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Characterization of halogen-bridged binuclear metal complexes as hybridized two-band materials
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We study the electronic structure of halogen-bridged binuclear mitd X) complexes with a two-band
Peierls-Hubbard model. Based on a symmetry argument, various density-wave states are derived and charac-
terized. The ground-state phase diagram is drawn within the Hartree-Fock approximation, while the thermal
behavior is investigated using a quantum Monte Carlo method. All the calculations conclude that a typical
MM X compound Pi{CH;CS,) I should indeed be regarded ad-g-hybridized two-band material, where the
oxidation of the halogen ions must be observed even in the ground state, whereas dhigtRefamily
(NH,) 4[ Pt(P,OsH,) 4X] may be treated as single-band materials.
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[. INTRODUCTION (i) The formal oxidation state of metal ions is Z.5that
is, a mixed valency oM?* and M3*, in MMX chains,
The family of transition-metaM) linear-chain complexes Whereas it is 3, that is, a mixed valency d#1** andM**,
containing bridging halogen$X) has a long history of in MX chains. There exists an unpaired electron per one
research > especially in the chemical field. The conventional Metal-dimer unit of trapped valendé?*-M**, while none
clasé of these materials, which we refer to kX chains, is at2+all n the corresponding unit of trapped valence
represented by the Wolffram red saltsl & Pt,X=Cl) and M ,_'M e ) .
has been fascinating both chemists and physicists due to itg (i) The directM-M overlap contributes to the reduction
novel properties, such as intense and dichroic charge-transf8 the effective on-site Coulomb repulsion and thus electrons
absorption, strong resonance enhancement of Raman spect? n be more itinerant iIMMX chains.

and luminescence with large Stokes shift, which all originate (iiir)] In (;he I\:IX-t(r:]haiE (sjystem, tr)netglls bar;a tightl)t/hlockeq
in the mixed-valence ground state. On the other hand, th gether dué to the nhydrogén bonds between the amino

synthesis of NK compounds® that exhibit monovalence groups of the ligands and the counteranions. Therefore any

magnetic ground states aroused renewed interest in this Sygl_merlzatlon of the metal sublattice has not yet been ob-

tem. Substituting the metals, bridging halogens, ligand mol_served. In theMMX-chain system, adjacent metals are

ecules, and counteranions surrounding the one—dimensionQCked to each.othgr by. the surrounding I|gand_s, b.UI the
chains, the tunability of the ground-state electronic structuréneu"l'dlmer moiety itself is rath_er movable especially in the
was fully revealed. A pressure-induced reverse Peierls dt_a cor_nplexes with neutral chain structures. Although there
instabilit® was also demonstrated. All these observationsStIII exist wea_k van der_ W gals contacts between ligands
can be understood as the competition between the Peierls a gainst the Peierls instability in the ‘?'t?‘ com_plex_e§(§Ra)4l
Mott insulators’ Intrinsic multiband effects, together with as recently_beg,-n reported to exhibit a dimerization of the
competing electron-electron and electron-phonon interacmet_al SUbl_att'Cé' _ -
tions, raise a possibility of further ground states appearing (iv) Owing to the neu.tral chain structure, the band filling
such as incommensuratélong-period charge-density of the dta complexes might be varied.
waves:’ spin-Peierls state's,and density waves on the halo-  Thus, the new class of the halogen-bridged metal com-
gen sublatticé” A leading group® in Los Alamos National plexes is highly potential in every aspect. Further efforts to
Laboratory presented an extensive two-band-model studgynthesize general polynuclear metal complékstmulate
covering the ground-state properties, excitation spectra, anour interest all the more.
quantum lattice fluctuations. The research trend is now shift- The physical properties of tHd M X-chain system are not
ing toward mixed-metal complexé&’® where the ground- so well established as the accumulated chemical knowledge.
state degeneracy is lifted and therefore the relaxation proceShere is a hot argument about the valence structures of
of photogenerated excitons via solitons or polarons can effiMM X chains. So far four types of the oxidation states have
ciently be controlled. been pointed out, which are illustrated in Fig. 1. All but type
In an attempt to explore further this unique system, a newa) are accompanied by lattice distortion, where ¥sites
class of these materials, which we refer toMs X chains,  are displaced, maintaining the translational symmetrgbjn
has been synthesized, where binuclear metal units anée M, sublattice is dimerized ific), and theX sublattice is
bridged by halogen ions. Thus-far synthesidd®! X-chain  dimerized in(d). In this notation, typg@a) represents spin-
compounds are classified into two groupd;(dta),l [M density-wave states of any kind as well as the paramagnetic
=Pt,Ni; dta=dithioacetates CH;CS,” (Refs. 16 and 1)1  (metallic state.
and Ry[ Pt(pop),X]-nH,O (X=CI,Br,l; R=K,NH,, etc.; The ground-state valence structure of the CI- and Br-
pop=diphosphonate H,P,05%~),*® which we hereafter re- bridged Pt complexes of the pop family was extensively in-
fer to as dta and pop complexes. The binucleation of theestigated by resonance Raman spectrosébgyray single-
metal sites does much more than simply increase the internatystal structure analysé$® solid-state *'P nuclear-
degrees of freedom of the electronic configuration: magnetic-resonance measureméftand polarized optical
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(a) Averaged-valence state
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FIG. 1. Schematic representation of electronic structures of th
MMX chain, where the electrons in thé d,2 orbitals are regarded
as efficient, while theX p, orbitals, which are fully occupied in the
crystal rearrangement, are treated as irrelevant to the low-ener
physics.

spectrd® and was concluded to be tyjpé). However, due to

A
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which is convincing on the analogy of Kichains with mag-
netic ground states characterized as Mott-Hubbard
insulators?® Although early measuremeffs’ on the Pt
complexes of the dta series implied their structural similari-
ties with the Ni complexes and the valence delocalization at
room temperature, recent experiméithave reported an-
other scenario for the valence structure of the Pt complexes:
With decreasing temperature, there occurs a metal-
semiconductor transition, that is, a transition from the
averaged-valence state) to the trapped-valence state) at

300 K, and further transition to the charge-ordering m@xle
follows around 80 K. The valence structy®@ accompanied

by the metal-sublattice dimerization is all the more interest-
ing in relation to spin-Peierls fluctuations, which have never
yet been observed in thd X-chain system.

In response to such stimulative observations, we here cal-
culate the electronic structure bfM X compounds employ-
ing a 2-filled two-band model. In the notation of Fig. 1, the
filled X p, orbitals are rendered irrelevant. It is sometimes
assumed in phenomenological arguments and experimental
(fnvestigations that unless the system is photoexcited and/or
activated by hole doping, the halogen ions contribute no ef-
ctive electron to the low-energy physics. The goal of this
per is to give a criterion for when tHefilled single-band
approximation is valid or invalid. We calculate ground-state
phase diagrams within the Hartree-Fock approximation,
where we analytically classify and characterize possible

the small Peierls gap, the ground states of these materials cgensity-wave solutions making full use of symmetry proper-

be tuned with pressure from the stronghglence-trapped
state(d) toward thevalence-delocalizestate(a) [or possibly

ties. Based on the thus-revealed ground-state properties, we
further carry out quantum Monte Carlo calculations of the

(©) (Ref. 26], where the pressure mainly contributes to thethermal properties. Extensive analytical and numerical calcu-

increase of the electron transfer between neighboring Pations bring us a wide view of thé-p-hybridized two-band
moieties. Such charge fluctuations become more remarkab@ectron-phonon system.

when bridging halogens are replaced b$ The valence
transition is sensitive to the radius of the countercations an
the number of the water molecules as well.

d Il. HARTREE-FOCK CALCULATION BASED ON A

SYMMETRY ARGUMENT

For the dta complexes, on the other hand, the electronic

structures seem to be more complicated and less established.

X-ray photoelectron spectra of the Ni compleXesuggest
the valence delocalization on the regular chain structake

2 2
Z (Il:n+|2:

n

H=

N X

A. Model Hamiltonian and its symmetry properties

We introduce the2-filled one-dimensional two-band
three-orbital extended Peierls-Hubbard Hamiltonian:

T
n) + % [(8M - ﬁl l:n)nl:n,s+ (em+ IBI 2:n)n2:n,s+ an3:n,s] - ;; [(tMX_ al l:n)al:n,saS:n,s

T T
+ (tMX+ al 2:n)aZ:n,sa3:n,s+tMMalzn,saZ:nfl,s'*' H-C-] + E (UMnl:n,Jrnl:n,f + UMnZ:n,+n2:n,f + an3:n,+n3:n,f)
n

+ 2 (VManzn,sns:n,s’ + VMan:n,snS:n,s’ + VMMnl:n
n,s,s’

wheren;., s=al., (&;.n.s With a.,, ; being the creation opera-
tor of an electron with spis==* (up and dowh for the M
dy2 (i=1,2) orX p, (i=3) orbital in thenth M XM unit, and
li.n=Us3.,—U;., With u;., being the chain-direction displace-
ment of the metal i(=1,2) or halogen i(=3) in the nth

,Sn2:n71,s’)u (2.1)

MXM unit from its equilibrium positiona and B are, re-
spectively, the intersite and intrasite electron-phoneiplf)
coupling constants, whilK is the metal-halogen spring con-
stant. We assume, based on the thus-far reported experimen-
tal observations, that everiyl, moiety is not deformed,
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TABLE |. Symmetry operations of the group elemegts G on the electron operators.

| C, u(e, ) t
T —ikyT T T
al:k,s € a1 k,s a2:7k,s E [u(e 0)]33’31 k,s’ (_ 1)Sal:7k,fs
T kot T T
ks e’ Az:k,s a1ks Sylu(e, 0)]53’32 K,s' (_1)Sa2:—k,—s
T kot T
a3:k,s e I as. k,s a3:—k,s E [u(e 0)]33’3-3 k,s’ ( 1)Sa3 —k -s
T - T —(2m/3)io T 273
al:k+7r,s —-e al:k+w,s € (2w )IaZ:—k+w,s Es'[u(e 0)]33’3-1 k+ s’ ( 1)59 (2m )I —k+m,—s
T —ikqT 273)io T (2m/3
a2:k+7r,s —e a2:k+77,s e( i )Ial:—k+ﬂ,s Es'[u(e 0)]33’3-2 k+ 7,8’ ( 1)S i )I :—k+'n’,—s
T —ikqt T T
a3:k+7r,s —e a3:k+1r,s a3:7k+1-r,s E [U(e 0)]ss’a3 k+ .8’ (_1)Sa3:7k+‘n-,fs
namely,u;.,=U,.,_1. &y and ey are the on-site energies G=PXSXT, (2.5

(electron affinitie of isolated metal and halogen atoms, re-

spectively. Sinces\, is usually larger tharzy, we neglect whereP=L/\C, is the space group of a linear chain with the
the weak alternation of the halogen-ion on-site energies. Thene-dimensional translation group whose basis vector is
electron hoppings between these levels are modeleg,y the unit-cell translatioh, Sis the group of spin rotation, and
andty x, whereas the electron-electron Coulomb interactiond is the group of time reversal. Group actions on the electron
by Uy, Ux, Vum, andVyx. Coulomb interactions be- operators are defined in Table |, whefteL, C,eC,,
tween neighboring metal and halogen ions may in principlau(e, 6) = 0°cos@2)— (o €)sin(0/l2) e S, andte T with o°
alternate in accordance with lattice displacements in a twoand o= (o*,0¥,0%) being the 2<2 unit matrix and a vector
band description. However, such a Coulomb-phonon coueomposed of the Pauli matrices, respectively.

pling is usually neglected renormalizingunder the mean- | et G denote the irreducible representationsobver the
field treatment 0B ng. <. We takeN for the number of unit  real number field, where their representation space is
cells in the following. Let us rewrite the Hamiltonian com- gpanned by the Hermitian operatéeﬁtk,saj:k’,s’}- There is a

pactly in the momentum space as one-to-one correspondence betw&and broken-symmetry
phases of density-wave type>® Any representatiors is

H= 2 2 2 (izk+q,slt]j:k,s")af k+q,s8:k,s’ obtained as a Kronecker product of the irreducible real rep-
ks resentations oP, S, andT:
o1 Z > Y algala a <5 e
T2 T g say R asTmi Enk g U G=P®SeT. (2.6
X(i:k+q,s;m:k’ tlo]j:k,s";n:k’ +q,t") P is characterized by an ordering vectin the Brillouin
K zone and an irreducible representation of its little group
+5 > [Ug.qUT.qF Uz.qU3.q+ 2U35.qU3.q P(q), and is therefore labeleglP(q). The relevant represen-
9 tations ofS are given by
— (' qub ,+e 1B, qul +cc)l, (2.2 , .
S’(u(e, #))=1 (nonmagnetit,
where we have set the unit-cell lendthe distance between 2.7
neighboring halogen iofsequal to unity. The momentum - _ '
representation of the interactions can straightforwardly be S'(u(e #))=0(u(e 0)) (magnetig,
obtained from the Fourier transform of the original Hamil- . ) o
tonian (2.1) and we learn where O(u(e, 0)) is the 3x3 orthogonal matrix satisfying

u(e1 G)UAUT(ea 0):2#=X,y,2[o(u(e1 0))])\,&0-“ ()\:XIyaz)y
(irk+q,s|t|j:k,s"y=(i:k+q]t]j:k) Sss , (2.3)  whereas those of by

(irk+q,s;m:k’ t|v]j:k,s";n:k’ +q,t") Tot)=1 (symmetrio,
=(i:k+q;m:k’|v|j:k;n:k' +q) sy Sy -

(2.4 TYt)=—1 (antisymmetrig. (2.9
The most essential process of the Hartree-Fock approxil he representation® 2 o T?, PeSleT!, PaSeT,
mation must be the introduction of order parameters. A symand PoSleTO correspond to charge-density-wa(@DW),
metry argumerif3! allows us to systematically derive spin-density-wavéSDW), charge-current-waveCCW), and
density-wave solutions and reduce the following numericakpin-current-wavg SCW) states, respectively. Here in one
efforts to the minimum necessary. As far as we consider thdimension, the current-wave states either result in the one-
normal states, that is, unless the gauge symmetry is brokemjay uniform flow or break the charge-conservation law and
the symmetry group of the present system is given by are therefore less interesting. We consider density waves of
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g=0 andqg=, which are labeled" and X, respectively.

Since P(I")=P(X)=C,, P(I') and P(X) are either theA
(C,-symmetrig or B (C,-antisymmetri¢ representation of
C,.

B. Broken-symmetry solutions
Now the mean-field Hamiltonian is given by
HHFZZ E 2 [Xi)\j(r;k)aik,saj:k,s’
Ll kss N
+X5 (KAl ks 10y - (2.9

Here the self-consistent fieldg (I';k) andx;} (X;k) are de-
scribed as

X (Isk)=(i:K[t]j:k)+ > > pOn(TiK)
m,n -y’

X (2(i:k;m:k’|v]j:k;n:k")

—(i:k;m:k’[v|n:k’;j:K)), (2.10

X8(x;k):<i:k+w|t|j:k>+% S 00 (XK + )
Nk’

X (2(i:k+a;m:k’|v]j:k;n:k’ +ar)

—(i:k+m;mkK'|v[n:k' +m;j:k)), (2.1
XE(Tik)==2 2 phn(T5K)
mn g’
X (izk;m:k’[v|n:k’;j k), (2.12

X (XK == 2 D pha(Xik + )

mn g’
X (i:k+m;mk'|v|n:k + k), (2.13

in terms of the density matrices

1
pi)}(r;k): 2 2 <ajT:k,sai:k,s’>HF0'25r ) (2.19
s,s’

1
PHXiK=5 2 (@i Bises Ip0sg . (219
s,s’

where(- - - )z denotes the quantum average in a Hartree-

Fock eigenstate. We note that no helical SDW solutian (

=X,Y) is obtained from the present Hamiltonian. We decom-

pose the Hamiltonia2.9) as

(2.16

Here the irreducible componeh} ; can be obtained through
a general formula
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(D)

d
hkp=—— Ec x®(

p)p.x?j(K;k)c':liT;k,saj:k,s"’x
9 peC,

sg !

(2.1

wherex(P)(p) is the irreducible character of ttiz represen-
tation for the group elememt g(=2) is the order ofC,, and
d® (=1) is the dimension ofD. Thus we obtain the
broken-symmetry Hamiltonian for the representatigiD
©8eT asHy(K;D)=h2,+hk,, wherex=0 (i=0) or
A=z (i=1). We explicitly shown’,;D in Appendix A.

In order to characterize each phase, we define local order
parameters. The charge and spin densities on ait¢henth
MXM unit are, respectively, given by

di:nZES <aiT:n,sai:n,s>HFr (2.18

1

Siz:n E E <a;r:n,sai:n,s’>HF0-§s" (2'19)
s,s’

while the bond and spin bond orders betweenisitethenth

MXM unit and sitg at themth M XM unit are, respectively,

defined as

pi:n:j:mzzS <aiT:n,saj:m,s>HFv (2.20
1
tiZ:n;j:mZE E <aiT:n,saj:n,s’>HF0'§5' . (2.21
s,s

’

Thoughp;.p.j:m andtﬁn;j:m can generally be complex, their
imaginary parts are necessarily zero in our argument. The
order parameters can also be described in terms of the den-
sity matrices(2.14) and(2.15. Demanding that the density
matrices should have the same symmetry properties as their
host Hamiltonian we can qualitatively characterize all the
density-wave solutions. We briefly describe their properties
in the following and explicitly show the analytic conse-
quences of the symmetry argument in Appendix B.

(@ TA®3@ T The paramagnetic state with the full
symmetryG, abbreviated as PM.

(b) TB®S°® T°: Bond order wave with polarized charge
densities on thél, moieties, abbreviated as BOW.

(©) XA® @ T°: Charge-density wave on thésublattice
with alternate polarized charge densities onkhgmoieties,
abbreviated aX-CDW.

(d) XBe ST Charge density wave on thd sublat-
tice, abbreviated as!-CDW.

() TA®S'® T': Ferromagnetism on botkl , andX sub-
lattices, abbreviated as FM.

(f) TB®S'® T Spin bond order wave with polarized
spin densities on th&1, moieties, abbreviated as SBOW.

(g) XA®S'® T Spin-density wave on thX sublattice
with alternate polarized spin densities on tkle moieties,
abbreviated aX-SDW.

(h) XB® St T!: Spin-density wave on the! sublattice,
abbreviated ap-SDW.

125124-4



CHARACTERIZATION OF HALOGEN-BRIDGED . . . PHYSICAL REVIEW B53 125124

by =10.V,,, =05V, =10

@ ™M OO0 O 0 8O

U
X
6f@ | X-SDW_=—F—
® BOW O—@-e=O——@-e=O ; o
© XCDW o—@-—o—=—o - @—o 4 X-SDW
3 * X-CDW
X = - M-SDW
@M-coW O—@--@——O O el . .
(G5 I O e € BES G5 BESN G e O B O
© M ea‘-eea‘-ae 123 456123456123 45¢6 12345 GUM
® sBOW (1D O+ 1=+
v ty=10,V,, =10,V, =0.5
X
@ X-SDW G D---CE 10 @ 1D of@ ® © @
5
MM-SDW O 1 1= = 0 A B z
3 8 {»kl-SDW Q M-SDW X-CDW X-CDW
FIG. 2. Schematic representation of possible density-wave , = = E E
states, where the various circles and segments qualitatively repre ; < =
sent the variation of local electron densities and bond orders, re- 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6U,
spectively, whereas the signs in circles and strips describe the
- . o . U b =05V, =05V, =10
alternation of local spin densities and spin bond orders, respecy T
tively. Circles shifted from the regular position qualitatively repre- @ ® X-SDW :
sent lattice distortion, which is peculiar to nonmagnetic phases. 4 SDW X.SDW M-CDW
z X-CDW X-CDW
Here,;?j(K;k) and p?j(K;k) denote the real and imagi- X-Cow woow \™M o @

nary parts Ofpi)\j(K;k), respectively. All the phasesaresche- 123456 1234561234561 2345 6U,
matically shown in Fig. 2. The nonmagnetic broken-

symmetry phasesa)—(d), respectively, correspond to the Ug o P o VW_:;’ - @
oxidation statega)—(d) in Fig. 1 in this order. 5 M
So far little ir_1tere_st has been Faken in_ the electronic s_tate 4} < cpw xeow| X CDW CDW
of the halogen ions in the full belief that in comparison with 3 M-SDW
the M d,2 orbitals, theX p, orbitals are stably filled and less f MSDW. M'SDW7/

effective, at least, in the ground state. Such anidea may 553 45 6 12 3 4 5 6123 45 6123 45 60,
relatively be valid forM X chains, but it is not the case any

more for MMX chains where the metal sublattice can be FIG. 3. Typical ground-state phase diagrams atand filling:
distorted. Our symmetry argument suggests thabd@DW (@ ey—ex=Ae=0.2, @=0.6, 3=1.8; (b) Ae=1.0, @=0.6, 8
(alternate charge-polarizatipstate should be characterized =1.8; (¢) Ae=0.2, «=1.8, 8=0.6; (d) Ae=1.0, =18, B

by the charge-density wave on tbesublattice rather than =0.6. The rest of the parameters are common to each set of four
any modulation on th#, sublattice. If we add up the charge figures and are indicated_beside them. Asterisks in the phase dia-
and spin densities on the adjacent metal sites in elgy 9rams are for the convenience of later arguments.

moiety, they indeed modulate iM-CDW and M-SDW,

whereas they are uniform M-CDW andX-SDW. Alternate  states, whereas those of tietype are relatively stabilized
charge densities on th¥ sublattice necessarily mean the underVy,<Vux, provided any other factor, such as the
oxidation of the halogen ions. alternation of transfer integrals, is rendered irrelevant.

We learn much more from the symmetry argument. Mag-
netic instabilities are generally not coupled with phonons.
Specifying vanishing and nonvanishing density matrices and
obtaining thesymmetry-definitélartree-Fock energy expres- Let us observe competing ground states numerically. We
sion, we find which type of electronic correlation is effective calculate the Hartree-Fock energigd) - at a sufficiently
in stabilizing each density-wave state. The halogen on-sittow temperature KgT/tyx=0.025) in the thermodynamic
Coulomb repulsionUy stabilizesX-SDW and destabilizes limit (N—o). We show in Fig. 3 typical ground-state phase
X-CDW, respectively, while it is much less relevant to thediagrams a€ band filling, where the strength of any inter-
M-type density-wave states. Though the intradimer differentaction is indicated setting botty,x and K equal to unity.
site Coulomb repulsioVyy has little effect on theX-type  Despite the large amount of parameters, the phase diagrams
density-wave states, it efficiently stabilizes bdhCDW  bring us a general view of the ground-state properties:
andM-SDW states. This is somewhat surprising because the (i) Fundamentally, on-site Coulomb repulsions are advan-
repulsive interactiorVy, favors charge disproportionation tageous to SDW states, whereas intersite repulsions are ad-
in the M, moiety at the naivest consideration. Thgy vantageous to CDW states. This can be easily understood by
stabilization of theM-type density-wave states comes from an analogy of th&J-V competitiorbetween CDW and SDW
the Hamiltonian component related to the fibl; [see Egs.  states in the single-band extended Hubbard model. With in-
(A4), (A8), and(A12)]. We find thatV,,,, favorably contrib-  creasingU, the antiferromagnetic spin alignments are re-
utes to the modulation of the intradimer electron transferplaced by FM spin alignments.

The following numerical calculations show that the situation (ii) The site-diagonal electron-phonon coupliggis fa-
Vum>Vux generally stabilizes thevi-type density-wave vorable for M-CDW, while the intersite couplinge is

C. Ground-state phase diagrams
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favourable forX-CDW. This is also convincing when we is, the competition betweesite-centeredCDW and SDW
simplify the argument employing a single-band model. With-states is replaced by that betwesond-centeredDW and

out the X p, orbitals, the dimerization of thX sublattice is SDW states.

simply modeled by modulatingn-site electron affinities, Now we are convinced that a single-band description of
while that of theM, sublattice results in the modulation of the M-type density wavesN-CDW and M-SDW) may be
intersitehopping integrals just as polyacetyleifelhus, itis ~ Well justified, whereas the haloggn orbitals should explic-
likely in the pop complexes that the interchain locking of thelitly be taken into consideration in descrlblng. those of the
M., sublattices due to counterions is effectively realized withX-tyPe (X-CDW andX-SDW). In the next section, we fur-
the parametrizatiol3> . a-versusg phase diagrams have ther support this criterion using a quantum Monte Carlo tech-

recently been calculated within a single-band approximatior?'que' The pop and _dta families will fuIIy_be characterized as
by Kuwabar and Yonemitst?, where the competition from approxma_te d,2-single-band . matenals. kL
this point of view can be observed in more detail. They re-0-P-hybridized two-band materials, respectively.
port thatB and a favor M-CDW andX-CDW, respectively,
but X-CDW is much more widely stabilized to the ground lll. QUANTUM MONTE CARLO APPROACH
state tharM-CDW, which is consistent with the present ob-
servations.

(iii ) With respect to Coulomb interactiond,, andV

A. Numerical procedure

We employ a quantum Monte Carlo metiddased on

- : - the checkerboard-type decomposifibof the partition func-
contribute to theM-type density waves, whilly andVux o0 “\we simulate )t/rl?e Hamiltc[))niaﬁz 1) nar[r?:ely we here

to tho§e of theX-type. If we n(_aglect the mters@e Coulomb make an adiabatic description of the phonon ffél&tarting
repulsions and any modulation of transfer integrals, the

; . Wwith an arbitrary electron and latti nfiguration, w -
phase diagram is rather understandable: For sroAll th an arbitrary electron and lattice configuration, we up

) ) date the electron configuration under the frozen phonon field
M-CDW (a<p) or X-CDW (a=pg); for largeU, FM; oth- 4 then update the lattice configuration under the fixed elec-

erwise, M-SDW (Uy=Ux—Ag) or X-SDW (Uy=Ux  on configuration by the heat-bath algorithm. At each Monte
—Ag). Ae=sy—ex may be reco_g_nlz%d as the orbital- carlo step, under the constraint.,=u,.,_;, every site
energy correction to th#l-X competitior?’ _ moves right or left by a sufficiently small un,,; or oth-
(|\{)_ The compennon_betweeM—CD\_N and X-CDW is erwise stays at the present position;.,—U;..+ ol
sensitive to the modulation of transfer integrals as well. Pro- ~ ~ .
vided « is not so large ag8, M-CDW is stabilized under OUi:n= Aunit, ~ Auniv0, Whereuizn=auizn/tyx. Auny IS Set
P equal to 0.02. According to such movements of lattice sites,
tum>tux, Whereas it is replaced b}-CDW undertyy the bond configuration is updated as
=<tux. The orbital hybridization within everi, moiety is
essential in thealence-trapped MCDW state, while it is the
overlap of thed,« orbitals on neighboring/1, moieties that
stabilizes thevalence-delocalized XDW state. Based on
semiempirical quantum-chemical band calculations, Borshch

l1n—l1n=0Urn,  lon—1—lon-1—0Ugy

for up.,—Uuynt Uy,

et al*” pointed out a possibility of th&-CDW-type valence

structure being stabilized in this context. They revealed, re- lin=lint 8Usin,  lon—l2nt dUsin
stricting their argument to the jffdta),] compound, that

twisting of the dta ligand reduces the electronic communica- for uz,—Uzn+dUsz,,

tion by 7 delocalization between adjacent metal sites and L
ends in charge disproportionation within the, moiety. On where the total length of the lattice is kept unchanged.

: ; : Since it is difficult to handle negative weights with the
the other hand, employing a single-band model, Baeriswyl . 40 .
and Bishof® pioneeringly suggested that with increasing world-line Monte Carlo algonthrﬁ, we further modify the

M-X-M interdimer transfer integral, the distortion of the original model(2.1) taking the metal-halogen hopping ma-

. . : ix elements to be
halogen sublattice should shrink and in the end the metatlrIX
sublattice may begin to dimerize. Though their argument was ~ ~
mainly devoted to thévi X-chain system, it is valid enough . oy tax—alan Or Ugin—Uy <1
: : (1:n[t|3:n)= - (3.1

for the MM X-chain system as well. Such a behavior was 0 for Ug,—Uyn=1,
indeed observédapplying pressure to &MX material ' '
K4 Pt(pop),Br]-3H,O, which may be understood as a ~ ~

; ; ; o tux +als.y for us.p—us.,<1
pressure-induced reverse Peierls instability. (2:nt/3:n)= MX 2:n 2:n— Uz 3.2

At 2 band filling, due to the perfect nesting of the Fermi ' ' 0 for Uy,—Usn=1. '

surface with respect tq= 7 phonons X(q= ) phases are ' '
predominantly stabilized. Therefore, doping of the systemAs the atoms move away from each other, the overlap matrix
generally contributes to the stabilizationo{g=0) phases, elements go to zero and do not change sign. Therefore, the
though any doping oMM X chains has not yet been re- above modification makes sense from a physical point of
ported. Atz band filling, for example, an interesting compe- view and may be justified with not-so-large coupling con-
tition between BOW and SBOWRef. 39 is observed, that stants.
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FIG. 4. Temperature dependences of the magnetic susceptibility 0.6 | ! I;(ASDDVVJ(%%) .
at typical parametrizationgy;y=1.0, Ae=1.0, «=0.6, 3=1.8, \
UM=3.0, UX:l'Ol VMM=0.5, andVMx=lo (M'CDVV), tMM I'I
=1.0, Ae=1.0, =18, =0.6, Uy=3.0, Uy=1.0, Vyyy=0.5, oalb |
and VMX::L'O (X'CDW), tMM: 10, ASZO.Z, C(:O.G, B:18, ) ‘|
UM:4'01 UX:3'01 VMM:]-'O! and VMX:0'5 (M'SDVV), and ‘l‘
tMM=l.0, A8=0.2, a=06, ﬂ=18, UM=4.0, UX=3.0, VMM | ‘\ o
=0.5, andVyx=1.0 (X-SDW), where theM-CDW-, X-CDW-, 02F '-.‘___‘,2}69 'QQ_Q_Q .
M-SDW-, and X-SDW-type ground states are, respectively, ob- Sl o e';';g--.ﬂ}____g
tained within the Hartree-Fock approximation. The four parametri- 50° - -'l'g;-;&:@;-;@_.._._Q.;_g__:
zations are indicated by asterisks in Fig. 3. 0.0 , ) . ?
0.0 1.0 2.0 3.0
B. Magnetic susceptibility kit
We show in Fig. 4 temperature dependences of the mag- f1h ) ibil
netic susceptibilityy peculiar toM-CDW, X-CDW, M-SDW, FIG. 5. Temperature dependences of the magnetic susceptibility

and X-SDW. AL every temperature, we have faken severaf(o1e4 210 0ok Inkon e assumpton it e lectons oo
Monte Carlo estimates changing the Trotter numigr and pyIng P 9

. tion, together with thoséopen diamonds and circlesoming from
their ny dependence has been extrapolated to rhe>o g €p Ie g

e . . - all the electrons. Parametrizations are the same as those in Fig. 4.
limit. With decreasing temperature, the susceptibility shows

a gentle upward slope and then exponentially vanishes in thg,yiacts supply weak but essential interchain interactions.
CDW region, whereas in the SDW region it exhibits a sig-therefore, concerning the SDW states as well, the present

nificant enhancement, which is reminiscent of the low-¢qc ations remain suggestive. We learn that induced local
temperature diverging behavior in Ni complexédhe two spin moments are larger in tHd-SDW state than in the
CDW-proper susceptibilities show differences as well asy_gpyy state.

similarities. The much more rapid low-temperature decrease |, order to clarify the contribution from thx p
. . . . . . Z
in the X'CIIDW state is likely t%den(r)]te Sp'n'Pe'%r.llfc"“k? ﬂuﬁ' we carry out further calculations of the susceptibility sepa-
tuations. [t is convincing that the susceptibility in the 40 magnetizations on th, andX sublattices. We define
electronic-correlation-dominant region should also be satu

the modified magnetic susceptibilig/"o® as
rated and turn and decrease at temperatures that are low g ptibilisy

orbitals,

enough to develop antiferromagnetic interactions between gZMé
induced spin moments. However, the Monte Carlo estimates x (o) = W[((M(”Ofb))2>m—(M(n°'b)>t2h]7 (3.3
of the SDW-proper behavior at low temperatures are less B

convergent, where the numerical uncertainty is more than theshere (- - - )y, denotes the thermal average at a given tem-
symbol size. We should take special care how we understargkrature and
the present SDW-proper susceptibilities, because no antifer-

. - g ) . o N Norp

romagngtlc spin density long-range order is stablhzeq purely M (ord) — E z En._ . (3.4
in one dimension. If we calculate beyond the mean-field ap- ey &gl

proximation, any SDW gap is not obtained but SDW-like -

fluctuations grow more and more with decreasing tempera¥The susceptibility coming from thd! d,2 orbitals, y™V, is
ture in the relevant region. However, the slightest interchairgiven by x(?, while x(® is the total susceptibilityy™™*,
coupling stabilizes such fluctuations into a long-range orderwhich has just been shown in Fig. 4. We compgt8” with
The SDW state<?® widely observed in Ni complexes are x™M*in Fig. 5. We find a clear contrast betwegM™* and
thus stabilized, where hydrogen bonds and/or van der Waalg“" in the parameter region stabilizing-CDW to the
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FIG. 6. Quantum Monte Carlo snapshots of the transforme
two-dimensional Ising system ®d=12, where the horizontal and
the vertical axes correspond to spdttee chain directionand time
(the Trotter directiop respectively. Trotter number; has been set
equal to 12, 24, and 48, and the whole time passade T}/ the

former half of that (1/RgT), and the first quarter of that (I4T)
are shown forkgT=1.00, 0.10, and 0.01, respectively. and —

denote up and down spins, wheréasand @ represent vacant and
doubly occupied sites, respectively. The parametrizatiohyis
=1.0, Ae=1.0, =0.6, =1.8, Uy, =3.0, Uy=1.0, Vjyy=0.5,

andVy x= 1.0, which stabilizes th&1-CDW-type ground state.
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ground state. Spin moments almost come fromNhgsub-
lattice at high temperatures, where the system is expected to
lie in the averaged-valence state, whi¥™ more and more
deviates fromyMMX and exhibits a diverging behavior with
decreasing temperature. Thus, X&DW state is never sta-
bilized without thep electronscompensating the spin mo-
ments on theéM , sublattice. Thevi-CDW state also exhibits
such an aspect but it is much less remarkable. There exists a
similar contrast betweeM-SDW andX-SDW as well. The
halogen ions contribute no effective electron to the suscepti-
bility in the M-SDW state, whereas all the electrons are ef-
fective in theX-SDW state. We stress again that the contri-
bution from theX sublattice,yMX— xMM "is not small in
the X-SDW state, noting the different scales in Fig&)%&nd
5(b).

C. Direct observation of the electronic states

Any path-integral method has the advantage of directly
visualizing electronic states. We show in Figs. 6—9 Monte
Carlo snapshots taken under the same parametrizations as the
susceptibility calculations. Figures 6 and 7 clearly reveal the
roles played by thel andp orbitals in the CDW states. The
characteristic charge orders grow with decreasing tempera-
ture. In the ground state of thd-CDW type, theX p, orbit-
als are almost completely filled, whereas oxidized halogen
ions appear in every other unit in theCDW-type ground
state. It is obvious that the alternate charge densities oK the
sublattice, rather than the alternation of polarized charge
densities on thé , sublattice, characterize tideCDW state.
Figures 8 and 9 also give a useful piece of information about
the SDW states. The symmetry argument is concluded as
follows: The antiferromagnetic spin ordering on tKesub-
lattice characterizeX-SDW, where theM d,2 orbitals also
contribute spin moments favoring a parallel alignment within
eachM XM unit [Fig. 2(g)]; The antiferromagnetic spin or-
dering on theM, sublattice characterizég-SDW, where the
spin moments favor a parallel alignment within edeh
moiety [Fig. 2(h)]. Figures 8 and 9 convincingly display all
these properties. We stress in particular thathg orbitals
are all filled in Fig. &c), as well as in Fig. &), which shows
the single-band character of tihd-type density-wave states
well. Here we should be reminded that the present observa-
tions come from purely one-dimensional finite-chain calcu-
lations where any true antiferromagneteng-range order
can neither be stabilized nor be verified. The spin configura-
ion indeed deviates from the perfect order peculiar to

-SDW here and there in Fig.(§. We find that domain
walls prevent the characteristic local spin alignments from
growing into the long-range order. Figuréc8just happens
to contain no domain wall but longer-chain calculations still
show the breakdown of the long-range order. It is, however,
likely that M-SDW possesses more pronounced low-
dimensional character that:SDW.

It is also helpful in characterizing the SDW states to ob-
serve spin-spin correlations. We show in Fig. 10 spin corre-
lation functions of a few types, which are defined?as
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FIG. 9. The same as Fig. 6 bty;,,=1.0, Ae=0.2, «=0.6,
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expected to be favorable for the SDW-type ground state.

are not as large as those on tie moieties in theM-SDW
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distance / unit-cell length

FIG. 10. Ground-state correlations betweaedistant local spin
moments on th& sites[ f*(r)], theM, moieties] fM(r)], and the
MXM units [fM*M(r)] in the N=232 chain:(a) f*(r) and fMM(r)
are shown byx andQO, respectively, under the same parametriza-
tion as Fig. 8;(b) f*(r) and fM*M(r) are shown byx and O,
respectively, under the same parametrization as Fig. 9. The solid
and dotted lines are guides for eyes. It turns out that unless the
Trotter number is large enough, the Monte Carlo estimates of
ground-state spin-spin correlations for the present model are not so
convergent but tend to be nonvanishingly frozen. Therefore, setting
kgT equal to 0.01, we thus present the conclusive calculations at a
sufficiently large Trotter numben;= 200, rather than extrapolate
less convergent estimates at smaller Trotter numbers.

against increasing temperature. Such an aspect is more
clearly demonstrated bM-CDW than by X-CDW. On the
other hand, we have learned in Fig. 3 th&CDW much
more stably exists in the ground-state phase diagram. There
may be a viewpoint thaM-CDW is stable against thermal
fluctuations but is sensitive to electronic correlations, while
X-CDW is stable against quantum fluctuations but less sur-
vives thermal fluctuations. THd-CDW-type ground state is
widely observed for the pop series MMX chains?'~2°
whereas the X-CDW-type one is found for the dta
complexes?®?° In (NH,) [ Pt(pop),X], the valence struc-
ture of theM-CDW type remains stable, despite the minor
formation of paramagnetic sites, up to room temperattire.
On the other hand, Ridta),l has been reported to undergo a
phase transition fronK-CDW to BOW around 80 K, far
prior to the metallic behavior above 300°RThese observa-
tions are qualitatively consistent with the present calcula-
tions. More extensive finite-temperature calculations will be
reported elsewhere.

state and their one-dimensional stabilization is less pro-

nounced. However, observin"*M(r) as well, we may
fully be convinced of the symmetry properties illustrated in

Fig. 2(g) and the two-band character SDW.

IV. SUMMARY AND DISCUSSION

Finally in this section, let us turn back to Figs. 6-9 and We have investigated the electronic propertiedvidfl X
take a look at finite-temperature snapshots. The spin correl&hains both analytically and numerically with particular em-
tions do not survive thermal fluctuations at all within one phasis on thel-p-hybridization effect on competing charge-
dimension, while the charge correlations are rather tougler spin-ordered states. Density-wave states of Nhey/pe,
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M-CDW and M-SDW, may be described by a single-band (a) M-CDW (b) X-CDW

model, whereag electrons play an essential role in stabiliz- 120
ing those of theX-type, X-CDW andX-SDW. Such views of 100l
these density-wave states are further supported by their ban ’
dispersions shown in Fig. 11. In comparison WWhCDW, sok

X-CDW exhibits much more widespread energy bands due tc
an essential hybridization between tldeand p orbitals. S 60t — T
Based on the present calculations together with the thus-fa=" ™ - \/
reported experimental observations, we characterize the po= s0f —m—m—m—— —
and dta families oMM X compounds ad2-single-band and =~
d-p-hybridized two-band materials, respectively. Besides 5 ;|
this viewpoint,M-CDW andX-CDW present a few contrasts
between them: They are, respectively, stable and instable 4]
against thermal fluctuations while fragile and resistant in the
ground-state phase diagram. 2.0 N S S
At the naivest consideration, single-band descriptions of 0.5 0.0 0.5 -0.5 0.0 0.5
MMX chains may more or less be justified unless is ki
small enough. However, this is not necessarily the case under F|G. 11. Band dispersions peculiar ta) M-CDW and (b)
the existence of electronic correlations. If we employ ax-CDw, which are calculated within the Hartree-Fock approxima-
single-band Hamiltoniahi tion under the same parametrizations as Figs. 6 and 7, respectively.

K 5 5 MX compounds® Thus an explicit treatment of th¥ p,
H=5 En: (|1:”+|2:”)_'8n25 (lianan s~ 12:002:n,6) orbitals is indispensable to the dta complexes.
Experimental studies on halogen-bridged multinuclear
N metal complexes are still in the early stage. X-ray photoelec-
—nES [tmxm— a(l1:n=l2:0)](A1:5 sB2:0 s H-C) tron spectroscopy measurements oy( @), (Refs. 16 and
' 29) are now under controversy. Polymorphism inherent in
. the pop-family compounds, partly originating from the con-
—tum (] e@2n-15tH.C)FUnD (N1 4N~ tained water molecules, sometimes prevent us from observ-
s " ing the proper behavior of these materials. We hope the
present research will stimulate further measurements and
+Noon 1 Noop =)+ > VumNinsNon—1s » (4.1)  lead to close collaboration between theoretical and experi-
nss’ mental investigations.
the resultant phase diagrams are qualitatively consistent with
the present calculations without any Coulomb interaction. ACKNOWLEDGMENTS
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APPENDIX A: IRREDUCIBLE HAMILTONIANS

The irreducible Hamiltonians are

r A + + N N t A Iy —ik/i35T A
hFA_aFAE (alzk,salzk,s’+a2:k,sa2:k,s’)a'ssr+bI‘A2 a3:k,sa3:k,s’Uss/+CFAE [e"""a Aok s 05y T H.C]
k,s,s’ k,s,s’ k,s,s’
" iki3, T —iki3at A
+dFA2 [(€"7ay . sAs:ks T€ gy @3xs) 05y TH.C, (A1)
k,s,s’

N oA T t A A ki3t —ikiaLt A
hg=als > (al:k,sal:k,s'_a2:k,sa2:k,s’)0'ssl+bFBz [(€"7aly Aaks —€ Ak 83xs)0sg TH.C],  (A2)

k,s,s’ k,s,s’
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N\ imi3,1 —iml3T
hXA_aXAE (€A1 4 7 sk, T €

A A T A
: , K, a2:k+w,sa2:k,s’)0'55'+bXA E a3:k+w,sa3:k,s'o'ssr
k,s,s’ k,s,s’
A i —i A
teka X [(€® ™Ral, gy gte 6T MRl asyo)oby TH.CI, (A3)
k,s,s’
NN i3, T —im34T —i(k—m)/341 A
hxe=axs 2 (e' A1 k+sQ1:ks € il A2k + m,582:k,s )Ussr+b XB E [e~!(k-m A1+ 7, sQ2:k,s' Ty T H.CJ
k,s,s’ k,s,s’
\ )
+Cxp > [(e'cF™Bal, . m.sa3:ks" e I(kF i), ket w583k, s )(Tssr +H.c], (A4)
k,s,s’
where
U U 2V
0 M M MM
aFAZSM_7+(m+ )2 [p94(T;K) + poAT';K)]
U VAV
0o _ X MX
bia=ex— =+ 2 [PU(TK)+p2AT3K)] E p3AI'iK),

Vw <
A= —tum— 2 €4%TK),

VMX
dPa=—tux— g [e B30T k) +e™53p24T: k)1,

(A5)
a%B—(ﬁ—x—ZV%—m)z [pT4(T'5K) = p2AT; k>]+ g [ ™ PpdiTik) — e p24T 1K)
b?B=—(V )E e W04k — 38Tk 1+ 1o E (P2 K) = AT )], (A6)
A= (LZJ—Q,“ ZVNMM - m) 2 [Pk +e™ ™3 X k) ]+ 4\;“” 2 pgXK)
zaﬁ KN 2 (67 %pIX k) + ey X;k)]
0 _4V|v|x E [0, 0 (X:k)+e" '”’SpSZ(X;k)H%g pgs(X'k)
c§A=—(V,L”X KN)E L& 2004 X;K)+ €224 X;K) T+ E [e™pTu(Xik)+e7EplAXiK)], (A7)
a§B=(L2J—,Q,”—2V$——)E [e™pli(X;k) — e Ep2X:K) ]+ ; [~ pRaX;k) — e*%p2yX:K) ],
b§B=2V$E DRp2AX;B),
k
Cxp=— (V,Q,”X KN)E [e %004 X:K) —~ €2 XiK) 1+ s E [0y (XK —e™ ™p XK ], (AB)

U
afa= =5y 2 [PLTK) +p3ATK)],
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Ux
fa=— N 2 PRI,

2Vuwm
Clz"A:_ N Ek Ik/3 z (F k)

am - oM N Lo Bpiy Ik + € Pp3y Tk, (A9)
z Uwm z (1. z (1.
afe= 5y 2 [PLIK) = p3AT5K)],
VMX o
fe=— N 2 [67 LIk — e ik ], (A10)
a.Z :_U_M E [ |7T/3 z (xk)+e iml3 .z (Xk)]
XA 2N % P12, P22 A K) T,
Ux
W= 2 PRk,
VMX _
Cha= N 2 [67pTX;K) + Rk, (A1)

Uy
=~ 5 2 [€7PLKK) —eT PR XK1,

: _Vum
XB™ N

; I(k 7T)/3 z (X k)

\%
Cha=— - > (67 pTX;k)—e"p3(X;k) 1. (A12)
k

In obtaining the spatial-symmetry-definite order parame@&—(A12), the lattice distortion has been described in terms of
the electron density matrices so as to minimize the Hartree-Fock energy

<H>HF=2_§;, §k‘, <i:k|t|j:k>pﬂ(r;k)+22j 2k (i:k+7r|t|j:k)p?i(X;k)+_j (2(i:k;mek’[ulj:k;n:k’)
I I, i,j,mn K,k

—(itkmk’[on:k’;j k) pd (T K)pon( Tk ) + 2 2 (2(itk+mmik [v]jk;nik’ + )
|]mn kk’

—(itk+mmik’ |v|n:k’ + ar;j:k)) e dme ™ @ oma o0 (k) p0 (T'1K + 77)

- > X (itkmko|nik’;jk)pf (K pan(T k) — X X (itk+ mmik’[v|n:k’ + k)
i,j,mn K.k’ i,j,mn K.k’

) ) K ) )
X e(zw/3)|5m1e7(27r/3)|5m2p]_zi (T, K)ppm(T K + )+ > q; [(U3.q—€'%3Uy.q) 2+ (Uzq—€ 'TPuy )], (AL3)

Considering that the density matrices should possess the same symmetry properties as the irreducible Hamiltonian to which
they belong, the coefficient®\5)—(A12) all turn out to be real.
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APPENDIX B: CHARACTERIZATION OF THE DENSITY-WAVE SOLUTIONS

The density-wave solutions are characterized as follows.
(@ TA® e TO:

2

din=dan=5 2 PL(TiK),  dan=

> P35k,

k

Z||\>

2 k - k
pl:n;2:nfl:N 2 [;gz(r;k)co'%—pgz(l“;k)smg ,

=

2 K
Pimn;zin=P2inizn =y EK p1a(l’; k)003§+P13(F k)Sm_
(b) TB® e TO
2 )
d;. =N §k‘, (T:k) (i=1,2,3),

2 k ~ k
pl:n;z:nfl:N Zk [;gz(r:k)co%-—pgz(l“;k)smg ,

2 [ k -~ k
Prnsn= 2 |Prlik)cosg +p3Tik)sing],

P2:n:3:n=

' K - K
Zk podTik)cos; —poyTik)sing|,

Z| N

B 20 « | k - Kk k -~ k
Usn=en 2 [P =P T3] = g 20 | o3I K)00s; +p3(T'sK)sing — pBo(I'; k) cos; + pSo I K)sing .

(©) XA® L& TO:

2 2(—1)" T o~ o
dyn=dan =g 2 PL(TiK)+ —— 2 [F&(X:k)co%—p?l(X;k)smg ,
2 -0 (_ )n
ds:n:N Ek pay(T; k) + 2 pax X;K),

N

k ~ k
pl:n;2:n71:N Ek: [;gz(r:k)coqﬁ—pgz(l“;k)smg ,

2(-1)"
N

kK -~ k
EK {H%(X; k)cos; + p(1)3(X;k)sin§ ,

a

2B T .
KN Ek [;gg(X;k)co%—p‘fg,(x;k)sm—

2 k ~ ok
Pin;3:n™= p2n3n_N % [;gg(rik)003§+p(1)3(r;k)3|n§ +

da k -~ k
u1;n=—u2;n=<—1>”[m > [?ig(x;k>co§+p23(x;k>sm§
(d) XBe o T0:

-1)" ~ .
}k) pd(T;k) + (N Ek [;gl(x;k)cosg—pgl(x;k)&ng,

er\>

2(-1)" ~ .
1 2 AT~ Ek[;(fl(x;k)cosg—p(l)l(x;k)smg,

Z||\>
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2
3:n:N Zk 33(F K),

p1:n;2:n71:§ Ek: {EEZ(F;k)cosg—Tfl’z(F;k)sing 3 2(;\]1)“ zk: [;gz(x;k)cosk_TW—zgz(x;k)sink_Tw},
pl;n;s;n% > {?ﬁ(r;k)co%%‘{s(r;k)sing “ 1)n Y p13<x;k>co§k+7)23<x;k>sin§ :
pz:n;&n:%; F‘is(F:k)CO%ﬁo‘is(F:k)Sing 2(— 1)n Ek 'plg(x;k)co%k@ga(x;k)sing :
—(-1)" {K— > [;23(X;k)co%k+7)(1’3(x;k)sing - z—ﬁ > i;%(x;k)cosg—?)gs(x;k)sing }

(e TARS'® T

1
=N 2 PLTR, Sin=g 2 k),

Z||—\

1« [ k -~ K
Gnzn-17) 2 [piz(F:k)c03§—piz(F;k)sm§ :

Z|

k
ti:n;3:n:t§:n;3:n: Ek: [p13 I k)COS3—+p13(r k)sm—

(f) TBeS'® T

}_\

Si. _SZn NEk: 11(r k) Sé:n:()’

1 — k - ~k
ti:n;z:nflzo! ti:n;S:n:_tézn;&n:N Ek [pig(l“;k)co%+p§3(l“;k)sm§ .

(9) XA S'o T

S (_ ) 3 Xk,

2 =i = > ;il(x;k)cosg—ﬁl(x;k)sing,
3

(=" — k - k
ti:n;z:n—lzol ti:n;s:n:té:n;B:n:Tzk pi3(X;k)Co%+piB(X;k)S|n§

(h) XBeSte T

—1)" _ T - T
S3:n=0, Si;n=—8§;n=—( ) > | ph(X;k)coss —ply(X;K)sing |,
N < 3 3
(=" — k—m - k==
thinzn-1=— N 2 | PIAXKI00S 5= —pEXiK)sin——|,

2 . o=—t3 =ﬂ2 p_Z(x-k)cok+52 (x-k)sinlf
1:n;3:n 2:n;3:n N . 1347 53_ 1347 3|
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