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The nature of the electron liquid phase in a quasi-one-dimensional charge-ordering system composed of
uniform chains is investigated by means of comparison between the parallel and perpendicular resistivity under
pressures. At lower pressures, the liquid phase is the one-dimensional liquid where electrons are confined in the
conducting chains. At higher pressures where the charge-ordering transition vanishes, however, it acquires the
three-dimensional Fermi-liquid nature at low temperatures away from the one-dimensional liquid. This result
shows that the collapse of the charge order is due to the “dimensional crossover.”
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Quasi-one-dimensional electronic systems with quarter-
filled bands often exhibit charge ordering, where electrons
are localized on alternate sites in a chain, due to the electron
correlation. In particular, the charge ordering in the TMTTF
�tetramethyltetrathiafulvalene� salts has been intensively
studied.1–17 They have, however, inherent lattice-
dimerization and interchain anisotropy, which complicate the
situation. The former causes a two-body electron-electron
�e-e� umklapp scattering in addition to a four-body e-e um-
klapp scattering18 and thus the insulating phases have not
only the charge-ordering nature but also the Mott-insulating
nature. The latter causes the intricate hierarchy structure in
the dimensionality; in the low- and high-energy scale the
systems are regarded as three-dimensional �3D� and 1D ones,
respectively, while in the intermediate-energy scale they can
be regarded as 2D systems.

�DI-DCNQI�2Ag under the present investigation has a te-
tragonal interchain arrangement without the intrachain
dimerization and thus is regarded as the prototype of quasi-
one-dimensional systems.19 The space group of the crystal
structure is I41/a.20,21 In the crystal, the planer DI-DCNQI
molecules stack along the c axis, forming one-dimensional
conducting columns. Since the monovalent Ag+ ion coordi-
nated between the DCNQI columns forms the closed shell,
the DI-DCNQI molecule has a half of conduction electron on
average. Although this system has an ideal quasi-one-
dimensional quarter-filled DCNQI-LUMO �lowest unoccu-
pied molecular orbital� band, the resistivity shows insulating
behavior below room temperature.21 This is revealed to come
from the charge order �or its fluctuations� by nuclear mag-
netic resonance �NMR� �Ref. 22� and x-ray diffraction
�XRD� �Ref. 23� experiments, which indicate charge dispro-
portionation on alternate molecules in a column below
�210 K. This is representative of the charge ordering in the
weakly coupled chains with quarter-filled bands.

Our previous study showed that the charge order in
�DI-DCNQI�2Ag is collapsed by pressure and established its
pressure-temperature phase diagram.24 As the mechanism of
the pressure-induced charge-ordering collapse, two scenarios
are conceivable. One is the “dimensional crossover,” namely,
the confinement-deconfinement crossover, which has often

been discussed in TMTTF/TMTSF salts.11–17 Under low
pressures, the electrons are confined in the conducting chains
and behave as the one-dimensional liquid. The commensu-
rate quarter-filling of the one-dimensional band gives rise to
the singular enhancement of four-body e-e umklapp scatter-
ing, which causes a charge gap accompanied by
4kF-charge-ordering fluctuations, if the electron correlation
exceeds a certain value. The fluctuations grow to a long-
range ordering at lower temperatures by three dimensional-
ity. If pressure makes the bare interchain transfer integral
larger than the intrachain charge gap, the system comes to
acquire the three-dimensional Fermi-liquid nature at low
temperatures, where the umklapp scattering is depressed by
warping of the Fermi surfaces and consequently the charge-
ordered state is suppressed. In this case, the charge-ordering
collapse by pressure accompanies the deconfinement, or the
lifting of the one-particle dimensionality. The other scenario
is a picture of three-dimensional melting. The three-
dimensional Fermi liquid needs stronger electron correlation
to give way to the charge-ordered state than the one-
dimensional liquid, because the singularity of the umklapp
scattering is suppressed. According to the first-principles
band-structure calculation,25 however, the bandwidth of DI-
DCNQI compounds is narrow compared with TMTTF/
TMTSF salts, and is likely compared to the intersite Cou-
lomb interaction. This feature could make the charge
ordering feasible even if �DI-DCNQI�2Ag has one-particle
three dimensionality. In this scenario, the collapse of the
charge order by pressure is attributed to the increase of the
bandwidth.

The purpose of the present work is to clarify which
mechanism is the case, by measuring resistivity parallel and
perpendicular to the conducting c axis �hereafter denoted by
�� and ��, respectively�.

High-quality single crystals whose forms are rectangular
parallelepipeds with clean planes and edges are required
particularly for measuring ��. After several trials, we suc-
ceeded in growing single crystals with a typical size of
0.03�0.03�3 mm. The magnetic impurity, which gave the
Curie component in the susceptibility, was less than 0.1% in
molecular concentration. Pressure was applied with the dual-
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structured cell made of BeCu and NiCrAl. Pressure medium
used is the Daphne 7373 oil. As it is solidified around 19
kbar at room temperature, we heated the pressure cell up to
about 50 °C by a ribbon heater wound around the cell to
keep the applied pressure hydrostatic, when pressurizing the
samples beyond 18 kbar. We measured �� and �� down to 1.6
K under pressures up to 23 kbar in the four probe arrange-
ment. Figure 1 shows the four-terminal configuration of the
electrodes for measuring �� and �� simultaneously for one
crystal. The terminals were connected with 15-�m-� gold
wires, using the conductive carbon paste. The measurements
were performed under different levels of injected currents
and the data in the ohmic region were taken as the intrinsic
data free from the Joule heating. When electric current is
applied along the c axis, current density is expected to be
almost uniform over the cross section of the sample because
of the sample shape of a fine needle. Thus, the absolute value
of �� calculated from the measured resistance and the geo-
metrical sizes is meaningful within the ambiguity of a factor
of two or less in the estimation of the sample cross-sectional
area. On the other hand, when �� is measured in the con-
figuration of Fig. 1, the current density is not uniform, which
does not allow one to estimate the absolute value of ��.
Thus, we show only normalized values, ���P ,T� /���1 bar,
300 K�, in this report.

Figure 2 shows the temperature dependence of �� and nor-
malized �� at several pressures below 17.8 kbar. Under pres-
sures below 15.1 kbar, �� shows nonmetallic behavior in the
whole temperature range although �� behaves metallically at
high temperatures. According to the conventional Fermi-
liquid theory, �� and �� should have much the same tempera-
ture dependence due to an almost identical scattering
rate even if the system has an anisotropic band structure
with a large �� /�� value. This situation is realized in
�DI-DCNQI�2Cu salts,26 where a three-dimensional �-d net-
worked Fermi liquid is likely realized. The contrasting be-
havior in the present system means that the Fermi-liquid pic-
ture breaks down, or that the one-dimensional liquid with the
electrons confined in the chains is realized.

The one-dimensional liquid with a commensurate quarter-
filled band often becomes insulating at low temperatures due
to the singular four-body e-e umklapp scattering, where the
charge fluctuations develop. In such a case, the long-range
ordering of the charge fluctuations should occur due to the
three dimensionality at a much lower temperature than the
insulating crossover temperature. This scenario explains why
there exists a wide fluctuation region of the charge order in
�DI-DCNQI�2Ag as was revealed in the previous paper.24

By the way, the confinement of electrons is generally
achieved only in higher energy region than the interchain
transfer energy. According to the first-principles band-

structure calculations,25 however, the bare transfer energy of
�DI-DCNQI�2Ag, t�, at ambient pressure is 0.03 eV, which is
larger than the thermal energy below room temperature. In
the context of the confinement, our result implies that the
effective interchain transfer integral t�

eff is diminished by
electron correlation, as was also discussed in the TMTTF/
TMTSF salts.11–17

The data of �� under higher pressures are shown in Fig.
3. In contrast to the behavior below 15.1 kbar, the metallic
temperature dependence appears in �� under 17.8 kbar and
higher pressures. At 17.8 kbar, the temperature dependence
of �� is nonmetallic around room temperature, while it
crosses over into the metallic behavior around 100 K. This
reflects that the system begins to acquire the Fermi-liquid
nature at low temperatures away from the one-dimensional
liquid. At about 40 K, the system becomes insulating in both
directions. Under further higher pressures, the nonmetallic
behavior of �� at high temperatures is gradually changed to
the metallic one, which shows that the system gets closer to
the Fermi-liquid state. Particularly at low temperatures, the
system is considered to be in the Fermi-liquid state. Note
that, it is in this pressure region that the metal-insulator tran-
sition observed in �� changes from the second order into the
first order and at last vanishes.24 Above 19.3 kbar, unfortu-
nately we could not measure reliable �� behavior at low

FIG. 1. Geometry of the four-terminal configuration of the
electrodes.

FIG. 2. Temperature dependence of �� �upper� and normalized
�� defined by ���P ,T� /���1 bar,300 K� �lower� at several pres-
sures below 18 kbar.
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temperatures because the observed resistance becomes quite
low while contact resistance increases much more by an un-
known reason. Thus, above 19.3 kbar, we only show the
reliable data above 40 K.

Figure 4 shows the pressure-temperature phase diagram
of this system. As discussed in our previous paper,24 closed
circles indicate the second-order transition temperatures de-
fined by that giving the peak in d ln �� /d�1/T�, open squares
indicate the temperature of minimum in �� as a measure of
the fluctuation onset, and closed squares show the first-order
transition. The characteristic temperatures probed by the
present transverse-transport measurements are indicated by
open and closed triangles. Open triangles, which are defined
by the �� peak, indicate the onset temperatures of the cross-
over from the one-dimensional liquid to the Fermi liquid.
Closed triangles, where �� shows inflection against tempera-
ture �i.e., d2�� /dT2=0�, mean the offset of the crossover.

The phase diagram indicates that the liquid phase at low
pressures is the confined one-dimensional liquid, but comes
to acquire the Fermi-liquid nature at higher pressures where
the charge order vanishes. The collapse of charge order is,
therefore, attributed to the “dimensional crossover” due to an
increase of t�

eff. Under lower pressures, the electrons are con-
fined in the DCNQI chains, where the singular four-body
e-e umklapp scattering leads to the 4kF charge order. The
electrons are deconfined under higher pressures, where de-
pression of the umklapp scattering leads to the vanishing of
4kF charge order. In this context, there is a possibility that the
first-order insulating transition appearing at high pressures is
not the charge-order one driven by the four-body e-e um-
klapp scattering but a density-wave transition driven by the
nesting of Fermi surfaces, because it appears in the pressure
region where the Fermi-liquid feature is enhanced.

Lastly, we mention the temperature dependence of �� at
low temperatures in the high-pressure region above 20 kbar.
In this region, electrons are deconfined and thus the Fermi-
liquid state is considered to be realized; in other words, the
quasiparticles introduced by Landau are well-defined. Nev-
ertheless, a curious temperature dependence, ��� �T3, was
observed below 30 K, as reported in our previous paper.24

We consider that it is due to the absence of the two-body
umklapp scattering of the quasiparticles which causes the
normal T2 dependence.

In conclusion, we measured the parallel and perpendicular
resistivity �� and �� of �DI-DCNQI�2Ag under pressures to
clarify why the charge order is collapsed by pressure. Under
lower pressures, �� and �� show contrasting behavior, which
means that electrons are confined in the one-dimensional
chains. Under higher pressures, however, electrons become
deconfined and at the same time the charge order vanishes.
The charge order is, therefore, caused by an enhanced e-e
umklapp scattering which is present only in the one-
dimensional liquid. Pressurizing causes the “dimensional
crossover” which makes the charge order unstable. Different
from TMTTF/TMTSF salts, the insulating phase of
�DI-DCNQI�2Ag is the pure charge-ordered state without
Mott-insulator nature and its phase diagram has no interme-
diate 2D-conductor region. The revealed phase diagram
epitomizes the “dimensional crossover” physics in the quasi-
one-dimensional charge-ordered system with a quarter-filled
band.
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FIG. 3. Temperature dependence of normalized
������P ,T� /���1 bar,300 K�� at several pressures above 15 kbar.

FIG. 4. Summarized P-T phase diagram of �DI-DCNQI�2Ag.
Closed circles indicate the second-order insulating transition and
open squares indicate the fluctuation onset, while closed squares
shows the first-order transition. �See Ref. 24.� Open triangles show
onset temperatures of the crossover from the one-dimensional liquid
to the Fermi liquid, which is defined by the peak of ��. Closed
triangles mean the offset of the crossover defined by a inflection
point of ��.
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