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Abstract

Scanning tunnelling spectroscopy (STS) and microscopy (STM) were performed on the
paramagnetic molecular superconductor 8”-ET,4[(H30)Fe(C,04)3]-C¢HsBr. Under ambient
pressure, this compound is located near the boundary separating superconducting and insulating
phases of the phase diagram. In spite of a strongly reduced critical temperature 7, (T, = 4.0 K
at the onset, zero resistance at 7. = 0.5 K), the low temperature STS spectra taken in the
superconducting regions show strong similarities with the higher T, ET «k-derivatives series. We
exploited different models for the density of states (DOS), with conventional and
unconventional order parameters to take into account the role played by possible magnetic and
non-magnetic disorder in the superconducting order parameter. The values of the
superconducting order parameter obtained by the fitting procedure are close to the ones
obtained on more metallic and higher 7; organic crystals and far above the BCS values,
suggesting an intrinsic role of disorder in the superconductivity of organic superconductors and
a further confirmation of the non-conventional superconductivity in such compounds.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Hybrid organic/inorganic superconductors having the formula
BEDT-TTF,X,,, where BEDT-TTF (or ET) is the organic
donor Dbis(ethylenedithio)tetrathiafulvalene and X is an
inorganic anion, are currently synthesized in a great variety
of stable crystals in which alternating layers of ET and X
are packed together. They differ one from another by their
stoichiometry and packing patterns of the ET (the latter

0953-8984/10/175701+07$30.00

denoted by an «, B, «,... placed before the compound
name). k-packed derivatives are the most studied so far
due to their relatively high 7. values (10-15 K) among
the ETs. All the members of this family attract a great
deal of interest because of their peculiar physical properties.
Some unusual aspects of the superconducting state, and in
particular some unexpected similarities with the high critical
temperature superconductors (HTS) [1], are really intriguing,
among them the analogies between the phase diagrams (the

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Typical resistivity versus temperature measurement for our
B”-ET4[(H;0)Fe(C,04);]-CsHsBr crystals, showing the
superconducting transition; the inset reports a magnification of the
transition region.

pressure in the ETs having the role played by the doping in
the HTSs), the huge anisotropy of the transport properties,
and the indications for an unconventional order parameter [2].
Knight shift measurements [3, 4] and theoretical considerations
on the particle-hole interaction (Bethe—Salpeter equation) [5]
indicated that a singlet s- or d-wave state should describe the
pairing symmetry. However, the experimental results [6-9]
and their interpretation are still controversial. Nevertheless,
the knowledge of the symmetry of the superconducting
order parameter and more generally the superconductivity
mechanisms in these compounds are still open questions.

An important characteristic of the ETs is the strong
influence on the transport properties of the disorder associated
with either the anion and/or the configuration of the ethylene
groups within the donor layers. Indeed, the electronic
properties are determined by the anion structure via short
C-H-anion contact bonds of the terminal ethylene groups
belonging to the ET molecules; in the synthesis of the solid,
these terminal (CH;), groups can adopt two possible out-of-
plane configurations, with the relative orientation of the outer
C-C bonds being either eclipsed or staggered [10]. While at
high temperatures the (CH,), system is thermally disordered,
a preferential orientation in one of the two configurations,
depending on the anion and crystal structure, is achieved
when lowering the temperature. These molecular crystals
often contain neutral guest molecules coming from the solvent,
whose role must be considered in the low temperature state.
Indeed, both the anion and the solvent molecule can affect
the supramolecular organization of the ET molecules and
influence the degree of ordering of their ethylene groups
in the closer molecules, determining the stabilization of
the superconducting state.  Consequently, some intrinsic
disorder might persist also at low temperature, suppressing
the superconducting behaviour. Effects of disorder were
extensively studied in «-ET derivatives as a function of
the cooling rate [11] or by deuteration [12], and a precise

evaluation of the residual disorder was recently done, also
by considering the presence of additional degrees of freedom
in determining glass-like transitions observed by changing
the temperature [10]. Moreover, it has been suggested that
the presence of magnetic ions could play some role in the
superconducting state, especially in the suppression of the
critical temperature (7;), and some studies emphasized the
role played by intrinsic disorder in the members of the
B"-ET4[(H30)M(C,04)3]-C¢HsN family with M = Ga, Cr,
Fe [13-15].

Scanning tunnelling spectroscopy (STS) represents a
powerful technique providing information, on a local scale,
about the role of intrinsic disorder and/or the presence
of magnetic layers on the ET derivatives superconducting
properties. Here we report a low temperature STS investigation
on a new member of the 8”-ET4[(H;0)M(C,04)3]-G family,
where M is a metal transition atom and G is the guest
molecule [16]. Early STS studies on ETs were mainly
addressed to determine their superconducting order parameter
by fitting the experimental curves with s- or d-wave models
for the density of states (DOS) [17, 18], and in the latter case
also by checking the angular dependence of the supposed gap
anisotropy [19]. Nevertheless, STS studies did not evidence a
possible role, in the low temperature properties, of the intrinsic
disorder in the ethylene group, of the effect of paramagnetic
ions in the neighbour anionic layer, and in general of the
characteristics of the order parameter symmetry.

In this paper we focus on the STS study of B”-
ET4[(H30)Fe(C,04)3]-C¢HsBr.  Under ambient pressure,
this compound is located at the boundary between the
superconducting and insulating phases of the phase diagram.
We observed STS spectra similar to those previously measured
on k-derivatives characterized by higher 7. This finding
suggests that there is not a strong suppression of the
amplitude of the order parameter in the ETs approaching the
superconducting—insulating transition in the phase diagram.
Moreover, considering the critical temperature, the values
of estimated superconducting gap are far above the BCS
prediction. We compared our spectroscopic curves with
different microscopic models: the Abrikosov—Gorkov model
valid for a superconductor in the presence of paramagnetic
impurities in an s-wave scenario, a d-wave model with non-
magnetic impurities, and a modified d-wave model affected
by disorder as suggested by the behaviour of the high
T. superconductors. The results suggest an intrinsic role
of the disorder in the superconductivity of ETs derivative
superconducting compounds.

2. Experimental details

2.1. Samples

Single crystals of B”-ET4[(H30)Fe(C,04)3]-C¢HsBr were
synthesized according to a procedure described elsewhere [16];
they are typically prismatic rods, about 2 x 1 x 0.1 mm? in size.
The crystal orientation was determined by x-ray diffraction.
The transport properties of the single crystals show
metallic behaviour down to 100 K, an intermediate insulating
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Figure 2. (a) STM topography showing molecularly flat terraces obtained at room temperature (298 K) using the UHV VT-AFM Omicron
system, acquired at I; = 2 pA and Vpi,s = 1.5 V in ultra-high vacuum conditions. (b) Molecular resolution image obtained in the same
conditions showing the ab unit cell of the crystal. (¢) STM topography showing molecularly flat terraces obtained at 4.2 K using the
home-made cryogenic system, acquired at /7 = 50 pA and Vi, = 1.0 V in pure He gas. (d) Sketch of the experimental configuration,
showing the tip position with respect to the crystal orientation; the scan direction is parallel to the ab plane.

regime, and a superconducting transition with an onset 7; at
4.0 K and a full transition at 0.5 K, as determined by resistivity
versus temperature measurements (figure 1).

STM-STS measurements were performed on the crystal
surface oriented along the ab plane, which is parallel to the ET
molecular plane.

2.2. Room temperature STM

Topographic measurements at room temperature were per-
formed in ultra-high vacuum (UHV) with a commercial
Omicron VI-AFM scanning tunnelling microscope, using
tungsten commercial tips. After a short ultrasonic exposure to
pure demineralized water, molecular resolution was obtained,
with a tip to sample voltage of 1 or 2 V at a tunnel current of 1
or 2 pA. Typical tunnel resistances were therefore of the order
of 1 TS.

Topographic images with molecular resolution were
recorded after some low temperature measurement runs,
without applying any particular surface treatment or cleaving.
These findings proved that surfaces of our single crystals are
relatively stable.

2.3. Low temperature STS

For the STS measurements we used a home-made STM able
to operate in a cryogenic environment. The lowest achieved
experimental temperature (measured on the sample stage) was
1.3 K, reached by pumping on the liquid helium in the sample
chamber. Temperatures between 1.3 and 4 K were stabilized
by tuning the pumping through a mechanical valve. The
temperature stability, together with the short time required to

acquire some spectra in a surface location (tenth of seconds),
allows to measure good quality, low noise, tunnel spectra.
Clean samples were mounted on the scanner in a glove box
under continuous flux of inert pure helium gas, and then
sealed in helium atmosphere to preserve surface quality and
avoid condensation at low temperature. Platinum—iridium tips,
electrochemically etched, were used.

The reproducibility of the normalized spectra at different
tunnel resistances ensures the high quality of the junction.
The differential tunnelling conductance d//dV was measured
by a standard lock-in technique. Typical tunnelling spectra
on different samples obtained from different batches were
recorded by stabilizing the STM junction at bias voltages
between 30 and 100 mV and tunnelling currents below 300 pA.
Thus, in such measurements the STS junction was stabilized
at tunnel resistances of about 100 M£2, about four orders of
magnitude lower than in room temperature topographic images
with molecular resolution.

The extremely different tunnel resistance ranges of the
optimal working of the two instruments prevented us from
realizing molecular resolved topographies at low temperatures,
since our cryogenic system and electronics are not designed to
work at the high tunnel resistance and low tunnel current used
on the Omicron VI-AFM.

3. Results and discussion

Room temperature STM—-UHYV images of the crystal surface,
obtained by the Omicron VI-AFM system, are shown in
figures 2(a) and (b), while figure 2(c) shows a topographic
image at 4.2 K recorded by the home-made cryogenic STM.
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Figure 3. Raw data STS spectra recorded at 7" = 1.3 K showing the
high reproducibility of the superconducting spectra. The curves were
taken within the same superconducting region in different surface
locations.

Figure 2(d) shows a scheme of the experimental set-up that
shows the position of the tip with respect to the crystalline
planes as previously determined by x-ray measurements. The
typical surface morphologies exhibit flat ab terraces, separated
by one or multiple unit cell steps (the measured height for each
step is about 3 nm, corresponding to the c-axis). Figure 2(b)
shows a molecular resolution image, not yet reported on this
B’ -derivative in the literature; a slight surface distortion of the
unit cell was found as in earlier STM observations on an ET
derivative having a 8-packing motif [20].

Low temperature (1.4 K) spectroscopy measurements
show that, sweeping the tip on different positions of these
ab terraces, regions with different superconducting d//dV
spectra, or even semiconducting regions, can be identified.
This suggests that at microscopic scale the sample is not fully
homogeneous; such inhomogeneity in the isostructural B”-
phases is already known [15], and could easily explain the large
width of the superconducting transition (from 4 to 0.5 K) of
our samples. However, we focused our attention only on large
superconducting ab terraces where spectra like those shown in
figures 3 and 4 were reproducibly observed. Similar results are
found on other batches of samples.

We found a non-linear background in the d//dV
characteristics, with an approximated parabolic shape, similar
to what is observed on superconducting ETs like «-
ET,Cu(NCS), having 7. up to 12 K [17-19]. This
parabolic background can arise from a contribution to the
tunnelling coming from non-superconducting layers. Due to
the anisotropic structure, the crystal surface could terminate
with either the inorganic layer or the ET superconducting
molecular groups. Another important common characteristic
of the STS spectra measured on our crystals and other STS
data on ETs organic superconductors is the presence of much
broadened coherence peaks and a high zero bias conductance.
Although it is likely that several factors may contribute to
this ubiquitous broadening, including extrinsic features of
the surface [21], here we focus on the intrinsic residual
disorder characteristic of the ET compounds. Recent transport
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Figure 4. d//dV versus V spectra (raw data, averaged at the same
location) taken within the same region and at variable temperature
showing the broadening of the spectra and the disappearance of the
gap close to the value of the onset 7, of about 4 K. Curves are shifted
by 10 nS for clarity.

measurements on B”-ET, family compounds also pointed
out the intrinsically inhomogeneous nature of these systems,
suggesting the presence of a mixed metallic insulating state at
low temperatures due to residual disorder (or impurities) [15].

Indeed, at low temperatures the observed tunnelling
spectra could be related to the residual disorder of the ethylene
groups in the ET molecules and to the disorder of the anions.

Spectra taken at different locations within the same region
of the crystal are shown in figure 3. They show features that
can be summarized as follows: an asymmetric background,
with higher conductivity for negative bias voltages on the
sample; broad peaks at about 6 meV; strong conductivity
depression below 6 meV. The temperature dependence of the
STS spectra from the same region (on the largest terrace in
figure 2(c)) is reported in figure 4. The spectra continuously
broaden at temperatures above 2.5 K. Since we do not have
molecular resolution at low temperature, we cannot exclude
that a displacement at molecular level (caused by thermal drift)
contributed to the slight differences in the ‘peak’ behaviour at
lower temperature. However, the spectra recorded in different
superconducting regions at fixed temperature, reported in
figure 3, prove that the differences among them are beyond
the details at which our quantitative analysis is developed,
as shown in the following. A small suppression of the
density of states is still present at 4.1 K, but any sign
of a coherence peak disappears already above 3.5 K. The
temperature dependence of the spectra is consistent with the
onset T;. of the compound [16]. This result suggests that these
regions are superconducting, and the spectra are characteristic
of the superconducting properties of the sample.

In order to compare the experimental data with various
microscopic models for the superconductivity, we have used
the general expression of the tunnelling conductance, G5(V) =
dl/dV, as a function of the superconducting density of states
(DOS) N(E) [22]:

Gs(V) /"C Ns(E)df(E —eV)
Gn Jooo Nx(0)  d(eV)

dE. (1
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Here E is the energy (E = 0 being the Fermi level), Gy is
the normal state conductance of the tunnel junction, Nx(0) is
the density of states in the normal state at the Fermi level and
f(E) is the Fermi distribution function.

The strong peak smearing, together with the relatively
large energy interval and low d/ /dV values of the conductivity
depression around the Fermi level at 1.4 K, makes impossible a
reliable fit of the spectra by using a conventional s-wave DOS
with Dynes broadening parameter.

A way to model the disorder in the conductance spectra,
and therefore to reproduce the peak smearing and the zero bias
conductance, is to consider the presence of scattering centres,
which hinder superconductivity and create pair breaking. The
role played by disorder can be taken into account within a
conventional framework for superconductivity by using the
Abrikosov—Gorkov (AG) model that describes the suppression
of T, due to magnetic impurities. The AG model also
describes the effect of non-magnetic scattering centres in d-
wave superconductors (in the weak limit). In the frame of the
AG theory [23], the effect of magnetic impurities on the energy
spectrum can be evaluated, and an appropriate expression
for the DOS can be inferred. The main prediction is the
rising of a gapless superconductivity when the paramagnetic
concentration is high enough. An approximate expression for
the DOS in this case is given by [24]

2 2
Ne(E) oc 1+ L (E/AG) —a” 2
2[(E/Ag)* + 0?1
where Ag is the (temperature-dependent) AG order parameter,
which no longer represents an energy gap in the quasi-particle
excitation spectrum; « is proportional to n;/Ag, n; being the
concentration of paramagnetic impurities.

In the case of non-magnetic impurities as pair-breakers
in an unconventional framework, the simplest approach is to
consider the d-wave model formula for the DOS:

1 [ E —ill
Ns(E) ox —
0

R
CVE 02— A@)Y

2 ©)

where I" is the Dynes broadening parameter, 0 the azimuthal
angle in the reciprocal space, and A(0) the gap as a function
of the k-vector. In the simple d,>_,>-wave model, A(8) =
Agcos26.

In order to get a better description of tunnelling data
on HTS samples, Alldredge et al used a modification of
the d-wave model to reproduce the DOS of supercon-
ducting BipSr,CaCu,Og, s crystals characterized by various
dopings [25]. They showed that the tunnel spectra, throughout
most of the Bi,Sr,CaCu,Og s phase diagram, are well fitted if,
besides an anisotropic energy gap A(k), an energy-dependent
scattering rate I'(E) = a - E is introduced.

We also used such a ‘modified d-wave’ model as a third
possibility for the DOS, using a linearly energy-dependent
scattering term, I' = ['(E), having the form I'(E) =T, + |a -
E|. Within this phenomenological approach, I'; corresponds to
the presence of a persistent contribution to the particle density
of states probably due to residual disorder.

In figure 5 a comparison between the above-mentioned
three models is shown (the least square fit was performed for

y "pure" d-wave

30 ¢ Abrikosov
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K=
> 20+ Modified d-wave
3
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Figure 5. Comparison between the experimental data (open circles,
T = 1.3 K, curve normalized to the curve acquired in the same
location at 4.1 K), and theoretical models: pure d-wave (black
continuous line), Abrikosov—Gorkov (blue dashed line) and the
modified d-wave model (red continuous line). Note the different
agreement in the region of the coherence peaks between the
experimental data and the models taking disorder into account.

[V| < 10 mV, to prevent the results being affected by the rise
of the spectrum below —10 mV).

As observed in previous works [17-19], the ‘pure’ d-
wave fitting result is reliable only in the energy region close
to the Fermi energy, while it fails in describing the lack of
coherence peaks. Equation (3) is not able to reproduce the
effect of impurities or disorder on the suppression of the
superconductivity (whose effects are generically included in
the Dynes broadening parameter). This is not surprising, since
even in HTS single crystals it is relatively difficult to find a
good agreement with the experimental DOS and the prediction
of the clean d-wave model.

If compared with the pure d-wave model, a better
agreement between the experimental data and the theory is
obtained through the AG model and the modified d-wave
model; the latter better reproduces the pronounced smearing
of the coherence peaks (but it also has one fitting parameter
more), where the AG model exhibits its larger discrepancies.
The values of the energy gap found in the models are A =
5.3+0.2and A =5.9£0.2 meV for the d-wave and modified
d-wave models respectively, and 6 meV in the case of the AG
model (although it should be recalled that in the AG model the
value of A does not represent an energy gap).

Several assertions can be inferred from our analysis.

First, it is clear from our fittings that models taking
into account the effects of disorder better reproduce the
experimental data. The coherence peak smearing in the d//dV
characteristics seems to be recognizable as an intrinsic feature
of BEDT-TTF superconductors; nevertheless, this smearing
has to be taken into account in both an s-wave or d-wave
scenario besides its magnetic or non-magnetic nature. The
effects of disorder seem to be intrinsic in these organic
superconductors, being directly linked to the presence of the
ET group and/or to their interaction with the anionic layer.

Second, the values of the order parameter obtained
from the models produce a high 2A / kT ratio (30-35, with
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T. = 4 K) far from the BCS values even for a clean d-wave
order parameter.

Such a high ratio is not frequently observed even in the
HTSs, where values around ten are common and higher values
are observed corresponding to opening of a gap in the DOS
around the Fermi level above the critical temperature, known
as a pseudogap. This could suggest a pseudogap effect rather
than a superconducting gap in our samples also. However, it
must be pointed out that the opening of a gap at about 6 meV
in the d//dV curves reported here disappears above the onset
T.. It resembles what was observed by Kugler et al [26] on
overdoped BiySr;CuOg 5 (Bi2201): they measured a 2A / kT,
ratio of about 28, arguing from the temperature behaviour that
it was related to a superconducting gap and not to a pseudogap.
The same group measured on the same compound an even
higher ratio (data not published, but cited in [27]). Bi2201 is a
compound of the same family of Bi;Sr,CaCu,0¢, s (Bi2212),
but with a lower 7. and much less studied; the ratio between
T, values being higher than the ratio of the gaps, a high
2A /kT, value occurs. This is a further similarity with our
case, if we compare the features of our compound with those
of the higher 7. compounds of the same class. Other very high
2A / kT, ratios have been observed: almost 60 on Pb-doped
Bi2201 [28], around 20 or higher on Bi2212 [25, 29, 30].
In these cases, however, the attribution to a superconducting
gap or to a pseudogap was considered controversial by the
authors themselves; basically, such values were related to
nanoscale inhomogeneities and granularities on the sample
surfaces, and the authors discussed a phase separation between
superconducting (exhibiting lower ratios) and pseudogap
regions, without claiming a strong conclusion since they did
not follow the temperature behaviour up to 7.. In our case,
on the contrary, we observed a separation between regions
with semiconducting character and other regions having
superconducting behaviour; in the latter, we observed the
disappearance close to T, of the structures measured at lower
temperatures. Following such argumentations, we attribute
the spectral inhomogeneous behaviour (superconducting or
semiconducting) to the intrinsic disorder of the compounds of
this family and/or to superconducting fluctuations rather than
a surface granularity; the high 2A /kT, ratio seems to be a
consequence of a non-conventional superconducting gap rather
than be ascribable to a pseudogap feature.

The presence of the superconducting (S) and the Mott
insulating (MI) phases are common features in the phase
diagrams of organic superconductors (as well as for HTSs).
A phase diagram for the compound we studied is not yet
available. However, the reduced 7. despite the still large gap
value suggests that B”-ET4[(H30)Fe(C,04);]-C¢HsBr, like
other compounds of the BEDT family, is at ambient pressure
in the proximity of the S—-MI transition; i.e., it has a low ¢/ U
value (¢ being the tight binding transfer integral and U the
on-site Coulomb repulsion) close to the boundary separating
superconducting and Mott insulating phases, but still large
enough to prevent the Coulomb correlations to dominate
the ground state properties. The temperature dependence
of the resistivity is consistent with this hypothesis: a
metallic-like behaviour at high temperature (72), an insulating

behaviour below 50 K, and a peak before the superconducting
transition, all characteristics common in HTSs close to the
superconducting—insulating transition. In HTSs the role of
phase fluctuations have been recognized to play an important
role in explaining the S-I transition. We notice that, in
our B”-ET4[(H30)Fe(C,04)3]-CsHsBr, which is located at
the boundary of the S-I transition, the value for the gap is
similar to those obtained on derivatives with higher 7;, which
do not show the anomalous temperature dependence of the
resistivity observed in our case, and that are located in the
superconducting dome but far from the boundary of the phase
diagram. This result suggests that the amplitude of the order
parameter is not suppressed going from the superconducting to
the insulating phase, as happens in the HTSs. This is opposite
to the conventional BCS scenario, where the effect of disorder
on a two-dimensional system should result in a suppression of
the amplitude of the order parameter, as observed in amorphous
Bi films [31]. All this findings are consistent with the idea
that also in this family of superconductors the S-I transition is
due to phase fluctuations of the order parameter; the key role
played by such fluctuations when approaching the insulating
to superconducting transition (as in cuprates) has been clearly
discussed in [32].

4. Conclusions

When STS is performed on 8”-ET4[(H30)Fe(C,04)3]-CsHsBr
crystals, the characteristics of the measured spectra are found
to be similar to what is observed on ET compounds with higher
T. values.

The broadened characteristics suggest that the presence
of residual disorder at low temperature could give rise to
the coexistence of superconducting and insulating phases, and
could play some role in influencing the superconducting state.
Indeed, when models involving the presence of magnetic and
non-magnetic impurities are invoked, they are found to be in
better agreement with the experimental DOS.

The residual disorder can probably be ascribed to the
ordering of terminal ethylene groups in the ET molecule
and/or the anion, even if we cannot exclude a phase
separation triggered by a charge density wave transition or an
influence from the solvent molecules (often embedded in such
compounds). Together with the AG model for describing the
suppression of superconductivity due to magnetic impurities
in a conventional scenario, we considered a modified d-
wave model, in which a linearly energy-dependent broadening
parameter was used to fit the experimental DOS, finding
a general better agreement with the data. In particular,
we observed a lack of suppression of the order parameter
in B”-ET4[(H30)Fe(C,04)3]-C¢HsBr crystals compared to
the higher 7. ET compounds, pointing to unconventional
superconducting behaviour.
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