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High-resolution angle-resolved photoemission spectroscopy data reveal evidence of a crossover from
one-dimensional (1D) to three-dimensional (3D) behavior in the prototypical charge density wave (CDW)
material NbSes. In the low-temperature 3D regime, gaps in the electronic structure are observed due to
two incommensurate CDWs, in agreement with x-ray diffraction and electronic-structure calculations.
At higher temperatures we observe a spectral weight depletion that approaches the power-law behavior
expected in one dimension. From the warping of the quasi-1D Fermi surface at low temperatures, we
extract the energy scale of the dimensional crossover. This is corroborated by a detailed analysis of the
density of states, which reveals a change in dimensional behavior dependent on binding energy. Our results
offer an important insight into the dimensionality of excitations in quasi-1D materials.
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In one spatial dimension, reduced screening and a
restricted phase space for scattering heavily impact the
electronic properties of materials due to the ensuing strong
correlations. As a result, the well-known Fermi liquid (FL)
concept breaks down, and may be replaced by the
Tomonaga-Luttinger liquid (TLL) [1,2], in which correla-
tion functions display power-law behavior. The fundamen-
tal excitations of a TLL are collective bosonic modes
carrying only spin or charge, rather than electronlike
fermionic quasiparticles [3-5]. Furthermore, long-range
ordered phases are not stable in a purely 1D system as a
result of quantum and thermal fluctuations [6]; thus, a
dimensional crossover should be a prerequisite for a 1D
system to enter an ordered phase, as occurs in a number of
quasi-1D materials [7,8]. This is distinguished by a cross-
over energy, E., or temperature above which excitations
exhibit 1D character, while low-energy excitations behave
as in a FL [9-11]. In photoelectron spectroscopy experi-
ments, spectral weight depletion near the Fermi energy
has been interpreted as a characteristic of TLL behavior in
a variety of systems [12,13], also at very low temperatures
[14,15]. In contrast, in quasi-1D systems, power-law
correlations are expected to be observed only above the
dimensional crossover energy or temperature. To date, the
properties of the low-temperature phase, in particular how
strong one-dimensional correlations are imprinted on it,
remain poorly understood [16].

In this Letter, we report a high-resolution angle-resolved
photoemission spectroscopy (ARPES) study of NbSe;
single crystals, including the evolution of the electronic
structure over a wide temperature range and a mapping of
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the Fermi surface. We find evidence of a dimensional
crossover from 1D to 3D as a function of decreasing energy
and temperature. CDW gaps in the electronic structure
are observed at low temperatures, occurring at momenta
consistent with x-ray data and reproduced by theoretical
simulations. Conversely, at high temperatures, a power-law
suppression of the spectral function is observed, suggestive
of 1D behavior. From the warping of the Fermi surface
measured at low temperature, a crossover energy scale of
around E- ~ 110 meV (1250 K) is extracted based on a
tight-binding model. This is corroborated by an analysis of
the density of states that reveals 1D behavior only above
E . The data presented here attest an intermediate regime in
which the bosonization expected for a purely 1D dispersion
is still partially observed while approaching the FL regime
of 3D coherence.

NbSe; is an archetypical linear-chain compound, which
undergoes CDW transitions at 7y = 145 and 7, =59 K
[17] with incommensurate modulation wave vectors
q, = (0,0.243,0) and ¢, = (0.5,0.263,0.5), respectively,
in units of the reciprocal lattice parameters (a*, b*, c*)
[18,19]. The occurrence of the CDW has been ascribed to
Fermi-surface nesting [20,21]. Despite intense research on
NbSe; (for an overview see Refs. [7,22]), detailed infor-
mation about the electronic dispersion is limited to only a
few studies [20,21] by ARPES. Recent work by scanning
tunneling microscopy showed a surface CDW transition
temperature higher than that in bulk, and confirmed the
higher dimensional nature of this material at low temper-
atures [23], which had previously been observed in
x-ray scattering data [24]. In contrast, intriguing reduced
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dimensional behavior at the surface has also been revealed
as signatures of soliton behavior [25].

Single crystals of NbSe; of typical dimensions
20 x 500 um? were cleaved in vacuum at a pressure lower
than 5 x 107! mbar. ARPES measurements were carried
out at the IO5 beam line of the Diamond Light Source [26]
over a temperature range 6.5-260 K with photon energies
20-40 eV (linear horizontal polarization). The angular and
energy resolution were 0.2° and 10 meV, respectively. All
results presented here have been reproduced by measure-
ments on multiple samples.

A schematic of the crystal structure of NbSe; is
presented in Fig. 1(a), and comprises three distinct tri-
angular prism chains running parallel to the b axis. The
Fermi surface obtained by ARPES in the bc plane is shown
in Fig. 1(b) and may be compared with that calculated by
density functional theory (DFT) in Fig. 1(c) (calculations as
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FIG. 1. (a) Schematic crystal structure of NbSe; (adapted from
Ref. [17]). t, and ¢, are the hopping amplitudes along the chains
and along the ¢ axis, respectively, as used in the tight-binding
model (see text). (b) Fermi surface obtained at 8 K with 31 eV
photon energy in the b*c* plane. The rectangle shows the first
Brillouin zone as in (c). Dotted lines are guides to the eye.
(c) DFT Fermi-surface contours in the b*c* plane for various
momenta covering the full Brillouin zone along a*.

in Ref. [20] using Wien2k [27]). While not all five sheets
predicted by DFT are resolved at the Fermi level, Fig. 2(b)
reveals five bands dispersing up to Er in agreement with
the DFT predictions (see Supplemental Material [28]
including Ref. [29] for further details, and out of plane
dispersion). The dispersion is strongly anisotropic,
revealing the quasi-1D nature of the electronic structure.
Warping of the Fermi-surface sheets along the k. direction
(along the ¢ axis in real space) reveals the presence of
significant interchain coupling at these low temperatures.

The dispersion of the bands along kj;, at selected k.
values is given in Figs. 2(a)-2(c). Second derivative plots
are presented in Figs. 2(d)-2(f) in order to highlight weak
features. A number of features are visible which were not
resolved in previous studies [20,21]. At k. =0 A7l we
observe three bands dispersing symmetrically around the I
point: the outer band with minimum at —550 meV and two
inner bands with minima at —260 meV. All three bands
appear to cross Ef, although the spectral weight strongly
decreases at low binding energies. A very small pocket
directly at £ around I" is also observed. At k. = 0.2 Al

three inner bands can be distinguished. At k., = 0.35 A
in the second Brillouin zone, strong effects of the varying
photoemission matrix element lead to different relative
intensities of the bands.

Figure 2(d) further reveals a loss of intensity in the outer
band at specific energies which appear symmetrically on
both sides of I" (arrows). To ensure these are not artifacts of
the image processing, we present in Fig. 3(c) energy
distribution curves (EDCs) of the raw data at the momenta
corresponding to these features. Weak but distinct two-peak
structures are observed, centered around E; = 210 and
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FIG. 2. (a)~(c) Band dispersion along k;;, obtained at 6.5 K
with 31 eV photon energy at the marked k. values. Black bars
indicate the expected position of the band bottom based on a
cosine dispersion along k. with bandwidth 47, = 108 meV (see
text). (d)—(f) Corresponding second-derivative plots. The position
of the CDW gaps are marked in (d).
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FIG. 3. (a) Enlargement of the data from Fig. 2(d) including the

b*-axis component of the g vectors for the two incommensurate
CDWs: gy, = 0.435; g, ;- = 0.468 A" as measured by x-ray
diffraction [18,19]. (b) Simulation of the spectral function in a
CDW system with ordering vectors g, and g, ,- (see text).
(c) EDCs of the raw ARPES data at ky, = 0.21 (blue), k, =
—0.20 (green), ky;, = 0.25 (red), and ky;, = —0.24 A" (black).
The center of the CDW gaps is marked by dashed lines. All data
are taken at k. = O and 7 = 6.5 K. (d) Temperature dependence

of the ¢, gap at ky;, = 0.21 Al

E, =120 meV below Ep, which we identify with gaps
caused by the ¢; and g, CDW superperiodicities, respec-
tively. The scattering vectors deduced from our data, 0.43
and 0.47 A‘l, match within errors the b* components of
the ¢; and ¢, modulation obtained by x-ray diffraction
[18,19]. This is strong evidence that these gap features
occur as a result of the CDWs [30]. In addition, as the
temperature is increased, the gap features become weaker
up to 50 K and then disappear, as shown for the ¢, gap in
Fig. 3(d). The fact that the CDW gaps disappear before the
bulk transition temperature should not be taken as evidence
for a lower CDW transition temperature at the surface, but
is more likely due to phonon broadening washing out the
signal as T increases. The occurrence of the gap at 210 meV
agrees with that observed in Refs. [20,21], although the
dispersion that was extracted is not reproduced in our data.

A calculation of the spectral function for a two-band
tight-binding model with a two-component CDW is pre-
sented in Fig. 3(b) (see Supplemental Material [28] for
details including Refs. [31-33]), which can be compared
with the corresponding experimental data on Fig. 3(a). The
CDW potential opens gaps at momenta connected by
the ordering vectors. As is evident from this simulation,

the influence of the CDW on the spectral function can be
rather weak and the inner band is not affected at all.

We note that the shape of the innermost band in
Fig. 2(e) appears to bend away from the Fermi level at
ki, = 0.11 A=, consistent with previous observations that
assigned this behavior to the g, CDW [21]. We caution that
such behavior may result from artifacts due to the second-
derivative image processing in the presence of multiple
bands and the Fermi edge. The energy and momentum
distribution curves presented in the Supplemental Material
[28] confirm the absence of a backfolded dispersion. While
we cannot rule out gaps at Ep that are hidden by the
depletion of spectral weight, our data and calculations
reveal that the CDW wave vectors g, and g, open gaps only
below Ef, which speaks against a Fermi-surface instability.

We now look in more detail at the Fermi-surface data
presented in Fig. 4(a). It is clear that the dispersion in the
(kyp. k) plane is strongly anisotropic (i.e., quasi-1D), with
a finite warping along k. resulting from interchain hop-
ping. Such a quasi-1D dispersion is minimally described by
the tight-binding model

Ey = =21, cos(ky,b) — 2t cos(ky.c) — u, (1)

in which 7, and ¢, < ¢, are the effective hopping amplitudes
along the chains and along the c¢ axis, respectively, and u is
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FIG. 4. (a) Fermi surface obtained at iv = 22 eV, overlaid with
the tight-binding model described in the text. (b) ky,-integrated
ARPES intensity at kj. = 0 for various temperatures. White
dashed lines indicate simple power laws with exponents close to
0.6; black dashed lines show best fits to a TLL model spectral
function with a ~ 0.25; vertical dashed lines indicate the energies
of the CDW gaps seen in Fig. 2(d). (c) Energy-dependent
exponent showing dimensional crossover at E- for T > T.
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the chemical potential. The transverse bandwidth 47, = E
defines the energy (temperature) scale at which the system
crosses over from 1D to higher dimensional behavior.
Excitations with energies E >> E- are insensitive to the
dispersion along ¢ and exhibit 1D character, with the typical
power laws expected for a TLL, while excitations with
E < E. behave as in a FL. Our Fermi-surface and dispersion
data [Figs. 4(a), and Fig. SM2 of the Supplemental Material
[28]] in combination with Eq. (1) allow us to extract a value
t. =27 meV (for a derivation see Supplemental Material
[28]). This implies a typical energy scale E- = 108 meV
above which 1D signatures should be observed. A simple
cross check of this value can be obtained by comparing the
relative band bottoms throughout the Brillouin zone along
the k. direction with that expected from a bandwidth of 47...
These are presented in Figs. 2(a)-2(c) by black horizontal
bands and show good agreement.

In Fig. 4(b) we show the kj,-integrated ARPES intensity
at k. =0 within 400 meV of Ep and for different
temperatures. This quantity approximates the density of
states (DOS) multiplied by the Fermi function, apart from
inessential corrections associated with the finite experi-
mental resolution and weak k. dispersion. We have
checked that integrating over smaller k ranges or at other
ky. values does not change the form of the DOS; see the
Supplemental Material [28]. At the lowest temperatures,
the DOS suppression near Er is markedly different from
the expected Fermi edge and resembles a power law. We
rule out CDW gaps as a possible explanation for this
anomalous suppression of spectral weight: the CDW gaps
seen at finite energy in our data have a typical peak-to-peak
size of 70 meV [Fig. 3(c)], while the DOS suppression
occurs over a much wider energy range. A complete
gapping of the Fermi surface would also be inconsistent
with the fact that NbSe; remains metallic even at these low
temperatures [17].

The power-law depletion evokes a TLL where the DOS is
suppressed like |E — Ez|* at low energy due to the dis-
appearance of single-particle excitations [4]. The nonuni-
versal exponent a = (K, + K;' —2)/4 (see Supplemental
Material [28]) depends on the parameter K ,, which measures
the strength of interactions and varies between 0 < K, < 1.
K, =1 (a=0) corresponds to a noninteracting electron
system with flat DOS.

TLL signatures should be searched for at energies
and/or temperatures larger than E.. Our highest measured
temperature (260 K) is well below the crossover scale
(Ec =~ 110 meV =~ 1250 K), such that our whole data set
can be regarded as being in a low-temperature regime with
respect to the dimensional crossover. In the CDW state, the
DOS at E > E( is perturbed by the CDW gaps such that
TLL signatures may be masked if present. We, therefore,
look for the TLL power law at temperatures higher than
T, = 145 K. We fit the data with an expression giving the
finite-7 DOS of a TLL [34] convolved by our experimental

resolution (for further details see Supplemental Material
[28]). The fits are performed in a variable energy range
[—E,;, min(E,, 4kpT)] around Erp and we extract the
exponent « as a function of this range [Fig. 4(c)]. At
E,. < E_, the data approach a pure Fermi edge with @ = 0
(3D regime), while at E,, > E., the fit yields a stable
exponent a = 0.25 (K, = 0.38) over a broad energy range
(1D regime). The fit includes all data at E < E,, and,
therefore, yields a continuous drop of a towards zero when
reducing E,, below E; this trend is observed at temper-
atures above 120 K. An analysis of the fit quality (see
Supplemental Material [28]) shows that the best fits are
obtained for an upper E,, bound between 0.2 and 0.3 eV.
Beyond this the DOS upturn from —0.3 eV due to the band
bottom at —0.6 eV means that the power-law analysis in
this range is no longer appropriate. Figure 4(b) shows the
best fits with E,, = 0.3 eV and the corresponding TLL
exponents for 7 > 100 K. For T < T4, the fit deteriorates
and the extracted exponent becomes strongly energy
dependent due to the CDW gaps, while the exponent at
low E,, increases steadily with decreasing 7 due to the
anomalous spectral-weight suppression. The high-7" value
K, = 0.38 suggests that the interaction has a finite range.
Indeed K, > 1/2 in the Hubbard model while K, > 1/8 in
the extended Hubbard model [4]. The value 0.38 thus
points to a moderate interaction and locates NbSe; far from
an interaction-driven metal-insulator transition. In contrast,
the apparent DOS exponent close to 0.6 at low T [Fig. 4(b)]
would indicate much stronger correlations with K, = 0.24.
Since our DFT Fermi surface and bands agree with the
observed band structure it is unlikely that such a strong
renormalization occurs. We conclude that the TLL spectral
function is not an appropriate description of the system at
these low temperatures where a FL phase is expected. We
note that DOS exponents close to 0.6 have been reported
for several systems, which may indicate longer-range
interactions as in carbon nanotubes [14] and atomic chains
[15,35,36] or multiband effects like in lithium purple
bronze [37,38].

Our analysis supports the idea that NbSe; is never observed
in a truly TLL regime up to room temperature. Instead a
gradual crossover from 1D to 3D occurs, as evidenced by the
energy dependence of the a exponent. Such a dimensional
crossover is expected in all quasi-1D materials at the energy of
the renormalized interchain coupling. This invites one to
reconsider previous reports of TLL power-law DOS sup-
pression and check whether the exponents were indeed
measured in the 1D regime where the analysis is valid.

In summary, we have performed detailed ARPES mea-
surements over a wide temperature range, which reveal
evidence of a dimensional crossover in NbSe;. Such a
dimensional crossover is consistent with the quasi-1D
warping of the Fermi surface. A careful analysis of the
density of states and comparison with expectations for 1D
behavior reveal a changing dimensionality of excitations
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above a characteristic energy E.. At low temperatures we
observe CDW gaps in the electronic structure at the
momenta indicated by x-ray diffraction. We expect the
analysis presented here to be applicable to other quasi-1D
systems due to the generality of finite interchain coupling in
real materials, and hope this will stimulate further exper-
imental and theoretical research on the dimensional
Crossover.
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