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Magnetic Mott criticality in a κ-type organic salt
probed by NMR
Fumitaka Kagawa*†, Kazuya Miyagawa and Kazushi Kanoda

Near a Mott transition1, which can be tuned by controlling
either the charge-carrier density (‘filling’) or the correlation
strength (‘bandwidth’), lies fascinating emergent behaviour,
such as unconventional superconductivity2,3, and the under-
standing of the underlying Mott criticality is a longstanding
challenge. Recent studies have showed that the bandwidth-
controlled Mott criticality (BCMC) involves critical fluctuations
in charge4,5 and lattice6,7 degrees of freedom. Spin is another
degree of freedom and its antiferromagnetic fluctuations are
ubiquitous in strongly correlated electrons8,9. However, the
magnetic aspects of BCMC are unexplored. Here, we report
on the magnetic criticality brought about by BCMC. Through
NMR investigations on a κ-type organic salt, we observe critical
suppression of antiferromagnetic fluctuations accompanied by
the critical enhancement of conductance. The two criticalities
show the same exponent within experimental error. Site-to-site
electron hopping introduces doubly occupied and empty sites,
which extinguish stroboscopically the local spins, probably
resulting in the identical criticality in charge and spin.

The investigation of BCMC has been a challenging issue,
for the following two reasons. First, in many materials, BCMC
is obscured by simultaneous symmetry breakings in spin or
orbital degrees of freedom. Second, an atypical experimental
technique, that is, continuous control of the bandwidth at a
given temperature, is required. Organic compounds10 of the type
κ-(BEDT-TTF)2X are one of few examples showing the ‘pure’
bandwidth-controlled Mott transition without symmetry breaking,
where BEDT-TTF denotes bis(ethylenedithio)tetrathiafulvalene
and X denotes an anion. The compound investigated here,
κ-(BEDT-TTF)2Cu[N(CN)2]Cl (hereafter abbreviated to κ-Cl),
is a half-filled quasi-two-dimensional system11 composed of the
conducting BEDT-TTF dimer layer and an insulating anion X layer
(Fig. 1a). Its pressure–temperature (P–T ) phase diagram (Fig. 1b)12
possesses the characteristics of a pure bandwidth-controlled Mott
transition: the first-order Mott transition line free from magnetic
symmetry breaking terminates at a critical end-point5,6,12–15.
Theoretically, the global feature of this phase diagram is now well
reproduced by the cluster dynamicalmean field theory16,17 (DMFT).
Note that the pressure-induced Mott transition at the end-point
(Tc) is of second order; thus, BCMC is expected to grow towards
the finite-temperature end-point in a divergentmanner18,19 without
being cut off by the discontinuous first-order transition.

According to DMFT (ref. 20), the continuous bandwidth-
controlled Mott transition at the end-point is accompanied by the
critical behaviour in various quantities18,21, such as the density of
doubly occupied sites (doublons), the height of the quasiparticle
peak in photoemission and conductance: among them, the critical
behaviour of conductance has been experimentally confirmed in
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(V1−xCrx)2O3 (ref. 4) and κ-Cl (ref. 5). However, the effects on
the magnetic properties are yet to be investigated experimentally
and theoretically. To address the magnetic aspect of BCMC, we
used 13C-substituted κ-Cl (abbreviated to 13C-κ-Cl) and carried
out 13C-NMR measurements (see the Methods section), which is a
powerful probe of local spin dynamics. For the bandwidth control,
NMR was combined with a continuously controllable pressure
technique, which is an effectivemethod for this highly compressible
organic salt. Below, we focus on the NMR properties around the
end-point and present three regimes of bandwidth-controlledMott
transition: discontinuous Mott transition (below the end-point
temperature, Tc), insulator–bad metal crossover (above Tc) and
continuous Mott transition at Tc.

Figure 2a shows the pressure dependence of 13C-NMR spectra
at 31.6 K (below Tc). It is seen that the two broad lines observed
at low pressures change discontinuously around 20MPa into the
sharp two-line spectra at high pressures through their coexistence,
which is also observed under chemical pressure control22. Referring
to the P–T phase diagram (Fig. 1b), it is obvious that the former is
from the insulating phase, whereas the latter is from the badmetallic
one. The volume fraction of the bad metallic phase shows a steep
change, consistent with the first-order Mott transition (Fig. 2b).
Reasonably, the pressure dependence of 1/T1T , which is a measure
of antiferromagnetic fluctuations (see the Methods section), is
also discontinuous (Fig. 2c), and the clear critical phenomena of
1/T1T are absent at this temperature. In the insulating phase, as
pressure increases, both the linewidth (Fig. 2a) and 1/T1T decrease,
indicating the suppression of antiferromagnetic fluctuations. Note
that this change is accompanied by a suppression of the Mott
gap13,14,23 and an increase in conductance G (Fig. 2d), although
the conductance in the insulating phase is still much smaller
than that in the bad metallic phase. These facts suggest that
the tiny increase in doublons in the insulating phase (doublon-
poor state) markedly reduces antiferromagnetic fluctuations. In
contrast, in the bad metallic phase (doublon-rich state), the
linewidth and 1/T1T are nearly pressure independent in the
present range. A sudden drop in 1/T1T from the values in the
insulating phase implies that antiferromagnetic fluctuations are
relatively suppressed.

In the insulator–bad-metal crossover regime above Tc
(≈40–43K, see below), the NMR spectra keep the two-line nature,
as seen in the data at 43.4 K (Fig. 3a). This indicates the absence of a
first-order transition. Correspondingly, the pressure dependence
of 1/T1T (Fig. 3b) is continuous and decreases monotonously;
nevertheless, the 1/T1(P)T curve shows inflexion at the pressure
close to the transport crossover pressure5 (Fig. 3c). This coincidence
again suggests that the increase in doublons leads to the suppression
of antiferromagnetic fluctuations.
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Figure 1 | Structure of κ-(BEDT-TTF)2Cu[N(CN)2]Cl and the bandwidth-controlled Mott transition. a, Crystal structure of κ-(BEDT-TTF)2Cu
[N(CN)2]Cl. In the two-dimensional conducting layers (the ac plane), BEDT-TTF molecules form dimers. The dimer has one hole and thus the band is
half-filled. The two central carbon atoms of BEDT-TTF are labelled with 13C isotopes for NMR measurements. b, Pressure–temperature phase diagram of
κ-(BEDT-TTF)2Cu[N(CN)2]Cl taken from refs 5, 6 and 12–15. The bold line represents the first-order Mott transition. ‘AF’ and ‘SC’ denote
antiferromagnetic and superconductor, respectively.
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Figure 2 | Bandwidth-controlled discontinuous Mott transition seen from 13C-NMR. a–c, Pressure dependence of 13C-NMR spectra (a), volume fraction
of bad metallic phase estimated from the spectral weight (b) and 1/T1T of the outer site (c) at 31.6 K (<Tc). In a, the spectra coming from the bad metallic
phase are shaded red as a guide to the eye. TMS: tetramethylsilane. d, The conductance data for 12C-κ-Cl (that is, 13C-non-substituted κ-Cl) at 32.1 K
(from ref. 14), for comparison. All of the data were taken in a decreasing pressure process. The pressure hysteresis is expected to be∼0.2 MPa (ref. 5).

Next, we focus on how BCMC (for example, the criticality of
conductance) at the continuous Mott transition affects 1/T1T .
For this purpose, NMR measurements have to be done at a
temperature very close to Tc. In the NMR spectra of 13C-κ-Cl at
39.7 K, for which the Tc is determined from previous conductance
measurements5 for 13C-non-substituted κ-Cl (abbreviated to
12C-κ-Cl), we found insulator–badmetal coexistence and an abrupt
change in shift, which are indications of aweak first-order transition
(see Supplementary Fig. S1). Therefore, Tc of 13C-κ-Cl is probably

located at 40–43K and we regard 41.5 K as very close to Tc. This
slight difference in Tc is attributable to the 13C-substitution effect24;
in fact, in deuterated κ-(BEDT-TTF)2Cu[N(CN)2]Br,Tc is found to
rise by a few kelvin as a result of the 13C-substitution24.

The NMR spectra also keep the two-line nature all the
way across the nearly continuous Mott transition (at 41.5 K);
however, unlike the case of the insulator–bad metal crossover,
the 1/T1(P)T curve shows a steep change around the critical
pressure Pc (≈25.8MPa) with a nearly vertical gradient (Fig. 4a).
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Figure 3 | Insulator–bad metal crossover seen from 13C-NMR. a,b, Pressure dependence of 13C-NMR spectra (a) and 1/T1T of the outer site (b) at 43.4 K
(>Tc). c, The pressure dependence of conductance in 12C-κ-Cl (that is, 13C-non-substituted κ-Cl) at 43.2 K (from ref. 5), for comparison.
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Figure 4 | Continuous Mott transition at the critical temperature seen from 13C-NMR and conductance. a, Pressure dependence of 1/T1T of the outer site
and conductance. 1/T1T values are the data for 13C-κ-Cl at 41.5 K (close to Tc of 13C-κ-Cl), whereas the conductance (represented from ref. 5) is for
12C-κ-Cl at 39.7 K (close to Tc of 12C-κ-Cl). b, Logarithmic plot of 1/T1T and conductance measured from the end-point against |P–Pc|. The dashed black
line indicates the pressure dependence of∼|P–Pc|

1/2. Regarding the plot of conductance, the data above Pc are used. The error bars show the distribution
of shift-dependent 1/T1.

Note that the G(P) curve of 12C-κ-Cl at 39.7 K also shows a
critical change at the end-point5 (that is, the critical behaviour
of conductance, see Fig. 4a). This qualitative similarity leads us
to conclude that BCMC is emergent not only in the conductance
but also in the magnetic property as a critical change of 1/T1T
(that is, antiferromagnetic fluctuations). Remarkably, the similarity
betweenG(P) and 1/T1(P)T is quantitative as illustrated in Fig. 4b,
which shows 1G[≡ G(P) − G(Pc)] of 12C-κ-Cl above Pc and
11/T1T [≡ |1/T1(P)T − 1/T1(Pc)T |] of 13C-κ-Cl against |P–Pc|.
From the simplest linear fitting in the logarithmic scales, it is found
that11/T1T obeys roughly |P–Pc|

1/δ with a critical exponent δ≈ 2
in both the insulating and bad metallic phases; here note that
δ ≈ 2 was originally found for 1G (ref. 5 and see also Fig. 4b).
Although the relationship between 1/T1T and conductance is not
theoretically explored at present, the agreement of δ implies that
there is a linear coupling between 11/T1T and 1G. Hence, if
1G reflects the order parameter of the bandwidth-controlled Mott

transition as argued in DMFT (refs 4, 21) (the relationship may be
non-trivial25), it follows that 11/T1T reflects the order parameter
as well. Therefore, within this assumption, Fig. 4b supports the
unconventional exponent δ= 2. Although the unconventional δ is
inconsistent with the DMFT result, that is, Ising universality class18,
this value may be relevant to the quantum criticality of the Mott
transition discussed in ref. 19.

BCMC seen from 1/T1T is summarized in Fig. 5; a clear jump
emergent at low temperatures vanishes around Tc (≈40–43K);
and the crossover behaviour above Tc becomes moderate at higher
temperatures. This temperature and pressure profile of 1/T1T
and the NMR shift (see Supplementary Fig. S2), which could
not be captured in the previous 1H-NMR measurement12, are in
common with those of conductance5. In Fig. 5, 1/T1T has no peak
structure around the end-point, implying that both the divergence
of antiferromagnetic susceptibility and the critical slowing down
of spin are absent around the end-point, where the divergence of
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Figure 5 | NMR characteristics around the Mott critical end-point. The
pressure dependence of 1/T1T of the outer site at various temperatures.
The shaded area represents the coexistence of insulating and bad metallic
phases. Inset: The same data as in the main panel shown in a different
manner for clarity.

doublon susceptibility and the critical slowing down of doublon
density fluctuations are both expected18,19. This is a natural
consequence of nomagnetic symmetry breaking at the end-point.

Since the publication of the Brinkman–Rice approach26, the
metal-to-insulator Mott transition has often been discussed in
terms of the enhancement of single-quasiparticle mass m∗. In fact,
at low temperatures them∗ enhancement (not divergent because of
the discontinuous Mott transition) was predicted by cluster DMFT
(ref. 17) and observed by transport13 and optical conductivity23,27,28
σ (ω) measurements on κ-(BEDT-TTF)2X. It should be noted that,
because m∗ is well defined only in the Fermi-liquid regime at low
temperatures, m∗ is probably not an adequate physical parameter
to feature the Mott criticality at the end-point situated in the bad
metallic regime. The question arising from the present results is
why BCMC—essentially a criticality of charge—is emergent in the
spin degree of freedom. Theoretically, the Mott insulator-to-metal
transition is captured by the increase in the density of doublons and
holons (empty site)18,21, which are ‘charge carriers’ contributing to
the transport properties. In the NMR properties, on the other hand,
doublons and holons are probably equivalent to ‘spin vacancies’,
which suppress 1/T1. The possibly identical criticality in the
transport and magnetism seems to suggest that the magnetic Mott
criticality is also dominated by the doublons and holons as a result
of their dual nature, that is, charge carrier and spin vacancy.

Methods
The crystals were synthesized from the BEDT-TTF molecule with two central
carbon atoms labelled with 13C isotopes (Fig. 1a) for NMR, which was carried
out under 7.4 T (||a). In this field configuration, all BEDT-TTF molecules are
equivalent in the sense of NMR and the dipolar coupling between the adjacent 13C
nuclear spins vanishes29. Thus, the 13C-NMR spectra consist of two lines29 coming
from the ‘inner’ and ‘outer’ sites in BEDT-TTF (see Supplementary Fig. S3). We
measured 13C-NMR spectra and nuclear spin-lattice relaxation rate divided by
temperature, 1/T1T , around the end-point. 1/T1T depends on the dynamical spin
susceptibility, as follows:

1/T1T ∝
∑
q

Imχ(q,ω0)
ω0

where q is the wavenumber vector and ω0 is the NMR observation frequency.
1/T1T in κ-Cl under the present P–T range (0–35MPa and 31–43K) is dominated
by the antiferromagnetic fluctuations (that is, χ(Q), where Q is the wave vector
of antiferromagnetic order) even in the bad metallic phase9. Therefore, the

temperature or pressure variation of 1/T1T can be interpreted as the variation of
antiferromagnetic fluctuations.

The 1/T1T data of the inner and outer sites probe an identical quantity
through different proportional constants (so-called hyperfine coupling constants).
As the coupling constant is larger at the outer site, we present only the data of
the outer sites. Concerning the 13C-NMR shift, our previous study showed that
the shift of κ-Cl reflects not only the uniform susceptibility but also the staggered
susceptibility because of the Dzyaloshinsky–Moriya interaction30. Therefore, the
interpretation of shift is not straightforward. For this reason, the pressure and
temperature dependence of the shift is presented in Supplementary Fig. S2.
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