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The Luttinger surface of an organic metal (TTF-TCNQ), possessing charge order and spin-charge
separated band dispersions, is investigated using temperature-dependent angle-resolved photoemission
spectroscopy. The Luttinger surface topology, obtained from momentum distribution curves, changes
from quasi-2D (dimensional) to quasi-1D with temperature. The high temperature quasi-2D surface
exhibits 4k charge-density-wave (CDW) superstructure in the TCNQ derived holon band, in the absence
of 2k order. Decreasing temperature results in quasi-1D nested 2k CDW order in the TCNQ spinon band
and in the TTF surface. The results establish the link in momentum space between charge order and spin-

charge separation in a Luttinger liquid.
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The Fermi surface defining a crystalline metal [1] is a set
of points in momentum (k) space at which a dispersing
quasiparticle band crosses the Fermi-level (Er) in energy
distribution curves (EDCs), with corresponding peaks in
momentum distribution curves (MDCs) [2]. This holds for
a correlated Fermi liquid. In contrast, a Luttinger liquid
is a quasi-one-dimensional correlated metal with two im-
portant characteristics: (i) absence of quasiparticles and
(i) spin and charge separated excitations [3—8]. Thus,
Luttinger liquids do not show quasiparticle band crossings
at Er in EDCs as measured by angle-resolved photoemis-
sion spectroscopy (ARPES) [3]. This is also true for many
quasi-2D high-T, cuprates and related materials [4—8]. For
the cuprates, this has been explicitly shown to be due to
electron fractionalization or spin-charge separation in a
quasi-1D Luttinger liquid [5,6]. The spin and charge sepa-
rated band dispersions of a Luttinger liquid are called
spinon and holon bands, respectively [3,5]. Although
they do not show quasiparticle band crossings, recent
theory [9] has predicted that Luttinger liquids should ex-
hibit a so-called “‘Luttinger surface’’—the equivalent of a
Fermi surface for a non-Fermi liquid, arising from spinon
and holon bands.

Tetrathiafulvalene-tetracyanoquinodimethane (TTF-
TCNQ), is an organic metal consisting of TTF (donor)
and TCNQ (acceptor) columns stacked along the b axis,
and has been extensively studied for its structural, trans-
port, and thermodynamic properties [10—16]. It is a classic
example of a quasi-1D correlated metal with a charge-
density-wave (CDW) transition, exhibiting 2k and 4kp
CDW order along the b (or k) direction in k space [10—
17]. These two aspects, namely, (i) the strong electron-
electron correlations and (ii) the electron-phonon coupling
induced CDW transition setting in at 54 K, are believed to
occur in different parts of the electronic structure: the TTF
electronic structure displays the 2k CDW order and the
TCNQ part exhibits the 4k Coulomb correlation driven
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order [10,11,16,18,19]. Early theory showed that the 2kp
and 4k, CDW transition can occur in TTF-TCNQ, in the
form of a correlated CDW state with lattice distortion, but
required long-range Coulomb interactions [13]. More re-
cently, TTF-TCNQ has also served as a very good example
of a correlated metal with non-Fermi-liquid character,
exhibiting spin-charge separated band dispersions
[20,21]. The spin-charge separated band dispersions are
consistent with 1D Hubbard model calculations in the
absence of a temperature-dependent CDW transition
[20,21]. In this work, we investigate the relation between
spin-charge separated band dispersions and the tempera-
ture evolution of 2kr and 4k CDW order involving spe-
cific electronic states constituting the TTF or TCNQ
Luttinger surfaces. The results show that the 4k CDW
superstructure is a special property of the holon band
derived Luttinger surface.

Angle-resolved photoemission spectra were obtained
from single crystals of TTF-TCNQ using a Scienta SES
2002 analyzer and a Gammadata-discharge lamp (He 1I «,
hyv = 40.8 eV). The energy and momentum resolutions for
the ARPES measurements were 20 meV and 0.01 A_l,
respectively. A thin film filter [22] was instrumental in
obtaining the spectra without degradation as a function of
time and exposure to UV photons over several hours. The
samples were cooled using a flowing liquid He cryostat and
the temperature was controlled within =2 K using a tem-
perature controller. Fresh surfaces were obtained by cleav-
ing the samples in situ and the temperature dependence
was confirmed to be reproducible.

In Figs. 1(a)-1(c) we plot two dimensional intensity
maps as a function of momentum in the first Brillouin
zone of TTF-TCNQ, for T = 200, 100, and 30 K, obtained
from ARPES spectra. The intensity maps are obtained for
an energy window of 50 meV (Ey to 50 meV binding
energy) and the high intensity regions correspond to
Luttinger surfaces in the first Brillouin zone. At 200 K,
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FIG. 1 (color). Temperature-dependent Luttinger surface
maps: (a),(b),(c) show the Luttinger surfaces of TTF-TCNQ as
a function of temperature (200, 100, and 30 K), obtained from
angle-resolved photoemission spectra. (a) shows the TTF (along
slice 2, centered at k, ~ +0.135") and TCNQ (along slice 1,
centered at k, ~ =0.17b") main Luttinger surfaces are separated
in momentum space [see also schematic (e)]. The TCNQ surface
shows a 4k CDW superstructure at about +0.435* along slice 1
(I'-Y) in k space. The T = 100 K map (b) shows features due to
the 2k CDW order in addition to the 4k CDW vectors which
evolve with reducing temperature. (c) shows that the low tem-
perature (7 = 30 K) main TTF and TCNQ Luttinger surfaces
are nearly one dimensional, in good agreement with a nesting
picture of the 2k CDW vector. The main Luttinger surfaces oc-
cur at k, ~ *0.15b" and the 4k superstructures are at ~*0.45b"
along slice 1 (I'-Y) in k space [dark blue and green regions
shown schematically in (f)]. (d) is a gray scale map of (c),
showing the weaker backfolded structures (at k, ~ 0b* and
*0.3b™) more clearly. Along slice 2, the superstructures reflect
deviations from perfect nesting due to small differences in peak
positions and widths of the main Luttinger surfaces. (e) sche-
matically shows the presence of the 4k CDW order (connecting
red and brown regions), in the absence of 2k CDW order. Light
blue and green regions in schematic (f) show the relation of the
backfolded features with the 2kz and 4k CDW order.

the main Luttinger surfaces consisting of the TCNQ sur-
face (along slice 1, centered at k, ~ =0.17b") and the TTF
surface (along slice 2, centered at k, ~ *0. 13b%), are well
separated in k space and are quasi-2D. These are shown
schematically in Fig. 1(e) as red (TCNQ) and yellow (TTF)
regions. Additional replica features only for the TCNQ
branch are seen in Fig. 1(a) at momenta translated by a
value of ~0.60", along slice 1 [brown regions in schematic
Fig. 1(e)]. The observation of replica features translated by
~0.6b" correspond to the observation of 4k, order, con-
sistent with superstructure spots in structural studies
[12,14,15]. This surface arises from the holon band cross-
ing at 4kp, which is absent in band structure calculations
[23], but is obtained in the 1D Hubbard model [20,21].
While the high energy band dispersions have been reported
for the TCNQ holon band [20], a Luttinger surface ob-
tained from low energy spectral weight (within 50 meV of
Er) has not been possible earlier due to the very low
intensity near Er. The holon band derived Luttinger sur-
face is consistent with the 1D Hubbard model at low
energies. Its presence also indicates that the main TCNQ
band along slice 1 is the spinon band and not simply the
uncorrelated TCNQ band expected from band structure
calculations. Band structure calculations show that the
TCNQ surface occurs along slice 1 and the TTF surface
occurs along slice 2 in k space [23]. We have measured and
confirmed the high energy dispersions (not shown) to be in
excellent agreement with earlier work [19,20]. At T =
200 K, since the separation between the main TTF and
TCNQ bands are not equal to 2k, the 4k order exists in
the absence of 2ky order. The 2k CDW order is expected
to show up only below 150 K, as is known from earlier
studies [12,14,15].

At T = 100 K, the separation along the b* direction
seen in the TTF and TCNQ branches is reduced and they
merge together [Fig. 1(b)], with the observation of addi-
tional weak features in the map. These changes occur
above the CDW transition which sets in below 54 K and
correspond to the growth of the 2k CDW order. While
these weak features derived from the low energy electronic
structure were not observed in earlier ARPES studies
[19,20], they are consistent with a recent analysis of
x-ray diffuse scattering above the 2k CDW transition,
due to quasi-1D structural fluctuations [24]. At the lowest
temperature of 30 K [Fig. 1(c)], below the CDW transition
at 54 K, followed by additional order at 38 K, the TTF and
TCNQ parts of the main Luttinger surfaces satisfy the
nesting condition for the 2k CDW order and are nearly
one dimensional.

MDCs obtained at 7 = 30 K with high signal to noise
ratio, using the same energy window of 50 meV as for the
maps of Fig. 1, are shown along I'-Y [Fig. 2(a), slice 1] and
along Z-C [Fig. 2(b), slice 2]. The MDC curves show sharp
peaks at equidistant points in k space from the I' [Fig. 2(a)]
and Z points [Fig. 2(b)] at a value of ~(*0.15 = 0.01)b".
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FIG. 2. Momentum distributuion curves of TTF-TCNQ:
(a),(b) show the momentum distribution curves (MDCs) along
slice 1 (TCNQ derived band) and slice 2 (TTF-derived band) at
T = 30 K obtained using ARPES spectra. At T = 30 K, the
separation in their positions (0.3 = 0.01)5* matches the CDW
vector (2kp = 0.295b*) known from structural studies. The peak
widths imply a CDW coherence length of ~120 A for the TCNQ
and ~60 A for the TTF-derived surfaces. Small gray arrow
marks the weak superstructure also seen in the maps [Fig. 1(d)].

The peak-to-peak separation in k space( ~ 0.30b%)
matches the CDW vector (2kr = 0.295b™) in TTF-
TCNQ, known from structural studies [12,14,15]. Similar
peaks in MDCs have been observed in the quasi-1D con-
ductors Ky 3MoOj; [25] and (TaSey),I [26], which undergo
the Peierls’ transition but do not show evidence for spin-
charge separation. The MDC peak widths at T = 30 K for
the TCNQ spinon band derived surface is ~0.056* A~
[Fig. 2(a)]. This peak width implies a CDW coherence
length of ~120 A. The MDC peak width [ ~ 0.16* A~ !,
Fig. 2(b)] for the TTF-derived surface implies a shorter
CDW coherence length of ~60 A. These values are con-
sistent with recent x-ray diffuse scattering studies [24] and
suggest that the TCNQ derived CDW order is more robust
and induces the CDW order in the TTF stacks. The results
indicate that the 2k and 4k order in the TCNQ surface is
derived from the correlation induced spinon and holon
bands, respectively, and the TTF surface has only the 2kg
CDW order. The 2k CDW order involves electron-phonon
coupling, as is known from the Kohn anomaly observed by
neutron scattering [14]. This clarifies the specific role of
TTF and TCNQ derived electronic states as a function of

momentum and temperature compared with earlier work
[11,12,14,15,27].

In addition to the main TTF and TCNQ Luttinger sur-
faces, additional weak features are seen at 7 = 30 K in the
MDC:s of Figs. 2(a) and 2(b), marked with small arrows.
These features are better seen in Fig. 1(d), which is a gray
scale image of Fig. 1(c), plotted in order to see the weak
features with stronger contrast. The 7 = 30 K gray scale
image shows many more features compared to the 200 K
plot [Fig. 1(a)]. We checked for the separation between the
features along b* and find that the weak features occur
exactly at multiples of 2kr and 4k vectors obtained by a
backfolding from the second Brillouin zone. The devia-
tions from quasi-1D behavior in the weak features is
attributed to the difference in peak widths and positions
along b* in the main TTF and TCNQ Luttinger surfaces,
which get multiplied for the weak features. A very weak
feature is also seen in Fig. 1(a) near the I" point due to a
backfolding of the 4k CDW vector at T =200 K. A
schematic of the high- and low-7 main Luttinger surfaces
and the backfolded Luttinger surfaces is drawn in Figs. 1(e)
and 1(f) to explain all the features observed in the maps.
Figure 1(e) shows schematically the main Luttinger sur-
faces of TTF (yellow regions), and TCNQ (red regions)
along with the 4k CDW superstructure (brown regions) at
T =200 K. At T = 30 K, Fig. 1(f) schematically shows
the main (dark blue and green regions) and backfolded
(light blue and green regions) superstructures due to the
2kr and 4k CDW order.

The observation of temperature-dependent Luttinger
surfaces indicates that angle-resolved photoemission spec-
troscopy provides important insights about CDW order in a
Luttinger liquid, and its spectral function retains Fermi-
liquid-like properties in terms of peaks in MDCs, although
the quasiparticles in EDCs are suppressed [3—9,19]. The
evolution from a Mott-Insulator (MI) to Luttinger liquid
and then on to a Fermi liquid with a concomitant trans-
formation of the Fermi surface topology was predicted
theoretically for the Bechgaard salts, in a model of corre-
lated chains with interchain hybridization [28]. Optical
measurements indeed reveal evidence for spin-charge
separation in the Bechgaard salts and a dimensionally
driven insulator-metal transition [29]. Luttinger surface
studies are eagerly awaited for this family of quasi-1D
correlated metals which also exhibit density-wave order
and superconductivity. If we identify the MI phase with the
2kr CDW ordered phase, the same theoretical phase dia-
gram [28] holds for the topology change observed in TTF-
TCNQ [Figs. 1(a)-1(c)]. While recent work has [30,31]
identified the power law characteristic of Luttinger liquids
in angle-integrated photoemission spectra of carbon nano-
tubes [30,31], and also a doping dependent Luttinger to
Fermi-liquid crossover [31], ARPES of the Fermi or
Luttinger surfaces in the carbon nanotube systems are
intrinsically difficult.
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In conclusion, the Luttinger surface topology, obtained
from MDCs, changes from quasi-two-dimensional to
quasi-one-dimensional with temperature. The high tem-
perature quasi-2D surface exhibits 4k CDW superstruc-
ture in the TCNQ derived holon band, in the absence of 2k
order. On decreasing temperature, a quasi-1D nested 2kp
CDW order in the TCNQ spinon band and in the TTF
surface is obtained. The results show the link in momentum
space between charge order and spin-charge separated
band dispersions in a Luttinger liquid. Thus, the 4kg
CDW superstructure is a special property of the holon
band derived Luttinger surface. The present study indicates
T-dependent Luttinger surface topology is very important
for density-wave phenomena in low-dimensional corre-
lated systems.
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