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Infrared reflection measurements of the

half-filled

two-dimensional  organic  conductors

k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, [BEDT-TTF denotes bis-(ethylenedithio)tetrathiafulvalene] were per-
formed as a function of temperature (5 K<7<300 K) and Br substitution (x=0%, 40%, 73%, 85%, and 90%)
in order to study the metal-insulator transition. We can distinguish absorption processes due to itinerant and
localized charge carriers. The broad midinfrared absorption has two contributions: transitions between the two
Hubbard bands and intradimer excitations from the charges localized on the (BEDT-TTF), dimer. Since the
latter couple to intramolecular vibrations of BEDT-TTF, the analysis of both electronic and vibrational features
provides a tool to disentangle these contributions and to follow their temperature and electronic-correlation
dependence. Calculations based on the cluster model support our interpretation.
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I. INTRODUCTION

The physics of strongly correlated electron systems is a
very active field in solid-state science where the vicinity of
Mott-insulating, magnetically ordered, and superconducting
ground states is most intriguing. These effects are intensively
studied for transition-metal oxides, particularly high-
temperature superconductors and organic conductors. It is
extremely interesting that all of these materials show a simi-
lar competition between ordered antiferromagnetic and su-
perconducting phases: This suggests common physics, while
the chemistry of the compounds and the origin of the con-
ducting electrons are different.!> These facts have initiated
our investigation of the molecular conductors of the BEDT-
TTF family as model compounds to study the physics of
correlated electrons close to the Mott transition in two
dimensions.*?

In the x-phase crystals, conducting layers of cationic bis-
(ethylenedithio)tetrathiafulvalene (BEDT-TTF) molecules
are separated by “charge-reservoir” layers of monovalent an-
ions. As depicted in Fig. 1, two BEDT-TTF*> molecules
form confacial dimers which can be considered as lattice
sites; due to this dimerization, the quarter-filled band origi-
nating from the overlap of the molecular orbitals of the
neighboring molecules splits into a lower one, which is com-
pletely filled, and an upper conduction band, which is half
filled. The anions size sensitively influences the physical
properties of the system very similar to the variation of pres-
sure since they define the spacing between the molecules
(molecular sites) and thus the width of the band.®” The ratio
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of electronic correlations to the width of the conductance
band is the control parameter? in the phase diagram depicted
in Fig. 2. The ground state of x-(BEDT-TTF),X salts can be
switched between an antiferromagnetic insulating, a super-
conducting, and a metallic state. These salts exhibit the high-
est superconducting transition temperature of all organic su-
perconductors with 7,=12.5 K.}

At ambient temperature, the studied x-phase BEDT-TTF
salts have common properties, which may be characterized
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FIG. 1. (Color online) (a) Structural arrangement of the BEDT-
TTF molecules in the « phase (looking along the molecular axis);
the size of the unit cell is approximately 12.9 A in the a direction,
8.5 A along the ¢ axis, and 30.0 A in the third direction. The over-
lap integrals are labeled according to Mori et al. (Ref. 6). The
interdimer overlap integral b1 is around 0.027, along the dimer
chains »2=0.010, while p and ¢ link orthogonal molecules with
approximately 0.011 and 0.004, respectively. (b) Triangular lattice
for the dimer model of x-(BEDT-TTF),X. There is hopping along
the stacks #; and along the diagonals 7,.
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FIG. 2. (Color online) Schematic phase diagram of the k-phase
salts (BEDT-TTF),X. Instead of tuning the external pressure, the
same ambient-pressure ground state can be achieved by modifying
the anions X. The arrows indicate the approximate position of
k-(BEDT-TTF),Cu[N(CN),]Cl, «-(BEDT-TTF),Cu[N(CN),]Br,
k(BEDT-TTF),Cu(NCS),, and x-(BEDT-TTF),I; at ambient pres-
sure, respectively. At room temperature, all of the compounds
are moderately good conductors (pg.=~1 Qcm). While
k-(BEDT-TTF),Cu[N(CN),]Cl becomes increasingly insulating
and exhibits a weak magnetic order below 35 K, «-(BEDT-
TTF),Cu[N(CN),]Br crosses over to a metallic behavior below
100 K and eventually enters a superconducting state at 7,.=12 K.
The phase transition between the (antiferromagnetic) Mott insulator
and the metal/superconductor can be explored by gradually replac-
ing Cl by Br in «-(BEDT-TTF),Cu[N(CN),]Br,Cl,_,. Here, ¢ and
a are the lattice parameters; b1 and p indicate the transfer integral
according to Fig. 1(a). U/t is the on-site Coulomb repulsion with
respect to the hopping integral 7.

as a narrow-gap semiconductor or a “bad metal.” When the
temperature drops below a so-called coherence temperature
T.;n=50 K on the right side of the phase diagram, the me-
tallic behavior becomes dominant due to the formation of
Fermi liquid quasiparticles®® until a second-order transition
occurs to a superconducting state. The nature of supercon-
ductivity in organic crystals has been subject to discussion
for 20 years,'” but in the present study we focus on the me-
tallic and insulating states. On the left side of the phase dia-
gram (Fig. 2), i.e., for larger values of U/r, the system never
shows metallic properties but is gradually driven into an in-
sulating state by electronic correlations as the temperature
drops below 90 K; at Ty= 35 K, magnetic order is observed.
A final exploration of the antiferromagnetic ground state
of k-(BEDT-TTF),Cu[N(CN),]Cl is still lacking. NMR
measurements  in  deuterated samples  k-(dg-BEDT-
TTF),Cu[N(CN),]|Br (which fall right on the phase bound-
ary) revealed that at low temperatures the transition between
the commensurate antiferromagnet and pseudogapped
superconductor is of first order.!! For «-(BEDT-
TTF),Cu[N(CN),]Cl, electronic correlations are even stron-
ger; nevertheless, hydrostatic pressure of only 300 bar is suf-
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ficient to drive the system to the metallic and superconduct-
ing states. Most recently, enormous research efforts were
dedicated to the metal-to-insulator transition and crit-
ical end point in this highly correlated two-dimensional elec-
tron system. The critical behavior in the vicinity of the Mott
transition was investigated by dc measurements under exter-
nal pressure and in magnetic field.">'* The alloyed series
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_,, studied in the present
work, covers the most interesting region of the phase dia-
gram spanned by the pure Cl and Br salts, including the
border between the Mott insulating and metallic phases. Our
infrared reflection measurements of a series of compounds
with Br concentration x varying between 0% and 90% make
it possible to explore the temperature and correlation
(bandwidth)-dependent charge dynamics on crossing this
phase boundary, as well as the unusual physical properties in
the metallic region above the superconducting transition.

Several optical experiments were performed on the pris-
tine compounds k-(BEDT-TTF),-Cu[N(CN),|Br and
k-(BEDT-TTF),Cu[N(CN),]CI over the years.!>! They
gave a general idea of the electronic excitation observed in
the infrared region: a broad midinfrared band around
2500-3500 cm™! and a narrow Drude-like peak in the spec-
tra of superconducting Br compound?? at temperatures below
50 K. In the discussion in Sec. IV A, we review the different
interpretations of the midinfrared spectra. Our investigation
of the alloys gives an unambiguous assignment of the spec-
tral features in this region, important for the analysis of
the charge dynamics in these salts. (BEDT-
TTF),Cu[N(CN),]BrysClys is the only mixed compound
which has previously been investigated by infrared
spectroscopy,'®?372¢ but only in the midinfrared range.

Here, we present a systematic optical study of the series
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_,, with x crossing all
relevant regions of the phase diagram from the insulating/
antiferromagnetic to the metallic/superconducting state. Our
experiments cover a broad spectral range from 50 to
10 000 cm™! and temperatures from room temperature down
to T=5 K. This enables us to follow the response of the free
and localized carriers for the different points of this phase
diagram, depending on temperature and correlation-to-
bandwidth ratio. While we focus on the signature of local-
ized charge excitations here, a succeeding paper?’ (which we
refer to as Paper II in the following) will be devoted to the
dynamics of free charge carriers and the formation of the
coherent quasiparticle response.

II. EXPERIMENTS

Single crystals of the k-(BEDT-
TTF),Cu[N(CN),]Br,Cl,_, salts were grown by standard
electrochemical methods. Certain ratios of Br/Cl concentra-
tion were chosen to obtain a series of alloys. Subsequent to
the optical reflection experiments, each individual crystal
was checked by microprobe analysis in order to determine
the composition. The actual Br/Cl ratio turned out to be
significantly different than expected from the starting con-
centration since Br enters the compounds much easier than
CL.28 It was hardly possible to produce samples with pre-
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FIG. 3. (Color online) dc resistivity versus temperature

of  k-(BEDT-TTF),Cu[N(CN),]Bry,3Cly77 and  «-(BEDT-
TTF),Cu[N(CN),]Br; ¢5Clj ;5. While the latter compound becomes
metallic below 100 K and eventually superconducting at 7.=12 K,
the former one gradually turns insulating.

defined Br concentration. In the following, we denote the
actual Br content of -(BEDT-TTF),Cu[N(CN),]|Br,Cl,_,,
where x=0%, 40%, 73%, 85%, and 90%; the concentration
was found homogeneous for each specimen. The platelets
contained naturally flat (ac) surfaces with a typical size of
about 1 X 1 mm?2.2° The orientation was determined from the
optical spectra.

The strong dependence of the dc resistivity on the Br/Cl
ratio is emphasized in Fig. 3, where p(7) is plotted for a
crystal with low (x=23%) and high (x=85%) bromine
content. For the insulating sample «-(BEDT-
TTF),Cu[N(CN),]Bry;Cly77, the resistivity rises by many
orders of magnitude as the temperature decreases, most
dramatically below 70 K. On the contrary, «-(BEDT-
TTF),Cu[N(CN),]Br, s5Cly ;5 shows basically the same tem-
perature dependence like the pure Br specimen: p(T) in-
creases slightly below room temperature until it reaches a
broad maximum around 100 K. At lower temperatures, the
behavior is metallic with p(T)=T? for T<35 K, and finally
a superconducting transition is observed at T.=~12 K.3%
The superconducting properties of k-(BEDT-
TTF),Cu[N(CN),]Br,Cl,_, with different Br concentrations
have been investigated previously by dc resistivity and
magnetization.*

The in-plane optical reflectivity was measured with light
polarized along a and ¢ axes. Employing a modified Bruker
IFS 113v Fourier-transform spectrometer, we covered a
broad frequency range from 50 to 10 000 cm™' (6 meV—
1.2 eV) with a resolution of up to 0.5 cm™!. The single crys-
tals were studied at 300, 150, 90, 50, 35, 20, and 5 K with
the help of a cold-finger cryostat. To achieve good thermal
contact, the samples were fixed by carbon paste on a brass
cone directly attached to the cold finger. Absolute values of
the reflectivity are obtained by subsequently evaporating
gold onto the sample and remeasuring it as a reference mirror
at all temperatures.® The in situ gold-evaporation technique
is more accurate than other referencing methods because it
utilizes the entire sample surface and is less affected by sur-
face imperfections. In addition, for the crystals with 40% and
85% Br concentration, reflectivity spectra were measured in
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FIG. 4. (Color online) Reflectivity spectra of «-(BEDT-
TTF),Cu[N(CN),]Br,Cl,_, for the polarization Ella measured at
various temperatures: 7=300, 150, 90, 50, and 20 K. Panels (a)—(e)
correspond to different Br concentrations: x=90%, 85%, 73%, 40%,
and 0%. The insets show the room-temperature and low-temp-
erature spectra for x=90%, 73%, and 0% on a logarithmic fre-
quency scale.

2000—12 000 cm™! range at temperatures between 300 and
20 K using a Bruker IFS 66v spectrometer equipped with an
IR microscope and cold-finger Cryovac Microstat. The spec-
tra in this range coincide for both methods of measurement;
there is basically no dependence on Br content and tempera-
ture. In the overlapping range, they are in agreement with the
room-temperature data received by Drozdova et al.’* up to
40 000 cm™!. These spectra were also used as a high-
frequency extrapolation for the other compounds. From the
reflectivity spectra, the optical conductivity was calculated
employing a Kramers-Kronig analysis.>® At low frequencies,
the data were extrapolated by the Hagen-Rubens behavior,
which was double checked by the dc resistivity obtained
from standard four-probe measurements (Fig. 3). The low-
frequency extrapolation only very weakly affects the spectra
in the measured range, i.e., the absolute values of conductiv-

1ty.

III. RESULTS

In Figs. 4 and 5, the reflectivity and conductivity spectra
of k-(BEDT-TTF),Cu[N(CN),]-Br,Cl,_, (with x=0%, 40%,
73%, 85%, and 90%) are plotted for light polarized parallel

165113-3



FALTERMEIER et al.

soo L@ lﬁc-('BEbT-i'rﬁ)zcﬁ[N('CN')z]B'rxci1_x ]

x=90% Ella

400 [

800

400 |

800 |

400 [y

Conductivity ('cm™)

800 |

400 |

=
800 | - - - 300K ]
i —— 150K 1
90 K

400 | N AN e

0 A ! N =
0 1000 2000 3000 4000 5000 6000
Frequency (cm™)

FIG. 5. (Color online) Optical conductivity spectra (Ella) of
k-(BEDT-TTF),Cu[N(CN),]-Br,Cl,_, at different Br concentra-
tions x and temperatures, obtained by a Kramers-Kronig analysis
from the data of Fig. 4.

to the a direction at distinct temperatures from 300 down to
20 K. Because there is no significant difference between the
T=20 and 5 K spectra, we omitted the latter. At ambient
temperature, the optical properties only weakly depend on
the Br content [inset of Fig. 4(b)]. As expected for semicon-
ductors, the reflectivity is basically frequency independent at
small frequencies, and hence the corresponding room-
temperature conductivity is low; the reflectivity starts to de-
crease significantly above 3500 cm™' and reaches a value
close to zero in both polarizations around 5000 cm™'. The
respective conductivity spectra show a broad absorption
band centered between 2000 and 3000 cm™!, which is well
documented in literature for the x-phase of BEDT-TTF salts
in general. The strong absorption features observed in the
midinfrared around 400, 850, and 1400 cm™" are totally sym-
metric vibrations of the BEDT-TTF molecule, activated by
electron-molecular vibrational (emv) coupling (Ref. 5, and
references therein); we will give a detailed analysis in Sec.
IV C.

Significant changes of the optical spectra are observed
when cooling the samples below 7=90 K. The far-infrared
reflectivity strongly increases for specimens with high Br
content (Fig. 4), while the midinfrared reflectivity is sup-
pressed. Correspondingly, as seen in Fig. 5, a Drude-like
contribution develops in the conductivity spectra of the
samples with x=73%, 85%, and 90% at low temperatures.
The latter compound exhibits a behavior similar to the pris-
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FIG. 6. (Color online) Reflectivity spectra of «-(BEDT-
TTF),Cu[N(CN),]Br,Cl,_, for light polarized Ellc measured at
various temperatures as indicated. The different panels (a)-(e) cor-
respond to Br concentrations: x=90%, 85%, 73%, 40%, and 0%.
The insets show the room-temperature and low-temperature spectra
on a logarithmic frequency scale.

tine x-(BEDT-TTF),Cu[N(CN),]Br salt."> The opposite is
observed for the salts with low Br content: The far-infrared
reflectivity drops while it rises in midinfrared. The absolute
values of reflectivity and conductivity are slightly enhanced
compared to previously published results.'>!”-2! This we at-
tribute to our advanced in situ gold-evaporation method for
the reference measurement which also accounts for imper-
fections of the crystal surface.

The reflectivity and conductivity for the perpendicular po-
larization (Ellc) are shown in Figs. 6 and 7 for different Br
concentrations x and temperatures 7. The spectra exhibit ba-
sically the same features as the ones recorded along the a
direction, except that the shape of the midinfrared absorption
is different. As previously reported, for most other « salts,
the maximum of the absorption band for the ¢ axis lies at
higher frequencies. While at ambient temperature a distinc-
tion is difficult, at low temperatures it becomes obvious from
both reflectivity and conductivity data that it consists of two
components: In addition to the band around 2000 cm™', a
second narrower mode has its maximum around 3500 cm™.
This behavior is most pronounced for the pure Cl compound.
Again, with increasing Br content, a Drude contribution de-
velops as the temperature is reduced below 50 K.

We want to point out that the accessible frequency range
of our experiments is limited to »=50 cm™! due to the small
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FIG. 7. (Color online) Optical conductivity spectra (Ellc) for
k-(BEDT-TTF),Cu[N(CN),]-Br,Cl,_, of different Br concentra-
tions: (a) x=90%, (b) 85%, (c) 73%, (d) 40%, and (e) 0% measured
at various temperatures: 7=300, 150, 90, 50, and 20 K. The mid-
infrared band clearly has two contributions.

sample surfaces. Thus, we cannot detect the superconducting
energy gap A,, which is expected around 2A,=3.53kzT,
~30 cm™l.

IV. DISCUSSION

Despite the above mentioned limitations, our data cover a
very broad frequency range from 50 to 10 000 cm™'. There-
fore, we are able not only to study the vibrational features
and the midinfrared absorption, but also to analyze the tem-
perature and doping dependence of the Drude contribution in
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_,. However, since there
is no agreement in the literature on the interpretation of the
midinfrared absorption band, which is important for an
analysis of the whole charge dynamics in these materials, we
first address this part of the spectra. The contribution of the
itinerant electrons will be analyzed extensively and discussed
in Paper II.

The common approach is to fit the optical spectra by the
Drude-Lorentz model>3® because it helps to disentangle the
contributions of conduction electrons, interband transitions
and vibrational features. As an example, the optical conduc-
tivity along the ¢ direction of the crystal with x=0.85 is
displayed in Fig. 8 together with a fit by one Drude-like
component and several Lorentzian oscillators; to further re-
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FIG. 8. (Color online) Fit of the frequency dependent conduc-
tivity of k-(BEDT-TTF),Cu[N(CN),]-BrygsCly s at 20 K for the
electric field polarized parallel to the ¢ axis. Lgimer and Lyuppard
show the two Lorentz oscillators required to fit the midinfrared
peak. The narrow lines describe the vibrational features. In addition,
an extended Drude model is included for the low-frequency
increase.

strict the parameters, the R(w) and o(w) spectra were fitted
simultaneously. This procedure was applied to the spectra
taken in both polarization directions and at all temperatures
and values of Br doping.

A. Midinfrared band: Overview of the different
interpretations

In general, the most prominent feature in the optical con-
ductivity spectra of k-phase BEDT-TTF salts is the broad
midinfrared hump. It peaks around 2200 cm™! for the polar-
ization Ella and at 3200 cm™! in the ¢ direction, where it
exhibits a more complicated double structure. Albeit it seems
obvious—in particular, when cooling down—that two con-
tributions add up for this band, the explanations proposed
over the years took into account only one single process. It
was suggested that the midinfrared peak is due to charge
transfer inside the dimer' 173738 or due to transitions be-
tween the Hubbard bands formed by the correlated conduc-
tion electrons.?!3%9:40

Eldridge and co-workers'>!” first suggested that the mid-
infrared peak is due to charge-transfer bands, with the exci-
tations confined to the dimers and the charge transfer occur-
ring between adjacent molecules. The polarization depend-
ence is explained by different interactions between neighbor-
ing dimers [Fig. 1(a)]. The arguments were supported by
electronic band-structure calculations of the x-phase salts
performed by Whangbo and co-workers on the basis of
the tight-binding approximation.*'*> The highest occupied
band is half filled with only very little difference in band-
width and density of states at the Fermi level when
going from «-(BEDT-TTF),Cu[N(CN),]Cl to «-(BEDT-
TTF),Cu[N(CN),]Br. Obviously, this is a very rough ap-
proximation which can explain neither the semiconducting
behavior at ambient temperature nor a redistribution of the
spectral weight from this midinfrared maximum to the Drude
peak for compounds with high Br concentration on cooling
(discussed in Paper II) nor the different ground states of the
compounds.
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A more consistent picture was achieved when both com-
ponents of the optical conductivity, the Drude-like contribu-
tion, and the midinfrared hump were explained in the frame-
work of a half-filled two-dimensional system with strong
electronic correlations.*%*3 The structure of the « phase was
mapped on an anisotropic triangular lattice, each site present-
ing one dimer, as depicted in Fig. 1(b). The interdimer over-
lap integrals define the hopping ¢ between the sites of a tri-
angular half-filled lattice considered by theory, they are #;
=30 meV and t,=50 meV.** The intradimer overlap plays
the role of the effective on-site Coulomb interaction
U454 Consequently, Uy increases with dimerization:
for the Cl analog, bl is slightly higher which causes
larger U.g. Ab initio calculations by Fortunelli and Painelli*®
give the value of U, z=04eV for a dimer in
k-(BEDT-TTF),Cu[N(CN),|Br; this is in agreement with
experiments.

It has been predicted by theory that the Mott-insulator
transition in a two-dimensional lattice typically occurs when
U is comparable to the bandwidth W=38t. In the present case,
U/t=8, implying that we are very close to the metal-
insulator transition. U/t increases when going from Br to
Cl anions, i.e., moving from right to left in the phase diagram
(Fig. 2), and leads to the localization of the charge carriers.*¢
Following these considerations, recently,”! the experimen-
tally observed midinfrared band around 3000 cm~! was as-
sociated with the transition between the Hubbard bands at
ho= U, eff-

The application of the dynamical mean-field theory to the
metallic side of the phase diagram suggests®*” that besides
the midinfrared band around U, a quasiparticle peak at the
Fermi level grows with temperature below T,.,=~0.1¢",
where ¢ is the overlap integral. Due to transitions between
the coherent quasiparticle band and the Hubbard bands, a
new peak is supposed to develop around iw= U /2 for T
< Tcoh-

B. Midinfrared band: Our experimental results

Our present investigation of the substitution series
xk-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, sheds light on the
above formulated controversy because all features were
traced when going from the metallic to the insulating phase
both by changing temperature 7" and the relative correlation
strength U/t. This enabled us to disentangle the components
coming from charge transfer inside the (BEDT-TTF), dimers
and between the dimers. We propose that the observed opti-
cal response is explained by two contributions: (i) One is the
carriers which belong to the upper conductance half-filled
band. These are the carriers which move between the dimers
(lattice sites) and define the two-dimensional metallic prop-
erties. However, in the Mott-insulating state, the strong elec-
tronic repulsion immobilizes and eventually confines them.
(ii) The other is the carriers which are localized on the
dimers (lattice sites) [Fig. 1(b)]. We propose that the in-
tradimer transitions cause the high-frequency contribution
Lgimer» While the band Lyppaq at lower frequencies is as-
cribed to interdimer transitions, i.e., to the transitions be-
tween the Hubbard bands.
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FIG. 9. (Color online) Temperature dependence of the midinfra-
red peak Lginer in &-(BEDT-TTF),Cu[N(CN),]|Br,Cl,_,, with x
=0%, 73%, and 90% obtained by a Lorentzian fit for the polariza-
tion Ellc. The lines are guides to the eye.

Generally, the band of the intradimer transition is ex-
pected to appear at higher frequencies compared to the tran-
sition between the dimers. It was already shown for molecu-
lar chains that the high-frequency band vanishes when the
dimerization is reduced;*’ calculations were also performed
on a two-dimensional «-like structure, leading to similar
conclusions.*® The same result is obtained by the cluster
model,*® when extending it to tetramers and hexamers; the
electronic transitions summing up the intradimer and inter-
dimer excitations shift to lower frequencies and get broader
compared to the pure intradimer one.

In both reflectivity and conductivity spectra (Figs. 6-8)
for light polarized parallel to the ¢ axis, two bands can be
clearly distinguished: a narrow high-frequency peak Lg;per
and a broad peak Lypprq located at lower frequencies. Con-
trary, in a direction, there is no clear separation visible be-
tween Lginer and Ligypbarg 10 the optical spectra (Figs. 4 and
5). Such an anisotropy in the midinfrared range is well docu-
mented for these « salts.>* However, the detailed analysis
based on the cluster model given below will show that de-
spite the anisotropy, both peaks are present in either orienta-
tions.

The temperature dependence of the Ly, frequency (Ellc)
is plotted in Fig. 9 for different Br concentrations. Within the
uncertainty of the Lorentz fit, at ambient temperature the
position of the high-frequency oscillator Lg;,,., does not show
a distinct dependence on the Br content along the ¢ axis;
also, the oscillator strength of this band does not vary sub-
stantially. In general, there is an upward shift of approxi-
mately 100 to 200 cm™' when going down to 7=20 K. We
attribute this blueshift to the thermal contraction of the single
crystals, which slightly enhances the intradimer transfer in-
tegral b1 [Fig. 1(a)]; i.e., the intradimer overlap increases.®
The difference between metallic and insulating compounds is
seen at 50 K and lower: While the temperature dependent
high-frequency shift of Lg,,., is more enhanced upon cooling
in the metallic samples with x=90% and 85%, it levels off
for the insulating ones with low Br concentration. Obviously,
the Lg;mer 0scillator frequency is not considerably affected by
the opening of the Mott-Hubbard gap at 7<50 K, which
results in an increase of the dc resistivity of several orders of
magnitude.
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The intradimer transition, i.e., a charge transfer between
the two face-to-face arranged BEDT-TTF molecules, is ex-
pected to be strongly coupled to the totally symmetric mo-
lecular vibrations. Thus, a detailed analysis of the experi-
mentally obtained temperature dependence of their spectra
and a comparison to the theoretical predictions of the cluster
model will be the key to a final assignment of the electronic
features in the spectra.

C. Vibrational features

The sharp absorption features in the frequency range be-
tween 400 and 1600 cm™" are known to be totally symmetric
vibrations activated by coupling with electronic excitations.
In the course of numerous vibrational studies on the k-phase
BEDT-TTF salts, Eldridge and co-workers'®3731:52 and
others®*?* presented a complete assignment of the totally
symmetric vibrations. Here, we use the C,;, symmetry as-
signment which takes a deformation of a BEDT-TTF mol-
ecule inside the crystal into account.” In our work, we could
follow not only the temperature but also the doping depen-
dence of these features, which improves our interpretation of
the spectra.

The most prominent v4(A,) vibration involves a symmet-
ric stretching of the C=C double bonds; in the spectra in
Fig. 10, it appears as a double peak due to the v4 antireso-
nance. We estimate the center frequency of the v,(A,) band
by fitting the complete feature with a Lorentzian, disregard-
ing the antiresonances for a moment.” The accuracy of this
procedure is limited to =1 cm™' and strongly depends on
temperature, compound, and polarization; nevertheless, it al-
lows us to extract the general tendency. At room tempera-
tures, the v4(A,) mode is observed at about 1240 cm™! along
the a axis and at 1280 cm™' along the ¢ axis in the spectra of
the «-(BEDT-TTF),Cu[N(CN),|Br,Cl,_,. As can be seen
from Figs. 11(a) and 11(c), with decreasing temperature
(300 K=T<50 K), the v4(A,) modes slightly shift to higher
frequencies in about the same manner for all compounds. As
T is reduced, this tendency enhances further for x=85% and
90%: The total shift amounts to approximately 45 cm™! for
Ella and less than 5 cm™! in the ¢ direction; the variation
saturates at very low temperatures. For the insulating com-
pounds with low Br content, the v,4(A,) mode even reverses
its temperature dependence below 7., =~ 50 K and becomes
softer. Except for some gradual difference, the behavior is
very similar for both orientations. Below 50 K, the ,(A,)
mode becomes sharper in the insulating samples, while it
broadens and seems to be weaker for high Br content.

The frequency of the v4(A,) mode (vibration of the CH,
groups) overlaps with the broad emv-coupled v4(A,) band. In
Fig. 10, the excitation is seen as an antiresonance around
1270 to 1280 cm™! for Ella and slightly higher for the per-
pendicular direction. At low temperatures, four bands of
v(A,) are resolved, originating from four distinct CH,
groups per unit cell. We follow the temperature dependence
by choosing the minimum around 1273 cm™'. Again, for low
Br content the v4(A,) mode gradually moves down in fre-
quency with decreasing temperature, while it significantly
shifts to higher values for x=85% and 90%, as presented in
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FIG. 10. (Color online) Detailed view of the optical conductiv-
ity of k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, along the a and ¢ di-
rections (left and right panels, respectively) for different Br concen-
trations x=90%, 85%, 73%, 40%, and 0%, (a)—(e) and ()-(j),
respectively. The spectra for the different temperatures (bottom to
top: T=20, 50, 90, 150, and 300 K) are offset by 400 ({2 cm)~! for
clarity.

Fig. 11(c). The same temperature dependence of (A,) is
observed parallel to ¢ [Fig. 11(d)]. A similar temperature and
Br-concentration dependence is seen for the peaks of the
emv-coupled “ring-breathing” mode v,(A,) of the BEDT-
TTF molecule’® at 870 and 885 cm~! and of the vi5(A4,) at
about 430 cm™!. Accordingly, the peaks are pretty intense in
the insulating state and are less significant in the spectra for
high Br concentration.

In contrast to the emv-coupled modes, the infrared active
v45(B,,) vibration of the BEDT-TTF molecule detected
around 1383 cm™! (Fig. 10) and the CN-stretch vibration of
the anion layer observed around 2160 cm~! do not depend on
the Br concentration and show no pronounced temperature
dependence besides the expected hardening with cooling.
Therefore, since the charge on the BEDT-TTF molecules is
not redistributed in x-(BEDT-TTF),Cu-[N(CN),|Br,Cl,_,
when the samples are cooled down, the characteristic tem-
perature dependence of the emv-coupled A, modes has to be
due to the electronic excitation to which they are coupled.

D. Excitations localized on dimers: Charge transfer and
emv-coupled features

The cluster model (see, for example, Rice,®® Yartsev et
al.,* and Delhaes and Yartsev®') describes the optical prop-
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FIG. 11. (Color online) Temperature dependence of the mode
frequencies of the intramolecular vibrations v4(A,) and v4(A,) for
k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_, with Br concentrations 0%,
73%, and 90%. (a) The v4(A,) mode along the a direction was fitted
by a Lorentzian and the center frequency plotted. (b) In the case of
v6(A,), the frequencies are defined as the minima in the respective
optical conductivity, i.e., the strongest of the quadruple. In frames
(c) and (d), the equivalent data are presented for the polarization
Ellc. The lines correspond to spline fits.

erties of molecular clusters with arbitrary geometry and equi-
librium charge density distribution. The corresponding
Hamiltonian has the following form:

H=He+Hv+Ega,iniQa,i_p'E‘ (1)

a,l

Here, H,, describes totally symmetric (A,) internal vibrations
of the molecules. Q,,; is a dimensionless normal mode coor-
dinate of a symmetric vibration « of the i molecule with
frequency w,. Linear emv coupling is described by the third
term, where n; is an occupation number operator for a mol-
ecule i and g, denotes coupling constants. The term p-E
gives the interaction energy of an external electric field E
with the induced dipole moment p of a cluster.

The electronic Hamiltonian H, is taken in the Hubbard
approximation in the absence of vibronic coupling at the
equilibrium values of Q,;. In general, it takes into account
repulsion between electrons (holes) on the same molecule
U(U,y) and neighboring molecules V(V,,), and 7 is a trans-
fer integral between the molecules,

_ + +
H,= 2 €n; — E ti,i+1(ci,aci+1,(r+ Cit1,0Ci0
i

U
+ 52 njgNi_o+ E Viie il - (2)

Using this model, the frequency dependent conductivity
of the molecular clusters is calculated. It consists of two
contributions: (i) a wide band due to optically activated
charge transfer between the molecules in a cluster (the pa-
rameters which define this transition are the transfer integral
t between the molecules and the Coulomb repulsion U, of
two electrons on one molecule) and (ii) comparatively nar-
row features due to A, intramolecular vibrations which be-
come infrared active by emv coupling to the charge-transfer
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FIG. 12. (Color online) Conductivity of «-(BEDT-

TTF),Cu[N(CN),]Br( g5Cly ;5 for the two polarizations (a) Ellc and
(b) Ella at T=20 K. The solid red curves represent the conductivity
for the intradimer transition and the emv-coupled modes calculated
within the cluster model. The dotted blue curves show the differ-
ence between the experimental data (thick black line) and the red
curve. Fit parameters for Ellc are Up,=0.5eV and #(bl)
=0.21 eV. The vibrational frequencies v; and respective coupling
constants Q; are vy=1460 cm™!, 0,=610; v=1287 cm™!, Qs=95;
v10=878 cm™!, 0,,=120; and v;3=445 cm™!, Q,3=240. For Ela,
we used U,,,=0.5 eV and #(b1)=0.19 eV; the frequencies and cou-
pling constants are the same except Q;=680.

excitation (they are shifted down in frequency with respect to
the corresponding Raman modes).'®>!2 The shift and the
intensity of the emv-coupled features depend on the size of
coupling constants g, and on the position of the respective
charge-transfer band.

The model taking into account two perpendicular dimers
of BEDT-TTF molecules successfully describes the midin-
frared peak and emv-coupled features in the room-
temperature spectra of the k-phase salts,**%? while it does not
account for the metallic behavior; thus, it is not able to
mimic the appearance of a Drude peak in the compounds
with high Br content.

In this work, we use the simplest dimer model to describe
the emv-coupled features present also in the metallic phase
and to verify the assignment of the midinfrared peak Lg;,., to
the intradimer charge transfer. As an example, in Fig. 12(a),
we show a fit by the dimer model of the 85% Br compound
spectra. For Ellc, the dimer model with U, ,=0.5 eV and
transfer integral term #(b1)=0.21 eV can reasonably well
predict both the position of the high-frequency electronic
maximum Lg... and of the emv-coupled features. The value
of the transfer integral energy is somewhat lower than those
received by the Hiickel method: #(b1)=0.26—0.27 eV.*0
Taking into account the very different approaches of these
methods, the agreement is quite good. We find that the in-
tradimer transition is responsible for nearly all the intensity
of the emv-coupled features. In the low-temperature metallic
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FIG. 13. (Color online) Peak position of the intradimer excita-
tion and the emv-coupled molecular vibration »,4(A,) as a function
of Br concentration x as obtained from the fit of the optical spectra
of k-(BEDT-TTF),Cu[N(CN),]|Br,Cl,_, by the dimer model. (a)
and (b) show the results for the polarization Ella, while (c) and (d)
are for the ¢ direction. In the upper frames, the frequency the in-
tradimer absorption are displayed; in the lower frames, the mode
position of the emv activated vibration V4(Ag) is plotted. The ex-
perimental data are given as open squares, and the points from fit by
closed dots. The lines connect the points.

state, the intradimer transition interacts strongly with the to-
tally symmetric vibrations, while this process is less impor-
tant for the charge transfer between the dimers.

In order to identify the intradimer transition band for po-
larization Ella, we start with the respective parameters ob-
tained for the Ellc. Only the position of the intradimer charge
transfer is varied by changing the transfer integral b1 until
the positions of emv-coupled features, which are consider-
ably softer along the a axis, match the experiment. Conse-
quently, the position of the intradimer transition follows
these emv-coupled vibrations. The fit with #(b1)=0.19 eV
suggests that the Ly, has its maximum at about 3150 cm™!
in the a direction, compared to 3500 cm™! found for Ellc.
The fit by the dimer model was performed for all com-
pounds, temperatures, and polarization directions. Figure 13
illustrates the correlation between the position of the charge-
transfer band [Figs. 13(a) and 13(c)] and the emv activated
v4(A,) vibration [Figs. 13(b) and 13(d)] at low temperatures.
In both polarizations, their frequencies strongly depend on
the Br content in k-(BEDT-TTF),Cu[N(CN),]Br,Cl,_,. The
strong shift of the peaks to higher frequencies for the metal-
lic compounds is clearly seen. The figure also demonstrates
the very good agreement between experiment and calcula-
tions.

For a further analysis of the data focusing on itinerant
charge carriers, we subtract the results of the cluster-model
calculations from the experimental data. As seen in Fig. 12,
the remaining intensity of the emv-coupled vibrational
modes is small; this confirms that they are only very weakly
coupled to charge carriers which are not localized on the
dimers. Interestingly, this is only true for the metallic
samples with high Br content (85% and 90%). Once we ap-
proach the insulating side of the phase diagram (low Br con-
centration), a charge transfer only in a dimer does not ac-
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count for all the intensity of the emv-coupled features
anymore. These spectra are much closer to those proposed by
the tetramer model,®2 indicating that once the interdimer ex-
citations get localized they are also coupled to the totally
symmetric vibrations of the BEDT-TTF molecule.

E. Anisotropy of the spectra

One of the striking features of the x-phase spectra is the
anisotropy, which from first glance one would not expect of
an orthorhombic unit cell®® with two crystallographically
identical dimers and an angle between the optical axes and
the dimers close to 45°. This anisotropy involves the in-
tradimer transition,®* and above we showed that the cluster
model gives a good explanation for the anisotropy in the
vibrational features.

It should be noted that the distance between the dimers is
different in a and ¢ directions, with some preference along
the a axis, as depicted in Fig. 1. In addition, the molecules
are not standing upright on the (ac) plane, but considerably
tilted in the a direction (in an alternating fashion in such a
way that adjacent layers form a herringbone pattern).’’ The
higher reflectivity observed in the Ella polarization in these
compounds suggests that a projection of the dipole moment
for all the electronic transitions onto this axis is higher.

An alternative explanation for the difference in position
and intensity of the intradimer charge-transfer band Lg;.,
observed parallel to @ and ¢ axes might be along the reason-
ing of the so-called Davydov splitting. In general, when the
unit cell possesses a center of symmetry and there are two
identical molecules in the cell, a Davydov splitting of the
intramolecular electronic transitions between the upper mo-
lecular orbitals (intramolecular excitons, Frenkel excitons) is
observed.®® Because of this, instead of one absorption band,
two bands are present in the spectra. They are distinct in
position and intensity, and they are expected for the electric
field polarized parallel to the symmetry axes of the unit cell.
In the present case of the « salts, the dimers are taken as the
principal unit, i.e., a “big molecule” with one hole and a spin
residing on it. We regard the intradimer transition as a tran-
sition of the charge carriers localized on dimers; in the first
approximation, they are not involved in the metallic conduc-
tivity, as was shown in Sec. IV D. Thus, the anisotropy of the
intradimer transition can be considered as a sort of Davydov
splitting of the intradimer excitation.

It should be noted that the dimerization splits the conduc-
tion band, and here we discuss the interaction of the com-
pletely occupied portion. In other words, the Davydov-like
splitting explains the anisotropy of the localized intradimer
transition but does not include the itinerant conduction elec-
trons. The itinerant electrons cause some screening, but in
these bad metals the carrier concentration of 10?! cm™ is
considerably low. We consider excitonic effects possible
even in the most metallic 85% and 90% Br compounds be-
cause only a quarter of the spectral weight is found in the
Drude peak; the rest forms the intradimer transition or a tran-
sition between the Hubbard bands. The screening effect in
the metallic compounds explains why the band of the in-
tradimer transition becomes broader and less pronounced for
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the more metallic compounds x=0.85% and 90% and is
stronger and well shaped for the compounds with lower Br
concentration.

Due to the strong coupling of the electronic transition
and intramolecular vibrations, these charge excitations may,
in fact, form a charge-transfer vibronic exciton.®® The
electronic spectrum exhibits two distinct bands for the
two polarizations parallel to the symmetry axes of the
unit cell. Indeed, the less symmetrical (monoclinic)
x-(BEDT-TTF),Hg(SCN),X (X=Cl, Br) lack the center of
symmetry; consequently, their spectra®” show less anisotropy
than those of the presented orthorhombic compounds.

F. Allocating the transition between the Hubbard bands

From the analysis presented above, we conclude that the
lower-frequency contribution Ly,ppaq to the midinfrared
band originates from excitations across the Mott-Hubbard
gap, which allows us to determine the effective Coulomb
repulsion Uy to be approximately 2200 cm™!. This assign-
ment is supported by comparing our data to the spectra of the
superconductor k-(BEDT-TSeF) Hg, goBrg. The replacement
of the four inner sulfur atoms with selenium reduces the
on-site Coulomb repulsion but increases the transfer integrals
to neighboring molecules. Therefore, the BEDT-TSeF-based
analogs are much closer to the normal metallic state; the
contributions of itinerant and localized charge carriers are
well separated in the optical spectra. It has clearly been
observed™ that with decreasing temperatures the contribu-
tion of the electrons in the conduction band (Drude peak and
transitions between Hubbard bands) shifts to lower frequen-
cies while there is a blueshift of the excitations of the local-
ized charge carriers, similar to the metallic compounds stud-
ied in this work.

Calculations by Merino and McKenzie*™® reveal that in
strongly correlated metals the coupling between electrons
and phonons leads to a nonmonotonic temperature depen-
dence of the vibrational modes near the coherence tempera-
ture Ty, The shift is most pronounced (up to 5%) for
phonons in the energy range comparable to U.;/2 and be-
comes weaker for larger or smaller frequencies. Raman mea-
surements perfectly agree with these predictions.®® Evidently,
the situation is more complicated for infrared data, as the
vibrations are activated only by emv coupling and influence
in frequency and intensity by the charge excitations within
the dimers. Nevertheless, this electron-phonon coupling
might be an explanation for a softening of w,(A,) and
vs(A,) below T, =50 K for the compounds «-(BEDT-

68
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TTF),Cu[N(CN),|Br,Cl,_,, with x=0% and 40% where the
electronic correlations U/t are strongest. A close inspection
of Figs. 5, 7, and 10 reveals that the higher-frequency mode
v45(B,,) exhibits a similar behavior for the insulating
samples with low Br content, but weaker, while no change is
observed for the far-infrared vibration v5(A,) around 50 K.
This also suggests that the effective Coulomb repulsion U,
is of the order of 2000—2500 cm™'.

V. CONCLUSION

Our comprehensive analysis of the temperature- and Br-
concentration dependence of midinfrared and emv-coupled
features in k-(BEDT-TTF),Cu[N(CN),|Br,Cl,_, allows us
to distinguish two contributions in the midinfrared part of the
spectra. This interpretation is supported by the calculations
which describe a charge transfer in a dimer and its coupling
to the totally symmetric vibrations of the BEDT-TTF mol-
ecule. The higher-frequency L., band (3300 cm™' for the
polarization Ell¢ and presumably around 2900 cm™' for Ella)
originates from the charge transfer between the BEDT-TTF
molecules in dimers. This charge transfer within the dimers
is coupled to the intramolecular vibrations of BEDT-TTF and
is responsible for the major part of the emv-coupled feature
intensity for the metallic compounds, while in the insulating
materials the lower-frequency contribution is presumably
also coupled with vibrations. The lower-frequency contribu-
tion to the midinfrared band Ly, located at 2200 cm™ is
isotropic and assigned to the transition between two Hubbard
bands which form due to strong electronic correlations. In
Paper II (Ref. 27), the dynamical properties of the itinerant
charge carriers will be analyzed and discussed in detail, in-
cluding extensive calculations by the dynamical mean-field
theory.
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