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Dynamics of Correlated Two-Dimensional Materials: The2H-TaSe2 Case
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We report a study of dc transport properties up to 600 K and of the optical response over a
spectral range of the two-dimensional (2D) dichalcogenide2H-TaSe2. Our findings suggest a dynamics
of the charge excitation spectrum dominated by two relevant features: a Drude contribution, w
narrows with decreasing temperature, and a broad pseudogaplike feature in the midinfrared
which is present at all temperatures below 300 K. The implications of these results with respe
the charge-density-wave phase transition at 122 K and more generally for the excitation spe
of 2D correlated systems, e.g., the high temperature superconducting cuprates, will be addr
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The understanding of the physical properties of tw
dimensional (2D) correlated systems recently regained
lot of importance, because of the discovery of the hig
temperature superconducting cuprates. This is mainly
cause of the variety of correlations acting and of th
instabilities occurring in 2D systems. The 2D layere
transition-metal dichalcogenides (like, e.g.,1T -TaS2 and
2H-TaSe2) are relatively simple and nonmagnetic system
which exhibit a range of charge-density-wave (CDW) tra
sitions [1]. The pronounced quasi-2D nature of the cry
tallographic structure leads to strongly anisotropic physic
properties and approximately cylindrical Fermi surface
Obviously, the Fermi surface-driven instabilities are ge
erally weaker in 2D than in 1D systems. In this latter cas
the instability induced by the Peierls transition [2,3] re
flects a strong enhancement of the static electronic susc
tibility, which develops at selected wave vectors spanni
the Fermi surface (i.e., the so-called Fermi surface nest
at q ­ 2kF). Nevertheless, under particular nesting co
ditions, or as a result of saddle-point singularities [4], th
electronic susceptibility can be sufficiently enhanced ev
in 2D for a CDW to develop. At variance with the 1D
case, however, 2D materials remain metallic in the pre
ence of the CDW, since energy gaps can open only
discrete points of the Fermi surface. Moreover, quasi-2
systems should not present the peculiar 1D spectrosco
properties (like, e.g., photoemission and optics [5,6]), f
which a possible Luttinger liquid (or marginal Fermi liq
uid) scenario has been suggested [7].

In this Letter, we report our investigation of the
dynamics of the charge excitation spectrum as well as
the transport properties of2H-TaSe2, which undergoes
a second-order transition to an incommensurate trip
CDW at TCDW

1 ­ 122 K, followed by a first-order lock-
in transition to a3 3 3 commensurate phase atTCDW

2 ­
90 K [1]. First optical investigation performed above th
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far-infrared (FIR) spectral range (i.e.,0.04 , v , 5 eV)
[8] suggested a weak gap structure with threshold n
0.25 eV, indicating moreover that2H-TaSe2 retains most
of its metallic bands, with gaps opening over a rath
restricted region inq space [8].

The main motivation is related to the possibility tha
2H-TaSe2 could serve as a model system for understan
ing the still puzzling data of other (2D) highly correlate
electronic systems, such as the high-Tc superconducting
cuprates (HTSC). For this purpose,2H-TaSe2 is indeed an
excellent material, because it shares many physical prop
ties with HTSC: like the layered-like structure and qua
tatively similar resistivity (see below) and susceptibilit
[1,9]. Our optical data reveal the progressive formatio
of a narrow Drude-like mode in FIR by loweringT below
T CDW

1 and a pseudogaplike feature which appears at a
temperatures below 300 K, implying that early interpret
tion [8] of the excitation spectrum must be revisited.

The 2H-TaSe2 sample was prepared from the ele
ments by a reversible chemical reaction with iodine
a transport agent [10], and has the form of a platelet
approximately 3.5 3 2.5 mm2. Figure 1 displays the
temperature dependence of the resistivityrsT d up to
600 K, which was measured with the conventional fo
point contacts method and which agrees with previo
results [1]. The inset in Fig. 1 shows an enlargement
rsT d aroundTCDW

1 and TCDW
2 . The major features are

the weak change of slope around 300 K and the sudd
drop of rsT d at the normal-incommensurate CDW phas
transition around 120 K, while the incommensurat
commensurate CDW transition at 90 K is bare
observable. The absence of a well defined increase
rsT d at T CDW would suggest a scenario where the Ferm
surface and consequently the charge excitation spect
are little affected by the transition. Equivalently, th
transport data indicate that the scattering rate seems to
© 1998 The American Physical Society 453
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FIG. 1. Temperature dependence of the resistivityrsT d of
2H-TaSe2 up to 600 K, scaled with the temperature dependen
of the Drude scattering rate (see text) below 300 K. Th
inset displays an enlargement ofrsTd around the two CDW
phase transitions (arrows), pointing out the corresponding we
anomalies in the transport properties.

strongly reduced below 120 K, because of the freezi
out of scattering channels.

The electrodynamic response has been achieved
measuring the reflectivityRsvd along the 2D layer planes
as a function of temperatures10 # T # 300 Kd over a
broad spectral ranges2 meV # v # 12 eVd by applying
several spectrometers. This considerably extends
previously measured spectral range [8], allowing for
reliable application of the Kramers-Kronig transformatio
in order to obtain the complex optical conductivity
ssvd ­ s1svd 1 is2svd [11].

Figure 2 presentsRsvd and the real parts1svd of the
optical conductivity at relevant temperatures above and b
low the corresponding incommensurate and commensur
CDW phase transitions. By lowering the temperature a
by crossing the respective phase transitions we do not
serve any sharp changes in the optical spectra but rath
continuous evolution which can be summarized as follow
Below the visible spectral ranges1svd is characterized at
all temperatures by a broad midinfrared (MIR) absorptio
overlapped to a low frequency Drude-like contribution (se
below). By lowering the temperature from 300 K there
a redistribution of the spectral weight among the two com
ponents accompanied by a progressive narrowing of
Drude resonance in the FIR range. The broad maximu
of the MIR absorption slightly shifts towards higher fre
quency (i.e., from approximately 0.07 up to 0.08 eV) b
tween 300 and 80 K and in a somehow more pronounc
way [i.e., at about 0.15 eV at 10 K; see inset of Fig. 2(b
below 80 K. The overall behavior ofs1svd and particu-
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FIG. 2. (a) Reflectivity and (b) real part of the optical conduc
tivity of 2H-TaSe2 at relevant temperatures below and abov
the CDW phase transitions atTCDW

1 and TCDW
2 , respectively.

The insets display an enlargement of the frequency range b
low 0.7 and 0.2 eV forRsvd ands1svd, respectively.

lar its dc limit (i.e., v ! 0) agree with the trend of the
transport properties. The onset of the commensurate ph
transition atTCDW

2 leaves the excitation spectrum as we
as the transport and thermodynamic [1] properties almo
unaffected.

Several features of our findings are also of importanc
with regard to recent experiments and thoughts about t
nature of the effect of correlations and reduced dime
sionality in this material. First of all, from the width of
the narrow Drude-like mode at low frequencies one ca
estimate the scattering rate (G) of the free charge car-
riers effectively involved in the metallic contribution of
s1svd. This could be also obtained by applying the phe
nomenological Lorentz-Drude model [12]. Details of the
fit procedure will be presented elsewhere. The temperatu
dependence ofG below 300 K, normalized torsTd, is
shown in Fig. 1, which highlights the sudden decrease
the (Drude) scattering rate belowTCDW

1 . The immediate
conclusion is that both the transport and optical properti
are the consequence of the freezing out of the scatter
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channels. Second, our optical results do not display
clear signature of a CDW-gap feature, developing in c
incidence with the onset of the CDW phase transitio
This is in clear contrast with respect to the conclusion
rived at by Barkeret al. [8]. With anad hocinterpolation
procedure, they were able to artificially subtract the hi
temperature optical conductivity (considered here as ba
ground) from the low temperature one (i.e., atT , T CDW

2 ).
Such an analysis led to a gaplike absorption (i.e., a CD
Peierls gap) peaked at approximately 0.3 eV (an orde
magnitude larger, however, than the value of3.52kBT CDW

estimated within the mean-field BCS theory). Aroun
0.3 eV our spectra are temperature independent and do
give evidence for any gaplike feature. Instead, there
slight shift of spectral weight from energies around 0.07
about 0.15 eV upon lowering the temperature. Nevert
less, the mode strength of the MIR absorption remains c
stant. Basically, it is the high frequency tail of the Drud
response which shifts to lower frequencies because o
narrowing. Moreover, the MIR absorption in our spect
persists up to temperature larger thanTCDW

1 . It is worth
noting that the data of Barkeret al. did not extend below
the midinfrared range. Therefore, we might speculate t
the disagreement between ours and Barker’s data, as
as the gap is concerned, could be ascribed to the lim
frequency range investigated in Ref. [8].

Several other experiments addressed the problem
possible evidence for the Peierls gap due to the form
tion of the CDW condensate but contrasting estima
have been presented. Here, we quote a few photoe
sion results [13,14]. Both Dardelet al.’s and Liuet al.’s
work, the latter one with enhanced angle resolution, s
gest that the Fermi surface is gapped by the CDW ph
transitions, yet such a gapping occurs only over a sm
fraction of the Fermi surface [13,14]. Similar to op
tics and transport properties, these data are not affe
by the incommensurate-commensurate CDW transit
at 90 K. An estimation of the gap from the measur
spectral function is quite difficult and possibly beyon
the resolution of the photoemission technique. Nev
theless, it was found that spectral intensity is lost
20 K at about 0.5 of theG-K direction in the Brillouin
zone, which is accompanied by a transfer of the
moved spectral intensity at higher energies. A gap
about 160 meV was inferred [13]. The most recent ph
toemission data further confirm that in the normal sta
two Fermi surface crossings alongG-K occur and that a
saddle band lies very close to Fermi levelEF for an ex-
tended region alongG-K. In the CDW state, the energ
gap is found to be near zero at the first Fermi surfa
crossing and large in the saddle band region, in agreem
with prediction from the “saddle-point” CDW mecha
nism by Rice and Scott [4,14]. The small fraction of th
Fermi surface involved in the gapping and consequen
the small fraction of free charge carriers, which conden
in the CDW, are also confirmed by the temperature in
any
o-
n.
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pendent spectral weight of the low frequency Drude-lik
metallic contribution ins1svd.

Barker et al. anticipated that a narrow Drude with a
anomalously low and very temperature dependent sc
tering should develop at low frequencies (i.e., atv ,

0.01 eV, below the measured spectral range in Ref. [8
because their spectra did not extrapolate towards the m
sured dc value [8]; a guess which is now confirmed by o
measurement in FIR [Fig. 2(b)]. Barkeret al. also en-
visaged the interesting possibility that the low frequen
(Drude) spectral weight is associated with a sliding-CD
mode [8]. On the contrary, we believe that the scalin
betweenG and rsT d (Fig. 1) indicates the suppressio
of the scattering channels associated toq vectors of the
Fermi surface’s pockets involved in the CDW condensa

The optical conductivity of several quasi-one
dimensional systems, like, e.g., K0.3MoO3 with
TCDW , 180 K, is characterized atT . TCDW by a
pseudogaplike feature at about 0.2 eV, which develo
in a true CDW gap belowTCDW , and by a narrow
(Drude-like) mode centered at zero frequency [15]. Th
was suggested to be the consequence of fluctuation eff
where the formation of short range CDW segmen
leads to a partial gapping of the Fermi surface and
the so-called low frequency (i.e., narrow Drude term
paraconductivity contribution aboveTCDW [15]. Such
(1D) fluctuation effects are supposed to develop in t
temperature range between the mean-field tempera
TMF (,600 K for K 0.3MoO3) and TCDW , the critical
temperature for the 3D Peierls transition. Also the 1
organic Bechgaard salts present an excitation spectr
deviating quite remarkably from a conventional Drud
behavior [6,11]. Besides a low frequency narrow mo
centered at zero frequency,s1svd above the spin density
wave (SDW) phase transition temperatureTSDW is domi-
nated by a FIR mode which develops with decreasi
temperature. It has been ascribed to a charge (Mo
correlation gap, consistent with the prediction of mode
associated to a Tomonaga-Luttinger liquid approach [1

There are many common features in the normal st
s1svd of 1D and 2D CDW systems, even though the
origin could be different. On the one hand, we can expe
that 2D fluctuation effects associated with short ran
CDW segments are also present in2H-TaSe2 and lead
to the pseudogap at about 0.07 eV already below 300
which merges in a partial CDW gap at about 0.15 e
below 80 K. This would agree with the photoemissio
estimation. The crossover to a long range ordered CD
below TCDW

1 in 2H-TaSe2 and its lock-in state atTCDW
2

further suppress the scattering channels, causing the s
drop in the resistivity and Drude scattering rate (Fig. 1
On the other hand, the short range CDW segments ab
120 K might be considered as objects strongly scatter
the free charge carriers. This could suggest a scena
where the low frequency (i.e., long wavelength limi
excitation spectrum is characterized by a free (Drude-lik
455
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charge carriers contribution, while at high frequency (i.e
short wavelength limit) a local bound state like excitatio
identified with the MIR absorption can develop. The
transport would then be dominated by strong electro
electron scattering, and when the phase space is redu
by the CDW long range ordering, the scattering channe
are less effective. The strength of the scattering can
seen in the fact that although we lose some part of t
Fermi surface, the resistivity decreases by 2 orders
magnitude from 120 down to 4 K.

Finally, it is worthwhile to qualitatively compare
2H-TaSe2 with the situation encountered in some HTSC
There is mounting evidence that the normal state
underdoped HTSC is also dominated by a pseudoga
A number of physical probes, as, for instance, optic
[16,17], show that below a characteristic temperatureTp,
which can be well above the superconducting transitio
temperatureTc, the physical response of HTSC material
can be interpreted in terms of the formation of a partia
gap or a pseudogap (corresponding to a broad MIR a
sorption peaked around 0.1 eV), by which a suppressi
of the density of low-energy excitations is understood
This gap, which is overlapped to a Drude component
the normal phase, persists in the superconducting sta
While the optical spectra of2H-TaSe2 and HTSC have
rather similar common features, particularly with respe
to the two components ins1svd (i.e., Drude term and
broad MIR pseudogaplike absorption), the physics of bo
systems may be quite different. In HTSC,T p defines the
opening of a gap in the spin excitation spectrum leadin
to a suppression of scattering channels. From the abo
discussion,T CDW

1 for 2H-TaSe2 could be identified with
Tp and TMF with the temperature where short rang
antiferromagnetic correlations start to build up in HTSC
Our measurements set room temperature as the low
bound forTMF .

In summary, the optical response of2H-TaSe2 pro-
vides a scenario where the dynamics of the charge e
citation spectrum is dominated by two components belo
about 0.3 eV. There is a Drude term which narrows pro
gressively with decreasing temperature with a scatteri
rate following the transport properties, and a MIR absorp
tion at all temperatures, which might be associated wi
a pseudogap feature indicating a partial Fermi surfa
gapping already aboveT CDW

1 . There are strong analo-
gies with the excitation spectra of 1D systems and ev
HTSC. Particularly the pseudogap absorption seems
be a generic feature of 1D as well as 2D layered-like co
related systems. As a future outlook, it appears of im
portance to optically investigate2H-TaSe2 along the less
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conducting axis (i.e., equivalent to thec axis in HTSC)
and of intentionally and controlled doped materials, sin
defects and possibly interlayer coupling are supposed
have a strong influence on the 2D electronic properties
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