the transfer energy of these Ni complexes have been esti- trast with those in the 1D Pt and Pd complexes, where the
mated on the basis of the simple trimer model. The averageDW states are located at lower energies due to the smaller
values of the on-sitd-d Coulomb interaction enerdy have U values.
been also evaluated for both the Ni complexes and Ni diha-

lides. The results demonstrate that 1D Ni complexes are CT
insulators similar to the Ni dihalides. The difference in the

optical gap energies of the 1D Ni complexes and the discrete

Ni complexes can be explained by taking account ofghe We would like to thank Professor Y. Tokut@okyo Uni-
andd-band-widthsA of the 1D Ni complexes is smaller than versity), Professor K. Nasu, and Dr. K. lwan&EK) for

A in the Ni dihalides, which is attributable to an increase ofvaluable discussions. This work was partly supported by a
the valency, or a decrease of the average energydadl8c-  Grant-in-Aid for Scientific Research from the Ministry of
trons. In 1D Ni complexes, the CDW state becomes unstablEducation, Science and Culture, Japan.
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