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A series of single crystals of quasi-one-dimensional bromo-bridgeéPdimixed-metal MX chain compounds
Ni;—xPd(chxn}Brs; (chxn = 1(R),2(R)-diaminocyclohexane) have been obtained by electrochemical oxidation
methods of the mixed methanol solutions of parerit &timplex [Ni(chxn)]Br, and Pd complex [Pd(chxn)Br;

with various mixing ratios. To investigate the competition between the electron correlation of'trstdtes (or

spin density wave states) and the electrphonon interaction of the Pe-PdY mixed-valence states (or charge
density wave states) in the NPd mixed-metal compounds, IR, Raman, ESR, XP, and Auger spectra have been
measured. The IR, resonance Raman, XP, and Auger spectra show that tHed®dnixed-valence states are
influenced and gradually approach the''Pstates with the increase of the'Ncomponents. This means that in
these compounds the electrephonon interaction in the Pe-PdY mixed-valence states is weakened with the
strong electron correlation in the 'Nistates.

compounds (hereafter abbreviated as MX chains) have been
i . extensively investigated during the last 20 years, because of

Recently low-dimensional compounds have attracted much yeir interesting physical properties such as intense and dichroic
attention because they show very interesting physical propertiesinieryalence charge-transfer bands, progression of overtones of

such_e}s Peierls transition, spin-Peierls transition, neuimllc resonance Raman spectra, luminescences with large Stokes
transition, charge density wave (CDW) states, spin density wave ghifis midgap absorptions attributable to solitons and polarons,
(SDW) states, superconductivities, étémong these com-
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large third-order nonlinear optical properties, one-dimensional compounds show very strong antiferromagnetic interaction
model compounds of higF, copper oxide superconductors, &tc. among spins located on the 8drbital in each Ni ion through
The excited states and their relaxation process have beenthe bridging halogens. These compounds belong to the class
investigated as a prototype material of one-dimensional electron Il type of the Robir-Day classification for the mixed-valence
phonon systems by using the pico- and femtosecond time-complexes? The XP, Auger, and single-crystal reflectance
resolved optical methodsThe creations of the solitons and spectra have revealed that these Ni compounds are not Mott
polarons were found to be controlled by using the difference insulators but charge-transfer insulators, where the energy levels
of the dimensionalities of CDW statésThe third-order of the bridging halogens are located between the upper and
nonlinear optical susceptibilities of the compounds are almost lower Hubbard bands. Therefore, the electronic structures of

equal to that of polydiacetylerbe. the Ni compounds are similar to those of the starting materials
From the theoretical viewpoinfsthe MX chains are consid-  of copper oxide superconductors except for their dimensional-

ered as a PeierlsHubbard system where the electrgsphonon ity.8

interaction §), the electron-transfer energy)( the on-site and The [Ni(chxn}Br]Br, and [Pd(chxrp[Pd(chxn}Br;]Br, (here-

intersite Coulomb interaction&J(andV, respectively) compete  after abbreviated as Pd(chxB)s) are isomorphous with each
or cooperate with one another. Originally, these MX chains are other (same space groui222), although the positions of the
considered as a one-dimensional metallic state with the half- bridging halogens are different from each other, that is, located
filled d2 orbital of metals and the filled orbitals of bridging at midpoints and distorted from the midpoints between two
halogens. However, as it is well-known, the one-dimensional neighboring metal ions, respectively. If we can obtain the single
metallic state is unstable and subsequently transferred to thecrystals of the Ni-Pd mixed-metal compounds, directly we can
insulating state by the electreiphonon interactiong) and the investigate the competition between the electron correlation of
electron correlation). In most MX chains, due to the strong the Ni" states (SDW states) and the electr@honon interaction
electron-phonon interaction, the bridging halogens are distorted of the Pd—PdV mixed-valence states (CDW states) in this
from the midpoints between the neighboring two metal atoms, system. As to the studies on the transition metal oxides, the
giving CDW states or M—M" mixed-valence states:(M"--- filling control or doping method is usually employed, where
X=MV—=X---M"---). Accordingly, the half-filled metallic band  the physical parameters are controlled indirectly. On the other
is split into the occupied valence band and the unoccupied hand, in MX chain compounds, we can control the physical
conduction band with finite Peierls gaps. Therefore, these parametersg T, U, andV) directly by substituting the chemical

compounds belong to the class Il type of the Relbay factors such as metal ions, bridging halogens, etc.
classification for the mixed-valence compleXéghese com- According to such a strategy, we have synthesized and
pounds are formulated as [WAA)2][M"V(AA)2Xo]Y 4 (M"— investigated the physical properties of a series of jffid-

MV = pt'—PtV, Pd'—PdY, Ni'"—PtV, Pd'—PtV, Cu'—-PtV; (chxnyBrs compounds with various mixing ratios.

X = Cl, Br, I, and mixed halides; AA= ethylenediamine (en),
cyclohexanediamine (chxn), etc.;2¥ ClOy4, BF4, X, etc.). These ~ Experimental Section
MX chains have two characteristic points compared with the <o o single crystals of the NPd mixed-metal compounds

inorganic semiconductors and organic conjugated polymer asy;;,  pdchxn)Br; were obtained by the electrochemical oxidation
follows: The magnitudes of the band gaps or CDW strengths method of the mixed methanol solutions of [Ni(ch#By, and [Pd-
can be tuned by varying chemical factors such as M, X, AA, (chxny]Br, with various mixing ratios at room temperature using
and Y; in other words, the physical paramete3sI| U, andV) H-shaped cells. Current dependence and concentration dependence were
can be tuned by substitution of the chemical factors. Moreover, investigated. As electrolyte, tetrabutylammonium bromide was used.
the interchain interaction can be controlled by using the intra- The elemental analyses of Ni and Pd were carried out by ICP emission
and interchain hydrogen bond networks between amino hydro-SPectrometry on a SEIKO SPS 7000 plasma spectrori@enerally,
gens and counteraniofis. the' ratios of the P_d/Nl ions were fc_)und to increase a little more in
On the other hand, theoretically it was proposed that in the S°Ids compared with those in solutions.

! : . . For IR absorption measurements, powder samples ground down from

case of stronger on-site Coulomb interactiof ¢ompared with

. . single crystals were diluted with KBr, and then the mixtures were
I
the electror-phonon interactions), the M" state or SDW state processed into pellets under pressures (kbar). IR spectra were

is considered to be more stable, where the bridging halogensmeasured in the temperature range o300 K by a Nicolet FTIR
are located at the midpoints between two neighboring metal goo spectrometer with a DAIKIN CryoKelvin cryostat that possesses
atoms X—M"—-X-M"—-X-). Recently, our groups have KRS-5 optical windows. IR detectors of TGS and MCT were used.

succeeded in synthesizing such compounds formulated 4s [Ni Crystal parametersa( b, andc axes) were measured on a MAC
(chxnkX]X > (chxn= 1(R),2(R)-diaminocyclohexane; X= Cl, Science MPX3 using Mo K radiation at room temperature.
Br, and mixed halides; ¥= Cl, Br, mixed halides, CI@Q BF;, Raman spectra were measured for single crystals withe&citation

and NQ),2" since a Ni ion has strongéf compared with that ~ using a JASCO NR-1800 laser Raman spectrometer. A Spectra-Physics
of a Pd or Pt ion and/or compared wiffin a Ni ion. These Ni model 2017 A laser provided the exciting line (514.5 nm). Detection
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Figure 1. Structures of [Ni(chxnBr]Br; (left) and [Pd(chxr[Pd(chxn}Br;]Br, (right).

of the scattered radiation was by a cooled photometrics CC 200 CCD neighboring Ni ions, while Figure 1 (right) shows the structure
camera system with operating tempe_rature 153 K. Laser power at thepf Pd(chxn)Brs, where the bridging Brions are distorted from
crystals was held to<1 mW to avoid laser damage to samples. mjidpoints between two neighboring Pd ions. Both compounds
Wavenumber calibration was effected by reference to the Raman are isomorphous to each other (space gi@2®), although the
spectrum of indene or the emission spectrum of a Ne lamp. positions of the bridging Brions are different from each other.

The measurements of the XP and Auger spectra were performedB th ds h t ¢ di . | hvd bond
using a ESCALAB MK Il (VG Scientific Co.) photoelectron spec- oth compounds have strong two-dimensional hydrogen bon

trometer with Mg K (hv = 1253.6 eV) or Al Ku. (hv = 1486.6 eV) networks. The crystal structures of\NiPd(chxn)Brs are also
as an excitation light source at room temperature and 165 K. The basefound to be isomorphous (space grda@2) with [Ni" (chxn)-
pressure of the analysis chamber was in the'd@orr range. The Br]Br, and Pd(chxmBrs, although the positions of the bridging
excitation light was operated at low power (about 10 kV, 4 mA), halogens are assumed to be different among these compounds.
because the samples degraded on prolonged exposure at high incidendccordingly, their structures are assumed as follows: The four
power. The Fermi level of the sample was determined by referring to N atoms of two chxn ligands are coordinated to Ni and Pd atoms
that of a silver sample. _ in a planar fashion. The M(chxamoieties, lying on special

ESR spectra of single crystals and polycrystaliine samples were qition 222, are bridged by bromine atoms and stacked along
que?s;rggg:ga t\\]/\I/EiCOeL tJhEeS]:iF:SE_::’;é'ri\Tlgﬁvip'ESSI:S(;?;';'I't¥r‘1"é azggé?&rt‘sdtheb axis, constructing linear chain structures. The neighboring

' M(chxn), moieties along the chain are linked by the hydrogen

magnitudes of the susceptibility anvalues were calibrated using . .
crystals of CUS@5H,0 and DPPH as a standard, respectively. bonds between amino hydrogens and counteranions. Moreover,

For the measurements of the polarized reflectance spectra, athere are the hydrogen bonds among the neighboring chains,
halogen-tungsten incandescent lamp was used. Light from the lamp constructing two-dimensional hydrogen bond networks paraIIeI
was used by a concave mirror on the entrance slit of a 25 cm grating to the bc plane. The M-M distances are aligned along the
monochromator (JASCO CD 25). The monochromatic light from the axis, which are lengthened with the increase of the Pd
exit slit was passed through a polarizer, and was focused on the specificcomponents due to the larger ionic radius of a Pd ion, compared
surface of_a single-crystal sample by using an optical micr(_)scope. with that of a Ni ion. On the other hand, the length of the
Reflected light from the sample was focused by a concave mirror on 4yis which corresponds to the interchain direction gradually
the detector (a PdS cell or a photomultiplier tbe). The optical 4o qreages with the increase of the Pd ratios, since the counter

conductivity spectra were obtained by using Krame{sonig trans- . . . .
formation of the polarized reflectance spectra. The noise signals belowBr ions can approach the chain (Figure 2). Such a negative

0.5 eV might be attributable to the(N—H) between the amino  correlation is also observed in INEhxnk][M VY (chxnpX,]Y 4
hydrogens and counter Brions. The weak and strange feature (M = Ptand Pd; X= CI, Br, and I; Y = CIO4 and X)2dn
appearing at around 1 eV in all spectra might be just an artifact related  In the optical conductivity spectra, [N{chxn)Br]Br, shows
to the extrapolation in the case of Kramekronig transformation. the prominent absorption at 1.0 eV, which is attributable to the
transition from the bridging Brto the upper Hubbard band of
the Ni 3dz orbitals along the chain, because thé' Nompound

We tried to determine the correct single-crystal structures of takes the charge-transfer insulat$On the other hand, [Pd
these Ni-Pd mixed-metal compounds, but we got only their (chxn)][Pd"V(chxn)}Br;]Br4 shows the charge-transfer band at
averaged structures. Therefore, we obtained the crystal param-0.5 eV, which is attributable to the intervalence transition from
eters such as the b, andc axes by using X-ray powder patterns. Pd' dz to PdV dz2 along the chain. In Ni.,Pd(chxn)yBrs, the
Figure 1 (left) shows the structure of [Ni(chxB)y]Br,, where spectra are not composed of the superposition of these two
the bridging Br ions are located at midpoints between two absoprtions but the single absorptions in the energy regions from

Results and Discussion
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0.5 to 1.0 eV (Figure 3). Therefore, the new ground states are § v
considered to be created inN{Pd(chxn)Brs. 3000 - w v‘}
In this system, the(N—H) signals around 3000 criin IR
spectra are very good probes for evaluating their oxidation
states® [Ni(chxn),Br]Br, shows a singlet(N—H) signal around 2980 —— b/
3000 cntt due to the oxidation state of Nj while Pd(chxn)- X

of Pd' and P& . Figure 4 shows the IR spectra of ;NjPd.- species.
(chxnkBrs at 12 K. The compounds witk larger than ca. 0.3
show the triplet signals which are assignable to the superposition
of the doublet of the Pd-PdV state and the singlet of the 'Ni
state. Therefore, the spectra may be divided into the single
v(N—H) of the Ni" components and the doubletN—H) of

the Pd—PdY components. The divided peak energies are plotted
in Figure 5. The peak energies of thé'Niomponents are almost
constant, while the peak energies of thé' Rdd P& compo-
nents approach each other with an increase of th# Ni
components. This indicates that in this system the oxidation

states of P—PdV mixed-valence states approach théd' Rthtes
tWith an increase of the Ni components.

Resonance Raman spectroscopy is another good probe for
evaluating their oxidation staté&¢fSo far, Clark’s, Swanson’s,
and Papavassiliou’s groups have measured resonance Raman
spectra of many M—M"Y mixed-valence compounds. The
numbers and intensities of resonance Raman spectra depend on
the oxidation states in these systems. Figure 6 shows their single-
crystal Raman spectra of the NPd mixed-metal compounds
(10) Okaniwa, K.; Okamoto, H.; Mitani, T.; Toriumi, K.; Yamashita, M. &long with those of the pure Niand pure Pt-Pd" mixed-

J. Phys. Soc. Jpri991, 60, 997. valence compounds. The pure'PdPdY mixed-valence com-
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pound Pd(chxnBrz shows characteristic progression of over-
tones ofy(PdY—Br) in the resonance Raman spectrum, where
the doublet peaks of(PdY —Br) may be due to the isotope effect
of the bridging Br ions. On the other hand, the pure'Ni
compound [Ni(chxmBr]Br, shows no Raman spectrum because
of the central positions of bridging Brions between two
neighboring Ni' atoms. The numbers and intensities of the
Raman spectra gradually decrease decreases. These results
indicate that the positions of the bridgingBons are gradually
shifted to the central positions from the distorted positions with
the increase of the Nicomponents. These results indicate that
the oxidation states of the PdPdY mixed-valence states
approach the P states with the increase of the'Ncompo-
nents. The results are consistent with those of IR spectra.
To directly investigate their oxidation states, the XP and

Auger spectra were measured for these compounds at 165 K

Previously we measured the XP spectra of [PH{§R)enkX,]-
(ClOy)4 (X = CI, Br, and I). Going from Cl to | as the bridging

halogens in these compounds, the differences of binding energie

between Pt and PY¥ components are gradually smaller; that
is, their oxidation states approach thé' Rttates, because the
electron-phonon interactions are weakened in this ofder.
Figure 7 shows that the XP spectra of the N3 2gnd Ni 2p,2

in the Ni components of the NiPd mixed-metal compounds

(11) Yamashita, M.; Matsumoto, N.; Kida, Biorg. Chim. Actal978 31,
381.

Yamashita et al.
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Figure 8. Valence-band XP spectra of Ni in NjiPd(chxn}Brs.

are essentially the same in these compounds, indicating that the
oxidation states of Ni ions in all these compounds-&8e Figure

8 shows the valence-band XP spectra of the Ni components,
which were obtained using Mg dradiation. In the spectra,
broad peaks centered at38 eV binding energies are observed.
Both Ni 3d and bridging 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 MgoKradiation, the
broad peak at-34 eV can be considered to have a dominantly
3d character. To evaluate the electralectron correlation
between 3d electrondJj, the Ni LVV Auger spectra were
measured. Figure 9 shows the Auger spectra which were
obtained by Al K radiation, since the strong N 1s XP line
appears in the Auger spectral region with the excitation of the
Mg Ka radiation. From these results, tbevalues are estimated

to be 4-5 eV by using the equations as previously descritded.
On the other hand, the XP spectra of the Pg3ahd Pd 3¢

in the Pd components of the NPd mixed-metal compounds
change gradually from relatively broad to sharp shapes.
Therefore, the spectra are resolved into théddul P& species

as shown in Figure 10, where the'Rahd P& species gradually
approach each other with a decrease of the Pd components. As
shown in Figure 11, the differences of the binding energies
between Pdand P& components in these compounds gradually
decrease with the increase of thé'Ntomponents, indicating
that the oxidation states of PdPdY mixed-valence states

gradually approach the Pdstate. These results are consistent

with those of the IR and Raman spectra. These results show
that the electrorphonon interactions in Pd-PdY mixed-

é/alence states are weakened with the increase of tHe Ni

components which have strong electron correlations. Generally
the electror-phonon interaction of the Pe-PdY mixed-valence
state is estimated to be about 1 eV. Accordingly, the experi-
mental results are very consistent with such values of the
physical parameters. Previously, Okamoto et al. have estimated
the magnitude of the electron correlation of the puré' Ni
compounds [Ni'(chxnpX]X ;> to be 5-6 eV by using the XPS
and Auger spectréf These values are about 1 eV larger than
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Figure 10. XP spectra of Pd 3d of NiyPd(chxn}Br; and their and nonmagnetic Pd.

resolution into the Pdand P& components.

o o .
those of the Ni-Pd mixed-metal compounds. Such results are components due to the spifattice interactior: _The_ spin
well understood as a result of the competition between the susc_:ept|bll|t|es at room temperature are plotted in F|guré213.
electron correlation and electrephonon interaction in these In F'gurﬁ 13, the dotted Iln_e shows\;he Ilne_ar summation o_f the
compounds. pure Ni'" and nonmagnetic Pe-PdV constituents. The spin

To investigate the magnetic properties of these compounds,sus'.CeIOtibiIitieS obtaine_d experimentally are not Ii_m_e_a_r but
ESR spectra were measured by using the single-crystal (Figuredev'ated to the upper sites. That is, the spin susceptibilities are

12) and polycrystalline samples. In the ESR spectra at room increased in the NtPd mixed-metal compounds. There are two
temperature, the pure Ni compound shows a very broad signal .
aroundg = 2, which is due to the very strong antiferromagnetic (12) () Kuroda, S.; Marumoto, K.; Manabe, T.; YamashitaSvinth. Met

. : . . - . 1999 103 2155. (b) Marumoto, K.; Kuroda, S.; Manabe, T.;
interaction among spins located on NiBuorbitals. The signals Yamashita, M.Synth. Metin press. (c) Marumoto, K.; Tanaka, H.;

become gradually sharpened with the increase of the Pd Kuroda, S.; Manabe, T.; Yamashita, Phys. Re. B. 1999 60, 7699.
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possibilities for the enhancement of the spin susceptibilities: Conclusion

(1) the Pd—PdY components changing to the magnetic'Pd ) ) )

components, (2) the cutting effect of the antiferromagnets with ~ We have obtained single-crystals of thef¥#d mixed-metal
nonmagnetic component&In the latter case, the Curie impuri-  compounds Ni-xPd{(chxn}Brs, where the electron correlation
ties should increase; however, such phenomena were notn Ni'' states (SDW) and the electrophonon interaction in
observed. Therefore, reasonably thé-PEdV states changeinto  Pd'—Pd¥ mixed-valence states (CDW) compete with each
Pd" states with the increase of the'Ncomponents. Such a  Other. As aresult, the Pd-PdY mixed-valence states gradually
result is consistent with those of the IR, Raman, and XPS approach the P state with the decrease of the Pd ratios
spectra. influenced by the increase of the 'Nistates. This means that
the electror-phonon interactions in the PdPdY mixed-
valence states are weakened by the strong electron correlation
in the Ni" states. In other words, the charge density wave
strengths of Pd sites can be tuned by competition between the
electron-phonon interaction of the Pd-PdV states and the
electron correlation of the Nistates in the Ni-Pd mixed-metal
compounds NixPd(chxn)Brs.

According to the recent theoretical study by Iwano, such a
conversion from CDW to SDW in Pd sites may be caused by
the effect that the Hubbard at Ni sites is larger compared
with the electror-phonon interaction. The effect of the random
mixing of Ni and Pd in a one-dimensional chain was treated by
using a PeiertsHubbard model and a mean-field approxima-
tion. The theoretical results have shown that the 50% concentra-
tion of Ni sites is enough to destroy the order of CDW, which
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