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Pressure-dependent dielectric response of the frustrated Mott insulator «k-(BEDT-TTF),Ag,(CN);
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We explore the dielectric properties of the molecular quantum-spin-liquid candidate «-(BEDT-TTF),
Ag,(CN); as a function of frequency, pressure, and temperature. The transition from the incoherent semicon-
ducting to the Mott-insulating state at the quantum Widom line yields a drop of the low-frequency dielectric
constant to small positive values &; = 10. The characteristic relaxor-type peak around 7 = 50 K moves to lower

temperatures when pressurized. An additional feature appears and quickly grows as the percolative first-order
transition is approached with rising pressure. Above 4 kbar, it dominates the dielectric response and rapidly
shifts to T — 0. Overall, the pressure-dependent dielectric response is remarkably similar to the less-correlated
sister compound «-(BEDT-TTF),Cu,(CN);. At the Mott transition, we identify a reentrant insulating behavior
at T* = 11 K which might indicate a low-entropy ground state — possibly with a spin gap.
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I. INTRODUCTION

The Mott transition has been intensely studied over the last
decades in cuprates and other transition-metal compounds, as
well as organic conductors, which — together with vanadium
oxides —became the prime example for bandwidth-tuned
insulator-metal transitions (IMTs) [1-4]. Recently, special fo-
cus was put on geometrically frustrated materials in the quest
for quantum spin liquids (QSLs) [5-8]. This way, pressure-
dependent studies have unveiled the physics of the genuine
Mott state in the absence of antiferromagnetic order [9],
in quantitative agreement with theoretical predictions of the
single-band Hubbard model [10,11].

The dielectric properties of triangular-lattice molecular
compounds «-(BEDT-TTF),Cu,(CN)s, «k-(BEDT-TTF),
Ag,(CN); and EtMe;Sb[Pd(dmit),], without magnetic
order yield a relaxor-ferroelectric peak that has been
controversially discussed over the past decade [12-16].
By simple and compelling arguments, Fukuyama et al.
pointed out that the small intensity and low frequency of
the dielectric anomaly (hw/U =~ 10711078, where the
typical frequencies are /2w = f = 10> —10° Hz and
the Coulomb repulsion U ~ 0.3 eV [9]) suggest an origin
related to disorder and inhomogeneities on larger length
scales [17]. By applying pressure, we could elucidate
this issue in k-(BEDT-TTF),Cu,(CN); [18-20]: The
correlation-driven metal-insulator transition is of first order;
phase coexistence is therefore inherent. In other words,
percolative effects are expected to inevitably accompany the
Mott transition when temperature or pressure are varied.
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While pressure-dependent dc measurements of the electrical
resistivity were reported early on [21-24] for most organic
Mott compounds, dielectric studies through the IMT are
limited to x-(BEDT-TTF),Cu,(CN);3 so far. To that end, it
is highly desirable to extend such endeavors also to other
frustrated Mott insulators.

Here, we carried out pressure-dependent dielectric experi-
ments on k-(BEDT-TTF),Ag,(CN); single crystals, yielding
remarkably similar results and conclusions to the sister com-
pound x-(BEDT-TTF),Cu;,(CN);3. As pressure increases, the
well-known relaxor-ferroelectic response gets overwhelmed
by a rapidly growing dielectric feature at lower temperatures,
which is attributed to the percolative nature of the Mott transi-
tion. Several interesting details observed provide a fresh view
on the dielectric response and the correlation-driven Mott
transition in the title compound.

II. STATE OF THE ART

Figure 1(a) illustrates the schematic phase diagram of
frustrated Mott insulators in the absence of magnetic order
and spin-gapped states [18,26,27]. At elevated temperatures,
thermally activated processes dominate the semiconducting
behavior in a broad range. Depending on the strength of the
effective correlations, the behavior becomes distinct at low
temperatures (LTs): For strong electron-electron interactions,
a crossover to the Mott-insulating regime occurs at the quan-
tum Widom line (QWL). When the correlation effects are
weaker — for instance, by applying pressure, the system turns
metallic below the Brinkman-Rice temperature 7gg and even-
tually enters a Fermi-liquid (FL) phase. While the Mott state
and its IMT are commonly discussed in terms of electrical
conductivity, the dielectric properties provide an alternative
and rather illuminating aspect. The permittivity ¢; acquires
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FIG. 1. (a) In general, the bandwidth-tuned Mott transition at half filling yields pronounced changes in the low-frequency dielectric constant
£1. The opening of a spectral gap at the quantum Widom line (QWL) results in a small, positive permittivity &; & 10 in the Mott-insulating
state. In the close vicinity of the insulator-metal transition, a percolating regime with colossal values &, > 10? emerges due to the first-order
coexistence regime, followed by negative permittivity in the metallic phase [18-20]. (b) In the case of x-(BEDT-TTF),Ag,(CN)s, the rapid
increase of ¢; indicates the closing of the Mott gap (g, o« A~?) at the crossover from the Mott insulator to a thermally activated semiconducting
regime; consistent with transport results [9]. (c) A false color plot of the pressure-dependent data obtained on x-(BEDT-TTF),Ag,(CN);
at f = 10 kHz illustrates illustrates the Mott phase with ¢; ~ 10 (light red). The QWL lines up with the less correlated sister compound
k-(BEDT-TTF),Cu,(CN);. Note, the pressure and temperature scales are shifted according to U/W scaling derived in Ref. [9]; the agreement
is excellent. The solid black dots are the present results of the QWL determined from the 10 kHz data in panel (b), whereas the black and cyan
triangles indicate the HT and LT peaks obtained from our dielectric data at 100 kHz (cf. Figs. 3 and 4). The open grey symbols indicate the
QWL results (circles, from Refs. [9,25]), the onset of metallic behavior (star, Brinkman-Rice temperature Tgg), the Fermi-liquid temperature
TrL (square), and the superconducting transition temperature 7, (diamond) of x-(BEDT-TTF),Cu,(CN); [26].

small, positive values of order 10 in the Mott-insulating state,
reflecting the charge-excitation gap &; o« A~2 in the qua-
sistatic limit, i.e., for frequencies f < A, the Mott gap. This
way, the dielectric constant is enhanced while approaching
the IMT [28], but this mechanism does not result in a true
divergence due to the first-order character of the transition.
Instead, a colossal enhancement of £; ~ 10° — 10° occurs in
the coexistence regime of percolating metallic clusters em-
bedded in an insulating matrix [18-20]. On the metallic side,
the permittivity exhibits large negative values due to screen-
ing, consistent with &; determined from optical spectroscopy
[20,26].

For our investigations, we synthesized high-quality
k-(BEDT-TTF),Ag,(CN); single crystals by standard elec-
trochemical methods [23,29]. Broadband dielectric spec-
troscopy was carried out in a pseudo-four-point configuration
(out of plane, E L bc) as a function of pressure, temperature,
and frequency using an Agilent 4294 impedance analyzer.
The pressure-dependent investigations were performed utiliz-
ing a piston-type pressure cell up to approximately 10 kbar.
Daphne oil 7373 serves as the liquid pressure-transmitting
medium. For in siru determination of the actual pressure,
an InSb semiconductor pressure gauge was incorporated in
the cell. Unless indicated otherwise, throughout the paper
we state the pressure reading at the lowest temperature,
T =10 K. A custom-made continuous-flow helium cryostat
reduces the total cable length to 50 cm, enabling reliable

measurements at frequencies up to 5 MHz; the tradeoff is the
low-temperature limit of 8 K. Further details are presented in
Refs. [19,30].

In line with the above description, our dielectric experi-
ments on k-(BEDT-TTF),Ag,(CN)s covering the insulating
regime up to the IMT show small &; = 10 in the Mott state,
which is presented in Figs. 1(b) and 1(c). The permittivity
exhibits a pronounced enhancement above the QWL due to
the closing of the Mott gap as incoherent semiconducting
behavior sets in at higher temperatures. We extract the QWL
from temperature-dependent dielectric measurements €;(7)
as indicated in Fig. 1(b) for all pressures and, this way, ob-
tain a precise mapping of the crossover temperature in the
contour plot in Fig. 1(c). Our results are in excellent agree-
ment with the universal QWL obtained from dc transport
data of several QSL candidates, such as the title com-
pound, EtMe3;Sb[Pd(dmit), ], and k-(BEDT-TTF),Cu,(CN);
[23,25], when quantitatively scaled by the respective band-
width [9]. Due to experimental limitations, the present
investigations are confined to the insulating state, approaching
the IMT boundary, but crossing it only slightly. Dielectric data
under pressure could be acquired up to 7.1 kbar and down to
8 K, which precludes detailed studies of metallic and super-
conducting behavior, that is reported at lower temperatures
(T, = 5.2 K) and higher pressures (p. > 10 kbar) [23]. The
close vicinity to the phase coexistence regime is evident from
the occurrence of dp/dT > 0 below Tggr = 18 K at 7.1 kbar.
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FIG. 2. (a) Pressure evolution of the temperature-dependent electrical resistivity p(7') of k-(BEDT-TTF),Ag,(CN); measured along a
direction at f = 10 kHz. Upon increasing pressure, p continuously decreases while the overall insulating behavior with dp/dT < O is
maintained. Due to the pressure loss upon cooling and limitations of our setup towards high pressures (p < 10 kbar at 300 K) and low
temperatures (7 > 8 K) [19], we barely reached the insulator-metal transition at 7.1 kbar. We expect superconductivity and Fermi-liquid
behavior at lower temperatures and higher pressures. Apart from the resistivity maximum at 7gr = 18 K associated with the onset of metallic
transport, the inset reveals a reentrance of insulating behavior at 7* = 11 K, reminiscent of the reentrance to the spin-gapped state in
k-(BEDT-TTF),Cu,(CN); [31]. (b) We included T* from (a) and the extremum of the ambient-pressure thermal expansion coefficient o,
at 12 K from Ref. [32] in the phase diagram at p = 0 —possibly a sign of a low-entropy spin state at low temperatures. We also added the
QWL and Tgr from Fig. 1(c). Solid lines indicate the trajectories of our experimental data, determined by in situ pressure measurements. The
legend in panel (a) indicates the low-temperature pressure p at 7 = 10 K.

III. RESULTS

Figure 2 displays the resistivity curves for
k-(BEDT-TTF),Ag,(CN); at various pressures as indicated;
the data are recorded at f = 10 kHz. Upon increasing
pressure, o(7T) continuously decreases while the overall
insulating behavior with dp/dT < 0 is maintained for all
measurements. Figure 2(b) documents the in situ measured
pressure: Upon cooling, a significant pressure loss occurs.
Since our setup is restricted to a starting pressure of 10
kbar at room temperature, that is reduced upon cooling,
we were barely able to reach the IMT. At the highest
pressure of p = 7.1 kbar (determined in situ at T = 10 K),
the resistivity exhibits a maximum around Tggr = 18 K as
highlighted in the bottom left inset of Fig. 2(a). Notably, at
this pressure we can also identify a reentrance of insulating
behavior below 7' = 11 K, which reminds us of the reentrant
insulating behavior in k-(BEDT-TTF),Cu,(CN);, where
the low-entropy spin-gapped phase stabilizes below the
metal [31]. We note that for x-(BEDT-TTF),Ag,(CN)s,
the temperature of the resistance minimum lines up with
an anomaly of the thermal-expansion coefficient around
12 K [32]. Altogether, our data suggest the transition to a
low-entropy state at 7* = 11 K, which deserves dedicated
investigation in future work.

The signatures of p(T, p) line up well with the dc-
transport results by Shimizu et al. [23] and serve as a
good reference for classifying the observed dielectric re-
sponse as a function of pressure and temperature. Figure 3
presents the pressure evolution of the dielectric response of
k-(BEDT-TTF),Ag,(CN)sby plotting &;(T") for different fre-
quencies and pressures as indicated. At ambient pressure and
below T = 100 K, we observe a broad peak in ¢;(7) which
shifts to higher temperatures and decreases in amplitude for
increasing frequencies [Fig. 3(a)]. These findings are in full

agreement with previous ambient-pressure reports by Pin-
teri¢ et al. [15,16]. The peak features the same signature
as the relaxor-ferroelectric response observed in the sibling
compound «-(BEDT-TTF),Cu,(CN)s [12,14,16], with the
difference that for x-(BEDT-TTF),Ag,(CN);3 it occurs at
higher temperatures (7 ~ 50 K) and develops a larger am-
plitude. It is straightforward to label this relaxor ferroelectric
peak the HT (high temperature) peak in analogy to the nomen-
clature we introduced for the Cu analog [19]. A closer look
reveals an additional shoulderlike feature below 50 K which is
more pronounced for higher frequencies. As we will see in the
following, this shoulder does not correspond to the LT peak
but constitutes an additional, distinct feature, that we refer to
as anomaly (A) from now on.

When discussing how the feature varies with pressure, we
can confine ourselves to the low-frequency response, where
the peak is most pronounced. From ambient pressure up to
p = 2.1 kbar [Figs. 3(a)-3(e)], the HT peak shifts to lower
temperatures and slightly loses amplitude, while the A feature
keeps its shoulderlike shape and does not change noticably
as a function of pressure. As pressure rises [Figs. 3(f)-3()],
the HT maximum diminishes further while A strengthens and
eventually becomes a well-defined peak which, for instance, is
located around 13 K at p = 4.1 kbar. Starting from 2.7 kbar, a
third feature appears in between the HT peak and the anomaly,
located around 30 K and eventually dominating &,(7T") at 4.7
kbar [Fig. 3(k)]. Upon increasing the pressure further up to
7.1 kbar [Figs. 3(k)-3(0)], the HT peak continues to move
to lower temperatures as pressure rises while keeping its
magnitude. Simultaneously, the third feature strongly grows
in amplitude and shifts toward lower temperatures, mask-
ing the anomaly previously observed around 13 K. There
is a striking agreement between the pressure evolution of
the third feature and the one observed for the LT peak in
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FIG. 3. Dielectric permittivity &(7T) of x-(BEDT-TTF),Ag,(CN); as a function of temperature measured at several frequencies for
different pressure values. (a) At 0 kbar and below 100 K, a broad dispersive peak dominates ¢;(7") reminiscent of relaxor ferroelectricity
[12,15] which is labeled the HT peak [19]; the solid black line is a guide to the eye. Additionally, a shoulderlike anomaly (A) is revealed
below 50 K. (b)—(g) Upon increasing pressure, the HT peak shifts toward lower temperatures and slightly diminishes in amplitude while the
anomaly feature remains unchanged. (h)—(j) Upon increasing the pressure from 3.4 kbar to 4.7 kbar, the HT peak continues to shift toward
lower temperatures and A develops into a well-defined peak (orange dotted line) which, for instance, is located around 13 K at 4.1 kbar.
Simultaneously, a third feature becomes apparent in between the HT peak and the anomaly, eventually dominating &,(7") at 4.7 kbar, which
we refer to as the LT peak (blue dashed line). (k)-(o) Upon further pressurizing the sample up to 7.1 kbar, the LT peak grows in amplitude and
shifts toward lower temperatures, overwhelming the feature A and the HT peak. Note the different vertical scales between (a)—(j) and (k)—(0).

The pressure values refer to the low-temperature pressure.

k-(BEDT-TTF),Cu,(CN)s [19], clearly identifying it as the
LT peak in «-(BEDT-TTF),Ag,(CN)s.

At this point, we can conclude far-reaching analogies
between the sibling compounds as far as the HT and
LT peaks are concerned in &;(7T). The A anomaly in
k-(BEDT-TTF),Ag,(CN)s is an additional feature that de-
serves further scrutiny. In the following, we give a detailed
analysis and discussion of the pressure and frequency evolu-
tion of these dielectric features.

IV. ANALYSIS

To deconvolve peaks in the temperature-dependent dielec-
tric constant and to trace their pressure variation, in particular,

we fit 1 (T") at 100 kHz with two Gaussian modes accounting
for the HT and the anomaly (A) peak. For p > 3.4 kbar, we
introduce an additional Gaussian to model the LT peak. The
resulting fits, together with their contributions, are plotted in
Fig. 4(a) for selected pressures. The obtained fit parameters
are displayed as a function of pressure in Figs. 4(b)—4(d). The
HT peak position Tyt continuously shifts to lower tempera-
tures with a slight bump around 3 kbar [Fig. 4(b)]. The latter
is also observed for Tx, where it is even more pronounced.
Most likely, the bump in Tyr and Ty is a precursor of the
LT peak. The width appears rather volatile, especially for the
anomaly at low pressures where it is not that strongly pro-
nounced yet. The area of the Gaussian is a direct measure for
the contribution of corresponding peak to ¢,(7) [Fig. 4(d)].
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FIG. 4. (a) Fits of the HT and anomaly peak in &,(T) of
k-(BEDT-TTF),Ag,(CN); with two Gaussians for low-pressure
data; to describe the LT mode at higher pressure (p > 3.4 kbar) a
third Gaussian mode is introduced. (b) Pressure dependence of peak
maxima, (c) the Gaussian peak width and (d) the intensity, given by
integrated peak area.

It stays constant for the HT peak from ambient pressure up
to 7.1 kbar. It exhibits a maximum around 3 kbar for the
anomaly, which again is most likely due to the emerging LT
peak, which is not accounted for separately yet. The area of
the LT peak grows upon increasing the pressure from 4.7 to
7.1 kbar, clearly rising above the one of the anomaly peak.
While the LT intensity is smaller than that of the HT peak
at 100 kHz (Fig. 4), it becomes the dominant contribution
at f = 10 kHz [Figs. 3(k)-3(0)] for high pressures due to its
stronger enhancement with lower frequencies.

A. Pressure evolution of mode 1

To obtain a better physical insight, we fit the frequency de-
pendence of the complex permittivity &(w) = €| (w) + ig2(w)
of k-(BEDT-TTF),Ag,(CN)s taken at fixed temperature and
pressure with two Cole-Cole modes according to

A81 + Aé‘z
1 + (ot )l_al 1+ (iwl'z)l_“z

&(w) — &inf = (D
wherein 7, ; are the relaxation times, f = w/2m the frequency
of the applied electric ac field, (1 — «; ) are the parameters
describing the symmetric broadening of the relaxation-time
distribution functions, Ag;, are the dielectric strengths of
the corresponding modes, with Ae; + A&y = Egtatic — Einf>
wherein eg,i. and &y are the values for low and high fre-
quencies, respectively. The obtained fit parameters for mode
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FIG. 5. Cole-Cole parameters of mode 1 plotted as a func-
tion of inverse temperature 1/7 for different pressure values as
indicated. (a) Dielectric strength Aeg (T"), (b) distribution of re-
laxation times 1 — (7)), and (c) mean relaxation time t;(7")
of k-(BEDT-TTF),Ag,(CN);. The black lines represent fits with
Eq. (2) above the kink in 7,(T") at Tg. For T' < Tj, fits of t;(T") with
Eq. (2) are indicated by orange and cyan lines which are assigned to
the anomaly and LT peak, respectively.

1 are plotted in Fig. 5 as a function of inverse temperature.
We observe a pronounced peak in Ag;(T") shifting to lower
temperatures as pressure is applied, reminiscent of the pres-
sure evolution of &;(7") (Fig. 3). Interestingly, the amplitude
of the peak first diminishes upon pressurizing and starts to
rise again for p > 4.7 kbar (green spheres) right where the
LT peak in &;(T) starts growing. The broadening parame-
ter (1 — ;) shows a pronounced minimum which is rather
shallow from O to 3.1 kbar and gets strongly pronounced and
broader above 3.4 kbar [Fig. 5(b)]. The application of pressure
moves the position of the minimum toward lower temper-
atures, coinciding with the peak position in Ag((T). The
relaxation time 7;(7) slows down upon cooling. In Fig. 5(c),
we see a clear kink, which shifts to lower temperatures as
pressure increases, while the corresponding relaxation time
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gets shorter. In analogy to the nomenclature introduced for
k-(BEDT-TTF),Cu,(CN); [19], we denote the kink position
as the bifurcation temperature Tg.

It is important to mention that upon increasing the pressure
from 3.4 to 3.8 kbar, a considerable drop in 7,(7") for T < Tp
is observed, which coincides with the appearance of the LT
peak in & (T'). Therefore, it is reasonable to attribute the re-
laxation dynamics observed in 7,(T) for p < 3.4 kbar to the
anomaly and for p > 3.4 kbar to the LT peak. This assignment
will be confirmed below in Sec. IV C.

For all pressures investigated, 7;(7) above and below Ty
can be well described by an activated behavior:

. =fiexp{%} . @

Following the arguments above, the black, orange, and cyan
lines in the Arrhenius plot Fig. 5(c) indicate the fits attributed
to the respective peaks (i = HT, A, and LT). The intersection
of fits precisely determines 7g, as we will show in detail later
(Fig. 8).

Figures 6(a) and 6(b) presents the parameters obtained
from fitting t;(7") with Eq. (2). The activation energy Ayt of
the HT peak decreases with rising pressure, exhibiting a small
bump around 3 kbar. Up to 2 kbar, the activation energy of
the anomaly peak stays constant with Ay =~ 180 K and then
slightly drops to 100 K when pressure rises to p = 3.4 kbar.
For pressures exceeding 3.4 kbar, the anomaly peak is masked
by the growing LT peak such that the relaxation dynamics
observed for T < Ty are governed by the latter; its activa-
tion energy remains constant around Apr &~ 80 K up to 7.1
kbar. From ambient pressure up to 3.4 kbar, 7, is fluctuating
between 10~7 and 107° s. In the same pressure range, Tyt
is constant around 5 x 107" s and then significantly slows
down for pressure exceeding 3.4 kbar. Starting from 3.8 kbar
up to 7.1 kbar, tyr decreases by two orders of magnitude
reminiscent to the behavior of the corresponding parameter
in k-(BEDT-TTF),Cu,(CN)s. In Fig. 6(c), we additionally
plot the peak positions Tyr, Ta, and Tir together with Ty to
emphasize the assignment of the relaxation dynamics to the
corresponding peak observed in &(T) (cf. Fig. 4). The pres-
sure evolutions of Ayt and A resemble the ones of Tyt and
Ty, respectively. In contrast to that, Ay stays constant while
Tir decreases to 16.5 K upon pressurizing up to 7.1 kbar.

B. Pressure evolution of mode 2

Let us now discuss the characteristics of mode 2, which is
presented in Fig. 7 by plotting the corresponding parameters
versus the inverse temperature. In general, mode 2 shifts to
lower temperatures as pressure rises. The dielectric strength
Agy(T) stays well below its counter part of mode 1 for all
temperatures up to 3.4 kbar, whereas upon further increasing
pressure, mode 2 gains in amplitude and Aeg,(7') approaches
the values of its counterpart Ae (7). Mode 2 significantly
broadens upon cooling as indicated by a decrease of (1 — ay)
which, however, is shifted to lower temperatures as pressures
rises. Interestingly, the temperature dependence of (7)) is
strongly influenced by pressure. Up to 3.1 kbar, we observe a
rather steep increase which languishes upon further increasing
pressure. While at 3.8 kbar, 7,(7) increases monotonically
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FIG. 6. (a), (b) Pressure dependence of the parameters obtained
from fitting 7,(T') of x-(BEDT-TTF),Ag,(CN); with Eq. (2) [cf.
Fig. 5(c)]. For p > 3.4 kbar, the anomaly peak is masked by the
emerging LT peak such that the obtained parameters are attributed
to the latter. The activation energy (a) and the timescale for the ac
response in the high-temperature limit (b) of the relaxation dynamics
are attributed to the HT, the anomaly and LT peaks. (c) The pressure
evolution of Tyr, Ty, and Tir together with Tg.

upon cooling, a local minimum is observed around 20 K for
pressures between 4.1 and 5.7 kbar. At 6.2 kbar and above,
7o(T') regains its strictly monotonic behavior which, however,
is not as steep as before.

We conclude that the nonmonotonic temperature depen-
dence of 7,(T) upon applying pressure is in accordance with
the findings for «-(BEDT-TTF),Cu,;(CN)s, whereas in the
latter, a recovering of the purely monotonic behavior is not
observed [19].

C. Pressure evolution of Ty

In the following, we verify the relation of mode 1 to the
HT and LT peaks. In Fig. 8, we plot ¢,(T) probed at f =
100 kHz and at various pressures as indicated together with
the fits of the HT, LT, and A peaks from Fig. 4. The lower
panels present 7;(7") and 7,(T) as a function of temperature
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FIG. 7. Temperature dependence of the parameters describing
mode 2 of k-(BEDT-TTF),Ag,(CN); at various pressures as in-
dicated. (a) Dielectric strength Ag, (note the logarithmic scale),
(b) distribution of relaxation times 1 — «,, and (c) mean relaxation
time 7, in an Arrhenius plot versus inverse temperature.

including the fits of the former according to Eq. (2) for the
temperature range above (black line) and below (orange and
cyan line) the kink at 7. Consistent with the procedure for
k-(BEDT-TTF),Cu,(CN);, Tg is determined as the temper-
ature at which the fits of 7;(7) intersect. As expected, Ty
corresponds to the kink in 7;(7"). At the same temperature, the
HT peak in ¢;(T) diminishes and the anomaly, for pressures
below 3.4 kbar, or the LT peak, for pressures above 3.4 kbar,
are dominant. In particular, this confirms our assignment of
the relaxation dynamics observed in 7,(T) for T > Ty to the
HT peak and for 7 < T to the anomaly and the LT peak
in Sec. IV A. We note that 7,(T") does not exhibit a distinct
feature at T = Tg.

V. DISCUSSION

Our pressure-dependent investigations of the charge dy-
namics of k-(BEDT-TTF),Ag,(CN); unveil that the di-
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FIG. 8. Temperature dependence of the dielectric constant &,(7")
of k-(BEDT-TTF),Ag,(CN); probed at f = 100 kHz including the
fits of the HT and the anomaly peak by two Gaussian modes. For
pressures exceeding 3.4 kbar, a third Gaussian is used to account
for the emerging LT peak. The lower panels show the relaxation
times 7,(7") and t,(T), the former with the fits from Figs. 5(c) and
7(c) according to Eq. (2) for the temperature range above (black line)
and below (red line) the kink at 73. This presentation emphasizes that
the crossover from the HT to the LT peak coincides with the kink in
T (T) at Tg.

electric response contains two main dielectric contributions:
the HT and the LT peak. Additionally, we find a third
contribution, dubbed here anomaly (A); no corresponding
response to the latter one was observed in the Cu analog
k-(BEDT-TTF),Cu,(CN); [19].

The HT peak was first observed as an anomalous dielectric
response in x-(BEDT-TTF),Cu,(CN); by Abdel-Jawad et al.
[12]. We could show that with pressure the HT peak shifts to-
ward lower temperatures upon approaching the IMT while its
amplitude does not grow, in contrast to the LT peak. The HT
peak is therefore assigned to the dielectric response within the
Mott-insulating state, whereas the LT feature is attributed to a
growing metallic filling fraction upon entering the coexistence
regime [18-20]. Nevertheless, a full consensus on the origin
of the HT peak has not been reached [16,33].

Here we could show that the HT peak in the dielectric
reponse of k-(BEDT-TTF),Ag,(CN)s; moves to lower tem-
peratures when pressure increases. It is interesting to recall
that also x-ray irradiation leads to a shift of the HT peak
to lower temperatures [34]. High-energy irradiation causes
crystal defects mainly in the anion layer and is supposed
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FIG.9. (a) The relaxor-type dielectric response occurs
within the Mott-insulating state, when the gap in the charge
excitation spectrum has opened and, hence, screening from
charge carriers breaks down. (b) Likewise, the inhomogeneous
response of impurity spins, that has been observed for
k-(BEDT-TTF),Cuy(CN); and «-(BEDT-TTF),Hg(SCN),Cl
[41,42], is confined to the spin-gapped region below T* [27,43];
also, for «-(BEDT-TTF),Ag,(CN);, such an inhomogeneous
NMR relaxation has been reported at p=0 below 12 K
[23]. (c) Position of the HT peak, Tyr—probed at f = 100
kHz—plotted over the effective Coulomb repulsion U/W, as
determined from optical conductivity [9], for various organic
charge-transfer salts. The blue solid downward triangle indicates
a-(BEDT-TTF),I; [44-46], the violet star and blue pentagon
stand for «-[(BEDT-TTF),_,(BEDT-STF),[,Cu,(CN); with
x=0.04 and 0.1 [18,20,26]. The red circles correspond to
k-(BEDT-TTF),Cu,(CN); measured under pressure [19], while the
present results on x-(BEDT-TTF),Ag,(CN); for various pressure
values are included as open green triangles; solid green triangles
indicate p =0 [15,16]. Tyr shifts to higher temperatures as the
number of charge carriers contributing to transport, N,, is reduced
upon increasing the energy gap A of the insulating state.

to increase the number of charge carriers. Similar to the
rising pressure, the conductivity of the sample is enhanced
compared to the pristine case. This clearly indicates that the
relaxor-ferroelectric HT peak is influenced by screening due
to free charge carriers. Figure 9(a) illustrates how this dielec-
tric response forms when the conductivity o} has sufficiently
diminished as the charge gap opens [35]. The suppression of
the relaxor-type response with higher frequency goes hand in
hand with the energy-dependent increase of the ac conduc-
tivity; in k-(BEDT-TTF),Cu,(CN); at ambient pressure, for
instance, a power-law-like ascend of o) (w) initiates already
in the kHz range at 10 K [36,37], which lines up with the
reduction of ¢;(w) with increasing frequency. Generally, in
the « phase, organic Mott insulators the charge gap opens
upon cooling through the QWL at Towr, [9,25], resulting in a
successive depletion of mobile charge carriers at temperatures
below that. Indeed, the trajectory of Tyr is approximately
parallel to Towi, [38], indicating that a sufficiently opened
Mott gap is required such that the relaxor-type response of
the HT peak is not completely suppressed by screening.

It is informative to compare the dielectric results of the
title compound with those obtained for closely related BEDT-
TTF materials, such as k-(BEDT-TTF),Cu,(CN); — with a
variation in the polymeric anions — on the one hand [18,19]

and «-[(BEDT-TTF);_,(BEDT — STF),],Cu,(CN); — with
substitution at the cations—on the other hand [18,20,26].
Tyt rises with increasing anion mass (mag > mcy) in the pris-
tine compounds, whereas the opposite trend is observed for
the BEDT-STF substitutional series. A decrease of Tyt upon
replacing BEDT-TTF with BEDT-STF is also observed for A-
(BEDT-TTF),GaCly and A-(BEDT-STF),GaCly [39,40]. This
clearly evidences that mass enhancement in the anion layer
has the opposite effect on the HT peak than in the donor
layer, which speaks against a purely phononic origin. To
also confirm this conclusion for A-type salts, investigations
on compounds with different anions, such as A-(BEDT-
TTF),GaBr4 or A-(BEDT-TTF),FeCly, are desirable.
Crucially, we should keep in mind that replacing the anions
or substituting donor molecules has a significant impact
on the Coulomb repulsion U and electronic correlations
strength U/W. Also, the pressure evolution of Tyr in
k-(BEDT-TTF),Cu,(CN); and «-(BEDT-TTF),Ag,(CN);
indicates clearly that the HT peak is sensitive to U/W.
The effective correlation strength can be determined
experimentally from optical conductivity spectra, where
the Coulomb repulsion U is given by the midinfrared
Mott-Hubbard peak and the bandwidth W is determined
from the width of the band. In Fig. 9(c), the temperature
of the HT peak is plotted as a function of the correlation
strength U/W. Besides the pressure-dependent results of
the present investigations on «-(BEDT-TTF),Ag,(CN);
(green triangles), we include the pressure study on
k-(BEDT-TTF),Cu,;(CN); (red circles). For comparison,
data of K-[(BEDT-TTF)Q_%(BEDT — STF)Q,O4]2CL12(CN)3,
k-[(BEDT-TTF)yo(BEDT — STF)0.1],Cu,(CN)3 and
a-(BEDT-TTF),I; are also shown [9,18-20,26,40,44—46].
We conclude that the temperature Tyy linearly rises with
correlation strength U /W ; as mentioned above, the reduction
of Tyr with pressure might be caused by the enhanced
screening as charge carriers are less localized when the effect
of Coulomb repulsion diminishes, as sketched in Fig. 9(a).
Since the experiments on «-(BEDT-TTF),Ag,(CN); map
a larger phase space compared to x-(BEDT-TTF),Cu,(CN)3,
where the IMT is reached already at 1-2 kbar, we now can
closely inspect the development of the dielectric features
and draw general conclusions on the nature of the HT peak
that were inaccessible to previous ambient pressure works
[12,14,15]. The spectral weight associated with Tyt is neg-
ligibly small [47] compared to the Mott-Hubbard excitations
in the infrared range [9,26] and can only persist as long as
intrinsic charge carriers of the Mott insulator are sufficiently
localized by the charge gap A. In addition, any relation of
this dielectric feature to intrinsic Mott physics seems very
unlikely since the HT peak does not move to zero when the
IMT is reached [Fig. 1(c)]; instead, Tyt remains well de-
fined in the region where conductivity is smallest at 7 > Tgg
[see Fig. 1(c)]. In contrast, the LT peak steadily increases
toward the percolation limit and 7 = 0, evidencing that it
originates from metal-insulator phase coexistence at the first-
order Mott transition [18-20]. Another distinction of the two
main dielectric contributions can be seen from their frequency
dependence and dielectric strength: while the polarization of
the HT peak is rather weak, ¢; =~ 10 and Tyr shifts signif-
icantly with frequency, the LT feature reaches huge values
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&1 > 107 and the maximum temperature does not change with
frequency, as it is pinned to the percolative IMT.

Based on the observed phenomenology, we suggest
that the HT peak has an extrinsic origin, e.g., meso-
scopic inhomogeneities, confining it to a poorly conduct-
ing regime deep within the Mott-insulating state. Note, a
similar notion has been put forward for the spin chan-
nel, sketched in Fig. 9(b), as the NMR relaxation is
dominated by an impurity response when a spin gap
opens, e.g., in the compounds «-(BEDT-TTF),Cu,(CN);
and «-(BEDT-TTF),Hg(SCN),Cl [27,42,43]. It remains a
desideratum for future studies to scrutinize the LT mag-
netic properties of «-(BEDT-TTF),Ag,(CN); to search for
similar low-entropy states, possibly with a spin gap. It is
intriguing to note that the reentrant behavior observed in dc
transport at 7* = 11 K right at the IMT (Fig. 2) coincides
with an extremum of the thermal expansion coefficient at
12 K [32]. In the sister compound «-(BEDT-TTF),Cu,(CN)3,
the pronounced magnetostructural anomaly at T* =6 K
[48] containing an entropy of 10-20% of Rin2 [49,50] was
identified as the formation of a valence bond solid by broad-
band electron-spin-resonance spectroscopy and various other
probes [27,43].

VI. CONCLUSIONS

The frustrated Mott insulator x-(BEDT-TTF),Ag,(CN)3
approaches the IMT when hydrostatic pressure is applied.
With p < 7.1 kbar, we mostly remain on the insulating side
and barely reach metallicity below 18 K; however, clear
evidence for the phase coexistence regime is observed at

low temperatures. Our frequency-dependent dielectric exper-
iments on k-(BEDT-TTF),Ag,(CN); as a function of tem-
perature, frequency, and pressure reveal that the well-known
relaxor-ferroelectic response in the insulating state is not in-
trinsic to genuine Mott physics and most likely results from
inhomogeneities. At lower temperatures it gets overwhelmed
by a rapidly growing dielectric feature that is attributed to
the percolative nature of the Mott transition. Thus, our pre-
vious observations of a dielectric catastrophe at the IMT in
k-(BEDT-TTF),Cu,(CN)3 [18-20] seem to be generic for
the first-order transition of organic Mott insulators. It re-
mains to be elucidated whether percolative phase coexistence
may also describe the permittivity enhancement observed
around the transitions of «-(BEDT-TTF),Cu[N(CN),]CI
and «-(BEDT-TTF),Hg(SCN),Cl [51,52]. Our endeavors
demonstrate dielectric spectroscopy as a powerful method for
investigations of electronic phase coexistence —in particu-
lar, when applied in pressure-dependent ac transport studies.
Apart from that, we discover a reentrant insulating behavior
at the IMT, similar to k-(BEDT-TTF),Cu,(CN)3, suggesting
a low-entropy spin state at temperatures below the metallic
phase.
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