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Disorder unveils Mott quantum criticality behind a first-order transition in the
quasi-two-dimensional organic conductor κ-(ET)2Cu[N(CN)2]Cl
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We show the significant impact of weak disorder on the Mott transition by investigating electronic transport in
a systematically x-ray-irradiated layered organic conductor under continuous pressure control. The critical end
point of the first-order Mott transition is dramatically suppressed by such weak disorder that causes only a minor
reduction in the transition temperature of disorder-sensitive nodal superconductivity. Instead, quantum critical
scaling of resistance holds at lower temperatures and Fermi-liquid coherence temperature on the metallic side is
lowered. Introducing disorder unveils the interaction-induced quantum criticality hidden behind the first-order
transition.

DOI: 10.1103/PhysRevB.99.245139

I. INTRODUCTION

The metal-insulator transition (MIT) is one of the central
issues in condensed-matter physics. Strong electron-electron
Coulomb repulsion drives Bloch waves into spatially localized
particlelike states (Mott localization). Randomness in a peri-
odic lattice potential can also cause electron localization due
to the interference of electron waves (Anderson localization),
which are particularly significant in two dimensions. As such,
interaction and disorder localize electrons in different ways.
The interplay of the Coulomb interaction and disorder can
trigger nontrivial MITs while inheriting the particle-wave
duality of electrons. There exist many theoretical investi-
gations on this fundamental issue using various numerical
methods [1–12]. To illuminate the interplay in real materials,
however, the interaction strength and the degree of disorder
need to be precisely and independently varied in a controlled
way near the MIT, which has been prohibiting experimental
challenges to this issue.

Layered organic conductors with half-filled bands, κ-
(ET)2X [ET = bis(ethylendithio)tetrathiafulvalene and X de-
notes anion species], are model systems for studying this issue
in two dimensions [13]. Among them, κ-(ET)2Cu[N(CN)2]Cl
(abbreviated κ-Cl hereafter) is best characterized. This mate-
rial is a Mott insulator with antiferromagnetic ordering below
23 K at ambient pressure [14] and undergoes a first-order
transition to a metal, which exhibits superconductivity at 13 K
at a hydrostatic pressure of as low as 20–30 MPa. The first-
order transition has a critical end point Tep of approximately
40 K [15,16], signifying no symmetry breaking associated
with the transition, the same as for the liquid-gas transition.
Above Tep, a fan-shaped quantum critical region is extended
in the pressure-temperature (P-T ) plane [17,18]. Recently,
the effect of x-ray irradiation on the structural and electronic
properties of a series of κ-(ET)2X was investigated [19]. In-

frared spectroscopy indicates that irradiation induces disorder
in the chemical bonds in the anion layers [20], which is
suggested to generate random potential modulation in the con-
ducting ET layers by first-principles calculations [21]. Indeed,
a remarkable impact of x-ray irradiation is observed on the
low-temperature resistivity in κ-Cl at ambient pressure [19].
As the amount of disorder can be regulated by the irradiation
time, the evolution of the Mott transition profile in κ-Cl with
the x-ray irradiation time illustrates the interplay between
interactions and disorder in electron localizations.

In the present work, we investigated the electric transport
of the Mott transition system with controlled disorder by
measuring the in-plane resistance of a successively x-ray
irradiated κ-Cl crystal under temperature and pressure vari-
ations using a helium-gas pressure system, which allows for
continuous pressure control even at low temperatures (see
also the Supplemental Material [22]). We report our finding
that the critical end point of the first-order Mott transition is
drastically suppressed in temperature by disorder and instead
metal-insulator quantum critical fluctuations prevail.

II. EXPERIMENTAL METHODS

The single crystal of κ-Cl used in the present study was
0.3 × 0.2 × 0.02 mm3 in size. An identical crystal was
successively irradiated by white x rays with a nonfiltered
tungsten target (40 kV, 20 mA) at room temperature. The cor-
responding dose rate was approximately 0.5 MGy/h [19,20].
We used a 20-μm-thick crystal, which is far thinner than the x-
ray attenuation length of 1 mm or less, to attain homogeneous
x-ray-induced disorder over the sample volume. The electrical
resistance at irradiation times of 0, 50, 70, and 90 h was
measured using the standard dc four-probe method under an
isothermal pressure sweep and isobaric temperature sweep
using helium gas as the pressure medium. The P-T range
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FIG. 1. (a)–(c) Resistance in the P-T planes. The range of color
indicates the compressibility of the conductance |(1/G)∂G/∂P|, and
the open circles represent the crossover points corresponding to
maxima in |(1/G)∂G/∂P|. The solid star corresponds to Tep. (d)–(f)
Phase diagrams. “Ins.,” “Fermi Liq.,” and “SC” represent insulator,
Fermi liquid, and superconductivity, respectively. The solid and open
circles represent points at which major resistance jumps (first-order
transitions) and the crossover points appear, respectively. The solid
triangles and crosses are the superconducting transition temperatures
TSC and the coherence temperatures T ∗, respectively (see also the
Supplemental Material [22]). We took the set of T ∗ for tirr = 0 h
from Ref. [16].

studied here was limited to the region in which the helium
pressure medium was not solidified.

III. RESULTS AND DISCUSSION

The resistance profiles of κ-Cl in the pressure-temperature
plane at different irradiation times tirr are shown in Figs. 1(a)–
1(c), which trace resistance under an isothermal pressure
sweep and isobaric temperature sweep. The result from the
pristine sample [Fig. 1(a)] is in agreement with a previous
report [15]; the resistance of the pristine sample shows an
insulating behavior at low pressure, whereas it shows a metal-
lic behavior at high pressure, with the two regimes separated
by the first-order transition, which is characterized by a
discontinuous jump in resistance below a critical end point
Tep ∼ 38.5 K. Above Tep, the resistance varies continuously
under a pressure sweep. As seen in Figs. 1(b) and 1(c),
successive x-ray irradiation progressively reduces Tep, making
the insulating behavior at low pressures less prominent. These
results demonstrate that the crossover region is extended
down to lower temperatures with increased irradiation. This
feature is qualitatively reproduced by a very recent report [23].
Decreases in resistance below 10–12 K at low pressures in
Figs. 1(b) and 1(c) are ascribed to tiny traces of supercon-
ductivity in the bulk insulating phase, which have often been
observed [24,25]. The critical end point Tep at which the

FIG. 2. (a)–(c) Pressure dependence of |(1/G)∂G/∂P| at fixed
temperatures. The curve at 15.3 K in (c) was determined under a
perpendicular magnetic field of 9 T, which was applied to suppress
the possible superconducting fluctuations (see also the Supplemental
Material [22]). (d) Temperature dependence of the inverse of the peak
value in |(1/G)∂G/∂P|. The solid lines are guides for the eye. The
dashed lines and thick arrows indicate Tep and T ∗

ep, respectively, for
each irradiation time.

discontinuous jump in resistance disappears is determined
to be 17–20 K for tirr = 50 h and 12–13 K for tirr = 70 h.
As discussed later, this rapid suppression of Tep indicates
a surprisingly fragile feature of the first-order transition to
disorder. The phase diagrams for tirr = 0, 50, and 70 h are
shown in Figs. 1(d)–1(f). In addition to the drastic change
of the Mott transition profile, the transition boundary shifts
slightly negative by 15 MPa, equivalent to changes in lattice
constants by 0.03%–0.04% [26]; it should be considered a
minor effect of disorder separate from its major effect on the
Mott criticality.

To further evaluate the temperature-pressure profile for
conductance around the critical end point, we investigate the
logarithmic pressure derivative of the isothermal conductance
|(1/G)∂G/∂P|, a sort of “compressibility” of conductance,
which forms a peak upon crossing the Widom line of the Mott
transition [Figs. 2(a)–2(c)]. Before irradiation, the peak grows
progressively when Tep ∼ 38.5 K is approached from above
Tep [Fig. 2(a)], reproducing previous results [15]. Even after
irradiation for 50 and 70 h, a similar behavior is observed
above the reduced Tep [Figs. 2(b) and 2(c)]. The inverse
of the peak value |(1/G)∂G/∂P|−1

peak is plotted against tem-

perature in Fig. 2(d). Before irradiation, |(1/G)∂G/∂P|−1
peak

is proportional to |T − Tep| for T � 60 K. After irradia-
tion, |(1/G)∂G/∂P|−1

peak also decreases linearly with temper-
ature down to 35 and 30 K for tirr = 50 and 70 h, respec-
tively, and nonlinearly approaches Tep, which is indicated
by the dashed lines in Fig. 2(d). The nonlinear decrease
in |(1/G)∂G/∂P|−1

peak may be a manifestation of electronic
inhomogeneity or the Griffiths phase (discussed later). The
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FIG. 3. (a)–(d) Temperature dependence of the resistance. The
arrows indicate T ∗. (e) Residual resistance R0 and coefficient A
against the irradiation time. The values of R0 and A plotted here are
those at P − Pc ∼ 20 MPa (see also the Supplemental Material [22]).
(f) Plot of TSC versus R0 at P − Pc ∼ 20 MPa.

interception of the high-temperature linearity at the horizontal
axis denoted by T ∗

ep [Fig. 2(d)] can be regarded as the nomi-
nal critical end point extrapolated from the high-temperature
behavior.

Figures 3(a)–3(d) show the resistance versus T 2 at low
temperature in the metallic phase. Before irradiation, the
Fermi-liquid behavior of R = R0 + AT 2 persists up to above
25 K for each pressure. For tirr = 50 h, resistance shows an
upward deviation from the T 2 dependence at T ∗ [indicated
in Fig. 3(b)], which decreases as the critical pressure Pc is
approached. For tirr = 70 and 90 h, the Fermi-liquid region
is quite limited to low temperatures close to the supercon-
ducting transition temperature TSC, in particular, near Pc. We
determined T ∗ under a magnetic field of 9 T for tirr = 70 h,
which suppresses the superconductivity [Fig. 3(c)], at 19, 26,
32, and 56 MPa. Thus, the energy scale of the Fermi liquid
characterized by T ∗ remarkably drops off with increasing
disorder or approaching the critical pressure Pc. Note that the
residual resistance R0 increases approximately in proportion
with the irradiation time [Fig. 3(e)], showing that tirr is a
good measure of the intensity of disorder. The absolute value
of the in-plane resistivity inevitably has an ambiguity of a
factor of several times because of the difficulty in measuring
it for a blocklike crystal with an extremely large resistivity
anisotropy on the order of 104 or more. The residual resis-
tivity ρ‖0 determined for five crystals was in the range of
3–12 μ� cm for tirr = 0 h, 30–120 μ� cm for tirr = 50 h, and
60–240 μ� cm for tirr = 90 h. These values are more than one
order of magnitude smaller than the Mott-Ioffe-Regel limit,
4 m� cm, which is given by Dh/e2, where D = 1.5 nm is
the interlayer spacing, h is the Planck constant, and e is the

elementary charge. This estimate indicates that the present
system is in a weakly disordered regime. The coefficient A,
which is supposed to be proportional to the square of the
effective mass in the conventional Fermi-liquid theory, does
not significantly vary with x-ray irradiation [Fig. 3(e)]. The
contrasting behaviors of R0 and A against tirr are consistent
with Matthiessen’s rule in the Fermi-liquid regime, in which
disorder causes only single-particle impurity scatterings. The
remarkable suppression of T ∗ with increasing disorder, how-
ever, is unexplainable by single-particle impurity scatterings
but suggests disorder-induced enhancement of the metal-
insulator critical fluctuations.

As for superconductivity, TSC decreases linearly with an
increase in R0 following x-ray irradiation [Fig. 3(f)], as in
κ-(ET)2Cu(NCS)2 [27] and κ-(ET)2Cu[N(CN)2]Br [28]. Al-
though the symmetry of the superconductivity in κ-(ET)2X
has not yet been fully determined, a majority of experiments
support non-s-wave Cooper pairing [29]. According to the
Abrikosov-Gorkov (AG) theory for the nonmagnetic impurity
effect on non-s-wave superconductivity [30], the variation of
TSC in the small-scattering-rate limit (1/τ → 0) is described
by ln(TSC/TSC0) = ψ (1/2) − ψ (1/2 + h̄/4πkBTSCτ ), where
TSC0 is the clean limit of TSC, ψ (x) is the digamma function,
h̄ is the Planck constant divided by 2π , and kB is Boltzmann’s
constant. The relation yields TSC0 − TSC � π h̄/8kBτ ∝ ρ‖0 ∝
R0, as observed in Fig. 3(f). The observed linearity of
|dTSC/dR0| = 4 K/� corresponds to |dTSC/dρ‖0| = 0.02–
0.06 K/μ� cm. The AG theoretical value, estimated from
the Fermi-surface characteristics [31] and effective mass [32],
is |dTSC/dρ‖0| = 0.08–0.09 K/μ� cm, which is nearly in
the range of the above estimate. The disorder introduced in
the present experiments is so weak that it causes only a
10% reduction in TSC of the non-s-wave superconductivity
for tirr = 50 h. Hence, the drastic suppression of the criti-
cal end point of the first-order Mott transition is a marked
feature.

An insight into the drastic suppression of the critical end
point of the first-order transition is provided by the corre-
spondence between the Mott transition of electrons and ferro-
magnetic transition of Ising spins, both of which have scalar
order parameters [33,34], although the critical exponents are
controversial in κ-Cl; classical two-dimensional (2D) Ising
values versus unconventional values possibly connected to the
metal-insulator quantum criticality are under debate [35–44].
According to Harris’s criterion [45], the effect of disorder is
relevant when νd = 2β + γ � 2, with the correlation length
exponent ν and spatial dimension d . In the 2D Ising case, in
which the critical exponents (β, δ, γ ) are (1/8, 15, 7/4) and
thus νd = 2, disorder is marginally relevant. This may hold
true even in the other case under debate since the unconven-
tional criticality, if any, should cross over to the classical Ising
criticality upon closely approaching the finite-temperature
critical point [36]. According to Imry and Ma’s argument [46],
the 2D random-field Ising model does not show a phase transi-
tion at finite temperatures, which pertains to rapid suppression
of the critical end point by introducing a weakly disordered
potential, suggesting that two-dimensionality is key to the
fragility of the first-order nature of the Mott transition. The
finite values of Tep may be due to nonzero interlayer coupling.
When the first-order magnetic transition in Ising spins is
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FIG. 4. (a)–(c) Quantum critical scaling of renormalized resis-
tance R/Rc. (d)–(f) Plots of log10 | log10(R/Rc )| versus T/T0. Top
and bottom panels show insulating and metallic branches, respec-
tively. Solid lines represent the quantum critical behavior R/Rc =
exp[±(T/T0 )−1/zν]. (g)–(i) Color plots of | log10(R/Rc )| in the δP-T
plane. The thick gray lines and black curves represent the first-order
transition lines and T0, respectively. The point of (δP, T ) = (0, 0),
the origin of the T0 curve (indicated by a dashed curve), is a
hypothetical quantum critical point.

suppressed by disorder, the Griffiths phase with spatially
inhomogeneous and temporally fluctuating locally ordered
domains (or droplets) emerges [47,48]. Its charge counterpart,
the “electronic Griffiths phase,” was theoretically proposed for
the Mott transition [49] and was recently suggested by the
observation of extraordinarily slow dynamics in an organic
system [50]. An analogous situation likely arises in temper-
atures close to Tep, for example, below T ∗

ep.
Remarkably, the suppression of the critical end point of

the first-order Mott transition and drop-off in the Fermi-
liquid coherence temperature are followed by the prevailing
of Mott quantum criticality (Fig. 4; see also the Supple-
mental Material [22]). Before x-ray irradiation, resistance
shows quantum critical scaling well above Tep [18], con-
sistent with the prediction from the dynamical mean-field
theory [17,51]; namely, renormalized resistance R/Rc follows
R/Rc = exp[±(T/T0)−1/zν] (+: insulating branch, −: metallic
branch), where Rc(T ) is the resistance on the Widom line
of the Mott transition Pcross(T ), defined by peak position in

|(1/G)∂G/∂P| at a given temperature, and T0 is the char-
acteristic temperature defined as T0 = |cδP|zν , with an arbi-
trary constant c and pressure distance from the Widom line
δP = P − Pcross. The same analysis for the resistance data
for tirr = 50 and 70 h found that quantum critical scaling
occurred for both sets of data in intermediate temperature
ranges above the reduced values of Tep (Fig. 4; see also the
Supplemental Material [22]). The exponent zν, a product of
the dynamical and coherence length exponents, is 0.45, 0.46,
and 0.46 for tirr = 0, 50, and 70 h, respectively, which is
close to the value of 0.49 that was previously determined
for a pristine sample [18]. These values considerably differ
from 2.0 to 2.1, which occurs in the 2D disorder-dominated
metal-insulator transition in Si metal oxide–semiconductor
field-effect transistors [52], suggesting that the present metal-
insulator transition is interaction dominated. Note that the
quantum critical region is extended to lower temperatures with
increasing disorder [Figs. 4(g)–4(i)], which explains why the
insulating features of resistance become less prominent with
the increasing x-ray dose [Figs. 1(b) and 1(c)]. Consistently,
the characteristic temperature for quantum critical scaling T0

decreases with increasing disorder [Figs. 4(d)–4(f)]; note that
because quantum critical fluctuations prevail for T > T0, a
decrease in T0 indicates the extension of the quantum critical
region, which means the enhancement of quantum critical
fluctuations. The metallic branches deviate from the quantum
critical behavior at T ∗

0 ∼ 0.6T0, 0.75T0, and 0.78T0 for tirr =
0, 50, and 70 h, as indicated by arrows in Figs. 4(d)–4(f),
which correspond to the crossover from the high-temperature
quantum critical state into the low-temperature Fermi-liquid
state. The insulating branches do not reach the crossover,
which would be located at negative pressures.

In a pristine crystal, the Mott localization is quantum crit-
ical at high temperatures, followed by a first-order transition
below Tep. As seen above, however, the first-order transition
is extremely fragile against disorder; Tep is reduced by more
than 50% by such a weak disorder, which yields only several
tens of μ� cm in ρ‖0 and only a 10% reduction in TSC for
non-s-wave superconductivity. Thus, disorder is impactful in
the first-order transition; however, the strength of the disorder
itself is not significant, as seen from its effect on ρ‖0 and
TSC. If the energy scale of disorder is less than the ther-
mal energy in the temperature range where the first-order
transition is extinguished, then Mott quantum criticality is
expected to be restored. This is suggested to be the case by
the fact that the x-ray-irradiated sample fulfills the quantum
critical scaling of resistance with the same zν value as in
the pristine sample. Weak disorder unveils the Mott quan-
tum criticality hidden behind the first-order transition in two
dimensions.

The behavior of interacting electrons is dominated by the
energy scales of interaction, kinetics, and disorder, repre-
sented by the on-site Coulomb repulsion U , Fermi energy
εF , and inverse lifetime h̄/τ , respectively. The present work
targeted the region U ∼ εF � h̄/τ . If the system enters into a
strongly disordered regime, in which the residual resistivity
near the MIT reaches the Mott-Ioffe-Regel limit, the elec-
tronic Griffiths phase, whose symptom is observed near Tep,
can be vital, or a separate criticality may emerge, which is an
interesting issue to be addressed in the future.
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IV. CONCLUSIONS

To summarize, we examined the impact of weak disorder
on the Mott transition and the Mott criticality in an x-ray-
irradiated organic conductor, κ-Cl, by performing the resis-
tance measurements under continuously controlled He-gas
pressure. Remarkably, the critical end point of the first-order
Mott transition decreases much more rapidly than the transi-
tion temperature of the disorder-sensitive non-s-wave super-
conductivity, highlighting the extreme fragility of the Mott
critical end point to disorder. The suppression of the criti-
cal end point is accompanied by the depression of the co-
herence temperature of the Fermi liquid on the metallic
side, which suggests that the disorder enhances the critical
fluctuations of the metal-insulator transition. Concomitantly,

the quantum critical scaling analysis found that the scaling
held even after irradiation in intermediate temperature ranges
above the decreased critical end point, consistent with the fact
that the characteristic temperature for quantum critical scaling
decreases. These results demonstrate that the Mott quantum
critical fluctuations hidden behind the first-order transition are
revealed by disorder.
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Dobrosavljević, Phys. Rev. B 88, 075143 (2013).
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