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Estimation of charge-ordering patterns in u-ET2MM 8„SCN…4 „MM 8ÄRbCo, RbZn, CsZn…
by reflection spectroscopy
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Institute for Solid State Physics, The University of Tokyo, Kashiwanoha 5-1-5, Chiba 277-8581, Japan

H. Mori and S. Tanaka
International Superconductivity Technology Center, Shinonome, Tokyo 135-0062, Japan

~Received 26 April 2000!

Temperature dependence of the polarized reflectance spectra have been measured on single crystals of
u-ET2MM 8~SCN!4 ~abbreviated asu-MM 8; MM 85RbCo, RbZn, and CsZn!. The reflectance spectra of the
u-RbCo andu-RbZn salts exhibit drastic change around 190 K for the samples cooled slowly (dT/dt
;20.1 K/min). This spectral change disappears for the samples cooled rapidly (dT/dt;21 K/min). The
reflectance spectra of theu-CsZn salt exhibit Drude-like features down to 20 K. Charge-ordering patterns on
these salts are deduced from the spectral analysis using the mean-field calculations.
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I. INTRODUCTION

Optical spectra of molecular conductors contain a lot
information such as electron-electron correlation effec
electron-phonon interaction, etc. However, the interpreta
of the optical spectra is not straightforward. Among all, t
coexistence of metallic conduction and the midinfrared ba
~intense absorption band appearing in the midinfrared
gion! in one-dimensional molecular conductors has puzz
many researchers.1 In order to explain these phenomena, t
following hypotheses were recently proposed by Yamam
et al.:2

~i! In some one-dimensional conductors, the original cr
tal symmetry is broken even at room temperature due to
polarization~or charge ordering! resulting from the Coulomb
repulsion.

~ii ! The symmetry breaking due to the Coulomb repuls
is followed by domain formation. Electric current is carrie
by charged domain walls rather than by single particles.

~iii ! The symmetry breaking at around room temperat
is in most cases not detected by magnetic resonance st
such as NMR, since the motion of the domain wall exceed
speed limit coming from the resonance frequency.

~iv! The midinfrared band is essentially the interba
transition within spin-polarized~or charge-ordered! domains.

To examine these hypotheses, the author~H.T.! calculated
the optical conductivity spectrum of a one-dimension
quarter-filled molecular conductor by the use of the me
field approximation, and showed that the mean-field appro
mation gives a qualitative but comprehensive interpreta
of the midinfrared band.3

The midinfrared band is not restricted to quasi-on
dimensional conductors. Some of two-dimensional mole
lar conductors, which fall into an insulating state at a lo
temperature, also exhibit this band.1,4 Thus, it is of interest to
examine whether or not the same procedure of the ana
is applicable to two-dimensional molecular conducto
In this context, we have done spectroscopic stu
for u-ET2MM 8~SCN!4 ~abbreviated asu-MM 8; MM 8
5RbCo, RbZn, and CsZn!.
PRB 620163-1829/2000/62~14!/9378~8!/$15.00
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u-MM 8 salts~M5Rb, Tl, Cs,M 85Co, Zn! are a series
of molecular conductors intensively studied by Mori a
coworkers.5–9 These salts have crystal structures similar
u-ET2I3, which exhibits superconductivity below 3.6 K un
der ambient pressure.10 Although Co21 in the M 85Co salts
has the local magnetic moment withS53/2, the interaction
between the local magnetic moment and conduction e
trons derived fromp-MO of ET is quite weak.5,8 Therefore,
the electrical behavior of the Co salt is essentially the sa
as that of the corresponding Zn-substituted salts where
local magnetic moment is included.6 Figure 1 shows the
crystal structure of theu-RbCo salt at room temperature9

Within a framework of the tight-binding model, the ban
structures of theu-type molecular conductors are determin
by the two transfer integralstp and tc , where the subscripts
‘‘ p’’ and ‘‘ c’’ denote the overlapping mode shown in Fig.
The shape of the Fermi surface given by the tight-bind
calculation is reported to be a tube having an elliptical cr
section foru-MM 8 salts~M5Rb, Tl, Cs,M 85Co, Zn!.6,9

Electrical resistivity of theu-RbCo andu-RbZn salts is

FIG. 1. Crystal structure of theu-RbCo salt at room temperatur
~Ref. 9!. The two kinds of overlapping modes between neighbor
molecules are denoted byp andc in the figure.
9378 ©2000 The American Physical Society
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PRB 62 9379ESTIMATION OF CHARGE-ORDERING PATTERNS IN . . .
almost constant~metallic! from room temperature down t
190 K. Below 190 K, the resistivity abruptly increases, a
the salts fall into an insulating state.6 The magnetic suscep
tibility below and above 190 K is almost continuous a
does not exhibit any anomalous feature related to the ph
transition.6 On further lowering the temperature, th
p-electron system of theu-RbCo andu-RbZn salts falls into
the spin-Peierls state below 20 K.6 X-ray crystal structural
analysis has revealed that the metal-insulator transi
around 190 K is accompanied by the dimerization along
c axis.9 Interestingly, the above-mentioned behavior bel
190 K disappears, when samples are cooled rapidly (dT/dt
>1 K/min): the magnetic susceptibility of the sampl
cooled in this condition exhibits the Curie-Weiss tail belo
90 K and does not indicate any symptom of the spin-Pei
transition.11 In the following, we refer this state below 190
as the quenched state~Q state!, and the other state below 19
K—the dimerized state reached when samples are co
slowly—as the relaxed state~R state!.

The electrical resistivity of theu-CsZn salt is metallic
down to 20 K and then increases. In this salt an increas
susceptibility below 20 K is observed.6,12 The principal axis
of the EPRg tensor was recently reported to rotate w
lowering the temperature.13 The spin-density-wave formatio
is suggested as an origin of this metal-insulator transition
the specific-heat measurements.14

In this paper, we describe the results of the reflectiv
measurements for theu-RbCo,u-RbZn, andu-CsZn salts and
show the conductivity spectra experimentally obtained. Th
we present the conductivity spectra given by the mean-fi
calculation. Finally, by comparing the features of the o
served spectra with those of the calculated spectra, we
duce the charge-ordering patterns of theu-RbCo, u-RbZn,
andu-CsZn salts.

II. EXPERIMENTAL

Single crystals of theu-RbCo, RbZn, and CsZn salts we
synthesized by the method described elsewhere.6,9 Reflec-
tance spectra were measured by the use of a Fourier tr
form infrared ~FTIR! microspectrophotometer~Jasco FTIR
8900m! from 650 to 5000 cm21, and the Olympus
MMSP-RK microspectrophotometer from 5000 to 250
cm21. Samples were cooled by a cryostat manufactured
Oxford Ltd. ~CF1104!. For theu-RbCo andu-RbCo salts, the
two different cooling rates—0.1 and 1 K/min—were chos
between 200 and 180 K to bring them into theR and Q
states, respectively. The effect of the heating cycle on
spectra was examined and concluded to be negligible in
experiment. The Kramers-Kronig transformation was p
formed by extrapolating the reflectance data to zero w
number. The shapes of the obtained conductivity spe
were little affected by the method of extrapolation except
the spectra of theu-CsZn salt below 200 K.

III. RESULTS

Figure 2 shows the reflectance spectra of theu-RbCo,
u-RbZn, andu-CsZn salts on the~010! crystal surface at
room temperature. In these measurements, we have ch
the directions of the polarization where the reflectivity tak
se
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the maximum and the minimum values. These directions
incide with thea andc axes for all the three salts as expect
from the crystal symmetry. The dispersion around 13
cm21 is attributable toag molecular vibration mode induce
by the electron-molecular-vibration coupling. The sharp pe
around 2100 cm21 is attributable to the CvN stretching
mode of SCN2. The reflectance spectra of theu-RbCo and
u-RbZn salts are quite similar to each other. This similarity
consistent with the unified phase diagram proposed by M
for the u-type salts.6 By applying the Drude-Lorentz mode
to the observed spectra, we have found that the spectra o
u-CsZn salt contains the Drude contribution, which com
from electronic transition having zero~or very small! excita-
tion energy, while such contribution is absent~or negligibly
small! in the spectra of theu-RbCo andu-RbZn salts.

Figure 3 shows the optical conductivity spectra obtain
from the reflectance spectra shown in Fig. 2 through
Kramers-Kronig transformation. As expected from the sha
of the reflectance spectra, the optical gap is absent in
spectra of theu-CsZn salt. On the contrary, the conductivi
spectra of theu-RbCo andu-RbZn salts take a broad max
mum around 2500 cm21. Here we should note that the onl
allowed electronic transition in the simple tight-bindin
model of theu-type salts is the intraband transition whic
gives the Drude contribution to the spectra.4,15 Thus the de-
viation from the Drude-type shape of the spectra in
u-RbCo andu-RbZn salts indicates breakdown of the simp
tight-binding picture. This will be discussed in the later se
tions.

Figure 4 shows the temperature dependence of the re
tance spectra of theu-RbCo salt. We have obtained the tw
kinds of spectra—the spectra in theQ and R states—below
190 K. The spectral features of theQ state are similar to
those of the metallic state above 190 K, but completely d
ferent from those of theR state. Thus we conclude that theQ

FIG. 2. Reflectance spectra of the~a! u-CsZn,~b! u-RbZn, and
~c! u-RbCo salts at room temperature.
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9380 PRB 62H. TAJIMA, S. KYODEN, H. MORI, AND S. TANAKA
state is a supercooled state of the high-temperature me
phase, while theR state is a different phase. This conclusi
is consistent with the EPR experiments by Nakamuraet al.11

Figure 5 shows the optical conductivity spectra obtain
through the Kramers-Kronig transformation from the refle
tance spectra of Fig. 4. The spectra in theQ state and the

FIG. 3. Conductivity spectra of the~a! u-CsZn,~b! u-RbZn, and
~c! u-RbCo salts at room temperature, obtained from the reflecta
spectra shown in Fig. 2 through Kramers-Kronig transformation

FIG. 4. Temperature dependence of the infrared reflecta
spectra of theu-RbCo salt for the~a! Euua and~b! Euuc polarizations.
The notations~Q! and~R! indicate theQ andR states, respectively
Note the scale offset between different spectra.
llic

d
-

metallic state above 190 K exhibit a single broad absorpt
band around 3000 cm21. On the other hand, the spectra
the R state exhibit three absorption bands above 2000 cm21.

Figure 6 shows the temperature dependence of the re
tance spectra of theu-CsZn salt. The spectral shape exhib
a feature of metallic dispersion down to 20 K. This salt
reported to undergo a metal-insulator transition at 20
However, we could not cool the sample below 20 K in t
present measurements. Therefore, spectral change~if any!
associated with this metal-insulator transition has not b
investigated in the present study.

Figure 7 shows the optical conductivity spectra obtain
through the Kramers-Kronig transformation from the refle

ce

ce

FIG. 5. Temperature dependence of the optical conducti
spectra of theu-RbCo salt for the~a! Euua and~b! Euuc polarizations.
The notations~Q! and~R! indicate theQ andR states, respectively
Note the scale offset between different spectra.



ity
ex
th
te
ur
he

he
he
ab

ri
ve
p
re

i

h
f
C

th
n

pr
c
io

o
on
t

tion
ge-
use
e

ean-
ne-

ose
sso-
tic

gligi-
led

ard

n

vity

PRB 62 9381ESTIMATION OF CHARGE-ORDERING PATTERNS IN . . .
tance spectra shown in Fig. 6. Although the conductiv
spectra below 200 K have been affected a little by the
trapolation used in the Kramers-Kronig transformation,
conductivity spectra do not exhibit a gap for any attemp
extrapolations. This is consistent with the Drude-like feat
of the reflectance spectra. Therefore, we conclude that t
exists an intense absorption band with extremely small~or
zero! excitation energy, although we cannot assign whet
or not this band is due to the intraband transition. Anot
important feature of the conductivity spectra is a broad
sorption band around 2000 cm21. This band is obscure
around room temperature and becomes intense with lowe
the temperature. A similar absorption band is also obser
in u-ET2I3.

15 However, the spectral intensity of the absor
tion band in this salt is much larger than that of the cor
sponding band inu-ET2I3. Later in this paper, we will dis-
cuss the origin of this transition in detail.

IV. DISCUSSION

A. Theoretical calculation of the conductivity spectra

One of the problems in the mean-field approximation
multivaleny of the self-consistent-field~SCF! equation. In
the normal mean-field procedures, a SCF solution which
the lowest energy is chosen as the most plausible solution
a given sets of parameters. However, the choice of the S
solution in this procedure is often a subtle problem, since
energy differences between different SCF solutions are
always large enough. This problem becomes serious as
increase the number of the mean-field parameters.

In this paper, we propose that the SCF solution appro
ate to the observed state may be determined by the spe
analysis. The point of this method is to derive some relat
between the spectral feature and a certain SCF solution
calculating the optical conductivity spectra on the basis
the mean-field approximation. With the help of the relati
thus obtained, we deduce the SCF solution appropriate to

FIG. 6. Temperature dependence of the infrared reflecta
spectra of theu-CsZn salt for the~a! Euua and~b! Euuc polarizations.
Note the scale offset between different spectra.
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observed optical conductivity spectra. Once the SCF solu
is determined by this method, we can find out the char
ordering patterns, degree of spin-polarization, etc., beca
such information is included in the SCF solution. Here w
should note that the spectral calculation based on the m
field approximation has been previously carried out for o
dimensional quarter-filled conductors by the author~H.T.!.3

The calculated conductivity spectra are consistent with th
experimentally obtained, although the spectral change a
ciated with the phase transition from an antiferromagne
state to a charge-ordered state has been found to be ne
bly small in the case of the one-dimensional quarter-fil
conductors.

In this calculation, we assume an extended Hubb
Hamiltonian,

ce

FIG. 7. Temperature dependence of the optical conducti
spectra of theu-CsZn salt for the~a! Euua and~b! Euuc polarizations.
Note the scale offset between different spectra.
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H5 (
i jpqs

~ t i jpqcips
1 cjqs1c.c.!1(

i jpq
Vi jpqnipnjq

1U(
i

nip↑nip↓ , ~1!

wherecips
1 , cips are creation and annihilation operators f

an electron with spins ~5↑ or ↓! on pth molecular site in the
i th cell. We reduce this extended Hubbard Hamiltonian i
the effective mean-field Hamiltonian

Hmean5 (
i jpqs

~ t i jpqcips
1 cjqs1c.c.!1(

i jpq
Vi jpq~^nip&njq

1^njq&nip2^nip&^njq&!1U(
i

~^nip↑&nip↓

1^nip↓&nip↑2^nip↑&^nip↓&! ~2!

in a similar manner reported by Seo16 and Seo-Fukuyama.17

The choice of the unit cell is crucial in this calculation. F
the u-type molecular conductors, Seo has derived ma
kinds of SCF solutions by assuming a unit cell contain
eight molecules. In our present calculation we assumec
3a and 2c3(c1a) unit cells, both of which contain fou
molecules. The assumed unit cell are enough for the spe
analysis, although some of the SCF solutions appearin
Seo’s study are missing in our calculation.

This calculation is essentially a band structure calculat
where the unit cell contains four molecules. Therefore,
highest occupied molecular orbital, which forms the cond
tion band, splits into four bands in this approximation. W
number them from 1 to 4 in the order of energy, i.e., ban
has the lowest energy and so on.

After we evaluate the mean-field parameters by mean
the SCF calculation, we calculate the optical conductiv
spectra by using

sa~v!5ReH 1

iV\3 (
n

v

vn0

2@Hmean,Pa#0n@Hmean,Pa#n0

~v22vn0
2 2 ivG! J .

~3!

HereP is a dipole operator, defined as

P5e(
i

Ricis
1 cis , ~4!

andG is the relaxation rate.3,18

In the following calculation, we assumeG to be 0.1 eV,
and use transfer integrals—tc520.033 eV and tp
50.099 eV—which were obtained for theu-RbCo salt at
room temperature.9 We assume the Coulomb-repulsion p
rameters,U50.8 eV, Vp50.1 eV, andVc to be a adjustable
parameter ranging fromVc50 eV to Vc50.3 eV. ~As for
subscripts ‘‘p’’ and ‘‘ c,’’ see the overlapping mode of mol
ecules shown in Fig. 1.! We have determined the Coulomb
repulsion parameters so that a phase transition occurs in
calculation. Although some ambiguity is inevitable in th
above choice of the parameters, it is not serious in
following discussion. Here we should note that the va
o

y
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n
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of U2Vp50.7 eV is consistent withUeff(5U2V)50.7 eV,
which was obtained for ET•HgBr3 based on optical
measurements.19

Figure 8~a! shows the schematic patterns of charge ord
ing in the SCF solutions obtained for the 2c3a structure.
The solutions are denoted by~1! VS ~vertical stripe!, ~2! HS
~horizontal stripe!, and ~3! AF ~antiferromagnetic!. In the
present sets of parameters, the AF solution is metastable
the most stable SCF solution is~1! VS for 0 eV,Vc
,0.13 eV, and~2! HS for 0.14 eV,Vc,0.3 eV. However,
the energy differences among these solutions are quite sm
Thus we consider the possibility that the AF state is realiz
in the actual system. In the following calculations shown
Figs. 8~b!–8~g! and Figs. 10~b!–10~g! we only show the re-
sults of the calculation for the most stable SCF solutio
while the spectral calculation for the metastable AF solut
will be described in Fig. 11.

Figures 8~b! and 8~c! show net spin 2Sz on the two sites
~a, b!, and degree of charge disproportionationd. Figures
8~d! and 8~e! show the total spectral intensityvp

2 defined by

FIG. 8. Summaries of the mean-field calculations for thec
3a lattice. In this calculation,tc520.033 eV, tp50.099 eV, U
50.8 eV, andVp50.1 eV are assumed:~a! the schematic charge
ordering patterns in the SCF solutions;~b! net spin on the sitesa
andb @see the definition shown in~a!#; ~c! degree of charge trans
fer from sitea to siteb; ~d! the intensity of the absorption band i
the Euua conductivity spectra;~e! the intensity of the absorption
band in theEuuc conductivity spectra;~f! the peak positions of the
n→4 (n51,2,3) optical transitions in theEuua conductivity spectra;
~g! the peak positions of then→4 (n51,2,3) optical transitions in
the Euuc conductivity spectra.
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vp
258E

0

`

s~v!dv, ~5!

and its fraction due to them→n interband transition for the
Euua and Euuc polarizations, respectively. Figures 8~f! and
8~g! show the peak positions of them→n interband transi-
tion for theEuua andEuuc polarizations, respectively. The in
traband transition does not appear in both~1! VS and~2! HS
solutions.

As can be seen from the spectral intensity shown in F
8~d! and 8~e! the spectral shape in the~1! VS solution is
almost determined by the 2→4 interband transition for the
Euua polarization, and the 3→4 interband transition for the
Euuc polarization. @See the left half of Figs. 8~d! and
8~e!.# Thus the single-peaked shape is expected for the
tical conductivity spectra in the~1! VS solution. On the con-
trary, the spectral line shape in the~2! HS state is determined
by a combination of the 3→4, 2→4, and 1→4 interband
transitions.@See the right half of Figs. 8~d! and 8~e!.# There-
fore, the triple-peaked line shape of the conductivity spec
is expected for the~2! HS solution.

Figure 9 shows a schematic explanation for the spec
difference between the HS and VS states. The point of
explanation is to neglect the transfer integral alongc axis,tc .
Under this assumption, the possible excitation configura
is only one for the VS ground state@Fig. 9~a!#, while it is
three (A;C) for the HS ground state@Fig. 9~b!#. Therefore,
the conductivity spectra in the VS state exhibit single-pea
feature, while the spectra in the HS state exhibit trip
peaked feature.

Figure 10 shows the spectral feature calculated for
2c3(a1c) lattice. In this choice of lattice, we obtain thre
SCF solutions corresponding to the ordering patterns den
in Fig. 10~a! by ~4! VS, ~5! DS ~diagonal stripe!, and~6! AF.
In the Euua spectra of the~4! VS solution, the spectral inten
sities of the 3→4 and 2→4 optical transitions are compa
rable. @See the left half of Fig. 10~d!.# However, the peak
positions of the two transitions are close to each other.@See
the left half of Fig. 10~f!.# Therefore, peak splitting does no
occur unless the spectra have narrow line widths. In theEuuc
spectra of the~4! VS solution, the spectral feature is dete
mined by the 3→4 transition@see left halves of Figs. 10~e!
and 10~g!# as well as in theEuuc spectra of the~1! VS solu-
tion in the 2c3a lattice. Therefore, single-peaked shape
expected. In the spectra of the~5! DS solution, the spectra

FIG. 9. A schematic explanation for the spectral difference
tween the HS and VS states. The possible excitation configura
is only one for the VS ground state~a!, while it is three for the HS
ground state~b!.
s.
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intensity of the 3→4, 2→4, and 1→4 interband transitions
are comparable to each other.@See the right halves of Figs
10~d! and 10~e!.# Thus the spectra exhibit triple-peaked fe
ture likewise the spectra of the~2! HS solution in the 2c
3a lattice.

Figure 11 shows optical spectra for the typical SCF so
tions given by the mean-field calculations. Here the solut
denoted by ‘‘normal metal’’ is the state where neither cha
ordering nor spin polarization exists. The spectra shown
Figs. 11~d! and 11~h! are the optical spectra for the AF so
lutions in the 2c3a and 2c3(a1c) lattices @solutions~3!
and~6! in Figs. 8~a! and 10~a!, respectively#. These solutions
are metastable in the calculations of Figs. 8 and 10. For th
solutions, the Fermi surface still exists as well as the norm
metal solution. Therefore, the Drude-type intraband tran
tion appears. Figure 11~e! shows the optical spectra calcu
lated for the HS-type solution derived from the transfer in
grals of theu-RbCo salt at 7 K. The spectra exhibit triple
peaked feature similar to the spectra shown in Figs. 11~c!
and 11~g!.

-
n

FIG. 10. Summaries of the mean-field calculations for thec
3(a1c) lattice. In this calculation,tc50.033 eV, tp50.099 eV,
U50.8 eV, andVp50.1 eV are assumed:~a! the schematic charge
ordering patterns in the SCF solutions;~b! net spin on the sitesa
andb @see the definition shown in~a!#; ~c! degree of charge trans
fer from sitea to siteb; ~d! the intensity of the absorption band i
the Euua conductivity spectra;~e! the intensity of the absorption
band in theEuuc conductivity spectra;~f! the peak positions of the
n→4 (n51,2,3) optical transitions in theEuua conductivity spectra;
~g! the peak positions of then→4 (n51,2,3) optical transition in
the Euuc conductivity spectra.
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B. Charge-ordering patterns in the u-type salts

In the following, we deduce the charge-ordering patte
by comparing the conductivity spectra experimentally o
tained and those calculated by means of the mean-field
proximation. Although our calculations do not consider t
exciton effects, a qualitative discussion is still possible
cause spectral difference between the VS and HS is q
large.

1. u-RbZn andu-RbCo salts (TË190 K: R state)

Three peaks appear in the optical conductivity of the
salts~top of Fig. 5!. This feature is consistent with the spe
tra shown in Figs. 11~c!, 11~e!, and 11~g!. Since the DS order
is not plausible in the dimerized state below 190 K, we co
clude thatthere is HS order in the R state of theu-RbZn and
u-RbCo salts. A similar conclusion has been obtained b
Chiba et al. on the basis of NMR experiments.20 Although
consistency between the calculated and the observed sp
is not complete, this may be attributable to the exciton
fects, which have not been considered in the present st
According to similar calculations for a one-dimension

FIG. 11. Optical conductivity spectra calculated for the typic
SCF solutions given below:~a! ‘‘normal metal’’ solution~the solu-
tion where neither charge ordering nor spin polarization exists!; ~b!
VS solution in the 2c3a lattice; ~c! HS solution in the 2c3a lat-
tice; ~d! AF solution in the 2c3a lattice; ~e! HS solution in the
dimerizedu structure;~f! VS solution in the 2c3(a1c) lattice; ~g!
DS solution in the 2c3(a1c) lattice; ~h! AF solution in the 2c
3(a1c) lattice. In this calculation,tc520.033 eV,tp50.099 eV,
U50.8 eV, andVp50.1 eV are assumed except for~e!. In the case
of ~e!, the transfer integrals determined for theud-RbCo salt at 7 K
are assumed~Ref. 9!.
s
-
p-

-
ite

e

-

ctra
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l

quarter-filled conductor, the exciton effect becomes large
the degree of charge separation increases.3

2. u-RbZn andu-RbCo salts (TÌ190 K)

The spectral features of these salts~bottom of Fig. 5! are
quite similar to those of Figs. 11~b! and 11~f!. Thus we con-
clude thatthere is VS order in these salts above 190 K. One
may consider that this conclusion is inconsistent with
electrical behavior, in which the resistivity is almost consta
above 190 K, because the Fermi surface does not exis
the VS state. However, this inconsistency is solved by
suming the hypotheses~ii ! and~iii ! described in the introduc
tion. We would like to emphasize that there are two deg
erate charge-ordered states with the VS order in theu-type
structure, and such degeneracy is necessary for the do
motion assumed in the hypothesis.

If we accept the above-mentioned conclusion descri
for the u-RbZn andu-RbCo salts, the metal-insulator trans
tion around 190 K is accompanied by the change of char
ordering patterns from the VS order to the HS order. Sin
the freedom of the spin is conserved in both the VS and
states@see 2Sz in Fig. 8~b!#, we may expect that the susce
tibility is approximately continuous below and above t
phase-transition temperature. We consider that this scen
well explains the phase transition at 190 K in theu-RbZn and
u-RbCo salts.

3. u-RbZn andu-RbCo salts (TË190 K: Q state)

From the spectral feature~Fig. 5!, we conclude thatthere
is VS order in this state as well as T.190 K. Although the
VS state deduced in this study has not been reported in o
experiments, this may be explained by considering that
dynamical motions of the stripe prevent the detection of
VS order.

4. u-CsZn (TÐ20 K)

The optical conductivity spectra of this salt exhibit th
Drude-like feature and a broad absorption band around 2
cm21. The latter component becomes remarkable with lo
ering the temperature. These spectral features are consi
with the calculated spectra shown in Figs. 11~d! and 11~h!.
Thus we conclude thatcharge disproportionation inu-CsZn
is absent (or negligibly small)and thatthe broad absorption
band around 2000 cm21 originates from the fluctuation o
the AF order. This seems to be consistent with anomalo
temperature dependence ofT1

21 observed in 1H-NMR
experiments.13

V. SUMMARY AND CONCLUSION

In the present study, we have measured the reflecta
spectra of theu-type ET salt. We have found~i! the optical
conductivity spectra of theu-CsZn salt is Drude-like down to
20 K; ~ii ! the spectra of theu-RbZn andu-RbCo salts exhibit
a drastic change around 190 K, when samples are co
down slowly; ~iii ! the spectral change described in~ii ! is
absent for samples cooled down rapidly. We have calcula
optical conductivity spectra on the basis of the mean-fi
approximation applied to the extended Hubbard Ham
tonian. By comparing the calculated and observed spectr

l
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the optical conductivity, we have deduced the char
ordering patterns of theu-RbZn, u-RbCo, andu-CsZn salts.
We have concluded that the phase transitions around 19
in the u-RbZn andu-RbCo salts are attributable to the firs
order transition from the VS state to the HS state, and
the charge disproportionation is absent~or negligibly small!
in the u-CsZn salt above 20 K. The analysis performed
this study is based on the hypotheses~i!–~iv! described in the
introduction. Although these hypotheses have not yet b
proved, the conclusions obtained in this study seem to
consistent with other experimental results. We consider
these hypotheses are keys to understanding the elec
electron correlation phenomena in low-dimensional cond
tors. In this context, it is interesting to analyze the opti
conductivity spectra of other molecular conductors and in
ganic conductors using the same method of the spe
i-

to
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analysis as that described in this article. Such studies are
in progress.
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