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The infrared spectra of the quasi-two-dimensional organic conductors a-(BEDT-TTF),MHg(SCN), (M
=NH,, Rb, TI) were measured in the range from 50 to 7000 cm™' down to low temperatures in order to explore
the influence of electronic correlations in quarter-filled metals. The interpretation of electronic spectra was
confirmed by measurements of pressure dependent reflectance of a-(BEDT-TTF),KHg(SCN), at 7=300 K.
The signatures of charge order fluctuations become more pronounced when going from the NH, salt to Rb and
further to Tl compounds. On reducing the temperature, the metallic character of the optical response in the
NH, and Rb salts increases, and the effective mass diminishes. For the T] compound, clear signatures of charge
order are found albeit the metallic properties still dominate. From the temperature dependence of the electronic
scattering rate the crossover temperature is estimated below which the coherent charge carriers response sets
in. The observations are in excellent agreement with recent theoretical predictions for a quarter-filled metallic

system close to charge order.
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I. INTRODUCTION

Electron-electron interactions are well recognized to be
decisive for the ground states observed in low-dimensional
electronic systems, for instance, Mott insulator, charge-
ordered state, superconductivity, and ferromagnetic and anti-
ferromagnetic order. The generic phase diagram of correlated
materials shows a number of important features: the varia-
tion of crucial (order) parameters such as the electron doping
or the effective electronic interactions drives the system from
a metal to an ordered state, with superconductivity found
around some critical point.""> While in the high-temperature
superconductors the control parameter typically is the hole
doping, the quasi-two dimensional-organic conductors give a
possibility to nicely tune the effective -electronic
interactions.®> The well-developed phase diagram of half-
filled BEDT-TTF-based organic conductors demonstrates
this approach: the ground state of systems changes from a
metal (Fermi liquid) to a Mott insulator on the increase of
electronic correlations, with superconductivity found in
between.*>

In addition to the on-site Coulomb interaction U, for the
quarter-filled systems the nearest-neighbor electronic repul-
sion V is the second important parameter. In the case of large
values of U, a change of the ground state from metallic to a
charge-ordered on the increase of V was proposed for the
quarter-filled layered molecular conductors; around the quan-
tum critical point superconductivity mediated by charge fluc-
tuations was suggested.® The family of quarter-filled organic
conductors a-(BEDT-TTF),MHg(SCN), (M=NH,, Rb, TI,
K) is a prime candidate to experimentally study the vicinity
of a phase border between metallic and charge ordered states
in the phase diagram calculated in Ref. 6: the NH, com-
pound exhibits superconductivity at 7.~ 1 K, while the oth-
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ers are metallic with a density-wave state observed below
10 K, which is still subject to discussion.”® In the present
investigation we are interested in the temperature region
above the density wave state where the band structure and
Fermi surface of these isostructural compound are basically
identical.

These crystals are composed by alternating layers of two
types: conductivity occurs in layers of BEDT-TTF [bis-
(ethylenedithio)tetrathiafulvalene] molecules, while the lay-
ers of the polymeric anions [MHg(SCN),]” serve as a
“charge reservoir;” in the following we refer to the various
salts by their metal ions M=NH,, Rb, TI, or K in the anion
layer. They have the same valence but different volume,
which effects the size of the unit cell and hence the transfer
integrals 7 between the BEDT-TTF molecules in the conduct-
ing layer in some nontrivial way,” leading to a different V/¢
parameter between the compounds.

A change of the control parameter V/t by chemical modi-
fications in the anionic layer was extensively utilized by
Mori et al.'® when synthesizing the quarter-filled family 6
-(BEDT-TTF),MM'(SCN),. These quarter-filled compounds
are closer to an insulating charge order state, and the transi-
tion temperature between the metallic and insulating phase
decreases as the ratio V/¢ shrinks. A phase diagram was pro-
posed based on resistivity studies which exhibits the general
features as mentioned above.'® A number of experiments
prove that the charge disproportionation already develops in
the metallic phase at temperatures well above the phase
transition.!"!2 In §-(BEDT-TTF),RbZn(SCN),, for example,
the width of the lines observed in NMR experiments sug-
gests a slowly fluctuating charge order.!' On the other hand,
the only charge-order insulator of the a-phase family «
-(BEDT-TTF),l; (Refs. 13 and 14) exhibits a timely stable
charge disproportionation'® already at temperatures above
the insulating state.
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While those investigations lowered the temperature in or-
der to move towards the metal-insulator transition, a particu-
lary interesting possibility would be to tune the V/¢ ratio to
approach the phase transition to the insulating state from the
metallic side. Do charge-order fluctuations develop? Or do
stable regions form which are partly charge ordered? Is this a
first order or a second order phase transition? Will charge-
order fluctuations be enhanced although the system remains
metallic? The a-(BEDT-TTF),MHg(SCN), family is the
proper system to address these questions.

Optical investigations in a wide frequency range are most
suitable to characterize the charge dynamics and to identify
deviation from a simple metallic behavior.!®-'® For quarter-
filled systems close to charge order, the frequency-dependent
conductivity was calculated by exact diagonalization for
large U and different V/t ratios."” The spectral weight is
expected to shift from the Drude peak to higher frequencies
as correlations intensify. It is further proposed that the effec-
tive mass of the charge carriers and their scattering rate de-
pends on correlations and temperature.'® In previous optical
studies clear signatures of charge-order fluctuations have
been observed in a-(BEDT-TTF),KHg(SCN), in contrast to
the superconducting analog a-(BEDT
-TTF),NH,KHg(SCN),.%° It is now of great interest to ex-
tend our investigations to the whole family of a-(BEDT
-TTF),MHg(SCN), materials and to compare the experimen-
tal findings with the theory. This gives us insight on how
quarter-filled two-dimensional metallic system behave close
to a correlation-driven charge-order transition.

The paper is structured in the following way. In Sec. II we
present the experimental techniques. In Sec. III we present
the results: a primary analysis of the observed spectra III B
and its interpretation IIIC, and in IIID we show that
pressure-dependent measurements confirm our interpretation,
in Secs. Il E and III F we discuss the nature of the major
anisotropy and temperature-dependent effects. In Sec. IV we
further interpret our results in terms of metallic quarter-filled
system close to charge order and an ordered system. Our
findings are summarized in Sec. V (conclusions).

II. EXPERIMENTAL TECHNIQUES

Single crystals of «-(BEDT-TTF),MHg(SCN), (M
=NH,, Rb, TI) were grown according to Ref. 21 and reach
up to 2 X2 mm? in the highly conducting ac plane; the crys-
tal structure was confirmed by x-ray diffraction. When char-
acterized by dc resistivity, the results coincide with previous
reports. The polarized reflectivity of the crystals was mea-
sured in the conducting plane along the main optical axes,
parallel and perpendicular to the stacks of BEDT-TTF mol-
ecules (i.e., parallel ¢ and a crystal axes) in the frequency
range between 50 and 7000 cm™'. The main axes were iden-
tified at room temperature by polarization dependence mea-
surements with an accuracy of 2°. The spectral resolution
used was 1 cm™' for the NH, and Tl salts and 2 cm™' in the
case of a-(BEDT-TTF),RbHg(SCN),. The sample was
cooled in a cold-finger cryostat with a rate of circa 1 K/min;
spectra were taken at 300, 200, 150, 100, 50, and 6 K. In
order to receive the absolute values of reflectivity, the sample
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covered in situ with 100 nm gold was used as a reference;
this technique is described in Ref. 22. Although these mea-
surements agree with previously published spectra 202324 ag
far as the overall shape is concerned, the absolute values are
up to 5% higher due to our superior method of measuring the
absolute reflectivity value. The midinfrared data were also
double checked at room temperature using an infrared micro-
scope with a spot size of 100 um. We were not able to use
this improved technique for the low-temperature measure-
ments of a-(BEDT-TTF),KHg(SCN), due to poor quality
and small size of the crystals; thus we do not extend the
present quantitative analysis of the optical data to this com-
pound.

The optical conductivity was evaluated by the Kramers-
Kronig analysis of the reflection spectra. The spectra in the
900040 000 cm™' were measured at room temperature us-
ing a homemade microspectroreflectometer; at frequencies
above 40 000 cm™! the common w2 and w™ extrapolations
were used, while a Hagen-Rubens assumption was applied at
low frequencies. The agreement obtained with the dc con-
ductivity is excellent. In the case of the NH, salt, for in-
stance, the measured dc values range from oy
=100 to 400( cm)~! at ambient temperature and 100 times
higher at T=4.2 K; the value for optical conductivity at w
—0 is about 350 (Q cm)~" at 300 K and 36 000 (2 cm)~! at
T=6 K.

Polarized reflectance measurements of «a-(BEDT
-TTF), KHg(SCN), under pressure were performed using a
diamond anvil cell equipped with type IIA diamonds suitable
for infrared measurements. Finely ground Csl powder was
chosen as quasihydrostatic pressure medium. For the pres-
sure experiment a small piece (about 80 wm X 100 wm in
size) was cut from a single crystal and placed in the hole of
a steel gasket. A ruby chip was added for determining the
pressure by the ruby luminescence method.?> The pressure-
dependent reflectance was studied in the midinfrared fre-
quency range (550-8000 cm™') at room temperature using a
Bruker IFS 66v/S FT-IR spectrometer in combination with
an infrared microscope (Bruker IRscope II). Reflectance
spectra were measured at the interface between sample and
diamond anvil (the measurement geometry is illustrated in
Ref. 26); spectra taken at the inner diamond-air interface of
the empty cell served as the reference for normalization of
the sample spectra. The pressure-dependent reflectivity spec-
tra reported below refer to the absolute reflectivity at the
sample-diamond interface, calculated according to R,_,(w)
=Rga X I(w)/I(w), where I (w) denotes the intensity spec-
trum reflected from the sample-diamond interface and ()
the reference spectrum of the diamond-air interface. Ry;, was
calculated from the refractive index of diamond ng;, to 0.167.
For quantitative description of the spectra, a Drude-Lorentz
fit was performed. To get reliable fit parameters, we simulta-
neously fitted the zero-pressure reflectivity spectra taken in-
side the cell (with an diamond-sample interface) and the
spectra taken outside the cell with an air-sample interface.
The change of the parameters of the Drude part and the Lor-
entz oscillators were then followed as a function of pressure.
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III. RESULTS AND ANALYSIS

A. Experimental results

In Figs. 1-3 the optical reflectivity and conductivity of the
three compounds a-(BEDT-TTF),MHg(SCN), (M=NH,,
Rb, Tl) are displayed. Results for the K analog have already
been presented in Ref. 20. The reflectivity of all the com-
pounds shows a metal-like frequency and temperature behav-
ior: a plasma edge is observed in the midinfrared, and the
high reflectance at frequencies below the plasma edge in-
creases even further upon cooling. The higher reflectivity
and conductivity observed in the polarization E_L stacks is in
agreement with the calculated anisotropy of the transfer
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FIG. 1. (Color online) Reflec-
tivity and conductivity spectra of
a-(BEDT-TTF),NH,Hg(SCN), at
T=300, 200, 100, and 6 K; left
panels (a) and (b): Ell stacks, right
panels (c) and (d): E_L stacks. The
insets show optical conductivity in
the range of ,(A,) and v5(A,)
modes. The inset in (d) shows the
contributions of one Drude and
two Lorentz components for Ell
stacks 300 and 6 K.

integrals.” The room-temperature spectra of the Rb and TI
salts differ only by few percent, while the NH,; compound
shows a slightly higher reflectivity at low frequencies.

A number of vibrational features in the 400—1600 cm™!
frequency range are known to originate from the coupling of
totally symmetric A, vibrations of BEDT-TTF with electrons
(EMV coupling).?” These comparatively weak EMV-coupled
features evidence for the broken symmetry (dimerization) in
the stacks, in agreement with the x-ray structural data. The
most prominent of the EMV-coupled features is the band of
4(A,) vibration, which appears as a wide maximum between
approximately 1200 and 1400 cm™!. This feature is the same
in all the salts, while the lower frequency features show

FIG. 2. (Color online) Reflec-
tivity and conductivity spectra of
a-(BEDT-TTF),RbHg(SCN), at
T=300, 200, 100, and 6 K; left
frames (a) and (b): EL stacks,
right frames (c) and (d): E|l stacks.
The inset on (b) show optical con-
ductivity in the range of v,(A,)
and »5(A,) modes. The inset in
(d) present the optical conductiv-
ity of the three salts in Ell stacks at
6 K in log scale. The low-
frequency part presented in
dashed lines was received after
smoothing the reflectivity data, a
respective error bar at 60 cm™! is
shown.
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some differences between the compounds, which will be dis-
cussed later in this paper. The charge-transfer within the
dimers, which activates the totally symmetric vibrations, is
expected in the midinfrared region, but its intensity might be
low, in agreement with the weak vibrational features in com-
parison to the x phases, for example.?8-3° The narrow band at
about 2100 cm™! is the infrared-active CN stretching vibra-
tion of the SCN groups in the anion layer.

At temperatures below 200 K the slightly different levels
and shapes of the far-infrared reflectance observed for the
NH,, Rb, and T1 salts lead to distinct differences in the con-
ductivity spectra. The low-temperature reflectivity of the
NH, salt is close to 100% in the low-frequency limit but
abruptly drops above 700 cm™, especially apparent in the E||
stack polarization. This behavior converts to an intense and
extremely narrow zero-frequency peak in the conductivity
spectrum; in addition there are two wide bands at approxi-
mately 1000 and 2500 cm™!. Accordingly, the lower reflec-
tivity level and gentler slope obtained for the Rb salt causes
a less pronounced and wider zero-frequency peak and more
spectral weight in the high-frequency features. The reflectiv-
ity of the Tl salt also approaches 100%, but in a more
gradual fashion; a bump at about 1000 cm™! is superimposed
on the high reflectance background at low temperatures. Ac-
cordingly, in the conductivity spectra the Drude peak is not
extremely narrow, and the 1000 cm™' maximum is more pro-
nounced than in the spectra of the other two salts. This ten-
dency is even enhanced in the spectra of «a-(BEDT
-TTF), KHg(SCN),, as described in Ref. 20.

B. Drude-Lorentz analysis

We use a Drude-Lorentz fit to disentangle different con-
tributions to the spectra; simultaneous fits of the reflectivity
and conductivity spectra put additional restrictions on the
parameters. An inset in Fig. 1(d) is an example of the fit,
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FIG. 3. (Color online) Reflec-
tivity and conductivity spectra of
a-(BEDT-TTF),TIHg(SCN),  at
T=300, 200, 100, and 6 K; panels
(a) and (b): E L stacks, panels (c)
and (d): Ell stacks. The inset show
optical conductivity in the range
of v15(A,) and v3(A,) modes.

showing the main electronic features in the conductivity
spectra of a-(BEDT-TTF),NH,Hg(SCN), at T=300 and
6 K. The zero-frequency peak is approximated by a simple
Drude contribution; the maximum around 1000 cm™" and the
wide band in the mid-infrared range are fitted by a Lorentz-
ian each, yielding the central frequencies w, of 1000 and
2500 cm™!, respectively. Only when the Drude-like feature
sharpens below 200 K, the 1000 cm™! contribution turns into
a real peak. The assessment of the Drude plasma frequency
by zero-crossing of €; (Ref. 16) in agreement with the fit,
however, clearly reveals that it is already present at T
=300 K; in contrast to the case of half-filled BEDT-TTF-
based compounds where it develops only for T<50 K.>*3°

The simple Drude formula does not describe perfectly the
shape of the zero-frequency conductivity peak, but gives re-
liable values of the scattering rate (as a half-width of the
peak). Since our measurements go down to only 50 cm™,
and the zero-frequency conductivity peak becomes very nar-
row at low temperatures, we did not carry out an extended
Drude analysis,'® to avoid an over-interpretation of the data.

For the further discussion it is important to consider the
redistribution of the spectral weight between these spectral
features. For the electronic bands at 1000 and 2500 cm™', the
spectral weight is obtained from the respective Lorentz fit.
Since the Drude behavior does not perfectly describe the
zero-frequency peak in the optical conductivity (especially
for the Rb salt), we determined the respective spectral weight
by subtracting the two Lorentz oscillators from the experi-
mental spectra.

The spectral weight is received by integration of the op-
tical spectra'®

W= sf oy ()do; (1)

0

the choice of the upper limit w. determines which excitations

are considered. The used cutoff (w,) value of 7000 cm™ is
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typical for compounds with similar parameters® because is
lies well above the plasma edge. According to w,
=(4mNe*/m,)"?, where N is a number of charge carriers
known from structural data,”! the spectral weight then yields
the band mass m,;. From the spectral weight of the Drude-
like contribution (a),l?mde)2 [see inset (d) in Fig. 1] we can
estimate the effective mass of the quasifree charge carriers
m”. In the following analysis we normally use an effective
mass of the charge carriers with respect to the band mass,
i.e., the ratio m"/m,. The advantage of this approach is that
then the effective mass value is normalized according to the
thermal contraction of the unit cell.

Within the one dimensional tight-binding approximation,
the spectral weight is related to the width of the bands or the

transfer integral #:

, l6td?e* |
w,= v sin Ep , (2)

where d is the intermolecular distance, V,, denotes the vol-
ume per molecule, and the number of electrons per site is
given by p. The enlargement of the spectral weight is related
to the increase of the transfer integral; for instance when the
temperature decreases and thus the crystal contracts.?! It is
commonly believed!®2%32 that the total spectral weight is
conserved, when the integration in Eq. (1) is extended to
high enough values (above 10 000 cm™). This is not strictly
correct®® when the thermal expansion is extremely large, as
in the case of organic materials where it can be as large as
10%,3* or when external pressure is applied.

C. Assignment of the electronic spectrum

At first we want to make an assignment of the major
spectral features which are common to the studied BEDT-
TTF salts. The overdamped maximum around 2500 cm™! is
observed in the spectra of BEDT-TTF-based organic conduc-
tors with different band structures;** however, the previously
suggested?® assignment to the interband transition is doubt-
ful. Instead we follow the interpretation® of the maxima at
1000 and 2500 cm™! to the spectral weight which is shifted
from a zero-peak to higher frequencies due to influence of
electronic correlations. !

The calculations of Merino et al.'® for metallic quarter-
filled systems close to charge order suggest the appearance
of two maxima in addition to a Drude peak: a sharper one at
hw=2t due to short-range charge order, and a wider one at
about 5¢ due to a shift of the spectral weight to high frequen-
cies on the strong influence of correlations. In a very good
agreement with the experiment, it gives values of 960 and
2500 cm™! for positions of these features, estimated using ¢
=0.06 eV, a typical value of transfer integral for these com-
pounds. At room temperature in the polarizations parallel and
perpendicular to the stacks the intensity of the two maxima
scales with the plasma frequency of the Drude-like contribu-
tion, being approximately 1.3 times higher for £ L stacks; at
low temperatures a redistribution of the spectral weight oc-
curs. This encourages the application of the one-band ap-
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proximation, used by theory, for the analysis of our data: i.e.
all features originate from one band modulated by electronic
correlations.

Interestingly to note, that while the redistribution of the
spectral weight between the features on temperature decrease
(which we discuss later) differs between the compounds, the
frequencies of the electronic bands exhibit a similar tempera-
ture dependence. The low-frequency maximum occurs at the
same position in both polarizations and moves down from
1000 to 800 cm™! when the crystals are cooled to T=6 K.
The changes in the position of the higher-frequency maxi-
mum are too small compared to its width and cannot be
analyzed.

In order to further prove our interpretation of the elec-
tronic spectra let us follow their change upon reducing the
V/t ratio.'” The effective intersite interaction V/t can be
tuned by external pressure: if the distances between the mol-
ecules decrease, then the overlap integrals will increase. In
fact, the V value will increase as well, but the simple consid-
eration shows that Coloumb repulsion between electrons on
the neighboring sites V will increase slower, as 1/d (where d
is a distance between the molecules), while ¢ will increase
exponentially. Alternatively the same effect is achieved by
thermal contraction of the crystal, even if accompanied by
other temperature-dependent effects. The transfer integrals ¢
of a-(BEDT-TTF),KHg(SCN), calculated for the applica-
tion of hydrostatic pressure up to 10 kbar,3¢ as well as those
for the K, NH,, and Rb salts calculated from the x-ray data
for a wide temperature range®' show the same tendency.
Only one of the intrastack transfer integrals is expected to
increase on cooling,’! while the interstack transfer integrals
increase by up to 10% on cooling down to 4 K and up to
25% on the application of pressure up to 10 kbar.

D. Pressure dependence of electronic spectra

To support our assignment of electronic spectra of the «
-(BEDT-TTF),MHg(SCN), compounds we performed re-
flectivity measurements of a-(BEDT-TTF),KHg(SCN), un-
der hydrostatic pressure at room temperature in the
600—7000 cm™' range. The application of the hydrostatic
pressure modifies the V/t parameter without changing the
temperature-dependent parameters, e.g., scattering rate. Fig-
ure 4 shows, that the main tendency in the spectra on the
increasing pressure up to 9.5 kbar is an increase of reflectiv-
ity, for lower frequency region in Ell stacks direction, and in
a wider frequency range for £ L stacks. The spectral weight
of the features estimated by a Drude-Lorentz fit as proposed
in Sec. II, illustrates the main tendency (insets in Fig. 4): the
Drude spectral weight increases on the expense of the 1000
and 2500 cm™' maxima. Since the measurements are done in
a comparatively narrow spectral range, we cannot comment
on a change of the total spectral weight. The reflectivity in-
crease is more pronounced in E_L stacks direction, but in
general the changes are not so anisotropic as was suggested
by the transfer integrals calculations.?

The shift of the spectral weight from the high-frequency
features to the Drude part is expected since the correlations
to bandwidth ratio decreases on rising the transfer integrals:
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FIG. 4. (Color online) Reflectivity and conductivity spectra of
a-(BEDT-TTF),KHg(SCN), at 0, 3, 5, 7, and 10 kbar. Left panels,
(a) and (b): Ell stacks, right panels, (¢) and (d): EL stacks. The
spectral region between 1700 and 2500 cm™! is cut out from the
spectra since it is affected by the strong absorbance of the diamond
cell window. Arrows indicate the changes with increasing pressure.
The inserts show the pressure dependence of the spectral weight of
the Drude contribution (solid squares), the 1000-cm™' maximum
(open squares), and the midinfrared band (open circles).

the correlation effects diminish and the systems becomes
more metallic. This observation strongly supports our con-
clusion that the midinfrared features in the spectra are due to
electronic effects. A change of dimerization is not predicted
by the calculations;*¢ in agreement with this no changes are

observed in the BEDT-TTF vibrational features.

E. Temperature dependence of electronic spectra

Upon cooling, the electronic properties of these systems
are changed in several respects (i) As for any metal, the
charge-carrier scattering rate is reduced since phonons freeze
out. (ii) The shrinking of the unit-cell volume increases the
number of carriers proportionally. (iii) The transfer integrals
and bandwidth become larger which reduces the V/f ratio.

The total spectral weight increases on cooling due to the
thermal contraction of the unit cell volume (Fig. 5) and an
increase of the bandwidth (see Sec. III B). However, in all
cases the variation is more intense in the direction £ L stacks
in agreement with the anisotropic temperature behavior cal-
culated for the hopping integrals ¢.3! The experimentally ob-
served anisotropy is largest for the NH, compound, and de-
creases on going to Rb and TI.

If no change of the ground state occurs, an increase of the
transfer integrals in the £ L stacks direction on cooling will
reduce the V/t ratio and lead to a redistribution of the spec-
tral weight to the low-frequency features.!” Although it is
know that ¢ changes as much as 10%, a quantitative predic-
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tion of the spectral weight shift turns out to be difficult;
experimentally the assessment is easier. Indeed, in the con-
ductivity spectra [E L stacks, Figs. 1, 2, and 5(b)] of the NH,
and Rb compounds the zero-frequency peak grows on the
expense of the band around 2500 cm™!; the tendency is more
pronounced for the NH, salt. Interestingly, the redistribution
of spectral weight does basically not involve the low-
frequency maximum at 1000 cm™': the intensity of this fea-
ture is conserved. This strengthening of the metallic behavior
leads to decrease of the effective mass upon cooling in the
NH, and Rb spectra (Fig. 6). The Tl compound, however,
shows a different tendency: the intensity of the maximum at
1000 cm™! increases on cooling, which is suggestive for non-
metallic behavior. The same considerations suggest no redis-
tribution of the spectral weight in the direction parallel to the
stacks because the transfer integrals ¢ do not increase upon
thermal contraction, that is confirmed by the constant spec-
tral weight for NH, and Rb compound in this direction.

F. In-plane anisotropy

One of the unusual features of the studied «-phase BEDT-
TTF salts is the in-plane anisotropy. These compounds are
considered to be quasi-two-dimensional conductors, and in-
deed, the in-plane conductivity has a metallic character in
both directions. With optical means we can detect an in-plane
anisotropy of approximately a factor of 2: perpendicular to
the stacks the conductivity is higher compared to the in-stack
direction. This experimentally detected anisotropy in general
agrees with the calculation of transfer integrals,’ though the ¢
values are even more anisotropic.

The interesting point is the different temperature behavior
for polarizations Ell stacks and E_L stacks; again the latter
one is ‘more metallic.” This is in agreement with the aniso-
tropy obtained in dc resistivity measurement for a-(BEDT
-TTF),TIHg(SCN),:*” while for E L stacks resistivity is me-
tallic, for the Ell stacks it shows only a slow decrease with
reduced temperature down to 200—150K, while for lower
temperatures the slope becomes steeper.

Maesato et al.*® investigated the resistivity for K and NH,
compounds while applying uniaxial strain. They proposed
that the anisotropy p./p, defines the ground state of these
salts, being larger for the NH, superconducting compound
than for the K analog. These observations on in-plane aniso-
tropy agree very well with our optical measurements which
probe the transfer integrals in the plane: the optical aniso-
tropy and the anisotropic temperature behavior of the spec-
tral weight (see Fig. 5) is more pronounced for a-(BEDT
-TTF),NH, Hg(SCN), compared to other members of the
family.

IV. DISCUSSION: CHARGE ORDER FLUCTUATIONS vs
STATIC ORDER

A. Charge fluctuations effects

The NH, and Rb compounds show a striking decrease of
effective mass m"/m,, upon cooling (see Fig. 6), especially
important is that this effect is seen for Ell stacks polarization.
While the strength of the effect in £ L stacks direction can be
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FIG. 5. Upper panel: tempera-
ture dependence of the total spec-
tral  weight for a-(BEDT
-TTF),MHg(SCN),  (M=NH,,
Rb, TI) parallel to the stacks (di-
agonal crosses) and perpendicular
to the stacks (straight crosses).
Lower panel: Temperature depen-
dence of the spectral weight for
the three main features in the op-
tical spectra of a-(BEDT
-TTF),MHg(SCN),  (M=NH,,
Rb, TI) compounds. Filled
squares: Drude peak, empty
squares: 1000 cm™'  maximum,
empty circles: 2500 cm™' maxi-
mum. (a) Polarization parallel to
the stacks direction and (b) per-
pendicular to the stacks. Note dif-
ferent scales for the different con-
tributions and polarizations.

partly explained by the redistribution of the spectral weight change on cooling.?! Nevertheless, lowering the temperature
to low frequencies due to thermal contraction of the crystal from 300 K down to 6 K leads to a reduction of the effective
(see the above section and Fig. 5), this is not the case for Ell carrier mass by about 10% in the direction parallel to the
stacks, where the effective Coulomb repulsion V/¢ does not stacks; the uncertainty in the data and analysis does not per-
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FIG. 6. Temperature depen-
dence of the m"/my, (upper panel)
and Drude-scattering rate y (lower
panel) for a-(BEDT
-TTF),MHg(SCN),;  (M=NH,,
Rb, TI) compounds. Filled
squares: ELl  stacks, empty
squares Ell stacks. For the TI salt a
y~T? fit of the scattering rate is
shown with a dashed line.
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mit to give a functional dependence. Figure 5 reveals that
this effect is caused by the redistribution of the spectral
weight from the mid-infrared to the zero-frequency peak,
again pointing on a decrease of correlation effects.

The observed temperature dependence does not corre-
spond to the behavior known from simple metals, for which
only the scattering rate increases with temperature, whereas
the concentration and mass of the carriers remain constant.
On one hand, this tendency is opposite to the effects ob-
served in the prime example of strongly correlated electron
systems:3%40 in heavy fermions the electronic interactions be-
come more important towards low temperatures and conse-
quently the effective mass is significantly enhanced by up to
three orders of magnitude as 7— 0. On the other hand, ex-
actly this behavior is predicted for strongly correlated two-
dimensional quarter-filled metals close to the charge-order
phase transition.'>? Theoretical investigations indicate that
the critical ratio (V/r),, which separates the metal from the
charge-ordered phase, shifts to the larger values. When cool-
ing down vertically (constant V/¢), we depart from the phase
boundary and hence the system becomes more metallic lead-
ing to a decrease of the effective mass with temperature.*!
The observations for the NH, and Rb compounds are well
interpreted as the retreat of these systems from the critical
value of correlations (V/1), that corresponds to a reduction of
the effective carrier mass as calculated from the experimental
Drude spectral weight.

The other parameter of the charge carriers, the scattering
rate 1/7, also shows a characteristic temperature behavior.
As demonstrated in Fig. 6, for the NH, and Rb salts the
scattering rate linearly changes with temperature down to a
crossover temperature T" at 50 K; below T" the decrease
becomes slower.

Charge fluctuations cause a linear temperature depen-
dence 1/7(T)xT for T>T",'"* as commonly observed in
the case of electrons interacting with boson-like excitation
such as phonons. For T<T" the scattering rate increases qua-
dratically, as expected from Fermi-liquid theory. Thus T*
identifies the temperature where charge-order fluctuations
become important in the metallic state. In the phase diagram
it defines the distance from the critical point at which the
charge ordering transition occurs: T —0 as V—V,. The
characteristic energy scale kT is very small, 7" < T, when
the system is sufficiently close to the charge-ordering transi-
tion. From the crossover temperature for NH,, 7"~ 50K, the
transfer integrals can be estimated to about be approximately
0.06 eV, which is in good agreement with band structure
calculations of these compounds®*? and with the position of
the electronic bands in the spectra.

The observed decrease of the effective mass on cooling
and the linear dependence of the scattering rate on tempera-
ture demonstrate that these quarter-filled systems are close to
charge order and show this particular behavior due to charge-
order fluctuations, while also moving away from the phase
border with charge order on cooling down. A slope of the
temperature dependence of the scattering rate is strikingly
enhanced when going from the NH, to the Rb compound.
Already in the raw data large differences in the scattering
rate of the Drude contribution are seen for the various «
-(BEDT-TTF),MHg(SCN), salts: For the NH, compound
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the Drude-like peak becomes very narrow at low tempera-
tures with an extremely small scattering rate, while for the
Rb salt the zero-frequency contribution is much wider. Since
these compounds are isostructural, the conduction mecha-
nism should essentially be the same. One might argue that
they contain different impurity and defect concentrations;
however, this would lead to a temperature independent offset
in the scattering rate and cannot explain the distinct tempera-
ture dependence of the scattering rates observed for these
compounds. We suggest, that the increase of the slope on
going from NH, to Rb compound shows, the charge fluctua-
tions are stronger in the latter one.'”

Indeed, the values of the effective mass are also slightly
higher for the Rb compound. In addition, the less metallic El|
stacks polarization in the Rb salt shows a slight increase (up
to 10% of intensity) of the 1000 cm™' feature on cooling,
also suggesting that the system is closer to the border with
charge order.

B. Signatures of ordering in a-(BEDT-TTF),TIHg(SCN),

The most important tendency in the temperature behavior
of the Tl compound is an increase of intensity of the
1000 cm™! peak on cooling (see Fig. 5). This feature gets
stronger at 7<<200 K, while the Drude weight and the inten-
sity of the high-frequency oscillator do not show such a big
change.

Above we have assigned the peak around 1000 cm™' to
the short-range charge-order fluctuations, as suggested by ex-
act diagonalization calculations.!® Finding it in the spectra of
all the compounds at room temperature infers that there is
already some charge order present. However, it develops
considerably when the Tl compound is cooled, while the
effective mass in both polarization stays unchanged. This
behavior evidences that in «-(BEDT-TTF),TIHg(SCN),
short-range charge order prevails although the compound
does not become insulating. A similar behavior was found
for a-(BEDT-TTF),KHg(SCN), which remains metallic at
any temperature, but shows strong indications of charge or-
der in the optical spectra.?’

We conclude that the decrease of the effective mass in the
NH, and Rb compounds, on the one hand, and the increase
of the 1000 cm™' feature, on the hand, are competing pro-
cesses: the two compounds are separated by a phase bound-
ary or cross-over regime. Interestingly, for the direction par-
allel to the stacks the Rb compound shows a competing
behavior below 100 K, inferring the presence of both effects;
thus a-(BEDT-TTF),RbHg(SCN), is located right on the
boundary.

At the moment it is difficult to decide whether stable or
fluctuating charge order dominates in a-(BEDT
-TTF),TIHg(SCN),. From the temperature behavior of the
scattering rate and vibrational features, we are inclined to
assume the charge order to be more static. As indicated by a
dashed line in Fig. 6(b), the scattering rate has a temperature
dependence close to a 7 behavior in the entire temperature
range. The origin of such a 77 dependence in the full tem-
perature range in contrast to the linear-7" dependence of the
other salts deserves further theoretical analysis and seems
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FIG. 7. The T=6 K spectra of a-(BEDT-TTF),TIHg(SCN),
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stacks polarization. The inset shows the spectral range with v,(A,)
and V13(Ag) EMV-coupled features for these two spectra. For «
-(BEDT-TTF),TIHg(SCN), to electronic band at 1000 cm™' has
higher intensity, and the vibrational features ar split, pointing on an
ordered state.

correlated to the observation of charge ordering phenomena

In addition to the optical response of the electronic sys-
tem, we find some evidence of ordering in the vibrational
features of the Tl compound. Due to the weak screening by
the electronic background, the mode at about 400 cm™! is
clearly seen for the polarization Ell stacks and allows detailed
analysis. As Fig. 7 shows, the v1,(A,) (based on D, symme-
try) vibration shows up as a single band at 457 cm™! for the
NH, compound, while for a-(BEDT-TTF),TIHg(SCN), the
mode is split in two which are located at 457 and 460 cm™".
The band of the v3(A,) vibration also splits: three bands at
433, 438, and 443 cm™! (the latter one is very weak) can be
distinguished for the T1 compound; for the NH, salt the band
at 433 cm™! is strong while only one weak peak is observed
at 440 cm™'. Some splitting also observed in the v4(A,) an-
tiresonance feature in the spectrum of the Tl salt. The Rb salt
is again in the intermediate situation, showing a weak split-
ting of the v15(A,). It should be noted that the different split-
ting of the vibrational features is observed at temperatures
below 200 K, being thus an evidence of a charge redistribu-
tion at the studied temperatures and is not connected to the
low-temperature density wave state; however at higher tem-
peratures the splitting could not be resolved due to higher
bandwidth.

A closer inspection of the C-N stretching vibrations turns
out to be helpful in our systems. According to the crystal
structure, there are four SCN groups per unit cell; all of them
are nearly parallel to the conducting layers and approxi-
mately perpendicular to the neighbors. Accordingly we ob-
serve up to four separate absorption bands of C-N vibrations.
At T=6 K when the bands are well resolved, the NH, and
Rb compounds show two bands in each polarization; only
the Tl salt shows all four C-N bands. This implies a lower
symmetry or slightly different orientation of the SCN groups
in the latter compound. The lower symmetry of a-(BEDT

PHYSICAL REVIEW B 74, 235121 (2006)

FIG. 8. (Color online) Phase diagram for the quarter-filled two-
dimensional organic conductors a-(BEDT-TTF),MHg(SCN), (M
=NH,, K, Rb, TI). With increasing pressure the effective intersite
Coulomb repulsion V/t is reduced. At intermediate temperatures the
system is tuned from a charge-order (CO) state to a metal with
charge fluctuations in between. We propose that the compounds
with M=K, Tl are to be found in this part of the phase diagram. We
propose that the Rb salt has lower influence of correlations, and the
NHy, salt is even less correlated, distinctly showing the increase of
metallic properties on cooling, and becoming superconducting (SC)
below 1 K.

-TTF),TIHg(SCN), is in agreement with the above conclu-
sion that this compound is closer to the charge-ordered state

than the other salts and a static charge order is almost estab-
lished.

V. CONCLUSIONS

Our optical studies on the quarter-filled a-(BEDT
-TTF),MHg(SCN), (M=NH,, Rb, TI) evidence that in con-
trast to the half-filled compounds these two-dimensional con-
ductors are metals with a Drude peak already developed at
room temperature; but at the same time they show distinct
spectral features caused by charge-order fluctuations. The
spectral weight shift from the zero-frequency conductivity
peak to higher frequencies leads to our assignment of elec-
tronic bands in the spectra. The findings of our optical mea-
surements in the presence of external pressure confirm this
interpretation. The features due to short-range charge order
do not change on temperature for the NH, compound,
whereas the effective mass of the charge carriers decreases
on cooling. This observation agrees with the theoretically
predicted reentrance of the charge-order transition. Stronger
electronic correlations in T1 salt increase the intensity of the
spectral features due to charge order on cooling; the Rb com-
pound shows the intermediate behavior. From the slope of
the scattering rate and based on comparison to RPA predic-
tions of a nearly charge ordered two-dimensional metals, we
conclude that correlation effects intensify from NH, to Rb.
In contrast, Tl displays CO phenomena (as observed in the
splitting of phonon modes) correlated with the presence of a
different 7 behavior of scattering rate instead of the linear
behavior of NH, and Rb. This deserves further theoretical
and experimental work. We suggest the order of these mate-
rials in a phase diagram in Fig. 8.
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The presence of charge-order fluctuations is observed in
all the studied salts but to a different degree. The less corre-
lated is the NH,; compound, which shows an increase of
metallic properties on cooling, eventually becomes supercon-
ducting below 7.=1 K. Thus we think that it is on the border
(marked by a dashed line) between the charge order fluctua-
tions and metallic state. On increasing the V/¢ ratio (moving
to the left side of the phase diagram), this metallic behavior
starts to compete with the charge order: the increase becomes
obvious for the Rb salt. The Tl compound establishes short-
range charge order upon cooling, and we would propose that
it is the most correlated of the three studied materials. The
same tendency with a strong increase of the respective spec-
tral feature was observed in the K salt.? This is in agreement
with the observation of superconductivity under hydrostatic
pressure in Ref. 43. The temperature dependence of the scat-

PHYSICAL REVIEW B 74, 235121 (2006)

tering rate supports our conclusion that the influence of elec-
tronic correlations changes in this range of compounds.
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