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Phase properties of a zigzag chain lattice gas with Coulomb interactions
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It has been reported that the phase transitions found in the quasi-one-dimensional sulfidg3s@te most
likely due to vacancy ordering involving Cuion diffusion along the C{2)-Cu(2) zigzag chains. Our previous
studies with both a self-consistent method and Monte Carlo simulations confirmed that phase transitions indeed
exist in a one-dimensiondlLD) lattice gas system in which vacancy ordering is involved. In this paper, we
calculate the more nearly real case of k&b, and further investigate the angular dependence of the phase
properties in a partially occupied 1D zigzag chain with various particle occupancies. The calculated results
suggest that the phase transitions that occur in the quasi-one-dimensional materal 8,Gare presumably
due to both intrachain and interchain interactions between the partially occupiedzi@zag chains. Most
interestingly, we found that the average particle distribution of the lowest free energy state is a linear super-
position of two other solutions with different particle distributions for occupamgy= 1/2.
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I. INTRODUCTION In this paper, we perform a real-case calculation on
KCug geSs (Ny,=0.72) with 9=112.74°. We also study the
Previously, we proposed a long range mean-fieRMF)  properties of phase transitions in partially occupied 1D zig-
method to simplify the Hamiltonian of a one-dimensionalzag chains(POD2) with various anglesy and occupancy
(1D) straight chain with ¥/ Coulomb repulsive interactions. Na, - AS the phase properties of the PODZ with Coulomb
This is relevant to the study of vacancy ordering transitiong€pulsive interactions are extremely complex, we only
in quasi-one-dimensional (Q1D) materials such as Presentthe two simplest occupancy cases,figs 5 and3
KCu,_,S,. We self-consistently calculated all possible solu-in this paper. Our calculated results suggest that the phase
tions of average particle number distributions in such a systransitions that occur in the quasi-one-dimensional material
tem[1]. The numerical results show that phase transitions d&CUr-xSs are presumably due to both intrachain and inter-

indeed exist in a 1D lattice gas system in which vacancy°h@in interactions between the partially occupied Qigzag

ordering is involved and the system exhibits complex therShains. That is, these phase transitions exhibited in

: : . Cu;_,S, are mainly a three-dimensional phenomenon, in
. Th f the ph KCU7_S, are ce-din :
r_nodynamlc properties he properties of the phase transagreement with the x-ray diffraction and TEM resyls5.
tions are extremely sensitive to the occupangy (number

. . . . : We also found that the average particle distribution of the
of particles/number of lattice sitgsand each simple rational lowest free energy state is a linear superposition of two other
occupancyn,, has a unique phase diagram. More recently,

N X solutions with different particle distribution for occupancy,
we used Monte Carlo simulations to extend our Self'naU=1/2. In Sec. Il the long range mean-field method and
inconsistence method by introducing the effect of thermal,, formulation are briefly described. In Sec. Il we show our
fluctuations on the phase transitions in a 1D ordering systergy|cylated results om,,=0.72 with §=112.74°, n,, =%
[2]. In this study, we find hysteretic behavior near the phasgng 2 as well as their corresponding angular dependence.
transition at low temperature with,, = 3/4. This agrees well The discussion and summary are presented in Sec. IV.
with our experimental findings in the quasi-one-dimensional
sulfide KCy_,S, system[3] and supports the possible sce- Il. LONG RANGE MEAN-FIELD METHOD
nario of vacancy ordering in the 1D Cuwchain.

Our previous work focused on a 1D lattice gas system on The Hamiltonian of a 1D zigzag chain withrlCoulomb
a partially occupied straight chain. However, structurallyrepulsive interactions can be obtained by modifying the
KCu,_,S, forms CUY2)-Cu(2) zigzag chains along theaxis ~ straight chain Hamiltonian in Ref1]:
[4,5]. For instance, the zigzag anglelenoted by#) is

N
115.388° for KCygsS, and 112.74° for KCylgsS, (0 HZES > b . @
=180° for a straight chain[4,5]. It was proposed that the S Sirpla

phase transitions that occur in K€yS, are caused by an

ordering of the vacancies in these(@14Cu(2) zigzag chains whereJ is the Coulomb potential energy between two near-

[3]. Therefore, it may be crucial to study the angular depenest neighbor particlesy; (n;=0 or 1) is the particle number

dence of the 1D lattice gas system to understand the propeof sitei, r;; is the distance between the sitandj, a is the

ties of phase transitions in the K&u S, system. distance between the nearest neighbor sites, which is held
constant in our calculations, ands is the number of total
sites in the 1D zigzag chain. Here we assume that there are

*Electronic address: ykkuo@mail.ndhu.edu.tw N; ions evenly distributed oveX, lattice sites ;<< Ng for a
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partially occupied chain and use open boundary conditions <n,> <Ny n, n, <n;> <Ny  <n;>
to avoid the divergence of the Hamiltonian. We simplify Eq.
(1) into a LRMF system by assuming that the 1D zigzag a
chain can be divided into many identical segments, each o b
which containdN, ions distributed oveN,, sites(so that the
average occupanch,, =Ny/N,=N;/Ng, as ions are uni- <nga <Ny  <ns> n, n, <ny> <Ny
formly distributed. Under this assumption, the thermody- . ) ) ) ) o
namic averages of the particle distributions of each segment_FIG- 1. An illustration of a one-dimensional zigzag chain sim-
are identical. We exactly consider the interactions betweeflified by LRMF with N, =4. The particle number of the sites
particles within the segment at thoenterof the 1D lattice outside the cons@ered_ segment is replaced by the thermal average
gas and replace the interactions of all other particles by gf the corresponding sites in the considered segment.
local field which is the thermodynamic average of the inter-
actions acting on the considered segment by all particles outtumber of theith site, and theh; is the local mean field
side this segment. We thus obtain a LRMF Hamiltonian de-acting on the sité which is a function of the zigzag angte
scribed by Figure 1 shows a zigzag chain simplified by the LRMF
N method withN,,=4. The particle numbers of the sites out-
iy it side the considered segment are replaced by the thermal av-
HMF:‘JOZJ) W’L; nih;, 2) erage of the corresponding sites in the considered segment.
In this simplified chain the local mean field acting on site 1 is
whereX ; ;) sums over all pairs of particles in the consideredthe superposition of all the Coulomb potentials outside the
segment,n; (n;=0 or 1 andi=1 to N,) is the particle considered segment, which can be written as

h.— (ng) +(n3>+ (ny) _|_<n1>+ (Ng) +<n3)+ (ny) +<n1>+m+<nl>+ (ny)
Yob?rc? 2c b2+ (3c)2 4¢  \bZ+(5c)2 6C  b?+(7c)2 8¢ 4c b2+ (5c)2
(n3) (ny) (ny) (ny) (n3) (ny)
Tec " \/b2+(7c)2+ gc \/b2+(90)2+ 10c \/b2+(1lc)2+ ’ )

where b=acosdl2 and c=asind/2. We can rewrite the itively each element i{(n;)} is a member of a reasonable

above equation in a simplified form: set of order parameters. In our calculations we assbije
=600000 and\,,=12. It is noted that the calculated prop-
h;=S11(N1) + S1AN2) + Sy N3) + S14(Na), (4 erties of PODZ’s with variout\,, andN are essentially the

same, except for small quantitative differences. For conve-

where theS;; are the structure relationships between site nience, we further define an order indgxy

and(n;), which are functions of. Then the LRMF Hamil-
tonian is expressed as

NW
N N 2
LU 3 () -na,)
HMF_JUEJ:) ri at ”igl Siny- © q= - 8)

© No(1—ng,)2+ (Ny—No)n2,
The free energy of E(_2) is

Fur=—KTInTrlexpg —Hye/kT)], (6) Where O<q<1. Whenq=0, all the(n;) are equal ta,,,
which corresponds to the state at very high temperature.
wherek is the Boltzmann constant. The thermodynamic av-Wheng=1, the system is completely orderdd;) is equal
erage particle number at the sités then described by to either 0 or 1, corresponding to the state at absolute zero.
Note that here we neglect the effect of anions in our calcu-
_ Triniexp(—Hyge /kT)] lations. In the real crystal structure of K€uS, contains
(ni)= Trlexp(—Hpye/kT)] () vacancies only on the positive Cu ion sites, the negative S
ions are held in their lattice sitd4,5]. The contribution of
As Ng, Ny, Ng, and the temperatur€ are given, we can anions to the system is to build up a steady electrical poten-
numerically calculate the self-consistent solutions{@f;)} tial, which is macroscopically even and microscopically pe-
in each segment with Eq7). Here{(n;)} hasN,, elements riodic. Therefore, to simplify our model, we use the approxi-
and=(n;)=N,. Since the x-ray diffraction patterns are de- mation similar to that of jellium model in which the negative
termined by the average particle number distributions, intuions distribute uniformly in space and can be negle¢&d
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crepancy between our calculations and experimental results
may be due to the following reasons.

(1) The interchain interactions between the zigzag chains,
not considered in our model, should play important roles in
Thus we only consider the interactions between positive ionghe phase properties of K&u,S,. The calculation of exact
that could move around the lattice sites and order. effect on interchain interactions to the phase properties of 1D
lattice gas system is now being carried out.

(2) The shielding effect of the Coulomb interaction be-
tween neighboring particles should be taken into account in
A.n,,=0.72 the model to obtain consistent transition temperatures be-

In thi . p | lculati }ween theory and experiment.

n this section we first present a real-case cajculation o (3) The mean-field approximation we employed in this
KC96-8854 W'th n?w=0.72 (=18/25) and compare with ex- model. According to our previous calculations, as the num-
perimental findings. In the real crystal structure of ber of sites in a segment increagelwser to the exact result

KCUg 5%, the angle for the partially occupied CL_zigzag the transition temperature shifts toward lower temperature
chain is 112.74°. In Fig. 2, we show the evolution of the(See Figs. 1 and 2 of Reff1])

calculated results of free enerdyversus temperaturefor
0=180°, 112.74°, and 70°. As shown in Figa® there are B. . =12
three phase transitiongtwo second-order transitions, in A

which the free energies, their derivatives, and the order pa- According to our previous studidd,2], a second-order
rameters smoothly approach each other; and one first-ordeacancy ordering transition occurs at about0.15 in the
transition, in which the first derivatives of the free energiesstraight chain lattice gas system with,,=1/2. For t

and the order parameters are not the same at the transitior0.15, the{(n;)} has a single numerical solution with all the
that exist in then,,=0.72 system whe@=180°. Note that (n;)’s being 0.5, herein called the normal phase. This state
180° corresponds to a straight chain. As the angle decreasemyrresponds to the completely disordered state. For

the system becomes simpler and exhibits only one first-orde0.15, another solution with lower free energy state having
phase transition. Fof=112.74°,t. is about 0.044 and in- average particle numbers repeating themselves every two
creases to about 0.067 far=70°. By taking the C(®)-  sites, i.e.{(n;)}={ny,n,} appears, herein called the special
Cu(2) bond distance to be approximately 3 A, the Coulombphase. In Fig. 3, we show the results for the order index as a
potential energy between two nearest neighbor partidles function of temperaturé for anglesé from 180° to 87°. It

can be estimated to be 4.8 eV. Here we ignore the fact thatan be seen that the transition temperature decreases as the
the Coulomb interaction would be shielded in the conductingangle decreases and the special phase disappears atbangle
crystals. Thus the calculated transition temperatliie @ =85.8°. At this angle, the transition temperature between
=0.044)/k in the ny,,=0.72 zigzag chain f=112.74°) is the normal state and the special state approaches zero.
approximately 2400 K. Experimentally, there are two phase Before the disappearance of the special phase, a new
transitions observed in KGygS, at about 200 K. The dis- phase, herein called the mixed phase, with the lowest free

FIG. 2. A real-case calculation of KgygsS, with n,,=0.72
(=18/25) for§=180°, 112.74°, and 70°.

IIl. RESULTS
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FIG. 4. The order indicegqy vs temperaturet for 86°<4 FIG. 5. The order indieg vs temperaturd for 15°<§<85°
<86.95° withn,,=0.5. A new phase called the “mixed phase” with n,,=0.5. Both the mixed phase and the dual special phase
appears at~86.96° and disappears ét=86°. exist within these angles. The transition temperature between the

normal state and the dual special phase increases as the angle de-

energy emerges at anghe=86.95°. The period of the aver- creases.

age particle distribution of the mixed phase is every four _ o ]
sites, i.e.{(n;)}={n;, n,,nz,n,}. In Fig. 4, we show the the average particle dlstr|but|on§ for the mixed p_hase, the
details of order index as a function of temperattifer sev- ~ SPecial phase, and the dual special phase, respectively The
eral anglesd between 86.95° and 86°, an intriguing evolu- and b are the expansion coefficients witht b=1. In the

tion of a physical property that occurs within this one degreeUPPer panel of Fig. 6, we show the temperature dependence
Itis clearly seen in this figure that the mixed state exists ovePf the individual average particle distributions with the low-

a wider temperature range as the angle decreasess For €St free energy phase fér86.5°. Fort>0.03 the system is
<85.8°, the special phase completely disappears. Howevef the normal phase, for 0.042<0.03 the system is in the
another special phase, herein called the dual special phadBixed phase, and for 0.8t the system is in the special
with average distribution period every four sites, i{€n;)}

={ny,n{,n,,Nn,} appears. The transition between the normal 0.01 0.02 0.03 0.04 0.05

state and the dual special phase is second order. Actually the Y t

I e e
mixed phase

L LA
n,=12 g6.5° ]

dual special phase can be viewed as two neighboring straight o 08 % b s, 3
chains, both in the special phase. In other words, dor % S W . norm| phase ]
>85.8° the zigzag chain still shows the properties of asingle § %6F 1| i \L E
straight chain, while fop<85.8° the zigzag chain possesses & 0a kb —o= <> ]
the character of a double chain. In Fig. 5, we show the results & | —o— <Np>

of the order index as a function of temperattifer several G 02 J 1 ittt e <ng> 1
anglesd between 85° and 15°. Both the mixed phase and the LA =~ special phase —— <>

dual special phase exist between these angles. Notice that the F Tt I B R A

o R -
transition temperature from the normal state to the dual spe- SR . . N, =12 g65° ]
cial phase increases as the angle decreases, in contrast to the 4, 98 3

(2] H
results shown in Fig. 3. 5 o6k e actspecialphase
For >50° the mixed phase has the lowest free energy, &£ F { " bof duel special phase J
while the dual special phase has the lowest free energy for § .
0<47°. The order indices of the mixed phase and the dual 02p ! W‘“‘”“‘“‘“‘“‘““‘“‘“ 3

special phase approach each other as the angle decreases, ant g & 1
eventually those two phases intersect and overlap ar@und e
=15°, as shown in Fig. 5. We found that the mixed phase is 0.01 0.02 0.03 0.04 0.05
a linear combination of the special phase and the dual special Temperature (kT/J)

phase. The average particle distributiggm;)} of the mixed FIG. 6. Upper panel: temperature dependence of the individual
phase can be exactly written agn;,ny,Nz,Naby average particle distributions with the lowest free energy phase for
=a{ny,nz,ny,Naks+b{ny,ny,nz,N5p, where  9=86.5° withn,,=0.5. Lower panel: the coefficiensandb of
{n1,n2,n3,N4}m, {N1,N2,Nq,N5ts, and{ny,ny,N5,N5}p are  the mixed phase foé=86.5° withn,,=0.5.
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FIG. 7. Upper panel: temperature dependence of the individual F|G. 8. The free energ§ of the system as a function of tem-

average particle distributions with the lowest free energy phase foperaturet for =120° (upper panéland §=110° (lower panel
0=183° with n,,=0.5. Lower panel: the coefficientsandb of the  with n,,=2/3.

mixed phase fo¥=83° with n,,=0.5. The mixed phase is mostly
composed of the double chain mode at this angle. complex than in the case of,,=1/2. We found that there

phase. Clearly three phase transitions exist in this systenif® Seven possible phases in thg =2/3 zigzag chain,
two first-order transitions with a discontinuod&/dT occur ~ namely, the normal phase and special phases 1 to 6. All these
at aboutt=0.03 and 0.012, and one second-orff@ntinu-  S€Ven phaseg. have qhstmct average particle distributions
ous transition occurs at about=0.01. The lower panel of {(Ni)} and exist in various angle intervals and temperature
Fig. 6 shows the coefficienta and b of the mixed phase ranges. In Fig. 8, we show the free enefggf the system as
versus temperature. For 0.042<0.03 the mixed phase is @ function of temperature for 6=120° (upper paneland
composed of approximately 80% single chain mésjgecial #=110° (lower panel. For §=120°, the properties of the
phase and 20% double chain moddual special phageFor  system are similar to those of the straight chain system, see
0.01<t the system is 100% single chain modspecial Fig. 4 of Ref.[1]. At this angle, there are two second-order
phase. phase transitions in this system at abdut0.08 andt

In Fig. 7, we show the temperature dependence of the=-0.061 and a first-order transition at abdut0.048. The
individual average particle distributions with the lowest free-phase existing at all temperatures is the normal phase with
energy phase fo6=83°. As demonstrated in Figs. 6 and 7, average particle distribution{n;,n,,ns,n3,n,,n;}. The
there is a considerable difference in the phase properties b@hase existing between 0.061<0.08 is special phase 1
tween §=86.5° and#=83°. For #=83°, the system is in  yith average particle distribution; ,n,,n3,n,,ns,Ng}. The
i‘% Bzgm?rlh%kr]gsiz E)?]E%?]?ﬁ?sntdolrrc]igr]etr;nr:)s(ﬁ%rﬁ)hgts?a\bfgtt phase existing below<0.044 is special phase 2, also with

DODOT : A ‘ ' verage particle distributiomn,,n,,n3,n,,N5,Ng}, but with
=0.046 in this case. Besides, as shown in the lower panel iffering values ofn; . Special phase 3 exists only at very

Fig. 7, the mixed phase is composed mostly of the doubl . S
chgain mode(dual sgecial pha$eig ais muchyless thai ow temperaturest0.01) and has average particle distri-
S ' bution{0.5,1,0.5,0.5,1,0}5 As the angle decreases, the tem-
As t decreases, the coefficierasapproach zero. The calcu- X L9 .
lated ground statet €0) particle distribution forg=83° is perature range of spgmal phasg 1is diminished. As ShO.W” n
the lower panel of Fig. 8, special phase 1 completely disap-

{1'1'.0’(}’ completely dpuble chain mode Wm:o'. AC' pears at¥=110° and therefore only one first-order transition
cording to our calculations, the system would exhibit more

of the double chain character a decreases. This result exists at this angle. As the angle further decreases, the solu-

) ) X jon of special phase 3 will also gradually disappear, and the
makes physical sense because the zigzag chain gradua .
X . : e energy of the normal phase becomes smaller in the low
turns into two well-separated straight chainsébecomes

smaller temperature range. Fer<49°, the free energy of the normal

' phase is lower than that of the special phase 24d0.05. In

Figs. 9a)—9(d), we show the evolution ofF-t plots from 6

=45° to #=33°. At #=45°, the existing stable phases are
For n,,=2/3, the angular dependence of the phase propthe normal phase, special phase 2 and special phase 3. The

erties in the partially occupied zigzag chain is much morenormal phase develops a peak at abo&t0.09. Fort

C.n,,=2/3
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FIG. 9. The evolution of the free ener§yvs temperaturéfrom

9=45° to 6=33° with n,, = 2/3. FIG. 10. The evolution of the free enerdgyvs temperature

from #=20° to #=0.5° withn,,=2/3.

<0.05 the normal state has lower free energy than special

phase 2. There are two first-order transitions at akiout noted that Fig. 1@) is reminiscent of Fig. 4 of Refl1],
=0.10 and at about=0.05 for #=45°. As the angle de- except for the existence of special phase 2tfa0.04. At
creases down t@=41°, special phase 3 disappears and ahese temperatures, as the angle approaches 0°, the lower
new phase of special phase 4 with average particle distribuwo free-energy phases will overlap and the system will have
tion{n;,n,,n3,n3,n,,n,;} appears at arourid=0.07. Notice  the same properties as a straight chain. This result is reason-
that the special phase 4 has the same type of average partielgle, since the zigzag chain would behave like two well-

distribution as the normal phase, but with different values ofseparated and noninteracting straight chains as the angle ap-
n; . Another change at this angle is that the free energy of thgroaches zero.

normal phase splits up into two curves with different phase

properties at about=0.095. At6=40°, special phase 4 ex-

pands over a wider temperature range and gradually joins the IV. DISCUSSION AND SUMMARY
normal phase at abowt=0.09. At 6=33°, the two phases
(special phase 4 and the normal phaséh similar average In this paper, we utilize the LRMF method to study the

particle distribution finally join together, as shown in Fig. partially occupied 1D zigzag chains withr iCoulomb inter-
9(d). On the other hand, two new phases, special phase &ctions. We study the angular dependence of the phase prop-
(with the lowest free energyand special phase @vith the erties in this 1D lattice gas system. Our calculations show
highest free energyjust emerge at very low temperature at that the system has complex thermodynamic properties and
this angle. The average particle distribution of special phasehat the properties of the phase transitions are extremely sen-
5 is {ny,ny,n3,n4,Nn5,ng} with ground state configuration sitive to the occupancy,, and zigzag anglé. Generally, at
{1,1,1,1,0,0, while the average particle distribution of spe- large angles §>120°) zigzag chains exhibit properties simi-
cial phase 6 i§n¢,n,, n3,n3,n,,n1} with ground state con- lar to the straight chain system. At very small angles (
figuration{1,1,0, 0,1,}. Notice that special phase 5 and spe-<1°), zigzag chains can be viewed as two well-separated
cial phase 6 have the same ground state configuration.  and noninteracting straight chains, and the system exhibits
In Figs. 1@a)—10(d), we continue to illustrate the evolu- straight chain properties. For intermediate angles, the phase
tion of F-t from #=20° to #=0.5°. As the angle further properties of these systems become rather complex and sev-
decreases, both special phase 5 and special phase 6 spreaal possible solutions with different average particle distri-
out in temperature, as shown in Fig.(&0 At §=15°, spe- bution {(n;)} are available at low temperatures for various
cial phase 6 joins the normal phageote that these two n,,.
phases have similar types of average particle distributians We found that the occupancy, of the partially occupied
aboutt=0.044 and special phase 2 splits up at this temperazigzag chain can be classified into two typesn)f can be
ture. At §=5°, the normal phase and the special phase %vritten as the simplest fractional form,,=r/p, we define
overlap fort<0.04. For 0.04t<0.10, special phase 2, spe- the occupancy to be “first type” ip is an even number and
cial phase 4, and the normal phase overlap. As the angl® be “second type” ifp is an odd number. For example,
decreases down to 0.5°, the normal phase and special phasg =3 or 2 is first type anch,, =3 or £ is second type. The
6 both extend their range and combine into a single curveeason we make such a classification is that the calculated
with average particle distributiom,,n,,n,,n,,ny,n4}. Itis  ground state configuration for a partially occupied zigzag
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chain is different from a straight chain f is even(first  as long as a set dfn;)} with a lower free energy appears at
type), while the ground state for a zigzag chain and thesome temperature. In thg,=1/2 (§=86.5°) case, both so-
straight chain is the same fifis odd (second type Accord-  lutions of the normal phase and the mixed phase are avail-
ing to our calculations, the phase properties alter drasticallyble for 0.012:t<0.03. However the system will exhibit the
as the angle changes from 18@traight chainto approach- mixed phase in this temperature range since the mixed phase
ing 0° in the partially occupied zigzag chain. For occupancyhas a lower free energy than the normal phase.=40.012
of first type, there is a critical anglé: at which the proper- the system must reenter the normal phase as the mixed phase
ties of the phase transitions change abruptly in the partiallglisappears at this temperature. The same argument also holds
occupied 1D zigzag chain. Far,,=1/2, there is an abrupt for then,,=2/3 (#=120°) case, which in turn explains the
change of the phase properties at abéwt86° as the sys- reentrance of the normal phase in our model system.
tem transits from single chain modéarger 4) to double We also calculate a real case: KGg5, with ny,=0.72
chain mode(smaller #) at this angle. On the other hand, (6=112.74°). Our calculated results show that the model
there is no such distinct boundary for systems of the seconslystem exhibits only one phase transitionTat=0.0443/k
type. Forn,,=2/3, the angular dependence of phase prop{corresponding to 2400 K However, the experiment results
erty in the partially occupied zigzag chain is much moreshow that the Q1D material KGygS, exhibits two phase
complex than the case af,=1/2. There are seven possible transitions at 205 K and 180 K3]. Note that the zigzag
solutions in then,,=2/3 zigzag chain, existing in various chains in KCy ggS, have (3-0.12) out of 4 equivalent sites
angle intervals and temperature ranges. for Cu atoms on the chain occupied, so thmf=0.72.
Most interestingly, we found that the average particle dis-The possible reasons for these inconsistencies between our
tribution of the mixed phase is a linear combination of thecalculations and experimental results could be among the
special phase and the dual special phasenfgr=1/2. The  following.
reason for the existence of the mixed phase is presumably (1) The interchain interactions between the zigzag chains,
due to the crossover of phase property from single chainvhich were not considered in our model, should play impor-
mode (large anglg to double chain modésmall angl¢ in  tant roles in the phase properties of this system.
decreasing angle. According to our calculation a critical (2) The shielding effect of the Coulomb interaction be-
angle at about-=86° separates these two modes, as mentween neighboring particles should be taken into account in
tioned above. In the vicinity of this particular angle, the ten-the model to obtain consistent transition temperature be-
dency of being in the single chain mode or double chaintween theory and experiment. In the present case, a Coulomb
mode is comparable, so that it is sensible that the systershielding parameter of 3.5 would yield a reasonable transi-
appears in a mixed phase with the phase property in the forrtion temperature for the KGu,S, system.
of a linear combination of the single chain mode and double (3) The mean-field approximation we employed in this
chain mode. At largersmalley angles the mixed phase model. Finally, it is obvious that the establishment of a three-
shows more of the singlédouble chain characteristics, as dimensional model is necessary to further understand the
shown in the lower panel of Fig. @-ig. 7). mechanism of the phase transitions exhibited in the
Another intriguing feature is the reentrance of the normalKCu,_,S, system.
phase in the phase property of partially occupied 1D zigzag
chain. For example, fon,,=1/2 (6=86.5°) the phase evo- ACKNOWLEDGMENTS
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