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Charge ordering in 8-(BEDT-TTF),RbZn(SCN), studied by vibrational spectroscopy
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Charge distribution in the insulating phase®{BEDT-TTF),RbZn(SCN), [BEDT-TTF denotes bigthyl-
enedithiolgtetrathiafulvalengis investigated using the polarized Raman and infrdfBgd spectroscopy. Both
of the Raman and IR spectra showed a multiple-peaks pattern below metal-insulator transition temperature. We
assigned the carbon-double-bond=(C) stretching-modes based on the isotope shift in'fi@&substituted
sample, and performed a factor-group analysis for the polarized IR and Raman spectra. These results proved
that charge disproportionatiofCD) takes place in the insulating phase, and that the spatial pattern of the
charge ordering agrees with the symmetry determined by the x-ray diffraction. The CD ratio was estimated
from the frequency of a ring £&-C stretching mode that is weakly coupled with electronic excited states. A
systematic way to investigate the CD phenomenon based on vibrational spectroscopy is discussed.
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[. INTRODUCTION have proposed that a stripe-patterned charge ordering is sta-
bilized in the insulating phase owing to intermolecular Cou-
Charge ordering draws a growing attention as a newomb repulsive forces. Recently, Moeit al. have proposed
electron-correlation phenomenon in organic charge-transfahat the intermolecular Coulomb interaction can be estimated
(CT) salts'? 9-(BEDT-TTF),RbZn(SCN), [BEDT-TTF de-  from the electrostatic energies between the point charges on
notes bigethylenedithiolgtetrathiafulvalene, abbreviated to a molecule calculated by the extendedckiel methodt*
ET, hereaftef and its isostructural compounds have been Among various approaches applicable to the research of
studied as examples of two-dimensioné2D) charge- the charge orderintf*3vibrational spectroscopy can be one
ordering system. The series éftype of ET salts has been of the powerful methodé for the following reasons. First,
synthesized by Moret al>* In these compounds, ET mol- the frequencies of the-€C stretching modes of ET sensi-
ecules are not dimerized but take a uniform herringbone afively shift depending on the charge population upon the
rangement. Since these compounds hav@/4)-filled band 1 ,51eculel>18 This property enables us to estimate the CD
v_vith a closed Fermi surface according to the band calcuIaT- tio. Second, the stretching mode of the centra+C bond
:'r?;s'éhgges%sveie(rjnga%?cﬂba:rl]zmtaﬁoagygIy;ﬁorg:ﬁn? f ET molecule strongly couples with charge-transfer excited
. ' ’ stated electron-molecular vibratiofEMV) coupling], gener-
pounds eventually become insulators at low temperatures. . " s
ting a large factor-group splitting. As is widely known, the

The charge gap responsible for the insulating behavior i " .
ascribed to a certain charge localization, because these co ctor-group splitting tells us the unit-cell symmetry through
’ the spectral selection rule. Because the selection rule is sen-

pounds remain paramagnetic in the insulating pHaske o o L
most important difference from the Mott insulating state inSitive to the charge distribution, the vibrational spectra pro-

«x-type ET saltd is in the characteristic charge distribution; vide us essential information on the arrangement of equiva-
charge disproportionatiofCD) is suggested to occur in the !ently charged molecules. _ _
insulating phase of thé salts. In the present paper, the polarized Raman and infrared
The charge localization found in thétype compounds (IR) spectra of6-(ET),RbZn(SCN), are studied to verify

has been investigated primarily by means of magnetic anhe presence of CD in the insulating phase and to determine
theoretical methods. Nakamugt al. discovered a sign of the spatial pattern of the ordered charges from the vibrational
CD in the angular dependence of the electron-spin-resonan@alysis. Based on the results of the thorough investigation
spectrum of 6-(ET),CsZn(SCN), which stimulated an on the polarized spectra, we will discuss a systematic way to
interest in the CD phenomenon of thietype ET salt®  analyze the vibrational spectra of ET salts in charge ordering
Miyagawa etal’ and Chiba etal® performed the state. In Sec. lll, we assign the Raman and IR spectra in the
BC-nuclear-magnetic-resonance measurements f@r C=C stretching region with the aid of the isotope shift in
(ET),RbZn(SCN), and reported the existence of charge-the *C-substituted compound. Existence of the screw-axis
rich and -poor sites in the insulating phase. Meanwhile, Sesymmetry is verified through the factor-group analysis in
and Fukuyama have carried out a mean-field calculation t&ec. IV A. By using a cluster model, we confirm the occur-
understand the mechanism of the charge localizatfband  rence of CD in Sec. IV B. Finally, the CD ratio is estimated
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FIG. 1. Arrangement of ET molecules in the crystal of E
0-(ET),RbZn(SCN), (a) at room temperature ar(®) below Ty, . > M
<
=
from the frequency of a certain=£C stretching mode in é A 250K
Sec. IV C.
N3]
Il. EXPERIMENTAL
Single crystals of6-(ET),RbZn(SCN), were prepared 12:)0 1360 14:)0 15<|>o 1e<|)0
following the reported procedufeThe average crystal size RAMAN SHIFT (cm-)

was ca. X0.2x0.02 mn?. The crystals were mounted by
grease on an aluminum cold stage in a cryostat Oxford FIG. 2. Temperature dependence of the a(+ c)-polarized
CF1104, and cooled down to 20 K. The temperature of thdkaman spectrum around the characteristic frequency ferCC
sample was measured with a silicon-diode sensor fixed to thgfretching.
cold stage. The cooling rate was controlled at ca. 2 K/h
around the metal-to-insulat@¥I) transition temperatur€y,  their molecular long axis perpendicular to the plane of the
in order to suppress the formation of a metastable Stete. donor layers. Thé3/4)-filled band and the closed Fermi sur-
Raman spectra were collected using a Renishaw Ramascopgse predicted by the tight-binding calculatfofulfill the
System 1000 composed of a notch filter, single monochroconditions for a stable metal, but the crystal undergoes a
mator, and charge-coupled device cooled by a thermoelectrigrst-order Ml transition at around 150—190K? Lowering
device. Excitation |Ight from a He-Ne Iaser, NEC GLG5731 Symmetry' the unit cell is doubled be|0V\MI . The doubled
(A=632.8 nm) was focused on a ca. AGa-diameter spot unit cell accommodates two pairs of crystallographically in-
through a microscope equipped with an objective lens Mitdependent moleculesfand D, (n=1,2) as shown in Fig.
sutoyo M Plan Apo 20x. The laser power was kept less thal]_(b) Throughout this paper, we have empk)yed the room-
75 uW to avoid overheating. The scattered light was col-temperature notation of the crystal axes, though the space
lected with a backscattering geometry. In this paper, the pogroup is changed frorh222 toC2* below Ty, .
larizations of the incident and scattered light are referred to  Figure 2 shows the temperature dependence of the Raman
as, for example,d,c) in the case that the incident and scat- spectrum around the characteristic frequency e&=C
tered light were polarized in tha andc axes, respectively. stretchings. The spectrum observed abdyg consists of a
Each spectrum was collected with a 30 min accumulationprgadband centered at 1474 ©hlt changed to a multiple-
Infrared reflectance spectra were observed from 600 ®eaks pattern below,, . Among the observed bands, the
12000 cm * using a microscopic measurement system coMyeak band at 1407 cnt and the bundle of sharp peaks at
posed of an IR microscope Spectratech IR plan and a Fouground 1290 cm! are attributed to the C-H bending modes
transformed IR spectrometer Nicolet Magna 760. Sample%(ag) and vs(ay), respectively, because the observed fre-
were cooled with the same system used in the Raman meguencies and the pattern agree with the reported features of
surement, except that a KBr crystalline plate coated with ahese vibrational modes.The multiple Raman signals can-
waterproof film(TOPCON Co., Tokyo, Japawas used as ot pe explained in terms of the molecular symmetry. This is
the optical window. Conductivity spectra were calculatedpecause an ET molecule has only three=C stretching
through the Kramers-Kronig analysis from the reflectancenodes, even if we take into account one Raman inactive
spectra. Details of the reflectance measurements have beﬁihgerad)emode.
described elsewhefé. Figure 3 shows the optical conductivity spectra measured
on theac plane. The spectra exhibited a broad band at room
Ill. RESULTS temperature. The profile of the broad band is not simple
Drude-like, but it indicates an energy continuum in the ex-
cited state. A very broad hump and dip were found around
Figure ¥a) shows the molecular arrangement of ETs inthe C=C stretching region(ca. 1200 and 1500 cnt).
the crystal of -(ET),RbZn(SCN), at room temperaturé. These features may be ascribed to a vibronic effect caused by
The ET molecules are arranged in a herringbone pattern with structural fluctuatio”® Though the spectra of the metallic

A. Crystal structure and multiple C=C stretching peaks
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lago and v, are composed of central and in-phase ring=C
stretchings, and the ungerade madg corresponds to an-
{200 tiphase ring €=C stretching. We performed the isotope-shift

__\r
measurements using tHéC-substituted sample to determine
\\T;

400 the assignment of the multiple peaks. As shown by the aster-

isks in Fig. 4b), the two carbon atoms in the centra=C
bond are replaced by°C atoms in the isotope-substituted
sample. Because only the two gerade modgsnd v; in-
clude the central €<C bond stretching, these modes can be
distinguished from the ungerade modg, by the isotope-
shift measurement. Moreover, it is possible from the isotope
shift value to distinguishv; from v,, since the contribution

100 of the central &=C stretching inv; is larger than that of
21,25,26

/(ti))/\/’"
Vo
501 Figure 5 shows the polarized Raman and conductivity
D——] spectra of the naturainonsubstituted and *C-substituted

555 o s 2000 samples. All peaks except far, and vs showed isotope
WAVENUMBER (cm-1) shift. Therefore, these peaks are attnbut.ed.to the.gerade
modesv, andvs. The ungerade,; mode, which is polarized
FIG. 3. Optical-conductivity spectra polarized parallel (& along the molecular long axis, was found neither in the Ra-
the a axis and(b) the c axis. Upper and lower curves in the two man nor in the IR spectra, because the molecular long axis is
panels show the spectra measured at room temperature and 50 erpendicular to thec crystal face. We labeled the=C
respectively. stretching peaks as shown in Fig. 5 to specify the peaks
belonging to a common mode between the natural and sub-
phase are not well understood, we will devote our attentiorstituted samples. The frequencies of these peaks are summa-
to the insulating phase in the present discussion. The condugized in Table | together with the assignment. Correspon-
tivity spectra were significantly changed beldw, [lower  dence of the peaks between the two samples was determined
curves in Figs. @) and 3b)]; one can see the large high- in the following manners. The lowest-frequency peaks of the
frequency shift of the spectral weight and the emergence ofyo samplesb, and b,, are commonly found in thea(a)-
the multiple-peaks similar to the Raman spectrum in theyng * b*)-polarized Raman spectfSee Figs. &) and
charge-gap region. Tajimet al. have argued the electronic 5(c)] and a-polarized conductivity spectruniFig. 5(d)],
excitation in the conductivity spectrum in terms of compari-yyhere b* denotes the direction perpendicular to the
son with a theoretical calculatidi.Here, we will focus our plane. The sharps signals overlap these broad bands, mak-
attention on the characteristic vibrational features to investiing it difficult to determine the precise frequency difference

200

I E

OPTICAL CONDUCTIVITY (S/cm)

100

150

OPTICAL CONDUCTIVITY (S/cm)
(=]

gate the charge population on each ET molecule. between the two broad bands. However, it is certain that the
difference is less than ca. 60 €M which is the maximum
B. Isotope shift of the multiple C=C signals isotope shift expected for the local mode of—=<T

According to the normal-mode analysis assuminghe stretching?’ Therefore, we c_;or]sider thap andb; belong to
molecular symmetr§ the three E=C stretching modes of & common mode. For the similar reasons, two brqad bends
the ET molecule are classified into two gerade and one urfi?dcz of the natural sample are attributeddpandc; of the
gerade modes. Figurga shows the schematic atomic dis- —C-substituted samplgFigs. §b) and Fe), respectively.

placement in these modes. The two gerade modes, cajled  The b; band is the next lowest-frequency peak in the
(a,a)- and (b*,b*)-polarized spectra of the natural sample.

In the (a,a)-polarized spectrum of the'*C-substituted

. S S sample[Fig. 5a)], no peak corresponds to;, but in the
«=—> <--> «=> >=< (b*,b*)-polarized spectrunjFig. 5(c)] there exists an in-
| Sj[S tense band; . We consider thab, andb; belong to a com-

_> S ¥

mon mode, because these two peaks show an analogous po-
larization dependence and the frequency difference is in the

“—=>r —>)— S \ , ,
>_< reasonable range as the isotope shift for tee C stretching.
Since the'®C substitution decreases the stretching frequency
valag)  vilag) V27 (b1w) S\_/S of the bare central €C bond, it will cause a decoupling
between the central and ring=€C stretchings, which are
(a) (b) coupled in the natural compound. As a consequence, the con-

tribution of the central €&C stretching is enhanced iy of

FIG. 4. (a) Schematic atomic displacement for the=C the substituted Sampir’é'.zs Since the central £€=C bond is

stretching modes(b) Molecular structure of thé*C-substituted ET ~ oriented along th&* axis, the Raman intensity of; for the
molecule(asterisks indicaté3C atoms. 13C-substituted sample is expected to be enhanced in the
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TABLE |. Experimental Ramar(R) and optical-conductivity

(@) by a (a.a) (IR) peak-frequencies spectra (ch) and the assignments to the
vs(ag) l?g Pl oap ai C=0C stretching mode¢Fig. 5. The isotope shift £ ) is calcu-
T V4(‘:g) Ve

lated separately for the Raman and IR signals.

18

1 1

blz' w(;zg) A a|1' Peak © 30 Aw Assign-
= = Label R IR R IR R IR  ment
5 (b) @ (@.0) a 1548 1525 18 v
- ! 1539
@ a, 1480 1461 19 vy
E b, 1455 1456 1424 1427 31 29 9w,
z c 1447 1442 1410 1401 37 41 w,
z c, 1383 1380 1334 1335 49 45 y,
2 b, 1333 1328 1290 1291 43 37 9w,
[an

Calculated using the average frequency of pesksanda .

can be divided into two groups: the isotope shiftsdgrand

a, are smaller than ca. 20 ¢m, whereas those fdy;, b,,

c;, andc, are larger than ca. 30 cm. The large difference

in the isotope shift clearly indicates that the former peaks are
assigned to, and the latter ta5. It should be noted that this
assignment agrees with the above tentative assignmehbj for
andb; .

200} IV. DISCUSSION

A. Factor-group analysis

The vibrational spectrum of crystalline samples often
100} (e) co 1 shows more lines than what is expected for the isolated mol-
H_/J'\//\__.’_____ ecule, since the site symmetry is lowered by the low-
symmetry environment surrounding the molecules. In the

PRI present case, however, such an activation of forbidden modes

100} ] cannot explain the appearance of the multiple peaks, because
M,,_)\J\»’_’J_,_,_. the C=C stretching modes consist of only two gerade
000 7300 400 7200 e modes, as has been confirmed in Sec. Ill A. Therefore, we
WAVENUMBER (cm-1) focus on factor-group splitting to understand the reason for

the appearance of the multiple peaks in this section.

FIG. 5. Polarized Raman and optical-conductivity spectra of the ~ As shown in Fig. 1b), the unit cell of the insulating phase
natural (upper curvg and °C-substituted(lower curve samples. accommodates four molecules. The four molecules are di-
(@, (b), and (c) show the @,a)-, (a,c)-, and @*,b*)-polarized  vided into two crystallographically independent pairs, in
Raman spectra, ar(d) and(e) show thea- andc-polarized optical-  \yhich A, and D, (n=1,2) are crystallographically indepen-
conductivity spect_ra, respectiveliff €50 K). Dashed curves ift) dent of each other, and; (X=A,D) is connected withX,
and(d) are the guide for eyes. by the screw-axis symmetry, which is parallel to thaxis. If

T L i ) i , the four molecules are nearly equivalent and the intermo-
(b*,b*) polarization. Accordingly, if we assigo, andby 10 |gcyar interaction is negligible, the=€C stretching mode
the v3 mode, the different polarization dependence of theshould be fourfold degenerate. On the other hand, if these
two peaksb; andb; can be reasonably explained. four molecules are strongly interacting with each other, the

The remaining peaks are classified into the high-molecular vibrations can be coupled to each other to form
frequency peakda;, (x=a,8) and a;] and the low- the combination modes, which results in the unfolding of the
frequency peaksa, and a;). We consider that the peaks degeneracy in accordance with the factor-group symmetry.
classified in the same group belong to the common modelable Il displays the correlation diagram of the normal
though the number of peaks in the former group differs beimodes among the molecular, site, and factor-group symme-
tween the two samples. We will mention the reason for thidry. This table shows that the four modes are split into pairs
disagreement at the end of the following section. of the A and B types of the crystalline modes under the

The above classifications are summarized in Table | tofactor-group symmetr, of the insulating phase. Compari-
gether with the isotope shifts. As shown in Table I, all peaksson between the experimental results and this table indicates

OPTICAL CONDUCTIVITY (S/cm)
o o
|
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TABLE Il. Correlation diagram of/, andv; among the molecu-  on the molecule, this result ensures the equivalence of the
lar, site, and factor-group symmetry. molecular charge on the crystallographically equivalent mol-
ecules. It should be emphasized that the screw-axis symme-

Mol. sym.  Site sym. Factor grp.  Corresponding try is verified for the charge distribution. Because the spec-
Modes Don Gy G peaks troscopic method provides higher sensitivity to the molecular
charge than the x-ray diffraction method, this result can be a

4 43, 4A 2A a, ,a 9= 4 - -
" ’ 2B 1 crucial information for the determination of the symmetry of
4, 4a, AA oA by.b, the charge ordering.
2B C1,C o
4y, 4b,, 4A 2A B. EMV coupling in the charge-ordered system
2B The vibronic coupling effect has been analyzed using

cluster models which have been applied mainly to 1D
systemg®-3! Since the unit cell of the present 2D system

that the polarization dependence of the observedignals ~ ncludes four ET moleculeSee Fig. 1b)], we introduce a

can be explained by the factor-group symmetry; according tg2 tetramer to discuss the observed spectral features. The
the selection rule for this symmetry, pedksandb, appear- Hamiltonian for the EMV coupling within a tetramer is writ-
ing in the (@,a)- and (*,b*)-polarized Raman and ten as

a-polarized IR spectra are attributed to tiecrystalline

mode, andc, and ¢, in the (a,c)-polarized Raman and Hemy = giniQ; . 1

c-polarized IR spectra to the mode. The clear factor-group i=1234

splitting observed fows suggests that this mode induces a,, s formula,Q; denotes the vibrational normal coordinate
strong intermolecular charge oscillation due to the EMV COU<in the present discussion, we consider oaytype mode
pling. This argument is consistent with the calculations pre-ni indicates the charge population on iltie site among four

dicting that vs has the strong%atstMV coupling constant g5 andg. stands for the EMV coupling constant between
among the normal modes of The broad linewidths 5 npaired electron 4th site and the vibrational mode.

of b,, ¢, andc, and strong IR intensity of these peaks aISOUsing the symmetrized normal coordinated: = (Q,,

support the present explanation. +Q _ .
: *+Q,0)/2 (X=A,D) and the sum or difference of the charge
On the other hand, cleas, S|gnaI§ were only ob§erved for population within the paim: =(ny=n,,)/2, the Hamil-
the A modes. Weaker EMV coupling is responsible for the; "=~ 213
tonian is transformed infd

absence of th& mode, because the coupling constant of this
mode is smaller than that of;. The sharp line shapes af H Ja=(0Fr +O0 ) (nt+n ) +(0f —0" ) (nt —nt
anda, also indicate the weak EMV coupling of this mode. ' E4V'9 (Qo+Qa)(Np+Na)+(Qo = Qa)(Np—~Na)

The splitting of v, in the A mode is ascribed to CD as we +(Qp+QA)(Ng+nx)+(Qp—QA)(Ng—nN4),
will discuss in the following section. As already mentioned
in Sec. Il B, the natural sample showed a peculiar doublet, 2

&, andayg, in the (@,a)-polarized Raman spectrufisee  where we have neglected the difference in the coupling con-
Fig. 5@]. If both a,, anda,; originate from ther, mode  stantg between the crystallographically independent mol-
together witha,, we have to consider a larger unit cell be- ecules. Notice thaQ™ andn™ belong to theA crystalline
cause the factor-group analysis based on the doubled unitode, sinceQ* is the in-phase combination of the normal
cell predicts at most twé\ modes for one molecular mode. coordinates, aneh™ is the sum of the charges between the
However, a larger unit cell is inconsistent with the reasonablerystallographically equivalent molecules. Thus, the first and
agreement of/; with the factor-group analysis based on the second terms of Eq2) composed oQ* andn™ belong to
doubled unit cell. Because;, which has a larger EMV cou- the A mode. Similarly, the third and fourth terms belong to
pling constant, should be more sensitive to possible changese B mode.
in the inter-molecular interaction than, it seems unreason- Figure 6 shows the schematic level diagram of the EMV
able to ascribe the appearance of the doublet to the factocoupling in the tetramer. If this compound has a uniform
group splitting. Furthermore, th&C-substituted sample did charge distributior(no CD), all ETs should have nearly the
not show such an extra, peak in theA mode[see Fig. 80)].  same frequency for each normal mode. Therefore, the first
Therefore, we conclude that one of the peaks in the doubletrm represents the totally in-phase coupled mode, which
of the natural sample is attributed to an overtone or a comeoes not induce charge oscillation between any combination
bination mode, which is enhanced by the Fermi resonancef molecules. Since this mode is decoupled with charge os-
with the peak corresponding ta) of the 3C-substituted cillation, its frequency shows no shifsee Fig. 6b)] from
sample. the value determined by the molecular charge. Thus, this
The fact that the selection rule for thg signals can be Raman-active mode cannot be IR active. The second term
explained by the factor-group analysis based on the symmeepresents the in-phase coupling betweén and X, (X
try determined by the x-ray diffraction indicates the exis-=A,D) and antiphase coupling between, A&and 0, (n
tence of the screw-axis symmetry in the insulating phase=1,2). In contrast to the first term, the second term induces
Since the frequency of the; mode is sensitive to the charge the charge oscillation between,/fand 0,, and thus this
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(b) (c) MOLECULAR CHARGE (+e per ET)
FIG. 6. Level diagram of the EMV coupling effects) Molecu- FIG. 7. Reported Raman frequencies ®f (circles and v;

lar normal modes are degenerated in isolated stéigFhe degen- (squaresfor various ET salts listed in Table IIl. The data are plotted
erated modes are split into one EMV-uncoupled and three EMvWith respect to the ET molecular charge. Broken and dotted-broken
coupled modes in the presence of the vibronic interaction. Thdines show the approximate charge dependence of the two modes.
dotted lines indicate the interaction with the CT state caused by théhe two dotted lines show the frequenciesbefandb, (see text
second to fourth terms in E). (c) The charge disproportionation

mixes the twoA-symmetry modes and turns the originally in-phase  The effect of the EMV interaction appears strongly in the
mode to be IR active. spectrum only when the intermolecular CT interaction and
the coupling constant of the specific vibration mode are
strong enough. Therefore, we can classify the signals from
the charge-sensitive modes in terms of the properties related
%o the molecular vibrational modes and the crystalline elec-
tronic state to understand the influence of the EMV coupling.
The molecular vibrational mode is characterized by the
charge sensitivity of the frequency and strength of the cou-

leads t S f the stat ina f the first and th ling constant of EMV interaction. Because the charge-
eads o a mixing of the states coming irom the first an nsensitive mode is useless here, we discuss the charge-

second terms in Eq2) [see Fig. €)], and thus the origi- sensitive modes with(@) weak and(b) strong coupling

nally IR inactive mode based on the first term gains the IRt:onstant. The crystalline electronic state is characterized by

intensity from that of the second term. Recall that there exisf, charge distribution and the strength of the inter-molecular
CT interaction, and classified into four casés: uniform

two A modes ofvs (b; andb,) in the observed IR spectra
[Fig. S(d)]. The weaker intensity dj, suggests that this peak distribution and weak CT interactiofij) CD and weak CT

corresponds to the IR-activated m.ode. Appearance of th'ﬁneraction,(iii) uniform distribution and strong CT interac-
mode in the IR spectrum can be viewed as a proof for thg;o, “2nqiv) CD and strong CT interaction. In the case(iof
occurrence of .CD in this insulating phasg. In Sec. IV A Weand (i), the molecular charge can be estimated without any
verified that'thls' crystal has a screw-axis symmetry in theconsideration on the EMV coupling; we can use b@hand
charge distribution. Thus, we conclude that the separate ) types of vibrational modes for this purpose. On the other
charge fo.rms a sp-called horizontal pattern running along th and, in the case dfii ) and(iv), we have to take account of
screw axis (a axis). the frequency shift due to the EMV interaction. For tfig)
case, the totally in-phase modes uncoupled with the vibronic
effects. Thus, botlta)- and(b)-type modes are available as a
Many charge-sensitive modes linearly change the frereliable measure of the molecular chafgee Fig. &)]. In
quency, depending upon the charge on the molecule. Utilizthe case ofiv), however, because the in-phase mode is also
ing this property, the fractional molecular charge in CT saltgnvolved in the EMV interaction, we can use only tfe-
is often estimated from the frequency shift of suchtype modes. Since the insulating phase of the present com-
modest®~8 For the ET molecule, it is known that the two pound belongs tdiv), it is suspected that; showing the
gerade E=C stretchingsy, and v; show a large charge- strong EMV coupling effect is inappropriate for the estima-
dependent frequency shift. However, as we have discussdin of the molecular chargeCD ratio). Meanwhile, we have
so far, the two modes show the different vibronic propertiesconfirmed that the, shows weaker EMV coupling features.
In order to estimate the molecular charge from the vibradt suggests that this mode can be applied to the CD ratio
tional frequency, we have to take into account the EMV cou-estimation as &a)-type mode.
pling effect. Figure 7 displays the Raman frequenciesigfand v

Raman-active mode can be IR active. This vibronic level will
show a down-shift as shown in Fig(l§. Consequently, if
CD is not present, one IR and two Raman bands will b
observed as tha mode[ E|a for IR and (a,a) and (©*,b*)
for Ramarn. On the other hand, if CD is present, the fre-
guency of the charge-sensitive=€C stretching mode should
be different between the Aand O, sites. This difference

C. Charge disproportionation ratio
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TABLE lIl. Raman frequencies (cm) of v, and v, plotted in Fig. 7. For those peaks which appear as
split peaks or have a shoulder, the higher frequency is adopted as the peak posfeorio the original
papers, because the peak of the lower frequency may be influenced by the EMV coupling.

Number Compound p (e vy V3 Ref.

1 Neutral ET 0 1552 1494 33

2 k-(ET),[ Cu(NCS)] 0.5 1506 1470 34

3 k-(ET),Cup(CN)5 0.5 1498 1471 16

4 k-(ET),CUN(CN),]Br 0.5 1496 1468 25

5 B-(ET),l3 0.5 1495 1468 35

6 k-(ET),CU N(CN),]CI 0.5 1489 1463 16

7 a-(ET),(NH4)Hg(SCN), 0.5 1488 1469 16

8 a-(ET),RbHg(SCN), 0.5 1488 1469 16

9 k-(ET)4HgsClg 0.5 1486 1464 16

10 (ET)Cl, H,O 0.67 1487 1468 16

11 (ET)(HSGy), 0.67 1476 1460 16

12 (ET)BIl, 1 1465 1407 16

13 (ET)AuBKCl, 1 1462 1416 16

14 (ET),[M0gO4q] 1 1460 1414 36

a; 0-(ET),RbZn(SCN), 0.15 1544 Present study
b, 0-(ET),RbZn(SCN), 0.85 1480 Present study

(see also Table IJlfor various ET based CT salts plotted gated the charge distribution through the interpretation of the
against the molecular charge expected from thenultiple C=C stretching bands. We assigned fayrcrystal
stoichiometry*52533-%The brokenw, and dot-brokenr;  modes and twa, crystal modes based on the spectra of the
lines were drawn between the frequencies of the neutral mo3C-substituted compound and factor-group analysis. iFhe
ecule and monocations. This figure manifests that the fremode, which is strongly coupled with electronic systems,
quencies ofvs signals show an irregular molecular-chargewas employed to verify the occurrence of CD and the sym-
dependence, i.e., pedlk, for instance, is positioned much metry of the charge distribution. On the other hand, ithe
lower than that ofv; for the monocationic ET. On the other mode, which is weakly coupled, was used for the CD ratio
hand, the frequencies of the twlomodes ofv, are included estimation. The present result is important not only to con-
within those of the neutral and monocationic ETs, suggestingirm the occurrence of the charge ordering in the insulating
that this mode can be applicable to the CD ratio estimationphase of this compound, but also to understand the vibra-
Using the slope 90 cit/e of the broken line, we estimated tional spectra in charge-ordered systems with strong EMV
the deviationp from the average charge-(0.5) of the two  interaction.

types of molecules A®5?) and D'(®5"") as p~+0.35
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