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Charge distributions in the donor layer for the paramagnetic semimetal-like and nonmagnetic insulating
phases of thex-(BEDT-TTF),l5 single crystal[BEDT-TTF: bigethylenedithiolgtetrathiafulvaleng were
investigated under quasihydrostatic pressures up to 3.6 GPa using Raman spectroscopy. The results confirmed
the appearance of charge disproportionation below the metal-insulator phase transition tempBygtufiené
average charge-disproportionation ratio, 0.2—0.8, at ambient pressure was quite pressure sensitive and de-
creased by ca. 0elGPa with increasing pressure. This result is ascribed to the faster increase of the transfer
integrals than the intersite Coulomb repulsions under pressure. The loss of the inversion centers in the non-
magnetic insulating phase, concluded by the selection rule, suggests that the charge is ordered such that it
forms a so-called horizontal stripe. Nonuniform charge distributions were also found at temperatureg,gbove
for the paramagnetic semimetal-like phase. The experimentally determined small charge difference among
BEDT-TTF at crystallographically nonequivalent sites is consistent with the band calculations.
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. INTRODUCTION phase® The paramagnetic(PM) susceptibility in the
semimetal-like state gradually falls off toward,, and
In the well-known family of the (BEDT-TTR)l; saltd?  abruptly drops affy, . Therefore, the ground state is a non-
[BEDT-TTF: bigethylenedithiolo tetrathiafulvalene, here- magnetic insulatingN!) state with a small spin gai§:"> The
after abbreviated as H;ffour main crystal phases exist; three absorption spectrum in the microwave and millimeter-wave
of these phases, i.63, 6, andx, are metallic and undergo a 'egions shows no indication of a density-wave ground state
superconducting phase transitbh® whereas thea phase that originates from the Fermi-surface mstabﬂﬁy% calori-
exhibits a first-order metal-insulatoMI) phase transition at Metric study has suggested a purely electronic nature for this
Ty =135 K8 The structure ofw-(ET),l5 consists of alter- phase transition, since the magnltu_o_le of the entropy change
nating anion and donor layers. At temperatures abbye is comparable to the phase transition from a metal to an

. . — antiferromagnetic insulator in quasi-one-dimensional con-
the unit cell with theP1 space group accommodates four 4 ,-tors!317 Based on this finding, Heidmaret al. proposed

ET's; two ET's; A and A’, are combined by an inversion  nossible rearrangement of the charge distribution at tem-
centgr and form stack I, whild anq C, located on the in- peratures belowl,, . However, the precision of the x-ray
version centers, form stack [see Fig. 12)].° The band cal- iffraction experiments mentioned above was insufficient to
culation predicts a two-dimensional semimetal with smallyerify the charge localization that leads to the rearrangement
electron and hole pocketsvarious studies have been con- in the charge distribution. More quantitative consideration of
ducted to elucidate the origin of this phase transition. Previ-

ously, Endrest al,® Emgeet al,® and Nogamkt al'° stud- (a) B (b)
ied the low-temperature structure beloly, from the f“"'%} ------ ! {-----% ------ !
structural point of view. The former two groups solved the A} . C;g? d&‘f’&g
structure withP1 and found no significant structural change, f) c g’?;éj) g A :
with the exception of a small rotatiof+~1°) of moleculeB Cﬁéé) %&) Cﬁ;?p o C_ﬁ@_}_ """ i
¥
1 1

along the direction increasing the dihedral angle betw&en A Cgéﬁ dgéﬁ
andB. On the other hand, the latter group suggested that the ~ | C_% _____ i P C‘&QQ') ______ i

inversion symmetry was broken: that is, they proposed a

weak dimerization of ET’s at th8 and C sites and a non-
equivalence betweeA andA’. The low-temperature infra-
red spectra also suggested the breaking of inversior b a

symmetry!'2The unit cell shows a contraction along tae
axis and expansion along tieaxis, with a small expansion FIG. 1. Schematic representation of the structures in the donor
of the cell volume during the transformation to the insulatinglayer of (a) a-(ET),l; and(b) 6-(ET),l5.
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the charge localization has been conducted based on the in- Il. EXPERIMENT
frared spectrum of a powdered samffleHowever, the
infrared-active modes are screened by the strong eIectronj[%
absorption and therefore there remains some ambiguity ngeled With13C isotope® The 1°C was substituted only in
regards the assignment of the infrared-active bands. Kinﬂ1e central €-C [hereallfter referred to a&ic(2)-ET]
and Fukuyama theoretically investigated the MI transition of '

i . e _aitedingle crystals ofp-(ET),l; were occasionally found in the
go(j;)ﬁtlf Zﬁg%yn&eigéfé%tge%zpagif\?vzgi t?ﬁ; t?ﬁrgnas:;same batch. The structure types and the directions o&the

fourth energy bands, along with the disproportionation ofandb. axes were |dent|f|eq by infrare@R) reflectance spec-
charget®?° According to their calculations, the localized tra with the use of a Fourier transforRT) IR spectrometer

positive charge is ordered such that it forms a vertical strip é?g:;gévl _ﬁ?;ir Z?;)ls \C/;)enr]é)lrr:\%%n\t,géhb anré:senglrcir;)sccuopeer
along the stack (A andA’) with an antiferromagnetic con- ' Y y9 bp

figuration. They attributed the nonmagnetic ground state t§ old stage in a cryostat Oxfgrd CF1104.’ and then they were
the formation of a spin singlet in dimerized stackA and cooled at the rate of 1.5 K/min. The cooling rate was reduced

A’). Seo introduced intersite Coulomb interactivh and E@gi.ﬁ?ﬁn d?(fdaggéhl—gfst(]f}xmepderg{utfewfégosqgogeng::‘an
found that a vertical stripe along stack II, a vertical stripe ge.

along stack |, and a horizontal stripe became stable upon aﬁ)egtra were collected in backscattering geometry using a
: . . 21 . . enishaw Ramanscope System 1000 composed of a notch
increase in the magnitude ®7U.“" Analyzing the magnetic

susceptibility belowT),, , Seo proposed that the horizontal filter, single monochromafcor, an_d a charge.-co_uple_d device
. . . . cooled by a thermoelectric device. An excitation light, an
stripe would be realized im-(ET),l5. A recent solid-state

C NMR study supports the localization of charge and?rgon Iglser()\:5121.5 ng_) or dlodeblaser(_)\=780 nm, was q
charge disproportionation at temperatures belby 222 | oo- o0 onaca. fim-diam spot by a microscope equippe

. : with a long-working-distance objective lens, Mitsutoyo M
Al of'these stud|e§ suggest.that chargg orderg) is 2  Plan Apo 10<. Raman spectra were measured using two
plausible explanation for this electronic phase transition

o T 7 laser polarizations, i.e.p(a+b) on the main(001) face and
Howeve_r, the rearrangement of the cha_rge distribution mtc a~|—pb~l— c) on the edgé of trze thin-plate-like crystal. Note
the unit cell has not been well elucidated. Recently'that the light polarization was almost perpendicular and par-

Yamamoto et al. investigated the phase transition of
. allel to the central &<C of ET for (b,a+b) and (c,a+b
0-(ET),;RbZn(SCN), and demonstrated that infrared and +c¢), respectively. Furthermore, both of the polarization di-

Raman experiments can verify the presence of?€®his . S ) -
idea was bE')ised on the fact that the frequencies of some nd‘ECtlonS mmlml;ed the high background probably from,ll
mal modes are sensitive to the molecular cha’g&2’When  SINce the directions were nearly perpendlc_ular to the axis of
charge disproportionation takes place, the charge-sensitije - The ®.a+b) and (c,a+b+c) polarizations were mea-
Raman bands tend to split. The analysis of these split bandi!red with 75 and 2W laser powers, respectivelynder
gives semiquantitative evaluaton of the charge-Pressure, these powers were raised by about)58%ower
disproportionation ratio and the formation of the particularlaser power was adopted foc,@+b+c), since the Raman
CO stripe pattern. In this study, we applied the same methothtensity for (c,a+b+c) was higher than that forba
to clarify the nature of the Ml phase transition @fET,l5. +b). The acquisition time of the single spectrum was ap-
The MI phase transition is suppressed by hydrostatic pregproximately 60 min.
sures above 1.5 GP&2°®and the high-pressure PM phase  For the high-pressure Raman experiment, we used a
shows unusual transport propertf@dhe PM and NI phases clamped-type diamond-anvil cell, KYOWA CR-DAC-
have not been studied under high pressure, except for iIKY04-3, made of BeCu25. To avoid the influence of the
magneti¢* and transpoff?®*°experiments. This is the first strong diamond Raman line at 1332 ¢ sapphire(0.8-
spectroscopic study to examineET,l; under high-pressure  mm-diam culetwas used as an anvil. An Inconel gask&B8
conditions. More generally, interest in the CO state in or-mm thick with a drilled cylindrical hole 0.5 mm in diameter
ganic charge-transfer salts is quickly growing, as the theoretwas used as a sample chamber. Single crystais (ET),l5
ical studies have thus far suggested a relationship betweemere placed close to the culet of the sapphire and were im-
the charge fluctuation and pairing mechanism inmersed in the pressure media at a 1:1 mixture of Fluorinart
superconductivity*3?In this context, it is worth noting that 75 and 77. The pressure regime at low temperature was
superconductivity has been found i (ET),l; at tempera- quasihydrostatic. The laser light penetrated through the sap-
tures belav 7 K under a moderate uniaxial strain along the phire was directly irradiated onto the crystal face in order to
axis® diminish the contribution of the pressure media to the col-
In Sec. lll, we show the temperature dependence of théected Raman spectra. As a pressure indicator, we used a
Raman spectrum acquired at ambient and quasihydrostatiaby fluorescence line, assuming the dependence on a pres-
pressures. Special attention is devoted to the spectral changere of ca. 0.364 nm/GPa for all temperatutest room
at the MI phase transition. In Sec. 1V, the pressure depentemperature, we applied several pressures up to 3.6 GPa and
dence of the charge-disproportionation ratio above and baneasured the temperature dependence of the Raman spectra
low the phase transition temperature is discussed. Subsésr each subsequently applied pressure. As the temperature
quently, the type of the charge stripes is discussed. was lowered to 20 K, the pressure in the sample chamber

Single crystals ofx-(ET),l; were prepared according to
e reported procedure for “natural” ET as well as for ET
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FIG. 2. Temperature dependence of the Raman spectra excited with 514 @n(bfa+b) and (b) (c,c+a+b) polarizations for
a-(ET),l; and(c) the (c,a+c) polarization forf-(ET),l5.

decreased in a pressure range efP<1.5 GPa, whereas it pendence will be discussed below. Here we discuss the po-
increased by ca. 0.2 GPa above 1.5 GPa. larization dependence and isotope shift. The and v
modes of E>" involve mainly in-phase ring £-C stretch-

ing and central E=C stretching, respectivef:*! Therefore,

the isotope shift ofv; would be expected to be much larger

Figure 2 depicts the temperature dependence of the R&an that ofv, (Ref. 40, and thev; mode appears very
man spectrum of-(ET),l; and #-(ET),l; measured at am- strongly in the polarization parallel to the long molecular
bient pressure. The molecular arrangement in the conductingxis of ET(Ref. 42. The spectra of the PM phafeig. 3@)]
layer of 6-(ET),l; is similar to that of a-(ET),I3.%®  are characterized by a strong pelak in the (c,a+b+c)
0-(ET),l3 is metallic down to ca. 4 K, and some crystals polarization and bya; anda, peaks in the lf,a+b) polar-
show superconductivity at around 3.6°KAs shown in Fig.  ization. The isotope-labeled sample showed another pgak
2(c), the Raman spectra of metalli-(ET),l5 exhibits no  in addition toa] and a3 [Fig. 3b)]. It is certain that the
change on lowering temperature, and well-separatednd  strong bands ob, andb] are attributable to the same mode.
vz modes are clearly observed. On the other hand, abruptne large isotope shift between the, and b} bands
changes were observed at temperatures between 120 and ]{%)O(bi)—w(b1)=53 cn1] indicates that they can be as-

K "? the spectra ofe-(ET),l5 [Figs. 2a) gpd 2b)]. Thi$ signed to thev; mode. Two- and three-component bamgls
finding corresponds to the Ml phase transition reported |nth%12 and a,, aj, a, in the (b,a+b) polarization showed

dc conductivity atTy, =135 K. The difference inTy, be- : . §
tween the Raman and resistivity measurements is likely t(?r rigiltlgé 'tsgt?hréefhr':s dtagéroa\l:l_?ﬁ. Ttrr']f ;BZ)cltrC;npgftee;;
stem from the laser-induced sample overheating in the Rg 2 ' Mi o

Ill. RESULTS

man experiment. The overheating effect for the high-pressur ecame morelé:ompllcated, as shown in Figs) and 3d).
data should be smaller than that obtained at ambient pre§*> regardse-(“C(2)-El3, thevs bands are clearly sepa-
sure, because the crystal is immersed in a cold pressure mk tted frqm those relatt_ad e, as a resullt of thellarger Isotope
dium and the thermal conductivity to a heat sink is muchdoWnshift of vs. In this manner, thel; andd; bands, to-
higher than that in a vacuum. Figure 3 shows the comparisofi€ther with a broad vibronic bardh, which was observed
of the Raman spectra af-(ET),l; anda-(13C(2)-ET),l; at pnly at 780 nm excitation, assigned ig. For the non-
20 and 150 K. We examined the features of the spectra usingotope-substituted sample, tte, d,, andd, bands are at-
two different light source$\=514 and 780 nnin order to tributed tovs, since the isotope shifts calculated with respect
acquire as many peaks as possible. Particularly in the case ¥ d1, d;, andd; were around 50 cfi. The more convinc-
the NI phase, the collected data showed noticeablé"g argument in favor of the above assignment is thatdthe
excitation-light dependencfFigs. 3c) and 3d)]. We as- andd, bands exhibited high intensity in the,@+b+c)
signed the spectra, as summarized in Table |, by taking ageolarization andd; revealed a broad vibronic feature. The
count of the polarization, isotope shift, factor group splitting,c;, ¢;, andc; bands exhibited smaller isotope shifts and
and pressure dependence. The factor group and pressure diggher intensity in the case ob(a+b), and therefore they

224105-3



ROMAN WOJCIECHOWSKIet al. PHYSICAL REVIEW B 67, 224105 (2003

12 of a-(*3C(2)-ET),l; splitinto ¢, c,, andcy. In the same
C 2] manner, théb,; band associated with the, mode splits into
7B - a_ (@ dq, d,, andds in ’C-ET andb; splits intod;, d5, andd}.
o _L Since.the frequencies of the, anq Vs modes are charge
e sensitive, the large amount of splitting observed belgyy
w clearly demonstrated that charge localization, and thus
e ‘_/\,\\______ charge disproportionation, occurs beldyy, . This observa-
a; a tion strongly supports the proposal based on infréremd
B U NMR?223 experiments and theoretical predictitit®2!
Vi B ™ (b) The other five band®;—e; showed no isotope shift,
E ' which indicates that these bands are independent of the cen-
§ e 4_/\ tral C=C stretching V|brat|oq. Among the;—e; bands,
g e,—e, appeared only belowy, in the (b,a+b) spectra ex-
£ M cited with 780 nm in the case of both-(ET),l; and
U a-(*3C(2)-ET),l;. The &5 band was also observed in the
2 |/ '\ " spectra taken abovgy, [see Fig. 83)]. Thee,—e; bands are
2 12 probably due to the CjHbending modes such ag (a,) and
2 C e )2 vse (Dag) OF evenwyg (byy) and vys (by,). 2% The g
= & 3N ¢, © band, observed in both-(ET),l; and a-(3C(2)-ET),ls,
E d, can be assigned to the; mode, since no other mode except
S | J dz\/\ Vo7 is expected at this frequency.
& & Figure 4 shows the temperature dependence of the Raman
/b spectra of a-(ET),l; and a-(*3C(2)-ET),l; at approxi-
mately fixed pressures. The spectral patterns observed at
Je /\ above 75 K were similar to those measured at ambient pres-

) sure for the PM phasksee Figs. &) and 3b)], with the
13C , exception of a small high-frequency shift. The resultant data
h C3 ¢ (@ shows thafTy, is located between 75 and 70 K. The lower-
ing of Ty, by the application of pressure is consistent with
e / é A the pressure dependence of the electrical resistivity.
" ! d, When the temperature approaché'q,,,_ from the high-
& temperature side, the peatsanda, (v, in PM) weakened
and three bands a,, c;,, andc, (v, in NI) increased in
, ‘ ) . . - - intensity. Thec; band was not seen, since it had overlap with
N a strongd, . At the same time, the bands associated wiih
1200 1260 1300 1350 1400 1450 1500 1550 1600 (bq, by, dq, andd,) also behaved in the same manner as did
Raman shift (cm™) the v,-related bands at arountdy, . The b; band gradually
lost intensity; subsequentlg; andd, bands appeared. The
FIG. 3. Raman spectra okx-(ET),l; [(@ and (c)] and d, band can be observed only in the,&§+b+c) spectra
a-(*3C(2)-EMN,l3 [(b) and(d)]. (a) and(b) were taken at 150 K and  [Fig. 4(b)]. The doublet nature of the, andc;, bands was
(c) and(d) at 20 K. In each panel, two top spectra were excited withmore pronounced in the 780-nm-excitation spectra and was

/e

514 nm, while two bottom ones With_ 7SQ nm. Thie and|lc indi- not clearly found in the ambient-pressure spectfsee Fig.
cate the spectra taken in the polarizations bfa(tb) and €,a  3(c)]. This trend is consistent with the observation that the
+b+c), respectively. ¢y, andcyy, bands are more enhanced at higher pressures. On

the other handg; was not observed under pressure, probably
are attributed ta,, as were the corresponding bandsat  due to the overlap witk; . For a-(**C(2)-ET),l5, as shown
C,, andc; found ina-(ET),l5. If we apply the product rule in Figs. 4c) and 4d), the three components , a;, anda;
of Teller-Redlich to thea; modes of ET, the product ratio (v, in PM) changed into four well-separated bangls, c;,,,
(vava)l(v,vs) is expected to be equal tango/mcid ™ ¢}, andc) at aroundTy, . In this compound, the downshifted
where v and »; are, respectively, the frequency of the 15 bands did not interfere with the, bands, but the over-
mode of 3C(2)-ET and ET andm¢;, and me;; are the  lapping with e,—e;5 rendered it difficult to rigorously count
masses ot°C and*C, respectively, since the onby andv;  the number ofvy bands.
modes show a large isotope shift among thead 2nodes of We measured the pressure-dependent peak shifts in the
13C(2)-ET* As shown in Table I, the product ratio close to Raman spectrum of-(ET),l5 at 20, 100, and 150 K to
the expected value 0.961 supports the assignment forthe observe the rearrangement of the charge distribution. Figure
and v3 bands. Summarizing the above assignments, in th& shows the pressure dependence of the Raman spectrum of
weakly split v, mode,a; and a, of a-(ET),l; split more  «a-(ET),l; at 20 K. The observed pressure dependences of
extensively intac,, c,, andc; below Ty, anda; , a;, anda;  the frequencies of, and v; are plotted in Fig. 6. One can
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TABLE I. Assignment ofv, and v3 modes for6-(ET),l3, a-(ET),l3, anda-(*¥C-ET),l;. Aw is the
isotope shift observed in the phase. s: shoulder. b: broad peak. vb: very broad peak with gajjpdenotes
the average value of the frequencyagf(j =1,2, and 3 assuming thak, anda; is degenerate in unsubsti-
tuted compound.

Temperature 6-(ET),l4 a-(ET),ls a-(YC-ET),l4 Aw
(K) ay modes (cm™ Y (cm™) (cm™b (cm™Y
a;=1511(s) a;=1495(s)
vy a=1495 a,,a;= 1487 a,=1483 Aw=11
az=1475(s)
150 Vs b=1469 b,=1470 b;=1417 53
(a)by 0.957
(ay)by
c;=1533 c;=1517 16
vy a=1495 c,=1481(s) c)=1465 16
Cc3=1462 c;=1452 10
d,=1476 d;=1423 53
20 V3 b=1469 d,=1458 d;=1410 48
ds=1352(b) d;=1303(vb) 49
Cj’dj, 0.954 (=1)
ed 0.957 (=2)
e 0.957 (=3)

see that the spectrum shows remarkable peak shifts, deperfitation of the charge distribution by pressure, since the fre-
ing upon the pressure both in the P@% 1.5 GPa) and NI  quencies ofv, and v; are sensitive to the molecular charge.
(P<1.2 GPa) phases. In the PM phase above 1.5 GPa, allhe observed behavior indicates that the bands of the
Raman bands showed an upshift with increasing pressure. ¢harge-rich sitesd,,c;) and charge-poor site€(; ,C;p) ap-
should be noted that the application of pressure generallproach each other with increasing pressure. Therefore, the
hardens vibrational modes. To examine this effect from theharge disproportionation tends to be suppressed by pressure.
obtained data, we measured the pressure dependence of theed; band also showed an upshift upon pressure. Sigce
Raman spectra of a stable metallic compourdET),l;. is more or les€ MV coupled* the upshift was the result not
The results measured at 20, 100, and 150 K are also showanly of the change in the charge distribution, but also of the
in Fig. 6. The gradient of the nearly linear relationship be-change in transfer integrals.

tween frequency and pressure was obtaineddagdP

~4-5cm ' GPa ! (see Fig. 6. This value is considered as IV. DISCUSSION

the pressure effect simply resulting from the lattice

contractiorf®® Analogous behavior was observed in the spec- Before discussing the charge distribution in the unit cell
tra of the PM phase at 100 KP0.4 GPa) and 150 KR more quantitatively, let us briefly view the factor group
>0 GPa), as shown in Figs.(@ and Gb). Nevertheless, analysis. Table Il shows the correlation diagranagfmode
do/dP of & was slightly higher than that o&;, e.g., in a-(ET),l;. As the space group B1 aboveTy,, four a,
A(dw/dP)~2-3 cm *GPa . This finding indicated that modes(four molecules in the unit céllare classified into
the splitting ofv, tends to be slightly suppressed under pres1’(4a4) =3A4+ A, and theoretically thred, modes can ap-
sure in the PM phase. However, the suppression degree fear as Raman-active bands. If the three Raman-active
much smaller than that found in the NI phase. The pressurmodes derived from the charge-sensitive mode are ob-
dependence of the spectrum of the NI phase is very differergerved, the splitting may reflect the nonuniform charge den-
from that of the PM phase. In the NI phase below 1.2 GPasity at the three crystallographically nonequivalent sites. If
thec;, andc;, bands revealed a very pronounced downshift.we take a tight-binding band model, the difference in charge
The gradientiw/dP is estimated as ca-9 cm *GPa . On  density at the crystallographically nonequivalent sites is as-
the other hand, the, andc; bands revealed an upshift. The cribed to the set of transfer integrals and site-energy differ-
c; band shifted up over 10 cm and eventually overlapped ences. Since the unit cell af-(ET),l; contains four ET
with d; above 0.55 GPa. Therefore, ti@/dP of c; is prob-  molecules, the highest occupied molecular orbiEHOMO)

ably as high as 20 cht GPa *. These peculiar pressure de- band consists of four split bandsThe seven transfer inte-
pendences cannot be understood as a result of the lattiggals given by Moriet al. provide a semimetal band, in
contraction, but instead are ascribed to the continuous modivhich holes partially occupy the fourth and third barid$e
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3c , (c) 3¢ d; (d) nm and p,a+b) polarization and(b) and (d)

with 780 nm and ¢,a+b+c) polarization.
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site-energy difference comes from the Coulomb interactiongrgy is the same at every site, we numerically calculated the
with the counter anionsI". The charge density at théh site  eigen functionkm) of the tight-binding band and found that
can be calculated by the following equation: the site charge given by E@l) was approximately expressed
like pa=par=pg=0.5+ 8 andpc=0.5-36,: i.e., siteC

is charge poor and the other three sifesA’, andB are
slightly charge rich. This inhomogeneity is reduced by the

) ) ) introduction of on-site Coulomb energy. According to
wherelkm) is the Bloch function of thenth band,n; is the  Kjno and Fukuyama by the mean-field calculation for a

number operator at thgh site, andf(¢) is the Fermi-Dirac  gmgjleru (i.e., in the semimetal regiondy, is calculated to
function for a hole. Using;, the charge distribution in the o 5pout 0.03°

_ _ _ K .03.
unit +ce|l+ is +expressed insuch manner a&PA Interestingly, thev, mode in the PM phase af-(ET),l;
A'PA" BPB CPc  [see Fig. 1a)]. Assuming that the site en- was split into two bandsy anda,, as shown in Fig. @),

4
pi= 2 2 (kminj[km)f(e), (1)

ka,kb m=
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FIG. 5. Pressure dependence of the Raman spectra(&T),l5 1470 rp/d;)
at 20 K excited with 514 nm for theb(a+b) polarization. 1460 ”
C,
1450 + + l l + + +
Fig. 4@ (T>75K), Fig. 4b) (T>75K), and Fig. 5 P L
>1.5 GPa). They, anda, bands are, respectively, assigned '

to the v, mode at the charge-rich and charge-poor sites. To g1 6. Pressure dependence of the band frequencies observed
roughly estimatesy from the experimental data, we used the 4t (5) 150 K, (b) 100 K, and(c) 20 K in a-(ET),l5 and 6-(ET),ls.

linear relation between the charge on ET and the frequencyne spectra of the former and latter compounds were taken with
of v,, sincev, is coupled much more weakly thansig with 514 nm excitation andh(a+b) and (a,a+c) polarizations, re-

an electronically excited state VEBMV interaction? To be  spectively. The gray symbols represent the bands observed in the
more precise, the frequency of, against the molecular phase, while the open symbols denote the bands recorded i the
charge is not linear, because the degree of mixing wigh phase.

depends upon the molecular charge. However, the linear re- ) ) o

lation is a sufficient approximation for a rough estimation, he agrlgement with the theoretical calculation is very good.
which is described in the Appendix. Within the linear ap- For a-(“"C(2)-ET),l3, the v, mode in the PM phase con-

proximation, 8, is estimated from the equation sists of three bandsy, a;, anda; [see Figs. &), 4(c), and
4(d)]. The further splitting of the v, mode of

1 vy(ay) —vy(ay) a-(3C(2)-ET),l; can be explained by the charge-dependent
M™% 2,(0)— vy(1+) () isotope shift, which is discussed in the Appendix. The

band slowly weakened upon pressure, and still weakly re-
where 1v,(0)=1552cm ! and v,(1+)=1462cm 2%  mained, even at 3.6 GRaee Fig. 5, which indicates that the
Figure 7 shows the pressure dependencéypfat 20, 100, charge distribution is nonuniform up to 3.6 GPa. The sepa-
and 150 K. As shown in this figurej,,~0.05 is almost ration between th@, anda, bands was almost pressure in-
pressure independent. Therefore, the hole density afthe dependent, and thu%, was also nearly independent of pres-
A’, andB sites in the PM phase is estimated at about .55 sure up to 3.6 GPa. The high-pressure x-ray diffraction
and the corresponding value at tResite is about 0.35. experiment indicates that the unit cell af(ET),l; shows
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TABLE II. Correlation diagram ofay; modes ¢, and v3) among the molecule, site, and unit-cell sym-

metry.
Molecule Space Site
symmetry group symmetry Factor group I'(4ay)
P1 Ci(B,C) Ci
Dan (T>Tw) Ci(AA)
(T<Tw)
P1 2a4(B,C) 2a4(B,C)
la (A A
vy, V3 4ay (T>Tw) 2a(AA") 3 ) 3Agt+A,
la,(AA")
P1 4a 4a 4A
(T<Twi)

almost isotropic contraction upon pressure, and the dihedrahe appearance of four peaks attributablesso At ambient
angle between ET molecules in different stacks does nagpressure, only three,-related band¢see Table) were ob-
change within the limits of experimental erfGif the lattice ~ served in the Raman spectra at temperatures bdlgw
contraction is isotropic, every transfer integral would be ex-probably because of their low intensity. However, under high
pected to increase in the same manner. In such a situatiopressure, the four bands associated wihwere identified
the charge distribution calculated by Ha) hardly changes. both in a-(ET),l; [seec;, ¢,, andcs in Fig. 3(c) andcy,,
Therefore, the splitting of the,, mode, and thus the inho- Cip, andc, in Figs. 4a) and 4b)] and ina-(**C(2)-ETyls
mogeneous charge distribution in the PM phase, can be eXs€eci,, Ci,, C;, andcg in Figs. 4c) and 4d)]. The pres-
plained very well by the band picture. Tajinetal. reported ~ €nce of fogrvz bands indicates_the breaking of the inv_ersion
the transport properties af-(ET),l; under 2.0 GPa. They Symmetry in the NI phase. This symmetry change might be
proposed a very narrow-gap semiconductor model with théelated to the splitting of the stretching modes f below
hole mobility as high as 8 10° cn?/V's at about 1.5 K. This 103 K in a-(ET),l53.™ The dlsa’ppearance of inversion sym-
model implies that the charge carriers are moving coherentl{?€lY indicates that tha an,dA sites are no longer equiva-
in harmony with the band picture. Our results in the PM ent to each otherA#A’. As shown n Fig. S.P :
phase at 20, 100, and 150 K are consistent with their mode[1-2 GPa), the four bands are grouped into two pairs, i.e.,
Let us now turn our attention to the spectrum of the NIgﬁa{rgcéb-;g:rcgﬁ?éhva\(pg;g—]ri(i:%rrseifepsoqgstgetgﬁ\ierlr;oq'i:rtetg?e six
phase. If the Inversion symmetry is broken'Tgy,, the SYM-  hossible ways to assign the two charge-rich sites among the
mefry representations for the NI phase changes int our sites in the unit cell. The paramagnetic susceptibility of
I'(4ay)=4A (see Table Il In such a case, we may expect , (=T . exhibits an abrupt drop at 135 K and decreases
toward zero with an activation energy of500 K1® Seo
analyzed the susceptibility in the NI phase using the alternat-
ing Heisenberg model employing the relationJof 4t%/U,
where J and t are, respectively, the exchange energy and
transfer integral between the holes ddds the on-site Cou-
lomb energy. Based on this analysis, he proposed a horizon-
tal stripe along the zigzag linABAB.. as the array of the
localized positive charg&. This conclusion is based on the
large transfer integrals betwed(0,0) and B(0,0), between
A(0,0 and C(0,0), betweenC(0,0) and A’(0,1), and be-
tweenA’(0,1) andB(—1,0), where the numbers in paren-
theses denote the translation along ¢hand b axes. These
pairs can form a spin singlet. This model requires the break-
ing of inversion symmetry, which was confirmed in this ex-
pressu're (GPa) ' ' periment. If we follow this model, the charge-rich site is
(A,B), (A,C), (C,A"), or (A’,B). Other evidence supporting
FIG. 7. Pressure dependencedf(gray triangle and 3y, (gray  the horizontal stripe model is the observation of a new weak
circle) at 20 K calculated from, bands shown in Fig. 5. The data €lectronic absorption band at about 7500 ¢nmn the Ellb
5y calculated from the spectra measured at 100 and 150 K argpectrum belowT,, (see Fig. 9 of Ref. 47 This electronic
drawn by® andO, respectively. See the text for the definitiongf  transition is associated with the excited state involvihg
and Sy . which corresponds to the charge-transfer excitation between

0.35

0.30¢

deviation §; and &y, from 0.5
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the charge-rich sites. The polarization direction of this tran-dihedral angles between ET molecules under pressure; in
sition is expected to be parallel to the direction connectingother words, the intermolecular distances are shortened with-
the centers of the charge-rich sites; for example, the directionut changing the molecular arrangem&hfThe localized
connecting theA and B sites forms angles of 67° and 22° charge is probably ordered in the rangeRx¥ 0.6 GPa and
with respect to the andb axes, respectively. We also mea- T~ 20 K, where the resistivity value at 20 K is five orders of
sured theElla and Ellb spectra in the 600-10000 ¢h  magnitude higher than the room-temperature value
range aboveé150 K) and below(50 K) Ty, , and confirmed p(20 K)/p(300 K)>10°. However, at 1.2 GPa, the resistiv-
that this new band was observed only in Eih spectrum at ity is drastically reduced t@(20 K)/p(300 K)~10. In this

50 K (not shown. As discussed later, the charge-rich Ste region (T~20 K, P~1.2 GPa), the ordered charge becomes
in the PM phase seems to be preserved in the NI phase. If waore mobile: i.e., the charge gap is reduced to a great extent
assume that the charge-poor site in the PM phase remaifxy the enhanced transfer integrals. The reduction of the
charge poor in the NI phaséA,B) or (A’,B) will be the charge gap parallel to the charge-disproportionation ratio by
charge-rich site. Therefore, in the former case, for examplethe enhanced/U and t/V is consistent with mean-field
the charge distribution in the unit cell can be described asheory®2%2! |t is of interest to examine the pressure-
A5+ A (05-00) T B(05+ ) C(05-dc)+ with a condi- dependent charge distribution at the PM/NI boundary. As
tional equationda+ g= S/ + 8¢ . We estimate the average shown in Figs. 5 and (6), the ¢,;, band approaches theg
value §,=(65+ dg)/2 from the frequency difference be- band at theC site, whilec,y,, ¢,, andc; appear to converge
tween the midpoint o, andc;,, and the midpoint o, and  to a, at theA, A’, andB sites. These findings suggest that
c; using a relation similar to Eq(2). Since thec; band the most charge-poor site is preservedCatnd the rear-
merges with thel; band above 0.55 GPa, the frequencgpf rangement of the charge distribution occurs améngA’,

at 0.55 and 1.2 GPa was estimated from the extrapolation aindB. However, as shown in Fig.(6), the linear extrapola-
the data obtained at 0, 0.05, and 0.35 GPa. Since we use thien of the frequency of these bands shows gaps at around
frequency difference, the pressure effect shown in Fig. 7 fod.5 GPa. Therefore, the rearrangement of the charge distri-
0-(ET),l5 is canceled out in this analysis. At first glance atbution occurs discontinuously at around 1.5 GPa, which is
Fig. 5, one can see that the bands at the charge-rich and regarded as the melting of the ordered charge.

charge-poor sites are approaching each other with increasing
pressure. Correspondingly,, drawn in Fig. 7, decreases
with increasing pressure. At ambient pressusgjs calcu-
lated to be ca. 0.3. With increasing pressubg,is almost We measured the Raman spectraxofET),l5 below and
linearly reduced to less than 0.2 at 1.2 GPa. Therefére, above the metal-insulator phase transition temperatliyg)
changes by ca. 0.1/GPa in the NI phase. In this mannegnder ambient and quasihydrostatic pressures up to 3.6 GPa.
pressure acts as an external parameter that tunes the chardgée data confirmed that the nonstructural metal-insulator
disproportionation ratio in the NI state. This is the manifes-phase transition o&-(ET),l3 is due to the phase transition
tation of the direct competition betwe¢randV, where the to the CO state. At temperatures abdyg in the semimetal-
pressure leads to a faster increasetimnV. The« phase of like phase, the splitting o#, indicated a small deviation
(ET),l; is a good example of such competition, since thefrom the uniform charge distribution in the unit cell, which
unit cell almost isotropically shrinks without changing the was nearly independent of pressure. This inhomogeneous

V. CONCLUSIONS

TABLE lll. Frequency of thev, andv; modes, depending on the molecular chasge natural(ET) and
isotope-labeled**C(2)-ET and*3C(6)-ET] nolecules.

lonicity BC(2)-ET 13c(6)-ET
Mode p ET central G=C? central and ring &=C? Reference
+0 1552 1523(29) 1487 (65) 40
+0.15 1543 152518 24
+0.2 1533 1517(16) This study
+0.3 1525 1510(15) This study
vy +0.5 1503 1500(3) 42
+0.5 1497 143661) 40
+0.7 1485 1472(13) This study
+0.8 1481 1465(16) This study
+0.85 1480 1461(19 24
+1 1462 26
+0 1494 1465(29) 1437(57) 40
V3 +0.5 1469 1421(49) 1415(54) 40, 42
+1 1411 26

8/alues in parentheses are the isotope shifts.
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charge distribution was interpreted based on the band mode %
without the localized nature of the charge. The large splitting 4
of v, in the insulating phase indicated that the charge dispro-

portionation was caused by charge localization. Holes occu-~ *#
pied two sitegcharge-rich siteéswith a different charge den-  § |
sity, and these charge-rich sites formed a horizontal stripeg »

perpendicular to the stacks. The charge—disproportionatiorg ° *
ratio, estimated at ambient pressure to be on average 0.2-£ 1 * ° ¢
0.8, decreased with pressure by caepd@Pa, and eventually =

the charge disproportionation was discontinuously sup-

pressed at around 1.5 GPa. This pressure dependence « ° °

the charge-disproportionation ratio was related to the com- o . . . . . . . . :
petition between transfer integrals and intersite Coulomb % ©1 @2 03 a4 05 06 07 08 09 10
repulsion.

FIG. 8. Isotope shifth v,= v,(ET)-v,(*3C(2)-ET) against the
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shift to be in the region of 05p<<1 from the charge-rich
site in the CO state a-(ET),l; and 6-(ET),RbZn(SCN),.

The results are shown in Fig. 8, along with the isotope shift
of the 0<p<0.5 region estimated from the charge-poor site.
We did not perform a quantitative analysis of the Ramarinterestingly, the isotope shift of the G%<1 region is

data of a-(*3C(2)-ET),l; because the deviation from the similar to the mirror image of that of the<(»<<0.5 region.
linear approximation for the estimation @éfis much larger Therefore, we speculate from the extrapolation that the iso-
than that ofa-(ET),ls. Below, we discuss the difference tope shift of (ET}" resembles that of (EP) This result
between ET and®C(2)-ET from the viewpoint of the ion- implies that the mixing between the central and ring-C

icity dependence of the frequency of the mode. When all ~ stretching modes decreases toward the decoupled state in the
atoms constituting €C are isotope substituted 0<p<<0.5 region and increases toward the equally coupled
[13C(6)-ET], both v, and v3 are downshifted according to state in the 0.5p<1 region. This ionicity dependence
the Redlich-Teller rule by a maximum of ca. 60 chf® causes the nonlinear dependence ofithérequency on the
Since the central and ring=C stretching modes are almost molecular charge of ET. As shown in Table Ill, the frequency
equally mixed in thev, and v; modes of (ETY, bothv, and ~ Vversus charge of, in ET gives a weakly concave curve.
vy are equally shifted by ca. 30 cthin (**C(2)-ET)%.4°  Therefore, the frequency versus charge reveals a strongly
Table Il shows this relationship when the ionicity gs=0.  convex curve in*3C(2)-ET. This nonlinear ionicity depen-
This table further shows the ionicity dependence of the fredence can account for why, in the PM phase splits into
quencies ofv, and v of ET and?3C(2)-ET. Eldridgeet al.  threeaj, a3, andaj bands ina-(**C(2)-ET),l5. Since the
demonstrated that the stretching mode of the central and ringjope in the 0.5p<<1 region is steeper than that of ET, the
C=C is almost decoupled for (E¥§" (in 1:2 salt3.** Ac-  bandsa, andaj, which correspond to the charge-rich sites,
tually, the isotope shift of, is very smalf** whereas that of are well resolved inv-(*3C(2)-ET),l5.

APPENDIX: NONLINEAR IONICITY DEPENDENCE
OF v, IN ¥C(2)-ET
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