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Transport criticality of the first-order Mott transition in the quasi-two-dimensional organic
conductor x-(BEDT-TTF),Cu[N(CN),]CI
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The Mott transition in a quasi-two-dimensional organic conducke¢(BEDT-TTF),CUu N(CN),]Cl was
investigated by resistance measurements under continuously controllable He gas pressure. We constructed the
resistance diagram as functions of temperature and pressure, which has unveiled the phase diagram and the
critical characteristics of the Mott transition. The observation of the huge resistance jump by nearly two orders
of magnitude provides an unambiguous evidence for the first-order nature of the Mott transition. At elevated
temperatures, the jump is diminished gradually and vanishes at a critical end point 38 K, above which the
resistance variation against pressure is continuous. It is also found that the end point is featured by critical
divergence in pressure derivative of resistan¢®R) JR/ 3P|, which was consistent with the prediction of the
dynamical mean-field theory and has phenomenological correspondence with the liquid-gas transition. The
present results provide the experimental basis for physics of the Mott transition criticality.
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The Mott transition is one of the metal-insulator transi- The behavior near the MIT is a key to comprehension of
tions (MIT) which are representative phenomena in highlythe Mott transition. However, since most of the previous ex-
correlated electrons. The family of quasi-two-dimensionalP€riments have been performed under the chemical or dis-
layered organic conductors-(BEDT-TTF),X are model Crete pressure controf® the critical nature of Mott transi-
systems for the study of the Mott transition in two dimen-tion has remained to be seen. Recently, ac susceptibility and

sions, where BEDT-TTF is bisthylenedithigietrathi- NMR studies forx-Cl under continuously co_ntrollab_le He
afulvalene andX stands for various kinds of anions. They 98S pressure by Lefebviet al. have revealedi) the first-
have layered structures composed of the conducting BED1Qrder nature of 'ghe Mott transition, sugg_es(ead the exis-
TTF layers and the insulatink layers. In the conducting tence of the critical end pomt, anrgo given the pressure-
layer, the BEDT-TTF dimers form anisotropic triangular lat- tei\mpera_ture d'(’"[)) phas:_a dllaghra : hMoreover, thel
tice. In a dimer, two degenerate highest occupied moleculay trasonic study by Fournieet al. has shown an anomaly

. ) . . related to(iii ) the divergence of charge compressibility at the
orbitals(HOMO) belonging to the neighboring BEDT-TTF’s ; :
are split into bonding and antibonding HOMO's, which form possible end pointt These three characters seem to support

X X ) i the criticality predicted by the dynamical mean-field theory
respective bands due to the interdimer transfer integrals. A‘i’DMFT).lz‘l“ In order to confirm these qualitative features

cording to the band-structure calculations, the two bands argnq go further to a substantial stage in the study of the Mott
separated in energy. Since one hole is introduced to On@ansition criticality, the electron-transport measurements,
dimer by the aniorX, the upper band, which is the antibond- which can detect the MIT directly, are highly desired.
ing HOMO band, is half filled. Quite recently, Limeletteet al. have reported transport
The salt ofX=CUN(CN);]CI (denoted asc-Cl hereaf- measurements ok-Cl under He gas pressure in Ref. 15,
ten is an antiferromagnetic insulatoAFl) with a commen-  where the hysteretic resistive anomaly associated with the
surate order at ambient pressure and thus is understood asvit transition was observed and the possible end point was
Mott insulator driven by the strong electron correlatfon. also supported. However, the resistive transition smsoth
Whenk-Cl is pressurized, it becomes metallic and undergoeand the criticality on the end point was not clear, leading to
a superconducting transition @ifc~13 K under a pressure the conclusion that the Mott transition i-Cl includes a
of 30 MPa® It is considered that the pressure induces thecomplex physics and can not be described simply by the
Mott transition. On the other hand, the salts of  DMFT,*? which predicts that the Mott transition is in the
=CUN(CN),]Br and X=Cu(NCS), behave like the pres- same regime of the liquid-gas transition. Thus, the criticality
surized k-Cl with superconducting ground stattShe me-  of the Mott transition is controversial. In the present work,
tallic states are found to have strong electron correlation bye have performed resistance measurements{Gi crys-
the 3C-NMR study? Thus, the pressure and the replacementals with high quality under the He gas pressure. In contrast
of anionX, which is equivalent to discrete pressure control, with the previous report we observed the first-order Mott
are quite effective to drive the Mott transition in the organics.transition with hugeliscontinuous resistance junamdsharp
Moreover, since they have no orbital degree of freedom, theyriticality of the end point. These behaviors, which are con-
give a prototype of the Mott transition. These aspects makaistent with those of the liquid-gas transition in the Ising
organics suitable for pursuing the fundamentals of the Motuniversality class as is suggested by the DMFT, give the
transition both experimentathand theoretically—8 experimental basis for the criticality of the Mott transition.
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becomes diminished at elevated temperatures and eventually
vanishes at a certain critical point, above which the resis-
tance variation is continuous. Replacing the labet akis, R

(Q), in Fig. 1 by volumeV of the classical liquid-gas sys-
tem, one can see intuitively that the presBAT-R diagram

of the Mott transition has correspondence with the textbook
P-T-V diagram of the liquid-gas transition. At low tempera-
tures below 13 K, superconductivity appears at a high-
pressure region and even in the low-pressure side resistance
decrease with temperature is observed. The data of the pres-
sure dependence are classified into three temperature regions
of T>38 K, 38 K>T>13 K (~Tgo), andT<13 K, which

are discussed in detail below.

As an example of the behaviors at higher temperatures
above 38 K, the data at 40.1 K are shown in Fi@) 2where
neither anomaly nor hysteresis is observed. Since the tem-
perature derivative of resistanceR/JT, is changed from
negative to positive by pressufsee Fig. 1, the resistance
variation against pressure is regarded as crossover from in-
sulator to metal. As seen in Fig.(l, the variation gets
steeper with temperature decreased. One can define a cross-

around the Mott transition against pressure and temperature. Tw%ver pressure at which the pressure derivative of resistance,
resistance(vertical axi$ is in a logarithmic scale. The resistance |(L/R)JR/3P|, shows a peak as shown in Fig. 3. The peak
curves are taken under isobaric temperature sweep and isothern@IOWS as temperature approaches 38.1 K, where it is diver-
pressure sweep, respectively. gent (see the inset of Flg)3 namely, the‘(l/R)(?R/é'P| is
divergent around the critical point of Pg,Te)
Single crystals were grown by electrochemical oxidation=(23.2 MPa,38.1 K) roughly as ~(T—Tg) (@01
of BEDT-TTF in the mixture of 1.1.2-trichloroethane and against temperature along the crossover line. This transport
10% ethanol in the presence of CuCl, tetraphenyl-criticality observed here should be related to divergence in
phosphoniuniN(CN),]. In one or two months, single crys- the charge compressibility suggested experimeriatiyd
tals were obtained. The size of tkeCl crystal used here is predicted theoreticalli?** As for the liquid-gas transition,
1.8x1.4x 1.2 mnt. The sample was mounted in the Be-Cu the compressibility(1/V) 9V/JP| is divergent at the critical
cell and pressurized by compressing the He gas. The in-plargint. The exponent which we extracted above corresponds
resistance was measured with the standard dc four-probe the so-called %” in the scaling law. Although the use of
method under both isothermal pressure sweep and isobari€l/R)JR/JP| in order to extracty in the Mott transition
temperature sweep. In the isothermal process, the pressueaves room to be considered, the tentative value of 0.9
sweep was made so slowly that the temperature deviatiorr 0.1 is close toy~1 in the mean-field theory and
was within £50 mK. During the isobaric temperature ~1.25 in the three-dimensional Ising model.
sweep, which requires more care because the temperature Below 38 K, the resistive crossover is changed into the
sweep inevitably causes pressure change, the He gas inflawsistive transition of the first-order, which is evidenced by
(outflow) to (from) the cell was finely controlled so that the hysteresis and the resistance julsR. The observation of
pressure deviation was maintained within0.05 MPa. To the clear resistance jump means not only the first-order na-
ensure the hydrostatic nature of pressure, the present expetire but also the consistency with the DMFT, which predicts
ments were performed except tReT region of the He so- the criticality relevant to the vanishing of discontinuous na-
lidification. Below Tgc, the measurements were also madeture around the end point like the discontinuity of the vol-
under a field of 11 T normal to the conducting layer, which isume,AV, at the liquid-gas transition. Shown in Figcare
much higher than the upper critical fidttl, in the tempera- the data at 14.1 K, where the magnitude of the jump at 28.1
ture range studied here. MPa amounts to nearly two orders of magnitude and a small
The overall feature of the present results around the Mothysteresis of-0.3 MPa larger than the experimental error of
transition is visualized in a pressure-temperature-resistance 0.1 MPa is appreciable. The huge resistive jump indicates
(P-T-R) diagram shown in Fig. 1, where blue and reda bulky transition. Additional small jumps and slightly irre-
curves are data taken under the isothermal pressure sweegrsible resistance traces extended around the bulk transition
and the isobaric temperature sweep, respectively. At lovare likely to come from inhomogeneous internal pressure in
pressures, the system is highly resistive with nonmetalliche sample, although the possibility of intrinsic phase sepa-
temperature dependencéR/dT<0), while at high pres- ration with only tiny fraction of the secondary phase is not
sures it is conductive with metallic temperature dependenceuled out. As temperature is increased, the magnitude of the
(6R/9T>0). The transition between the two regimes occursresistive jump decreases with the hysteresis diminished and
with a huge discontinuous resistance jump on a well-defineéventually vanishes at the critical poif23.2 MPa, 38.1
line in the P-T plane. It is also seen that the resistive jumpK),*® where the first-order MIT changes to the crossover. We
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FIG. 1. (Color online Overview of the resistance behavior
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suppose that the absence of the resistance jump and shd®C) domains are induced progressively in the insulating
criticality in the previous repolf is ascribable to the effect host phase by pressure at a zero field but are destroyed at 11
of disorder, which can make the simple nature inherent in the '8 At 10.1 K [Fig. 2(e)], the resistance under a zero field
Mott transition sophisticated. decreases continuously and falls below the noise level
~ Asis seen above, the analogy between the system volumgound~27 MPa, where the growing SC fraction is consid-
in the liquid-gas transition and the resistance in the Motlered to be percolated before occurrence of the bulky SIT at a
transition goes well. The resistance is not a thermodynamigigher pressure. Actually a bulky MIT under 11 T was at a
quantity but a transport coefficient determined by the NUMigher pressure, 30.4 MPa, as seen in Fig).2his is con-
bers of the electron double oc_cupancie;, h_o_les, scatteri_ngStent with the previous work by NME, which shows co-
rqte, and so on. prever a basis fqr the _mtumve analogy '®xistence of AFI and SC in a wide pressure range and drastic
given by a theoretical treatmeftwhich points out that the exchange of the volume fractions of AFl and SC phases at a

resistivity shows a singular behavior at the critical point andcertain pressuréoroken lines shown in Fig.)4

discontinuity at the first-order phase boundary, playing the™ _ .
role of the order parameter of Mott transition in the vicinity Figure 4 shows .th@'T phase d'ag“?‘m Of'.'(?" where the
closed and open circles represent points giving the resistance

of the critical point. Understanding of the criticality in the | ) " )
microscopic level is a future issue. jumps (first-order transition and maximum|(1/R)JR/JP]

At lower temperatures below 13 K, superconductivity, (crossover point respectively, and the superconducting tran-

which is a specific phase to the electronic systems, appeafilion defined by the resistance vanishing is marked by
under pressure. The data at 12.1 K under a zero field and 2dosed triangles. Figure 4 is consistent with the Lefebvre’s
T are shown in Fig. @). At a zero field, the resistance sud- diagram*? after which the broken line is drawn as a bulk SIT
denly vanishes around 28.5-29.0 MPa with large hysteresiée. In the insulating region, AF phase appears at low
against pressure, indicating the bulky superconductortemperature$;'® although the phase boundary is not drawn
insulator transitior(SIT) of the first order. By application of here. The competition between the neighboring AF insulating
11 T, the SIT was converted into MIT with the transition and SC phases as in the(BEDT-TTF),X family'® has of-
pressure nearly unchanged. It is seen that the field depeten been discussed in terms of GDtheory?®# which treats
dence of resistance is large even in the low-pressure regidhe AF and SC orders in a unified way of the five-
below 28.5 MPa. It is considered that tiny superconductodimensional superspin. The §&) theory tells that the phase
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FIG. 3. (Color onlineg The pressure derivative of resistance,

[(1/R)9R/ 4P|, against pressure at several temperatures. The valuea FAlede?i'n:drisy:{ee'gea?%d;ng;i%fattgz fer g?:tt'r\]/: Acrr;f]lregn?ugap;(.)tThe
of | (L/R) IR/ 9P| nax is plotted against temperature in the inset. The 92P P P

arrow indicates the critical temperature 38.1 K determined b theof resistance as shown in the inset. The arrow indicates the critical
P : y aessure 23.2 MPa determined by the disappearance of the resis-

gls?k?:iiﬁingﬁr\% t:ﬁ (ris_ls_lt_a;li:ggjsvr::E.TThgf d3|§\3/elrgKence Is describ ance jump. The pressure dependence of the gap is described by the
y ¢ ¢ B solid curve of~(Pc— P)%* with P¢ of 23.2 MPa.

diagram has a bicritical point at the end of a first-order tran-
sition line separating the AF and SC phases in the phas&@nge from 50 K to 33 K, the data are nearly on straight
diagram. The present results show that the first-order line ifines, the slope of which gives the activation energy. The
extended to the high-temperature nonordered region. This isffective charge gag\ defined byR~exp@/T) is shown
beyond the scope of the $® theory, which needs to be against pressure in the main panel of Fig. 5. It is seen that the
extended so as to incorporate the Mott transition. gap reasonably closes around the critical point. The overall
We now examine the charge gap profile on the insulatingrofile of the gap closing seems to be described by a form
side near the critical point. The inset of Fig. 5 shows thea (p)~ (Po— P)%4* %1 with Po=23.2 MPa. This is an addi-
Arrhenius plot of the resistance. In a restricted temperaturgona criticality of the Mott transition and unique to the elec-
tronic systems. In the context of the DMFT, Kotliat al.
50 4 predicted that the density of states at the Fermi enei@),
i Crossover shows continuous change against temperature and the change
40 o is sharpened at the end potitThe similar behavior is also
o . . expected against pressure. The criticality of the charge gap
critical point can be related to the growth @f(0) and its neighboring
metal profile. N . .
L. To conclude, the Mott transition in the quasi-two-
insulator °, dimensional organic systert(BEDT-TTF),Cu N(CN),]ClI
20 | R, is accompanied by the gigantic resistive jump and the first-
g R, order transition line has an end point atP{,Tc)
10 F A 3.‘“ ‘ ‘ At =(23.2 MPa,38.1 K), where the transition is changed to the
pefcoiate d-4 u]kY' crossover. The end point has the following critical behaviors;
ek SC (i) the pressure derivative of resistan¢€l/R)dR/dP|, is
0 — R— divergent, reflecting the divergence in the charge compress-
5 15 25 35 45 ibility, (ii) the resistance jump vanishes, aiid) the effec-
P (MPa) tive charge gap closes. The criticalitiés and (ii) establish
the phenomenological correspondence between the Mott
FIG. 4. (Color onling Pressure-temperature phase diagram oftransition of correlated electrons and the liquid-gas transition
k-Cl. Closed circles and open circles represent points at which regf molecules or atoms as predicted by the dynamical mean-
sistance shows jumgfirst-order transition and |(1/R)JR/3P| s field theory. The present results provide the experimental ba-
maxir_r!um (crpssover point _respectivel)_/. The_ superconducting sis for physics of the Mott transition criticality.
transition defined by the resistance vanishing is marked by closed
triangles. The broken line is taken after Lefebeteal. (Ref. 10 as The authors thank N. Nagaosa, S. Onoda, and M. Imada

the bulky SIT boundary. for fruitful discussion.
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