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Dimensionality-Driven 
Insulator-to-Metal Transition in 

the Bechgaard Salts 
V. Vescoli, L. Degiorgi, W. Henderson, C. Criiner, K. P. Starkey, 

L. K. Montgomery 

Optical experiments were conducted on a series of organic linear chain con- 
ductors wi th  different values of the interchain single-electron transfer integral 
t,, which quantifies the degree of anisotropy. Electron-electron interactions 
together wi th  Umklapp scattering resulted in a correlation gap and an insulating 
state for small t,. An insulator-to-metal transition was observed when t, 
exceeded a critical value, on the order of the correlation gap E,,,. The absence 
of a plasma edge on the insulator side of the transition for polarization per- 
pendicular t o  the chains suggests that the electrons are confined t o  the chains. 
The optical features of the metallic state, when contrasted wi th  the magnetic 
properties, are suggestive of spin-charge separation. 

Interacting electrons in reduced dimensions 
exhibit an enhanced tendency toward the 
formation of various broken symmetry 
ground states; whose properties have been 
explored by various techniques. The "nor- 
mal" state, that is, the state at temperatures 
above the transition temperatures of the 
broken syrnmetry states, is of interest in 
part because a strictly one-dimensional (ID) 
interacting electron system cannot be de- 
scribed by Fesmi liquid (FL) theory, the 
framework of which has been the cornerstone 

of the theoly of interacting electrons in met- 
als and semiconductors for the last half cen- 
tury. The theory is based on the recognition 
that when interactions can be treated as a 
perturbation: the low-lying excitations of an 
interacting electron gas are the same as those 
of the noninteracting case, only with the en- 
ergy scales renormalized. FL theory has been 
thoroughly tested on a variety of materials 
and is usually valid in higher than one dimen- 
sion; one well-known exception is the normal 
state of the two-dimensional (2D) copper ox- 
ide-based high-temperature superconduc- 
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for a small transfer integral between chains of 
interacting electrons. a new state of rnatter 
may emerge where the low-lying excitations 
are confined to the chains and single-electron ., 
interchain transfer is not possible but where 
tunneling of pairs may occur. An analogous 
scenario has been suggested to occur in high- 
temperature superconductors. Additional in- 
teresting effects arise when the lattice period- 
icity is involved (3;  4). In this case: electron- 
electron interactions together with Umklapp 
scattering result in a correlation gap in the 
charge excitation spectrum for commensurate 
band filllng (that IS. for electron density per 
unlt cell n = plq withp and q integers) The 
appearance of this gap also has a marked 
influence on the interchain electron transfer 
and on confinement. 

The isostructural conductors. based on 
linear chains of the organic rnolecules tet- 
ramethyltetrathiafulvalene (TMTTF) and 
tetrarnethyltetraselenafulvalene (TMTSF); 
with different interchain counterions X 
(such as PF,, C10,: and Br), have been the 
subject of intensive studies recently, to a 
large extent because of the novel concepts 
described above. Shortly after they were 
first synthesized by Bechgaard In 1979, 
they were found to undergo transitions to 
various broken symmetry ground states 
(such as antiferrornagnetic. spin density 
wave, and superconducting states) at low 
temperatures. typically below 20 K (4). 
The states above the transition temperature, 
which we will refer to as T.., are unusual. 
For example, the resistivity p of the 
(TMTTF),X salts has a minimum at a tern- 
perature To. which is in the range - 100 to 
300 K. Below To, but above T,,. p increases 
with decreasing 7. In contrast. the 
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(TMTSF),X analogs display a metallic 
character (that is, a monotonic decrease of 
p wlth decreasing 7 )  for T > TTT. In both 
groups of salts, the magnetic susceptibility 
is weakly T-dependent for 7 > T,,.. 

Because of a full charge transfer of one 
electron from the chains to each of the coun- 
terions, the band involving the chains is a 
auaiter-filled hole band A sinall amount of 
dirnerization occurs along the chain direction 
(4); which splits the band into tn.0 bands, one 
empty and one half-filled. In the absence of 
electron-electron interactions, both a half- 
and a quarter-filled band result in a metallic 
state. Hay-ever: in both cases, on-site and 
nearest nkighbor Coulomb interactions result 
in a corelation gap (5-7), Egap.  Whether a 
half- or quarter-filled scenario is a more ap- 
propriate description for the Bechgaard salts 
is still being debated. However, this issue will 
not affect the forthcoming analysis or our 
conclusions, because in all cases E,,, refers 
to the minimum energy required t6 make a 
charge excitation in a system that would be 
gapless in the absence of col-relation effects. 
and the concept can therefore be used in a 
general sense. Calculations and various ex- 
periments (8-10) have established the highly 
anisotropic band structure that is expected on 
the basis of structural characteristics. The 
transfer integrals In the b and c crystallo- 
graphic directions (11), t ,  and tc. are different 
from each other, wlth t, substantially greater 
than tc. The small value of tc suggests that at 
temperatures above about 10 K - tc/lc, 
(where kcB is the Boltzmann constant). which 

Fig. 1 (left). Optical reflectivity 
measured wi th the electric field po- 
larized along (A) the a direction and 
(0) the b' direction, for tempera- 
tures above the phase transitions t o  
the broken symmetry ground states 
in the (TMTTF),X and (TMTSF),X 
salts. The counterions are indicated 
in the figure. In the case of E polar- 
ized along the b'  direction, no plas- 
ma edge is observed for the 
(TMTTF),X salts, but i t  is present 
for the (TMTSF),X salts. Fig. 2 
(right). On-chain optical conduc- 
t ivi ty of (A) (TMTTF),PF,, (0) 
(TMTTF),Br, and (C) (TMTSF),X 
salts above the transitions t o  the 
broken symmetry states. The arrows 
indicate the gaps observed by di- 
electric response (E:,,), dc resistivity 
(Ei:p), and photoem~ssion (E;:,). 

is the temperahre range of interest in this 
report, the problem is essentially 2D; because 
thermal fluctuations destroy coherent trans- 
port that would result in weak three dimen- 
sionality at temperatures T < tclk,. 

The insulating state of the (TMTTF),X 
salts has been interpreted in terms of a 
correlation gap: and the unusual properties 
of both the (TMTTF),X and (TMTSF),X 
salts were related to the TLL description 
before (5). The issue is, however, highly 
controversial; in fact, it has been argued 
(12) that the transport properties of the 
metallic state of the TMTSF analogs can be 
accounted for in terms of a weakly inter- 
acting FL. To address these issues. we con- 
ducted optical experiments over a wide 
spectral range on various examples of the 
Bechgaard salts. Our studies give clear ev- 
idence that (i) a crossover between insulat- 
ing and conducting states occurs with in- 
creasing interchain charge transfer; and this 
transfer occurs when the unrenormalized 
transfer integral perpendicular to the chains 
is greater than Egap ,  (ii) this crossover is 
accoinpanied by the appearance of a well- 
defined plasma frequency in the b' direc- 
tion, which may be regarded as evidence of 
single-electron deconfinernent, and (iii) the 
"metallic" state is highly unusual: Most of 
the spectral weight is associated with 
gapped charge excitations, and the frequen- 
cy w dependence of the conductivity (for 
Egap < o < 41,) is consistent with the 
predictions of TLL theory. Furthermore, a 
cornparison of the optical properties to the 

magnetic susceptibility suggests a metallic 
state with separation of the charge and spin 
excitations. 

Crystals were grown by electrolytic 
methods, with currents adjusted so as to 
result in large single crystals (13). The 
optical reflectivity was measured in a broad 
frequency range for the electric field E 
polarized both along the n axis and along 
the b' axis (11). We have also evaluated the 
transport and dielectric properties at 100 
GHz along the chains using a resonant 
technique (14). 

The optical results presented here are in 
broad agreement with previous, less detailed 
studies (1 5, 16), and they include frequencies 
below the conventional optical spectral 
range. Our results on the (TMTSF),X salts 
were reported in recent works (1 7. 18); here, 
we include data on (TMTTF),X salts as well. 
The various experiments, when taken togeth- 
er, establish a gap for the charge excitations 
in the (TMTTF),X salts and a gap feature 
together with a zero-frequency mode for the 
(TMTSF),X salts. 

The optical reflectivity measured in all 
salts for both polarizations is displayed in 
Fig. 1. In all cases, 7 > Tr,. We performed 
a standard Kramers-Kronig analysis to ob- 
tain the conductivity ( a  = a, + i ~ , )  from 
the reflectivity. The real part of the con- 
ductivity a, for the electric field polarized 
along the chains is shown in Fig. 2. The 
optical conductivity of the (TMTTF),PF, 
salt displays several trallsitions with large 
absorption features due to lattice vibra- 

( A ) , , , ,  , ,  __' ,  , , , , , 
0 , 8 : : I  

Photon energy (eV) Photon energy (eV) 
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tions. Although it is clear that the optical 
properties are that of a semiconductor, with 
a gap for the charge excitations. evaluation 
of the magnitude of the gap, based 011 the 
optical spectra. is highly problematic. 
Thus; the results of other measurements 
were used to evaluate the correlation gap. 
The dc conductivity (19) can be well fitted 
to the expression a,, = u,exp[-Egap: 
(2/cBT)], resulting in a value of Egap = 700 
cm-'  (20). The low-temperature dielectric 
constant (E) measured at 100 GHz is 100, 
and use of the equation E = 1 + (wp!Egap), 
(where u p  is the plasma frequency) resulted 
in a value of 400 cm-' for the gap. Photo- 
emission experiments (21) result in a gap of 
1600 cmp' .  All of these values indicate 
that the features in the conductivity around 
300 cmp'  are not due to excitations across 
the correlation gap but are due to pho- 
nons-the conclusion also reached by 
Pedron et al. (16) in their analysis of the 
room-temperature optical spectra. These re- 
sults also suggest that the feature in a,(w) 
near 800 cm-' is associated with Egap; this 
is supported by the fact that this feature has 
the correct spectral weight (22). The differ- 
ent gap values obtained for (TMTTF),PF, 
are displayed in Fig. 2A. For the (TbITTF),Br 
salt, both the measured dielectric constant. E = 

500, and the low-lying optical feature give sim- 
ilar values for Egap, where the maximum of the 
optical conductivity at 400 cmp' was taken to 
be the value of Egap (23). Because the band is 
partially filled, the charge gap in both of the 
(TbITTF),X salts is interaction induced. 

The optical properties of the (TMTSF),X 
analogs, for which the dc conductivity gives 
evidence for metallic behavior down to low 

i 
H 

PFs Br PFs CIOi 5 kbar 
(TMTTF), (TMTSF)? 

Pressure 

Fig. 3. The correlation gap as established by 
optics and other methods and the transfer in- 
tegral, perpendicular t o  the chains, tb for the 
(TMTTF),X and (TMTSF),X salts studied. The 
horizontal scale was derived w i t h  the results of 
pressure studies, as explained in  the text. The 
dash-dotted (t,) and dashed (2tb) lines indicate 
the trend for the pressure dependence o f  the 
transfer in tegra l  

temperatures [to the transition to the spin den- 
sity wave state at T,,,, = 1 1.5 and 6 K for the 
(TbITSF),PF, and (TMTSF),ClO, salts, re- 
spectively], are markedly different from those 
of a simple metal. A well-defined gap feature 
around 200 cmp' and a zero-frequency mode 
(1 7, 18) are obsei~ ed. The combined spectral 
weight of the m70 modes is in full agreement 
with the known carrier concentration of n = 

1.4 X 10" and a band mass that is veiy 
close to the electron mass. For both 
(TMTSF),X salts, the zero-frequency mode has 
a small spechal weight on the order of 1% of 
the total. Nevertheless, this mode is responsible 
for the large metallic conductivity. 

The reflectivity. measured with the elec- 
tric field polarized in the b' direction. is 
displayed in Fig. 1B. In contrast to the 
s11ai-p plasma edge observed in all of the 
salts with E parallel to the chains; we found 
a well-defined plasma edge only in the 
(TbITSF),X salts (and only at low temper- 
atures). No such feature appears in the 
(TbITTF),X analogs. 

Next v& discuss these findings and relate 
them to the theoretical concepts advanced for 
weakly coupled chains. There is a well-estab- 
lished order for t ,  among the four salts investi- 
gated. The (TMTTF),X analogs are more 
anisohopic, and the transfer iiitegrals are ap- 
proximately given by fo:t,:tc = 250 : 10 : 1 meV 
(4). For the (TbITSF),X analogs. the transfer 
integrals are about 250:25 : 1 meV. The values 
for both groups of salts are in broad agreement 
with tight-binding model calculations (24). 
However, band structure calculations do not 
have sufficient precision to distinguish between 
the interchain transfer integrals within the 
(TMTTF),X and (TlMTSF),X groups. Because 
f ,  increases substantially with increasing pres- 
sue,  pressme-dependence studies can be used 
to arrive at the relative values of t , .  For exam- 
ple, among the (TMTTF),X salts. weaker inter- 
chain coupling for (TIvITTF),PF, than for 

(TlMTTF),Br was established by showing that 
applying enough pressure to the PF, salt results 
in properties that are virtually identical to those 
of the Br salt. Similar studies show that the 
(TbITSF),ClO, salt has stronger interchain 
coupling than (TMTSF),PF,. Sufficient pres- 
sure also causes the (TbITTF),Br salt to behave 
like (TMTSF),PF,. To anive at a scale for t,. 
we took the calculated values as averages for 
the (TlMTSF),X and (TlMTTF),X salts; respec- 
tively, and assumed that pressure changes f, in 
a linear fashion. The positions of the vaiious 
salts along the horizontal axis of Fig. 3 reflect 
this choice, with pressme values taken from the 
literature; such a scale has been widely used 
when discussing the broken sylnmetly ground 
states of these mateiials (4). 

The solid line in Fig. 3 represents the over- 
all behavior of the correlation gap. The 
decrease going from the (TMTTF),X to the 
(TbITSF),X analogs may represent ~larious 
factors ( 6 ) ,  such as the decreasing degree of 
dimerizatioil and the slight increase in the 
bandwidth along the chain direction [as 
evidenced by the greater value of the plas- 
ma frequency nleasured along the chain 
direction in the (TMTSF),X salts (15. 16; 
25)]. The dashed line represeilting 2f, (this 
is half the bandwidth in the tight-binding 
approximation) crosses the full line dis- 
playing the behavior of Egap between the 
salts exhibiting insulatillg and metallic be- 
havior, whereas the dash-dotted line repre- 
seilti~lg r,  crosses the solid line between the 
two metallic salts. Therefore, our experi- 
mellts strollgly suggest that a crossover 
from a noilcollductillg to a conducting state 
occurs when the unrenormalized single- 
particle transfer integral between the chains 
exceeds the correlation gap by a factor, A. 
which is 011 the order of but somewhat 
greater than 1. 

Additional evidence for a pronounced qual- 
itative difference between states with Af, < 
Egap and At, > EgBp is given by plasma fre- 
auencv studies alone the b' direction. As is 
A ,  - 
evident from Fig. 1B. there is no well-defined 

t .o plasma frequency for the insulating state; and 
we regard this as evidence for the confinement 
(26) of electrons on individual chains. Con- 
versely. the electrons become decoilfined as 
soon as At, - Egap This conclusion is not 

_L 

I entirely unexpected: A simple argumeilt (the 
a" 0.1 y same as one would advance for a band-crossing 

transition for an ~uncorrelated band semiconduc- 
tor) would suggest that to create an electron - X=C104 (10 K) hole pair with the electron and hole residing on 
neighboring chains; an energy comparable to 

0.01 the gap would be required. Several theories (7, 
1 10 26, 27) suggest a strong renoilnalization of the 

O/opeak relevant interchaiil transfer integral for coupled 
Luttinger liquids. These studies. however, do Fig. 4. The frequency dependence o f  the con- 

ductivity of the finite energy mode in the not take into account the periodicity of the 
(TMTSF),X salts. The solid line is Eq. 1 w i th  the underlyillg lattice and the resulting Ulnklapp 
exponent y = 1.3. scattering. Such scattering has a marked influ- 
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ence on the effect of interchain transfer. Renor-
malization group treatment (28) of two coupled 
Hubbard chains results in a crossover between 
confinement (that is, no interchain single-elec
tron charge transfer) and deconfinement, at Atb 

= Egap, with the value of A estimated to be 
between 1.8 and 2.3. 

A transition or crossover from an insulator 
to a metal has also been conjectured by Bour-
bonnais (29), on the basis of studies of arrays 
of coupled chains. As the transition from 
confined (insulating) to deconfined (metallic) 
states (Fig. 3) occurs somewhere between 
(TMTTF)2Br (with tb ~ Egap/2) and 
(TMTSF)2PF6 (with ib ~ Egap), we regard the 
agreement between theory and experiment to 
be excellent. It has also been suggested (18, 
30), that a renormalized transfer integral te

b
ff, 

substantially smaller than tb, is the relevant 
energy scale; our experiments show that this 
is not the case. We also note that, in the 
absence of pressure-dependent optical stud
ies, it remains to be determined whether the 
onset of the transverse plasma edge, which 
we observe going from the (TMTTF)2X to 
(TMTSF)2X salts, coincides with the insula
tor-to-metal transition found in transport (31) 
and nuclear magnetic resonance (NMR) mea
surements (32). Although optical experi
ments under pressure are difficult to conduct, 
studies of the pressure dependence of the 
dielectric constant, combined with dc trans
port data, could clarify this issue. 

The existence of a gap feature in the 
metallic state, containing nearly all of the 
spectral weight, is at first sight similar to 
what is expected for a band-crossing transi
tion for simple semiconductors, which would 
result in a semimetallic state. However, the 
nearly temperature-independent magnetic 
susceptibility (4), which gives strong evi
dence for a gapless spin excitation spectrum 
(this has often been interpreted as a Pauli 
susceptibility or as the susceptibility due to a 
large exchange interaction), demonstrates 
that the state is not a simple semimetal. The 
existence of a gap, or pseudogap in the charge 
excitations with the absence of a gap for spin 
excitations, indicates charge-spin separation 
in the metallic state. This charge-spin sepa
ration is distinct from that of a ID TLL, in 
which both excitations are gapless but have 
different velocities. Here, Umklapp scattering 
resulted in gapped charge excitations. The 
nature of the metallic state may be close to 
that of a doped ID Mott-Hubbard semicon
ductor (33), where, in this case, the interchain 
transfer resulted in deviations from half- (or 
quarter-) filling on each chain and therefore 
had an effect similar to doping. Indeed, cal
culations (30, 34) based on doped Hubbard 
chains resulted in a gap feature and a zero-
frequency mode with a small spectral weight. 

Additional evidence for an unusual metal
lic state comes from the frequency depen

dence of the finite energy mode. At frequen
cies greater than tb, interchain electron trans
fer is irrelevant and calculations based on the 
ID Hubbard model should be appropriate. 
Such calculations result in a frequency-de
pendent conductivity for frequencies greater 
than Egap (30): 

O"! OC O J - 7 ( 1 ) 

For a semiconductor without correlations, 7 
is equal to 3. Our results for frequencies 
greater than both tb and £gap but less than the 
on-chain bandwidth 4ta, which are shown in 
Fig. 4, can be described with Eq. 1 with an 
exponent 7 = 1.3 for both (TMTSF)2X com
pounds. This suggests that, at finite energies, 
ID correlations result in renormalization of 
the density of states. The exponent can in 
principle be used to obtain the Luttinger liq
uid parameter Kp, which controls the decay of 
all correlation functions (18, 30, 35). From 
our value for 7 and the assumption that quar
ter-filled band Umklapp scattering is domi
nant, we obtained i£p~0.23 (18), which is in 
reasonable agreement with photoemission 
(21, 35) and transport data (31). 

Our experiments raise several important yet 
unresolved issues. The first is related to the 
relevance of calculations based on the doped 
ID Hubbard model. In the calculations, the 
zero-energy mode is associated with doping-
induced soliton excitations. Although inter
chain single-electron transfer between chains 
may also result in "self-doping" of individual 
chains, the nature of the low-lying excitations 
of coupled chains is not yet resolved. Second, 
although our experiments suggest an unusual 
frequency-dependent conductivity in the high-
frequency ID regime, whether the value of 7 
we obtain is in agreement with the parameter 
range given by the theoretical models remains 
to be seen. The third is related to concept of 
deconfinement. Although our experiments re
sult in good overall agreement with calculations 
based on two coupled chains (28), it is unclear 
whether a theory involving an infinite network 
of chains results in the same condition for de-
confinement (29). Moreover, we have not dis
cussed temperature-dependent effects and the 
possibility of a crossover with increasing tem
perature to Luttinger liquid behavior at low 
frequency. The absence of a well-defined plas
ma frequency at room temperature may be re
lated to such a crossover, which was inferred 
from NMR (32) and transport (31) studies. 
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