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An elusive conductor with perfect optical transparency holds revolutionary
potential for fields such as optoelectronics and nanophotonics. Such a

hypothetical metal would possess a spectral gap"’—a ‘hyper-gap’—inits
absorption spectrum, separating the intraband and interband absorptions,
inwhich opticallosses could vanish. Currently, this property is achievable
only within the bandgap of insulators. However, realizing such a hyper-gap
metal demands an exotic electronic structure in which the conducting
bands have abandwidth narrower than their energy separations from the
remaining electronic states. Here we present such a hyper-gap in a family of
organic metals—the Fabre charge-transfer salts’—through first-principles
predictions coupled with both electrical and optical measurements. A
transparent window, spanning fromred to near-infrared wavelengths, is
identified in bulk single crystals that remain transmissive over a thickness
of 30 um. The corresponding absorption coefficient is the lowest among
known stoichiometric metals, rivalling thin films of transparent conductive
oxides. This finding introduces a path, beyond traditional doping strategies
ininsulators, to combine electronic conduction and optical transparency.

Optical transparency hasbeenthe privilege of insulators, such as glass-
ware, optical fibres and clear plastics, essential for society. The ultra-
high transparency in these materials is commonly understood through
the absence of the density of states (DOS) in the bandgap (Fig. 1a). Since
anoptical transitioninvolves both occupied and unoccupied electron
states, ageneral condition for optical transparency isaspectralgapin
the joint density of states (JDOS)—the convolution between the DOS
values of both occupied and unoccupied electron states (Methods
provides the definition). The zero JDOS inside the spectral gap fully
suppresses optical absorption due to the lack of the simultaneous
presence of initial and final electron states. Ininsulators, theJDOS gap
coincides with the bandgap (Fig. 1b), leading to an effective lossless
behaviour*. By contrast, regular metals are opaque because thereisno
energy gap inthe DOS to induce a spectral gap in the JDOS (Fig. 1c,d),
resultinginthe continuous intraband absorption usually described by
the Drude model. This broadband intraband absorption remains largely
unchanged for modern transparent conductors, which are typically
thin films of doped oxide insulators’ (Fig. 1d,e). Doping shifts the Fermi
level from inside the insulator gap to the bottom of the conduction
band, enhancing conductivity at the cost of increasing absorption.
Since the remaining energy gap exists only in the occupied electron

DOS (Fig. 1d; a similar concept of ‘gapped metal®), it is insufficient to
gap the JDOS and completely suppress absorption.

To fundamentally remove the optical absorption in metal, one
needstogapitsJDOS by creating energy gapsinbothits occupied and
unoccupied electron DOS values below and above the Fermi level. As
depictedinFig. 1f,g, thismeans narrowing the metallic band and sepa-
rating the conduction and valence bands, to the extent that the JDOS
vanishes between theintraband and interband transitions. We dub this
hypothetical ]IDOS gap inmetal as the ‘hyper-gap’,in which the optical
loss could be as low as that in the bandgap of insulators. Specifically,
the hyper-gap criterionis Finea < Einger = min(Epy , FIOVM), where £,
isthe bandwidth of the metallicband and the interband onset £, takes
asmaller value between £,» and El°""—the energies from the Fermi
level to the conduction-band bottom and valence-band top, respec-
tively. This hyper-gap metal was previously proposed to be anideal
transparent conductor' and a lossless metal for plasmonic
metamaterials?, with paradigm-shifting potential. Unfortunately, there
has been no clue of where to find this elusive metal with a seemingly
unrealisticband structure’’, Even a comprehensive high-throughput
search yields false-positive results'®, due to the instability of
narrow-band metals, in all known inorganic compounds.
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Fig.1|Hyper-gap metal compared withinsulator, noble metal and
transparent conductor. a, Band structure of an insulator (for example, SiO,).
The green arrow represents the interband transition. The lower cut-off for
interband transition occurs at energy £,,... b, Schematics of JDOS (top) and

the logarithm of the absorption coefficient (bottom) associated with the band
structure ina. Theoretically, zero JDOS fully suppresses optical transitions.
Experimentally, an exponential decay of absorption is universally observed from
the band edge into the bandgap, known as the Urbach tail. ¢,e, Band structures
ofthe noble metal (for example, Ag; ¢) and the transparent conductor

(forexample, ITO; e). The purple arrows represent intraband transitions. d, JDOS
and absorption associated with the band structures in cand e. The intraband
absorption, commonly described by the Drude model, decays (in power laws)
much slower than the exponential Urbach tail, limiting the lowest optical loss
inboth metals and transparent conductors. f, Band structure of a hyper-gap
metal. E;,,.,, the bandwidth of the isolated metallic band, is the upper cut-off for
intraband transitions. g, JDOS and absorption of the hyper-gap metal, whose
intraband absorption will be cut off and exhibits a second Urbach tail in addition
to the interband Urbach tail.

Material prediction
In this Article, we shift our attention to organic conductors, where
the bands are generally narrower and the correlated effects are
weaker. We identify that the hyper-gap criteria can be satisfied in
Fabre charge-transfer salts (TMTTF),X (TMTTF, tetramethyltetrathi-
afulvalene; C,,H,S,; X represents various monovalent anions like
SbF,, PF,, AsF, or BF,) that have been studied for its unconven-
tional electronic properties and rich phase diagrams". Since these
quasi-one-dimensional metals are isostructural, we present the ab initio
results of X = SbF, in Fig. 2 as an example and compile the results for
other anions in Extended Data Fig. 1. The crystal has a triclinic lattice,
inwhich TMTTF molecules are separated in the crystallographic c axis
by the X" anions and arranged in a zig-zag pattern along the a axis (x
axis)—the direction of electron conduction. The direction of current
flow canbe seen from the Fermisurface (Fig. 2a) and the band structure™
(Fig. 2b), where the metallic band disperses in the x direction and is
mostly dispersionless along the other directions. As shown from the
partial DOS (Extended Data Fig. 2), the two metallic bands originate
from the highest occupied molecular orbitals of the two TMTTF mol-
eculesin the unit cell, which transfer one electron to the X" anion. The
resulting metallic bands are quarter-filled with hole carriers (p type)
with a density of 1.5 x 10® cm . However, Hall measurements indicate
that only 1% of this theoretical value of carrier density is effective for
transport, since (TMTTF),Xis a Luttinger liquid—interacting electrons
inone dimension®. More details are provided in Supplementary Note 3.
The isolated metallic (partially occupied) bands are adequately
separated in energy compared with their own bandwidth, from both
conduction (unoccupied) and valence (occupied) bands, revealing a
hyper-gap in the JDOS spectrum (Fig. 2c). The bandwidth of the
hyper-gapisaslargeas-1eV,similarto the width of the metallic bands.
A wide metallic band helps electric conduction and a wide hyper-gap
helps optical transparency. The optical dielectric constants of
(TMTTF),SbF,are computedin Fig. 2c. Due to the low crystalline sym-
metry of space group no. 2 (P1), all six complex components of the

permittivity tensor are present. We plot the two major in-plane com-
ponents and the remaining are presented in Supplementary Fig.2. The
interband absorption (&5¥) is muchlower in the conductive x direction
than those for the other directions (si“y and £5), because this is the
out-of-plane direction of the planer TMTTF molecules in which the
atomsareloosely spaced. Only £/ is negative atlow energy due to the
quasi-one-dimensional electrical conductivity—a natural hyperbolic
material™.

Electrical measurements

Single crystals of (TMTTF),X (X =SbF,, PF,, AsF, and BF,) are
grown by electrocrystallization” (Methods). The crystals are
shiny rectangular plate-like structures with typical dimensions of
5mm x 0.2 mm x 0.04 mm (Fig. 3a). The electrical resistivities of
these molecular salts are measured along the metallic crystalline
direction using the four-probe method (Supplementary Fig. 3). The
temperature-dependent resistivity of (TMTTF),SbF, shows a metal-
lic behaviour at room temperature, whose resistance decreases with
temperature (Fig. 3b). A metal-to-Mott-insulator transition occurs
ataround 225 K due to charge localization, consistent with previous
reports'®'8, More transport properties are summarized in Supplemen-
tary Note 3. Although their room-temperature values of around10 S cm™
'are much smaller than that of good metals (10°S cm™), (TMTTF),X
superconducts at low temperature (-1K) under pressure (-30 kPa),
whereas good metals such as gold, silver and copper have not been
reported tobe superconductors. Moreover, the optical absorptions of
these organic conductors are much lower than that of silver'’, whichis
widely regarded as the stable noble metal with the lowest opticalloss.

Optical characterizations

Closer examination of the thin-slab samples (Extended Data Fig. 3)
under an optical microscope using back-illuminated white light indi-
cates the transparent nature of these quasi-one-dimensional metals. As
showninFig.3c, the 23-pm-thick crystalis transmissive inxpolarization
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Fig.2| Theoretical prediction of the hyper-gap conductor (TMTTF),SbF.

a, Crystal structure (top) and two-dimensional Brillouin zone in the k,= 0

plane (bottom). a, b and care the crystalline axes. x, yand zare the orthogonal
coordinates, where x is parallel to a and y s in the a-b plane. The crystal structure
is visualized using VESTA*. The two grey curves in the Brillouin zone represent
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the Fermisurface. a*and b* are the reciprocal lattice vectors. aand b are
projected in the a*-b* plane. b, Band structure and DOS. The three-dimensional
Brillouin zone is plotted in Supplementary Fig. 1. Capital letters (I, X, V, Y) denote
the high-symmetry points in the Brillouin zone. ¢,JDOS (top) and the complex
anisotropic dielectric constants € = &, + i, (bottom).
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Fig.3 | Experimental results of (TMTTF),SbF,. a, Optical images of the samples
onanelectrode. b, Temperature-dependent resistivity along the a axis. c, A
23-um-thick sample on opaque text under white-light back illumination. The top,
middle and bottom photographs are illuminated by unpolarized, x-polarized and
y-polarized light, respectively. d, Transmittance and reflectance of a4-pm-thick
sample, withx and y polarizations of incident light. The rainbow colour bar is

Photon energy (eV)

presented to highlight the visible spectrum. e, Three samples with different
thicknesses onametal grid under red-light front illumination. f, Imaginary (top)
and real (bottom) parts of the dielectric function obtained from ellipsometric
measurements. The grey horizontal lines ind (bottom), f (top) mark the
reference value of 0.1.

andisdarkinypolarization. This polarizer-like behaviouris due to the
anisotropic transmittance of the crystal in the visible spectra.
Transmittance spectra, T(w) (Fig. 3d), reveal the high transmit-
tance peaks for both polarizationsbetween1eVand2 eV, overlapping
the predicted hyper-gap highlighted by the yellow ribbon. The polarizer
behaviour (Fig. 3c) is explained in the transmittance data, showing that

the x-polarization curve is much higher than that of y polarization in
the visible spectrum (a complete polarization-dependent transmit-
tanceis presented in Extended Data Fig. 4). This is consistent with the
theoretical prediction shown in Fig. 2c, where €,” is much larger than
&5 above the hyper-gap. Below the hyper-gap, the transmittance of y
polarization is higher, due to the insulator behaviour along the y
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direction. Thedip appearsataround 0.7 eV coinciding with the transi-
tionbetween the two metallicbands (Fig. 2b,c). Through the 4-pm-thick
(TMTTF),SbF,sample (Fig. 3d), the x-polarized transmittance peak is
70% at 708 nm and the y-polarization peakis 80% at 765 nm. The trans-
mittance spectra of Fabre salts with other thicknesses and anions are
presented in Supplementary Fig. 4. We then illuminate the samples
withared light-emitting diode of 704 nm (20 nmwide), whichis around
the peak transmittance of the material. In Fig. 3e, we see through
single-crystal slabs as thick as 30 pm to 40 pm.

The reflectance spectra R(w) (Fig. 3d) also exhibit
polarization-dependent anisotropy. The reflectance of y-polarized
light remains nearly flat at ~10% from 0.5 eV to 3 eV, a typical insulator
behaviour. In the metallic direction of x polarization, a high plasma
reflectionappearsatalow frequency (<1 eV) below the hyper-gap. The
sharpresonance featuresbelow 0.5 eVinbothRand Tspectraare from
the phonon modes that have been observed before?®. Above 1 eV, the
reflectance is consistently lower than 5% inside and above the
hyper-gap. This low reflectance results fromthe low dielectric constant
(e < 2) thatwe characterize with ellipsometry.

Ellipsometry measurements are performed to obtain the dielectric
constants (w) of these highly anisotropic crystals. £€* and &” of
(TMTTF),SbFare plottedin Fig. 3e from 0.5 eVto 4 eV (Supplementary
Fig. 5 shows the other components), which compares well with the
theoretical results showninFig. 2c. The £]* value turns negative below
0.6 eV, whereas ¢} remains positive—a typical hyperbolic material
response”. Our measurement and fitting procedures on triclinic
(TMTTF),X are presented in Supplementary Note 4. We noted that
ellipsometry iscommonly used to determine the refractive indices of
isotropic and uniaxial materials or films. The application of ellipsom-
etry to the biaxial (orthorhombic, monoclinic and triclinic) materials
is still under research®. Furthermore, the model-dependent ellipso-
metricresultis not generally reliable for small absorption coefficients?,
especially when the sample is highly anisotropic in this work. Conse-
quently, for the loss analysis shown in Fig. 4, we extract the optical
constantsin the hyper-gap from the transmittance-reflection data, a
standard way to obtain absorption coefficients for transparent materi-
als (Supplementary Note 6).

Loss analysis

The broadband material loss &,(w) of (TMTTF),SbF, is plotted in the
log scale in Fig. 4a, together with those of silver and indium tin oxide
(ITO)—thelow-loss natural metal and the standard transparent conduc-
tor, respectively. Across the whole energy range shown in Fig. 4a, the
loss (&,) of (TMTTF),SbFis over an order of magnitude smaller than that
of silver**?, Compared withITO of asimilar carrier density of -10* cm
(doped), purchased from MTI Corporation, (TMTTF),SbF¢ has similar
loss values whereas the wavelength of the loss minimumi is redshifted,
as defined by the hyper-gap. Interestingly, (TMTTF),SbF has a lower
plasmafrequency, alower refractive index and alower material disper-
sionthanthose of ITO, around the visible wavelengths (Supplementary
Fig.8). These features are usually favoured for atransparent conductor,
offering apotentially wider, higher and more uniform transmission. In
addition, alowrefractiveindex could be interesting for anti-reflective
coatings and light extraction layers, high-contrast dielectric mirrors
and waveguide claddings, as well as potentially near-zero-index mate-
rials®.

Theintraband absorption of (TMTTF),SbF,, &, (Fig. 4a), does not
follow the conventional Drude model that describes the low-frequency
absorptions of most conductors, including silver and ITO. Instead, we
find that the absorption coefficients a(E) within the hyper-gap can be
fitted by the Urbach equation*a(E) « exp(—| ==ttt/ |y where £y is
the Urbach energy quantifying the steepness of thé absorption onset
at the band edges of insulators and semiconductors. As illustrated in
Fig. 1, these observations are consistent with our expectation for a
hyper-gap of zero JDOS, in which the Drude tail is replaced with the
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Fig.4 | Opticallosses of (TMTTF),SbF. a, Comparison of the dielectric
constants between (TMTTF),SbF, silver and ITO film. &, of (TMTTF),SbF, is

the ., component, in which the data inside the low-loss hyper-gap (red) are
obtained from the transmittance-reflectance data (Fig. 3c) and the remaining
data (light red) are obtained from the ellipsometry data (Fig. 3e). The €, values of
the three materials are fitted by the Drude model. b, Absorption coefficients of
(TMTTF),SbF,, fitted by the Urbach rules with the Urbach energies listed.

Urbach tails from both intraband and interband edges. The fitted
Urbachenergies (Eﬁ/fmer/inm) of both band edges (inter/intra) and both
polarizations (x/y) are listed in Fig. 4b. The Urbach energies of Fabre
salts with other anions are presented in Extended Data Fig. 5and Sup-
plementary Note 3. The lowest Urbach energy E{'J’imer =65 meVissimilar
to those of other crystalline organic insulators*”*®, The large values of
the other three Urbach energies (200-400 meV) are comparable to

thosereported inITO?,

Discussion

Tothebest of our knowledge, these Fabre salts have the lowest optical
absorption among all known stoichiometric metals*?°. Apart from
optimizing the crystal quality of (TMTTF),X, a further reductionin
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optical absorption involves finding new hyper-gap metals of either
larger hyper-gap sizes or smaller Urbach energies. Fortunately, there
are plenty of potential candidates to be explored in organic conduc-
tors, considering the vast number of carbon-based molecules. For
example, aslisted elsewhere®, the derivatives of TTFinclude TTMTTF,
HMTTF, BEDT-TTF, DBTTF and MDT-TTF. The sibling molecules of TTF
include TSF, TTeF, TST, TTeT, TTA, TTN and TTP. The combination of
the above donor molecules and the various acceptor ions X already
formsalarge family of compounds in which more hyper-gap candidates
can be identified. Another relevant material class is the conductive
metal-organic framework™.

Ahyper-gap conductor, with further reduced absorption, can be
highly interesting for a number of reasons. First, the stoichiometric
hyper-gap metal could challenge the fundamental trade-off between
the electrical and optical performances in transparent conducting
oxides, in which higher doping decreases resistance but increases
absorption. Second, the bulk hyper-gap metal can be made much
thicker (>10 pm) than ITO films (-0.1 um), whose thickness is lim-
ited by the deposition methods®. Thicker conductors have lower
resistance, useful for applications that demand high current and
minimal heat generation. Third, the hyper-gap metal, organic ones
for instance, can be more cost-effective than noble metals and ITO
duetoindiumscarcity. Fourth, the hyper-gap could be the solution to
low-loss plasmonics when negative permittivity can berealized inside
the hyper-gap by increasing the plasma frequency. This requires
engineering the metallic band to achieve a smaller effective mass
or a higher carrier concentration, by enhancing its Fermi velocity or
boosting its DOS.

Conclusion

We provide both theoretical and experimental evidence for the
existence of the hyper-gap, in the molecular metal (TMTTF),X, a
much-anticipated theoretical proposal to eliminate optical absorption
inmetals. Several key questions are raised for future research, includ-
ing how much further the electric conductivity can be increased and
the optical absorption can be reduced in a hyper-gap metal, whether
the negative permittivity can appear inside the hyper-gap” and if the
mid-gap doping can be achieved to satisfy the hyper-gap criteria. We
hope that our results would encourage further searches for hyper-gap
conductors—a new material class in which the desired electrical and
optical properties could coexist.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

JDOS

TheJDOS, inthis Article, is defined as the correlation function between
the DOS for filled (initial) and empty (final) electron states:
JDOS(hw) = [ DOS(hw' — hw)DOS(hw')dw' , Where w is the angular fre-
quency and his reduced Planck constant. Here the Fermilevel is at zero
energy and the negative (positive) energy represents filled (empty)
electron states. This simple definition includes contributions from
both intraband and interband transitions, as well as both direct and
indirecttransitions. To have an ultralow optical absorption—effectively,
lossless—the JDOS needs to vanish.

Abinitio calculation

Theelectronicstructures and optical properties of (TMTTF),X are cal-
culated using the Vienna Ab initio Simulation Package® with the hybrid
functional HSEO6 (ref. 36), where the lattice parameters are from the
X-ray diffraction dataonthe crystals that we synthesize. Convergence
is obtained with an energy cut-off of 500 eV. AT-centred Monkhorst-
Pack mesh of 6 x 4 x 4 kpointsinthefirst Brillouinzone are applied for
computingthedielectric constants. CSHIFT = Ois applied in Fig.2c to
define the hyper-gap regionin which &,=0 (¢ = ¢, + ic,). AJDOS-based
Drude model'is used to compute the intraband absorption.

Crystalgrowth

Thesingle crystals of (TMTTF),X (X = SbF,, PF,, AsF, or BF,) are grown
by the electrocrystallization method”. TMTTF is placed on one side
of an H-type glass cell, whereas the supporting electrolyte (KX; K,
potassium) and the co-solvent (18-crown-6 ether) are on the other
side. Solution (1,2-dichloroethane) is used onboth sides. The oxidation
of TMTTF takes place at the anode, where it is combined with anions
provided by KX under a constant current of 1 pA. Crystals are harvested
inapproximately 1 month.

Sample characterizations

The temperature-dependent resistance is measured using a Quantum
Design PPMS DynaCool system, with a constant current of 10 pA and
a cooling rate of 0.2 K min™.. The electrical leads are 25-pm-diameter
gold wires glued on to the sample with silver paint.

The polarized transmittance and reflectance spectraare obtained
atroomtemperature. For thelow-photon-energy range (-0.27-1.15eV),
a Bruker HYPERION 2000 Fourier transform infrared microscope is
used. For the high-photon-energy range (-1.15-2.95 eV), a custom-made
optical setup is used.

Ellipsometric spectra are collected using a generalized spectro-
scopic ellipsometer over the infrared to ultraviolet (0.496-5.905 eV;
RC2J.A. Woollam) spectral range. The spectroscopic ellipsometer is
equipped with afocusing probe attachment with anincident spot size
of 150 pm. The sample surface of the (001) plane is measured in two
orientations: with the a axis aligned along and perpendicular to the
x axis in the laboratory reference frame. At each sample orientation,
five measurements are made with five incidence angles, namely, 63°,
66°, 69°,72° and 75°. Supplementary Note 4 provides details of the
modelling and analysis of the dielectric response.

Absorption coefficients
The absorption coefficient a is determined from the transmittance
T, reflectance R and sample thickness d, with d measured using both

Bruker Dektak XT Profilometer and Bruker Contour GT-K1 Optical
Profiler (Supplementary Fig.9). The corresponding complex dielectric
function g, +ig, is calculated from the absorption coefficient a and
reflectance R. Supplementary Note 6 provides more details.

Data availability

The datapresented inthe main textare available viaZenodo at https://
doi.org/10.5281/zenodo.15228102 (ref. 37). All other data are available
fromthe corresponding author on reasonable request.
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Extended Data Fig.1| DFT results of (TMTTF),X with different anions X = SbF, PF,, AsF, and BF,. a, Band structure. £;.,: the bandwidth of the metallic band; E,,:
the distance from Fermi energy £; to the band maximum of bands below -2 eV; Afiw: the width of the hyper-gap. b, The dependence of £;,., Einer» Ahw, and the effective

mass m* (m, is the free electron mass) on different anions.
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Extended Data Fig. 2| Density of states (DOS) and Partial density of states (PDOS) of (TMTTF),SbF. PDOS for s, p, d orbitals are contributed from different atoms.
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Extended DataFig. 3| (TMTTF),SbF,samples under the microscope. a, Samples illuminated by white light from front side. b, Samples illuminated by white light
from back side.
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Extended DataFig. 4 | Polarization dependent transmittance of 6.5 um-thick (TMTTF),SbF,. a, Transmittance spectra from 0° to 90° polarization.
b, Transmittance spectra from 90° to 180° polarization.
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Extended Data Fig. 5| Experimental electrical and optical properties xandy polarized incident light, extracted from Supplementary Fig. 4. a: lowest
of (TMTTF),X with different anions X = SbF, PF, AsF,and BF ,atroom absorption coefficient; £ ;.. and Ey ;.- Urbach energies of the two tails (lower

temperature. a, o: conductivity along x direction; y: carrier mobility. u is derived and higher energy sides) of the absorption spectra.
from oand calculated carrier density n using = o/(ne). b, optical properties with
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