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Bandwidth-controlled Mott transition in x-(BEDT-TTF),Cu[N(CN),]Br,Cl,_,: Optical studies
of correlated carriers
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In the two-dimensional organic charge-transfer salts x-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, a systematic
variation in the Br content from x=0 to 0.9 allows us to tune the Mott transition by increasing the bandwidth.
At temperatures below 50 K, an energy gap develops in the Cl-rich samples and grows to approximately
1000 cm™! for T— 0. With increasing Br concentration spectral weight shifts into the gap region and eventually
fills it up completely. As the samples with x=0.73, 0.85, and 0.9 become metallic at low temperatures, a
Drude-type response develops due to the coherent quasiparticles. Here, the quasiparticle scattering rate shows
a ® dependence and the effective mass of the carriers is enhanced in agreement with the predictions for a
Fermi liquid. These typical signatures of strong electron-electron interactions are more pronounced for com-
positions close to the critical value x.~0.7, where the metal-to-insulator transition occurs.
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I. INTRODUCTION

One of the most intriguing issues in condensed-matter
physics is the transition from a metal to an insulator driven
by electronic correlations. Why does an electron in a crystal
change from itinerant to localized behavior when a control
parameter such as magnetic field, doping or pressure is var-
ied? For a system with a half-filled conductance band this
problem is known as the Mott transition, one of the central
problems of strongly correlated electrons.! While studies of
the influence of electron-electron interactions in materials
with open d and f electron shells have a long history,>* only
recently it was realized that also in molecular conductors
(where the charges originate from molecular orbitals) elec-
tronic correlations are very significant.’~!° In transition-metal
oxides, the Coulomb interaction is crucial for any under-
standing of the unconventional metallic and superconducting
properties, as well as the vicinity to magnetic order; this is
most pronounced in the underdoped cuprates.* However, in
many regards organic conductors turn out to be superior
model systems to study certain effects of electron-electron
interaction since their properties can be more easily tuned by
(physical or chemical) pressure. Varying U/t, where U is
on-site repulsion and ¢ is a transfer integral, opens the road to
the bandwidth-controlled Mott transition.

The family of half-filled organic conductors
k-(BEDT-TTF),X [anions X=Cu(CN);, Cu[N(CN), CI,
Cu[N(CN), Br, Cu(SCN),, and I;] (Ref. 11) has a particu-
lary rich phase diagram as a function of pressure and tem-
perature as depicted in Fig. 1. The abscissa of this phase
diagram can be interpreted as the variation in the relative
Coulomb interaction U/t. Similar to external pressure, a
variation in anions also changes the bandwidth and, thus,
reduces U/t. For large values of U/t the half-filled system
becomes a Mott insulator. This behavior is observed in
k-(BEDT-TTF),Cu[N(CN),]Cl: at ambient conditions the
narrow-gap semiconductor gradually gets insulating when

1098-0121/2009/79(19)/195106(11)

195106-1

PACS number(s): 71.30.+h, 71.10.Hf, 74.70.Kn, 74.25.Gz

cooled below 50 K. The application of external pressure
shifts the compound across the phase boundary. It becomes
metallic and even undergoes a superconducting transition,
very similar to the Br analog at ambient pressure. Recently,
the critical behavior in the vicinity of the metal-insulator
transition and the critical endpoint was thoroughly investi-
gated by dc measurements under external pressure and mag-
netic field.'>'4 In the present study we gradually substitute
Cl by the isovalent Br in the anion layers and obtain the
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FIG. 1. (Color online) Schematic phase diagram of
k-(BEDT-TTF),X. The on-site Coulomb repulsion with respect
to the hopping integral U/t can be tuned either by external
pressure or modifying the anions X. The arrows indicate
the  approximate  position of  k-phase  salts  with
X=Cu[N(CN),]Cl, Cu[N(CN),]Br, Cu(NCS),, and 15 at ambient
pressure, respectively. The bandwidth-controlled phase transition
between the insulator and the Fermi liquid/superconductor can
be explored by gradually replacing ClI by Br in
k-(BEDT-TTF),Cu[N(CN),]|Br,Cl,_,. Here ¢ and a are the lattice
parameters; b1 and p indicate intradimer and interdimer transfer
integrals, respectively.
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series «-(BEDT-TTF),Cu[N(CN),|Br,Cl,_, crossing over
from the Mott insulator with antiferromagnetic ground state
(Cl compound) to a Fermi liquid which becomes supercon-
ducting at 7.=12 K (Br compound).

Over the last decade dynamical mean-field theory has
been established as a powerful tool to study the physical
properties of highly correlated electron systems.!>!® To un-
derstand the properties of k-phase BEDT-TTF-based salts,
Kino and Fukuyama'” suggested to model them by a trian-
gular lattice of BEDT-TTF dimers with one hole per site and
hopping between the dimer sites #; and #, and on-site repul-
sion U. A Mott-type metal-insulator transition occurs at some
critical value of the relative Coulomb repulsion (U/f),. Me-
rino and McKenzie'®! evaluated the transport properties of
the metallic side of the phase diagram of these half-filled
systems using a dynamical mean-field treatment (DMFT) of
the Hubbard model with strong on-site Coulomb repulsion
U~W (with W=10¢ being the bandwidth for the frustrated
square lattice in tight-binding approximation). They showed
that the optical conductivity exhibits a zero-frequency mode
(Drude peak) at low temperatures, while it is suppressed
above some coherence temperature 7, meaning close to a
Mott metal-insulator transition the quasiparticles are de-
stroyed for 7> T,

Optical investigations give a respective experimental in-
sight into the dynamics of the conduction electrons, in-
cluding the existence of the coherent and incoherent quasi-
particle response.’’2® In Ref. 27 we presented the reflec-
tivity data (frequency range: 50 to 10 000 cm™!, tempera-
ture range: 5 to 300 K) received on single crystals of
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, (x=0, 0.4, 0.73, 0.85,
and 0.9). The interpretation of the frequency-dependent con-
ductivity o(w), which is shown in the left panels of Fig. 2
for Ellc, was performed in terms of two contributions: charge
transfer inside the dimer “lattice sites” and interdimer charge
transfer by correlated charge carriers. At ambient tempera-
ture the frequency-dependent conductivity o;(w) is domi-
nated by a broad absorption peak located at frequencies
around 2000-3500 cm™!. Down to 7=50 K no Drude-type
contribution to the optical conductivity is present although
the crystals are moderately good conductors. At even lower
temperatures a zero-frequency contribution is observed for
k-(BEDT-TTF),-Cu[N(CN),]Br,Cl,_, with x=0.73, 0.85,
and 0.9, but not for the lower concentrations of Br where an
energy gap opens at the metal-insulator transition. Using the
cluster model suggested by Rice,”® and Yartsev and
coworkers,?®30 we showed that the electronic band with a
maximum at around 3500 cm™' (Ell¢) and the narrow fea-
tures at frequencies of BEDT-TTF molecular vibrations are
due to the charge transfer within a dimer coupled to A, vi-
brations of BEDT-TTF. This analysis permits to disentangle
the intradimer and interdimer carriers contributions to the
spectra, as demonstrated Refs. 27 and 31, whereas the latter
account for the Mott-Hubbard physics due to strong elec-
tronic correlations.

In the present study we closer inspect the tran-
sition into the Mott-insulating state in
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, driven either upon
lowering the temperature or decrease in chemical pressure.
We confine ourselves to a detailed analysis of one of the
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FIG. 2. (Color online) Left frames: experimental spectra
of the real part of the complex conductivity o; of
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, for the in-plane Ellc mea-
sured at different temperatures; right frames: spectral weight as a
function of cut-off frequency w./(27c) calculated according to Eq.
(1). From the top to the bottom panels, (a)—(e) and (f)—(j), respec-
tively, the Br content is reduced from 0.9 to 0.

in-plane polarizations (the ¢ axis) where it is easier to disen-
tangle the different contributions to the spectra. However, an
analysis of the a-axis spectra leads to qualitatively compa-
rable results; the response of the strongly correlated carriers
is basically isotropic in the conducting plane.?’ Starting with
the proposed density of states, we will discuss the following
aspects of the Mott-Hubbard model system: the appearance
of an energy gap and a quasiparticle peak at low tempera-
tures and their evolution as function of temperature and ef-
fective Coulomb interaction, the suppression of the spectral
weight across the transition, and the Fermi-liquid response of
the metallic state in the vicinity of the Mott transition.

I1. RESULTS AND DISCUSSION
A. Analysis of the complete spectra
1. Redistribution of spectral weight

Figures 2(a)-2(e) show the optical conductivity for Ellc in
the measured frequency range. Within this range we observe
all the studied processes, the intradimer transitions, and the
interdimer transitions, which show up as Hubbard bands and
Drude-type peak, depending on the compound and tempera-
ture. The relatively distinct drop in reflectivity around
4000 to 5000 cm™! shown in Ref. 27 infers that the optical
conductivity up to these frequencies is governed by the elec-
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trons in the conduction band formed by the overlap of
BEDT-TTF orbitals in the layer. The one-dimensional tight-
binding model illustrates the proportionality between the
value of the spectral weight and transfer integral

[oo(w)do= Zg‘zf sin{7p}, where d is the intermolecular dis-
tance, V,, denotes the volume per molecule, and the electrons
per site are given by p. Due to the triangular lattice, there is
no single transfer integral that can define the width of the
band; nevertheless the equation still gives the correct idea,
that up to about 6000 cm™' we are dealing with intraband
transitions.?

The frequency-dependent spectral weight is given by the
integral®

7T€2

I(w,) = j " (@)=~ n(wy), (1)
0 2m

sum

where w, is a cut-off frequency and m:um an effective mass
which is equal to the optical band mass my, o in the nonin-
teracting case; n(w,) indicates the density of carriers contrib-
uting to the conductivity up to .. First of all, within the
experimental uncertainty the spectral weight is approxi-
mately the same for all temperatures and Br concentrations
when going up to w,/(27¢)=6000 cm~! or higher,3* as dem-
onstrated in Figs. 2(f)-2(j). The conservation of the spectral
weight within the band suggests that we can ignore the
higher-frequency interband transitions and focus our atten-
tion on the spectral range below 6000 cm™!. Within this re-
gion, the frequency redistribution of the spectral weight with
varying temperature and Br concentration shows from which
energy range what kind of charge carriers contribute to the
optical response [Eq. (1)]. In conventional metals most of the
optical weight is concentrated in the Drude peak and /I (w,)
should quickly saturate with frequency, which is not the case
in the studied compounds.

The steps around 500 and 1200 cm™ in all the I (w,)
curves are due to the strong emv-coupled molecular vibra-
tions. Most important, the distribution of the spectral weight
significantly changes for the different samples. With lower-
ing the temperature, a shift to lower frequencies occurs that
is much more pronounced in the crystals with high Br con-
tent. In the salts with x=0.85 and 0.9, a strong increase in the
spectral weight is observed below w,/(27¢)=1000 cm™' and
T=150 K, while in x-(BEDT-TTF),Cu[N(CN),]Brj7;Clg 17
this shift is less prominent. Contrary to this tendency, below
150 K the far- and mid-infrared spectral weight decreases in
the samples with x=0.4 and 0. It should be pointed out that
the difference between the temperature behavior of the
samples is observed only below 3000 cm™!, i.e., in the spec-
tral region of the correlated-carriers contribution, which will
be analyzed below.

2. Mott-Hubbard system

For the inspection of the dynamics of the correlated
charge carriers, the features due to the intradimer transitions
were extracted from the experimental spectra of both oy and
0, in a Kramers-Kronig consistent way, following the ideas
and procedure developed and discussed in Refs. 27 and 31;
the resulting o spectra are presented in Fig. 3. At lowest
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FIG. 3. (Color online) Frequency dependence of the con-
ductivity o(Ellc) due to correlated charge carriers after the
contributions from intradimer transitions and vibrational modes
are subtracted. The frames (a)-(¢) show spectra of
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, with different Br concentra-
tions x at various temperatures as indicated.

temperatures shown in panel (a) of Fig. 3, we can distinguish
two main contributions: (i) a finite-frequency part (centered
around 2000 cm™!), which is the sole contribution in the case
of low Br content x=0 and 0.4, and which becomes weaker
as x increases; (ii) a zero-frequency peak for the large-x
samples due to coherent particle response. These two basic
features are in good agreement with a theoretical prediction
for a Mott-Hubbard system® as sketched in Fig. 4(b): a
Drude-type peak at w=0, and a broad absorption band at
about U; while we do not observe a mid-infrared band at
U/2 in our spectra. Assuming a frustrated square lattice as
depicted in Fig. 4(a) with hopping parameters ¢,=0.024 eV
and 17,=0.03 eV, and U=10|t,)=0.3 eV, Merino and
McKenzie'!®!? could quantitatively describe the experimental
findings. The broad band at 2000 cm™! is attributed to elec-
tronic transitions between the two Hubbard bands. Interest-
ingly, the position of the Hubbard transition does not change
with temperature and upon Br substitution. This implies that
it does not depend on the transfer integral f, and the degree
of frustration #,/¢,, but only on the Coulomb interaction U
that is identical for all materials.

FIG. 4. (Color online) (a) Anisotropic triangular lattice used in
theoretical calculations of the electronic properties; the ratio #,/t,
=0.8. (b) A schematic view of conductivity spectrum predicted by
DMEFT for a metallic compound close to the Mott transition.
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FIG. 5. (Color online) Shift of the center of gravity in the con-
ductivity spectra of the correlated charge carriers with temperature
for different x in «-(BEDT-TTF),Cu[N(CN),]|Br,Cl,_, for Ellc.
The lines correspond to spline fits.

If the temperature increases [panels (b) to (c) of Fig. 3],
the coherent carriers peak disappears for the high Br concen-
trations, showing that no coherent transport is possible any-
more. This results in the so-called “bad-metal” behavior,
where the dc resistivity still increases with temperature up to
the maximum at about 100 K but no band-like transport oc-
curs. An evaluation of the Hubbard model by dynamical
mean-field theory reproduces the signatures of the gradual
destruction of quasiparticles as the temperature passes 7.
At 150 K and above [panels (d) and (e) of Fig. 3], indepen-
dently of the Br content a semiconducting behavior is recov-
ered which is characterized by a negative slope of p versus T
(Fig. 3 of Ref. 27).

While these main features of the metallic samples are in
good agreement with theory, the overall picture of the con-
ductivity spectra of the correlated carriers as function of tem-
perature and Br content x adds new information. At high
temperatures, o(w) does not depend much on Br content x,
and a shift of spectral weight to lower frequencies is ob-
served for all the compounds when going from
300 to 150 K. The behavior becomes qualitatively different
at 50 K as the higher-frequency contribution gets noticeably
reduced and a peak emerges below 500 cm™' for x=0.9,
0.85, and 0.73. At lowest temperature, 20 and 5 K, this peak
evolves into the coherent carriers peak; the finite-frequency
band becomes so reduced that it can be barely distinguished
from the higher-frequency wing of the Drude contribution.
For lower Br concentration, the intensity of the transitions
between the Hubbard bands at about 2000 cm™! remains the
same, though the contribution at about 300 cm™' rises as
temperature increases above 35 K and the systems cross over
into the semiconducting state.

The spectral-weight shift towards lower frequencies on
cooling from 300 to 50 K can be interpreted as a signature of
“getting closer” to a metallic state; this is illustrated by the
monotonic decrease in the center of gravity of the spectra
shown in Fig. 5 as a function of temperature, where the val-
ues are calculated from Fig. 3. At lower temperatures the
behavior is distinctively different: the shift becomes more
pronounced for the metallic samples with x=0.85 and 0.9,
while the opening of the Mott-Hubbard gap causes an up-
ward shift of the center of gravity for x=0 and 0.4. Interest-
ingly, the sample with x=0.73 is positioned between both
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FIG. 6. (Color online) Density of states at T=150, 50, and 20 K
as proposed for the low Br-doped compounds (x<0.7), the crystal
with x=0.7, and the highly Br-doped samples (x<<0.7) from the
optical conductivity. The zero-energy and finite-energy contribu-
tions are distinguished by different colors (shadings). The tempera-
tures represent the metallic or Mott-insulating region (20 K), the
narrow-gap semiconducting high-temperature region (150 K), and
the crossover regime between the former which is often referred to
as “bad-metal” or “bad-semiconductor” region.

limiting cases, but at the lowest temperatures the coherent
particle response appears.

B. Density of states

For further understanding and comparison to the theory,
we sketch in Fig. 6 the density of states (DOS) as proposed
from the above discussion of our data. We chose three typical
temperature (low temperature, around 50 K, and high tem-
perature) and correlation regions (high Br content, x=0.73,
and low Br content) in order to cover all relevant parts of the
phase diagram (Fig. 1). The upper and lower Hubbard bands
and, accordingly, the optical transitions between them are
present for all the temperatures and correlation values. At
150 K and higher temperatures these bands are more or less
symmetric and seem to extend down to zero frequency.
When temperature is decreased down to 90 and 50 K, re-
spectively, the center of gravity of the finite-frequency bands
moves gradually to lower frequencies (Fig. 5). From the op-
tical conductivity (Fig. 3) it is obvious that the spectral
weight shifts from the mid-infrared into the far-infrared re-
gion, however, the appearance of the strong absorption edge
below 500 cm™! signals a much more abrupt onset of the
absorption band at these temperatures. The onset frequency
is smaller for the compounds with lower correlation values
(higher Br dopings), where the sharp edge of the finite-
frequency absorptions and the emerging quasiparticle peak
add up to a maximum in the total DOS just above the gap;
such kind of behavior is predicted by cluster DMFT
calculations.’—38 At lowest temperatures, the coherent carri-
ers peak dominates the DOS close to the Fermi energy in the
salts with x>0.7, which corresponds to the Drude-like re-
sponse in the optical conductivity.

The calculations in Refs. 36-38 were performed for low
temperatures in the Mott-insulating phase close to the Mott
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transition in a half-filled two-dimensional system. They sug-
gested that besides the Hubbard bands situated at |E|=U/2,
there might be more contributions to the broad bands at |E
>0. A particular attention was given to short-range correla-
tions which cause an additional band in the spectra. In con-
trast to single-site calculations, cluster DMFT reveals these
short-range correlations which reduce the critical Coulomb
repulsion U; most important in this context, additional low-
frequency excitations are expected due to local singlet for-
mation.

There remains a considerable discrepancy between our
experimental data and single-site DMFT calculations: the ab-
sence of the U/2 peak related to excitations from the Hub-
bard band to the quasiparticle peak [compare Figs. 3(a) and
4(b)]. Although there is an overlap between the higher-
frequency part of the Drude peak and the broad band of
transitions between Hubbard bands in the experimental data
which might hide a weak absorption feature, it is obvious
that this contribution is not as strong as predicted by theory.
However, in this regard it is important to mention that optical
experiments do not resolve the k dependence which causes a
smearing of the spectral features. Additionally, the single-
band approach by the theory might be a reason for the de-
viations.

C. Metal-insulator transition
1. Energy gap

A characteristic signature of the metal-insulator transition
is the opening of an energy gap in the excitation spectrum.
Our experiments on crystals with different Br concentrations
provided the opportunity to probe the transition into the
Mott-insulating state as function of temperature and correla-
tion: at low Br content, a transition from a narrow-gap-
semiconducting®® into a Mott-insulating state occurs on low-
ering the temperature, while at a fixed low temperature the
system crosses over from a metallic into a Mott-insulating
state on the increase in the relative Coulomb repulsion U/t.

As demonstrated in Fig. 7(a), the pristine
k-(BEDT-TTF),Cu[N(CN),]CI crystal shows typical signa-
tures of a Mott insulator with an energy gap gradually grow-
ing as the temperature drops below 50 K. There is no clear-
cut definition of the gap value: the extrapolation to zero
conductivity seems to be arbitrary. The fit of the conductivity
spectrum by a Lorentz oscillator leads to frequencies which
are much too high. An alternative way is to consider the
energy range where the spectral weight is low. If we choose
the frequency A for which the spectral weight reaches
fé(rl(w)dw=50 000Q~'cm™2, i.e., about 10% of the total
spectral weight, we obtain a 50 K-gap value of A/2mc
=570 cm™!. As already pointed out by Kornelsen et al.,?! the
gap grows almost linearly with decreasing temperature (by
about 10 cm™!/ K), indicating a second-order transition. At
20 K, we obtain A/27¢=900 cm™' and for T—0 we ex-
trapolate to about 1000 cm™!; this is in good agreement with
the previous estimates. The result suggests that for increasing
temperature the carriers in «-(BEDT-TTF),Cu[N(CN),]Cl
are less localized. The gap diminishes continuously with ris-
ing temperature as expected for a mean-field transition, but
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FIG. 7. (Color online) Comparison of the development of the
optical gap with changing the Br concentration and temperature for
Ellc. The panels show the frequency-dependent conductivity o af-
ter subtracting contributions due to localized charge carriers and
vibrational modes. (a) and (b): o(w) at T=90, 50, 35, and 20 K for
(a) x=0 and (b) x=0.4. (c) and (d): dependence of o|(w) on Br
concentration for lowest 7=20 K (x=0 and 0.4) and (c) T=5 K
(x=0.73, 0.85, and 0.9) and (d) T=50 K.

does not disappear completely since the material is a narrow-
gap semiconductor at high temperatures.

For the sample with x=0.4 [Fig. 7(b)] the conductivity in
the low-frequency region is still suppressed below 50 K;
however, the gap value is significantly smaller than in
the pure Cl compound. Using the same method as above,
we obtain A/(2mc)=400 cm™' at 50 K and A/(27c)
=580 cm™! at 20 K, or for T—0 we extrapolate to about
650 cm™!. In agreement with the present observation, a con-
siderable reduction in the energy gap was recently predicted
by cluster DMFT when U/t is reduced.?*—3® Most of the re-
duction is attributed to the presence of two strong peaks in
the spectral functions at the gap edge induced by short-range
antiferromagnetic correlations in addition to the Hubbard
bands. However, the broad region of enhancement in the
optical conductivity of k-(BEDT-TTF),-
Cu[N(CN),]Br, 4Cl, ¢ compared to the pristine Cl compound
below 1250 cm™' [Fig. 3(a)] indicates that these bands are
not as sharp as anticipated by the theoretical calculations.

The complete picture at the lowest temperature is demon-
strated in Fig. 7(c) where the conductivity of
k-(BEDT-TTF),Cu[N(CN,]Br,Cl,_, is plotted for x=0, 0.4,
0.73, 0.85, and 0.9. When the Br concentration increases
above x=0.4, the optical gap is not substantially reduced
further but gradually filled in; a strong Drude contribution
develops. Indeed, with larger Br substitution, the relative
Coulomb repulsion U/t is reduced. As it gets below a critical
point (between x=0.4 and 0.73), a first-order transition oc-
curs, where the density of states at the Fermi level is sup-
posed to rise abruptly to a finite value.*® The coherent qua-
siparticles form a Drude-type zero-frequency peak; this
contribution will be further analyzed in the following Sec.
nca2.
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FIG. 8. (Color online) Temperature dependence of the
spectral ~ weight [, of the conduction electrons in
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, with x=0, 0.4, 0.73, 0.85,
and 0.9 calculated via integration of o plotted in Fig. 3 up to
w./(2mc)=700 cm™! for Ellc. The lines are guides to the eye. The
inset shows the Drude conductivity o pyge Obtained after subtrac-
tion of all finite-frequency modes at lowest temperatures (7=20 K
for x=0 and 0.4 and T=5 K for x=0.73, 0.85, and 0.9).

The panel (d) of Fig. 7 focusses on the optical conductiv-
ity of «-(BEDT-TTF),Cu[N-(CN),|Br,Cl,_, at T=50 K,
which is slightly above the Mott-insulating or coherence
temperature, respectively. Accordingly, both the Mott gap in
the low Br-doped compounds and the Drude contribution in
the salts with high Br content are suppressed. However, the
conductivity below 500 cm™! is still much higher for the me-
tallic compounds with x=0.85 and 0.9, showing a wide peak
at about 300 cm™! as discussed in the previous section.

2. Coherent quasiparticle response

According to the Drude model, the optical response of the
free carriers in a conventional metal is restricted to a zero-
frequency mode. Its spectral weight [o(w)dw is tempera-
ture independent. As the temperature is lowered and phonon
scattering freezes out, the Drude peak becomes narrower and
o(T) increases accordingly. Contrary, in heavy fermions
which are benchmark systems for the physics of strongly
correlated electrons, the spectral weight of the zero-
frequency contribution typically condenses when 7 drops be-
low some coherence temperature because the effective mass
m*(T) increases due to electron-electron interactions.*! At a
metal-insulator transition (caused by electronic correlations
or other reasons) the Drude spectral weight abruptly vanishes
D(T)—0.

In order to get information on the correlation and tem-
perature evolution of the coherent quasiparticle response in
k-(BEDT-TTF),Cu[N(CN),|Br,Cl,_,, we calculate the spec-
tral weight of the low-frequency part of the spectra shown in
Fig. 3. Since the spectra exhibit a minimum in the range
between 500 and 800 cm™! for any x=0.73 at low tempera-
tures [Fig. 3(a)], we have picked w./(27c)=700 cm™ as a
possible cut-off frequency. The temperature dependence of
Io',w(=700 «m-! 18 plotted in Fig. 8. For all values of x, the
intensity of the low-frequency spectral weight increases as
the temperature is lowered from room temperature down to
50 K. Reducing T" even further, I, 700 cm-! drops signifi-
cantly for the x=0 and 0.4 samples because the Mott-
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FIG. 9. (Color online) Ratio of the low-temperature Drude spec-
tral weight D(x) to the total spectral weight of the correlated charge
carriers Dg(x) at 20K (x=0 and 04) and 7T=5K (x
=0.73,0.85,0.9). The solid lines are guides to the eyes and help to
identify the Mott-insulating and metallic regimes (grey area) with a
boundary around x.=0.7.

Hubbard gap opens as the insulating state is entered. As the
Drude peak develops at 7<50 K, the metallic samples (x
=(.73) exhibit a steady enhancement /., _700 cm-1, the effect
is strongest in the samples containing the highest amount of
Br.

In an alternative approach, the zero-frequency mode can
be disentangled from the transitions between the Hubbard
bands by subtracting the latter. It is obvious from Fig. 3 that
this is only possible at lowest temperatures where both con-
tributions are well separated. The far-infrared spectral range
of the resulting Drude conductivity o pge is shown in the
inset of Fig. 8. Interestingly, the width of the Drude peak is
much smaller for x=0.85% compared to x=0.9%, while the
amplitude, i.e., the dc conductivity, is much higher in the
former.*?

The strength of the coherent quasiparticle response can be
estimated from the relative Drude weight D/D, (Fig. 9),
where D is the spectral weight I, of the quasiparticle peak
obtained by integration of the data shown in the inset of Fig.
8 and D, is the total spectral weight of the coherent carriers
shown in Fig. 10. From the simplest linear interpolation, two
regimes can be identified at lowest temperature as illustrated
in Fig. 9. A Drude response is found only for x>0.7; it
rapidly grows in weight as the Br content increases, i.e., the
relative strength of the Coulomb interaction U/t decreases.
The ratio D/D,, should exhibit a jump at (U/f).**** The
limited number of Br concentrations x available for our study
does not allow us to give a definite number for D/D at the
critical point. Since the phase transition at the critical (U/1),
is of first order, Bulla et al.*° predicted that the abrupt change
of the Drude weight D(x) even shows some hysteresis which
might be checked in the future by very precise far-infrared
spectroscopy with continuous variation in the external pres-
sure. Actually, in transport measurements as function of pres-
sure a hysteresis between increasing and decreasing pressure
sweeps was reported.!>14

3. Suppression of the spectral weight across the transition

The optical-spectral-weight redistribution can be analyzed
more precisely based on the restricted f-sum rule for the
effective one-band Hubbard model,*’
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FIG. 10. (Color online) Spectral-weight distribution for
k-(BEDT-TTF),Cu[N(CN),]Br,Cl;,_, at low temperature. The
spectral weight is redistributed as one approaches the transition to
the Mott-insulating phase. Typical error bars for the experimental
data are shown (Ref. 42).

* aN &*d*
fo o(w)dw= 5m<— Eyin), (2)

where D is the dimension and N is the total number of car-
riers per dimer. M is the number of dimers in the crystal, ()
is the volume per (BEDT-TTF), dimer, and d is the lattice
parameter. Equation (2) brings a dynamical quantity, which
probes the optical transitions in the system, together with a
ground-state quantity, the total kinetic energy of the many-
body system (the Hubbard model), and depends on tempera-
ture 7 and Coulomb repulsion U in contrast to the full sum
rule given in Eq. (1).

As we already have shown in Ref. 19, the spectral weight
of the system is indeed suppressed: while for a noninteract-
ing system the DMFT calculation gives a result for the

spectral weight of %%(—Ekm%ﬂ.mx 10° Q' em™2,
the calculated spectral weight of a system with
U=03¢eV is 58X10° Q7' cm™ in good agreement with
the experimental result 6.4X10° Q! cm™ obtained for
K-(BEDT-TTF)zCu[N(CN)2]BI'073C10'27 with a cut-off
frequency in the order of U. A similar effect of sup-
pressed Ey;, is observed in optical experiments on cuprate
superconductors,**’ which are considered to be doped Mott
insulators.

In Fig. 10 we present the development of the spectral
weight of the correlated charge carriers across the metal-
insulator transition at low temperatures. For all compounds,
at frequencies of the order of U [i.e., w/(27c)=3000 cm™']
the spectral weight saturates. Due to the strong electronic
correlations it is considerably reduced;'® this effect gets
stronger with increasing correlations and for the insulating
compounds x<<0.73 a further suppression is observed. Here,
the contribution of the zero-frequency mode to the spectral
weight is missing; parts of the spectral weight are transferred
to higher frequencies—to the Hubbard band which has more
than twice the amplitude for x=0 compared to x=0.85 and
0.9 (see Fig. 3). However, not all the spectral weight is re-
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covered in the Hubbard bands, but is reduced in the high-w
limit compared to the metallic compounds.

D. Electronic correlations in the vicinity of the Mott transition

In the analysis of the electrodynamics of the correlated
charge carriers in k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_,
given above we used a multicomponent model where we
separated a free-carriers zero-frequency mode and a finite-
frequency mode due to transitions between Hubbard bands.
However, for the low-temperature state of the metallic com-
pounds with x=0.73, 0.85, and 0.9, where the zero-frequency
peak is strong and overlaps with the finite-frequency contri-
butions, we may use an alternative description by a one-
component model. Here, only itinerant charge carriers ac-
count for the frequency dependence of the optical
conductivity shown in Fig. 3(a). The same dual approach
was utilized to describe the in-plane electromagnetic re-
sponse of the high-T, cuprates.?* The multicomponent model
gives a reasonable description for the strongly underdoped
cuprates, while for optimally and overdoped cuprates the
one-component model seems to be more appropriate.’**3
From the conductivity spectra we can extract the frequency
dependence of scattering rate I';(T,w) and renormalized
mass of the charge carriers which is, as well as the tempera-
ture dependence of both, governed by many-body effects.

A fingerprint of strong electron-electron interactions is
the T2 dependence of the scattering rate and consequentially
of the dc resistivity. For example, in the resistivity of
heavy fermions a T2 behavior was observed; however, there
the experimental findings were limited to very low tempera-
tures and rather small temperature intervals.*'*> An example
of a two-dimensional Fermi liquid where the in-plane and
out-of-plane resistivity follows a 72 law is Sr,Ru0,.*’
Transport measurements of the in-plane or out-of-plane
resistivity of metallic «-(BEDT-TTF),Cu[N(CN),|Br or
xk-(BEDT-TTF),Cu[N(CN),]Cl with applied hydrostatic
pressure also indicated p 72 in the temperature region be-
tween the superconducting transition and approximately
40 K.132731-33 that was interpreted in terms of the Fermi-
liquid model.'® But this conclusion was always under debate
since the temperature region is very limited and other models
also propose a quadratic temperature dependence of the
resistivity. 4334

Optical spectroscopy offers an alternative way to probe
the electron-electron interactions. According to Fermi-liquid
theory

['(T,0) = A[2mkpT)* + (hw)?], 3)

the 7% dependence of the scattering rate I';=1/7 should be
accompanied by a similar parabolic frequency dependence.
To extract information about the frequency-dependent scat-
tering rate I';(T, w) and effective mass, we analyze the low-
temperature spectra using a generalized Drude model;33>3
this approach is commonly applied to correlated-electron
systems such as heavy fermions and high-temperature

superconductors:>4+41:36:57
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FIG. 11. (Color online) Frequency dependence of the
low-temperature (7=5 K) scattering rate I'j(w) (left panel)
and effective mass m*/myy (right panel and inset) of
k-(BEDT-TTF),Cu-[N(CN),]Br,Cl,_, for different x as indicated.
Typical error bars for the experimental data are shown.

A a)2 1
Flw) = 4_§F1(w) — i[m*(w)/my ] Y

Here a I'(w) is the real part of the complex scattering rate
f(w):Fl(w)+iF2(w), with the imaginary part related to the
enhanced mass (renormalized due to electron-electron inter-
actions) m*/my, g =1~I"5(w)/ ®. From the complex conduc-
tivity we obtain expressions for I'j(w) and m*(w) in terms of
o,(w) and o,(w) as follows:

2

o, o(w) m*(w) wz)(r(w)/w

M) =2, X2 (5)
Am|o(w)* My 4T [G(w)]

Figure 11 shows I'j(w) and m*(w)/myqy for

k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, samples with Br con-
centrations x=0.73. The scattering rate I'; consists out of a
frequency-independent part I';(0), which is derived from the
limit w—0, and a frequency-dependent part. We obtained
I';(0)=315 cm™ (x=0.73), 48 cm™! (x=0.85), and 280 cm™!
(x=0.9) at T=5 K.’® The frequency dependencies of the
scattering rate and effective mass in the less correlated
compounds with x=0.85 and 0.9 have similar smooth
characteristics as expected for a small variation in
doping; I'|(w) increases up to the maximum at a frequency
w,, and then decreases towards higher frequencies.
k-(BEDT-TTF),Cu[N(CN),]Bry.73Cly7, located very close
to the metal-insulator transition, has a substantially enhanced
scattering rate and effective mass with very strong frequency
dependencies. We find the maximum in I';(w) that corre-
sponds to a drop in m*(w)/myu(w) at w,/(27c)
~700 cm™!' for x=0.73 and w,,/(27c)=~1600 cm™' for x
=0.85 and 0.9, respectively. A presence of a peak in 1/ 7(w)
and a sharp drop in m*(w) at a certain frequency w,, is in
excellent agreement with DMFT calculations."”

The frequency-dependent part of I';(w) well below w,, is
analyzed in Fig. 12. All investigated metallic compositions
are linear in the [I';=T",(0)] vs ’ representation below a
frequency scale *, where */(2mc)=500cm™ for x
=0.73 and w*/(27¢) =600 cm™! for x=0.85 and 0.9. Devia-
tions from the w? behavior of the scattering rate expected in
Fermi liquids occur for o> w*, with Aw* <gp, the Fermi
energy. Thus, o* is a low-energy scale which separates con-
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FIG. 12. (Color online) Frequency-dependent part of
the  scattering  rate  ['j(w)-T;(0) at T=5K  of
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, as function of the squared
frequency. We determined for the frequency-independent dc limit of
the scattering rate I';(0) the following values: 315 cm™' (x=0.73),
48 cm™! (x=0.85), and 280 cm™! (x=0.9). Note the different verti-
cal scales for both frames.

ventional metallic behavior from unconventional non-Fermi-
liquid behavior at large frequencies. In agreement with our
experimental values, DMFT calculations predict a red shift
of w* and w,, with increasing correlations U/t; the param-
eters mentioned in Sec. I A 2 give a good description for
x=0.73 and yield w*/(27c) =400 cm™'.!° It should be men-
tioned that cluster DMFT (Ref. 37) suggests when the phase
border is approached from the metallic side an even further
reduced coherence scale and a coexistence region of the me-
tallic and insulating phases due to short-range correlations in
the anomalous metallic state with a nonquadratic scattering
rate. Since there are no indications of such a behavior in the
data presented in this work, we conclude that the U/t and T/t
range of our experiments does not cover the coexistence re-
gion.

Generally, it is predicted by Brinkman-Rice theory*> and
DMFT calculations' that the electronic correlations become
stronger on approaching the Mott transition from the metallic
side. Accordingly, the effective mass gets enhanced.
Resonating-valence-bond theory of the Hubbard-Heisenberg
model predicts a gradual increase in m* for values of effec-
tive repulsion U/¢ not too close to the first-order Mott tran-
sition and a strong increase very close to the transition.** We
find a mass enhancement [inset of Fig. 11, w*/(2c)
<300 cm™'] of about a factor 2 in the less correlated com-
pounds and of about 5-6 in the material located very close to
the Mott transition, which is in accord with the theoretical
prediction.

The slope a in the linear regions of [I";—I";(0)] plotted vs
? in Fig. 12 is proportional to the prefactor A in Eq. (3). In
Fermi liquids, A is related to the mass enhancement by A
o (m*)?, which leads to the well-known Kadowaki-Woods
ratio A/y’=const. via yxm*, where y is the Sommerfeld
coefficient.®” The comparative mass enhancement in the low-
frequency limit m*(x=0.73)/m*(x=0.85) =2.75 and the en-
hancement of the prefactor obtained from the scattering rate
A(x=0.73)/A(x=0.85) =8 evidences the excellent fulfilment
of this relation. It should be noted, however, that pressure-
dependent dc measurements of the in-plane resistivity in
k-(BEDT-TTF),Cu[N(CN),]Cl yield a prefactor of 72 at low
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temperatures that changes by a factor of three when pressure
is increased from 300 bar to 1 kbar.!* If we compare the
data of the samples with x=0.85 and x=0.9 in Figs. 11 and
12, it is obvious that A and m™ are about the same in both as
expected for a small variation in doping.’ According to the
relations Am(m*)zm(f) =2, the prefactor A and m* are also
expected to scale with the effectlve Fermi temperature T* 3
If we ass001ate T?k with the energy scale below which we
observe the w? dependence i.e., w*, we cannot identify such
a scaling. Interestingly, the energy scale ®,,, which marks the
maximum in I';(w), seems to fulfil this relation much better.

The strong mass renormalization, which we note
in the bandwidth-controlled Mott transition in
k-(BEDT-TTF),Cu[N(CN),|Br,Cl,_,, is in contrast to obser-
vations in two-dimensional doped Mott insulators like the
cuprates where the Mott transition is obtained by band-filling
control.*” There, the transition into the Mott-insulating state
is of the vanishing-carriers type and the effective mass stays
constant. An investigation of the evolution of the effective
mass close to the Mott transition in V,_,O3 confirmed that
the effective mass diverged as function of hydrostatic pres-
sure while it slightly decreased as function of hole doping y
if the metal-insulator transition was approached.®!

III. CONCLUSION

The polarized reflection spectra of
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, have been systemati-
cally investigated in a frequency range from the very far-
infrared to the near-infrared. This series of alloys is a bench-
mark system for the bandwidth-controlled Mott transition,
with U/t decreasing as function of Br content x. In the
present study we follow the correlation and temperature de-
pendence of the correlated-carriers dynamical response on
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both sides of the Mott transition. We compare the findings
with predictions of the single-site and cluster DMFT calcu-
lations for a half-filled Hubbard model.

At elevated temperatures 7>50 K, all compounds are
narrow-gap semiconductors and show no substantial differ-
ences in the optical spectra. The Mott-Hubbard physics is
confined to low temperatures 7<<50 K: in the Br-rich
samples, the zero-frequency quasiparticle peak accounts for
the metallic conductivity. With increasing U/f, the Drude
spectral weight is suppressed and totally vanishes beyond the
first-order phase transition at x.=~ (0.7, in accord with theoret-
ical predictions. In the Cl-rich Mott-insulating samples, an
energy gap opens and increases as the electronic correlations
get stronger and reaches almost 1000 cm™' for 7—0 in the
pristine CI compound. The enhanced U/¢, thus, results in a
redistribution and suppression of the spectral weight of the
correlated charge carriers, including the transitions between
the Hubbard bands and, if present, the Drude weight. Below
a characteristic frequency w*/(27c)=500-600 cm™!, the
quasiparticles in the metallic phase show typical signatures
of a Fermi liquid: a Aw? dependence of the scattering rate
I')(w) and a substantial enhancement of the effective mass
m*(w), where the prefactor A and m*(w—0) follow the A
o« (m*)? scaling. Both parameters diverge as x, is approached.
Above w*, a transition to an unconventional non-Fermi-
liquid regime is observed.
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