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Abstract. The chain-like ZrTes compound undergoes a charge-density-wave (CDW) transition at Tcpw =
63 K, most strongly affecting the conductivity perpendicular to the chains. We measure the temperature
(T) dependence of the optical reflectivity from the far infrared up to the ultraviolet with polarized light.
The CDW gap A(T) along the direction perpendicular to the chains is compatible for T' < Tcpw with the
behavior of an order parameter within the mean-field Bardeen-Cooper-Schrieffer (BCS) theory. A(T) also
persists well above Tocpw, which emphasizes the role played by fluctuation effects.

PACS. 78.20.-e Optical properties of bulk materials and thin films — 71.30.4+h Metal-insulator transitions
and other electronic transitions — 71.45.Lr Charge-density-wave systems

The physical properties of low-dimensional layered sys-
tems, like the transition metal trichalcogenides (M Xs,
M = Nb, Ta and X = Se, S) conductors, received con-
siderable attention even before the discovery of high-T,
superconductivity in the layered copper oxides [1]. Most
recently, the semi-metallic ZrTes also acquired renewed
interest because of its peculiar transport properties. Its
crystal structure (the so-called B variant) consists of infi-
nite rods formed by stacking ZrTeg prisms along the chain
b-direction. There are two identical chains connected by
inversion symmetry in the monoclinic unit cell [2], so that
in ZrTes the two neighboring chains, arranged in sheets
parallel to the transverse a-direction, are alternate chains
pair. In view of this crystal structure, one might assume
that, like in a typical d band metal as NbSes, the elec-
trical transport properties are associated with the regu-
larly spaced metal atoms along the trigonal-prism chain.
However, ZrTes undergoes a charge-density-wave (CDW)
transition at Tcpw = 63 K, which, quite astonishingly,
most strongly affects its conductivity components perpen-
dicular to the conducting chains [3]. The electrical resis-
tivity (p(T)) of ZrTes is anisotropic (pp ~ pg ~ pc/10)
and points to a two-dimensional (2D) behavior. ZrTes re-
mains metallic below the bump anomaly in p(T") along the
directions perpendicular to the chain axis, while along the
b-axis [3] it only presents an anomaly at ~55 K in the first
derivative of py. Furthermore, ZrTes displays filamentary
superconductivity below 2 K (Ref. [3]).

In the CDW state, the formation of electron-hole pairs
with wave vector gcpw, connecting (nesting) one large
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portion of the Fermi surface (FS) with another, leads to
the opening of a gap. The formation of a FS energy gap
is a fundamental quantum phenomenon in solids, because
thereby the system of interacting electrons can stabilize
a broken symmetry ground state. The precise measure-
ment of the (CDW) gap permits furthermore a meaning-
ful comparison to microscopic theories [4]. The residual
metallicity below Tepw is due to the deviation from per-
fect nesting, which leaves pockets of itinerant carriers [5].
ZrTes, like other spin and charge density wave systems
(as Cr, NbSes or CeTes, Ref. [4]), is then of interest for
studying the impact of the CDW collective state on the
metallic properties.

We provide here the first comprehensive study of the
anisotropic optical response of ZrTes over a broad spec-
tral range and as a function of temperature (T"). Previous
optical spectroscopy measurements [6-8] were performed
at 300 K or over an insufficient energy range, to estab-
lish the relevant energy scales associated with the collec-
tive CDW state. Our optical conductivity along the di-
rection perpendicular to the chains shows a redistribution
of spectral weight from low to high frequencies with de-
creasing T. We determine the bulk CDW gap [5], which
turns out to greatly follow the BCS behavior of an or-
der parameter for T' < Topw. The gap feature already
develops at T above Tcpw. This indicates that the pre-
cursor effects of the CDW phase transition play a relevant
role. Such fluctuation effects strongly influence the nor-
mal state properties. The excitation spectrum of ZrTes
is quite reminiscent of that of complex materials exhibit-
ing pseudo-gaps in some directions, as in certain phases of
cuprates [9].
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ZrTes single crystals were prepared by chemical va-
por transport [10,11]. An almost stoichiometric mixture
of powdered Zr and Te, having a slight excess of Te, was
enclosed in an evacuated and sealed quartz ampoule along
with iodine as the transport agent. Charge and growth-
zone temperatures were 800 °C and 750 °C, respectively.
The crystals have flat large surfaces (~2 mm x 5 mm),
and are elongated along the chain b-axis. We measure the
T dependence of the optical reflectivity R(w) from the
far infrared up to the ultraviolet (i.e., between 30 and
10° cm ™!, Refs. [12] and [13]). Light is polarized along the
chain (E || b) and along the direction perpendicular to the
chain (E L b), in order to assess the anisotropic electro-
dynamic response [14]. Through Kramers-Kronig trans-
formation we extract the real part oi(w) of the optical
conductivity, representing the complete absorption spec-
trum. To this end, we employ standard high-frequency
extrapolations R(w) = w™* (with 2 < s < 4) in order to
extend the data set above 10° cm ™! and into the electronic
continuum. R(w) is extrapolated towards zero frequency
using the Hagen-Rubens (HR) law R(w) = 1—2+/(w/04c)
from data points in the 30-70 cm ™! range [15].

Our optical R(w) spectra (Fig. 1) display an overall
metallic behavior at any temperatures, and an anisotropic
behavior between the two polarization directions is ob-
served up to ~4000 cm~'. We note, however, that the
anisotropy is much less pronounced with respect to the
transition metal trichalcogenides NbSes (Ref. [16]) and
TaSes (Ref. [17]). This is due to the increased role played
by the p bands in ZrTes, if compared to the selenide sys-
tems, where the metallic (d) channel along the b-axis dom-
inates. Our R(w) measurement shows the presence of two
strong “dips” at ~2000 and 4000 cm ™! which are not ob-
served in previous optical measurements [6-8]. The dif-
ferences with earlier optical data [6-8] might be due to
a different morphology or surface roughness as well as to
different stoichiometry of previous samples. The rise of
R(w) below 2000 cm ™! defines the R(w) plasma edge, and
R(w) merges to total reflection for w — 0. A blow-up of
the spectra in the far infrared spectral range for the more
interesting F | b polarization is shown in the inset of
Figure 1.

The effective metallic component is not a simple
Drude. This is better seen in o1(w) for E L b (Fig. 2a):
besides the finite optical conductivity for w — 0, char-
acteristic for the metallic behavior, a broad maximum at
about 400 cm ™! overlaps the low frequency metallic com-
ponent. We also remark that oy(w — 0) for E || b and
E L b turns out to be rather equivalent. This further con-
firms that the contamination [14] due to the projection of
the c-axis along the a-axis is very negligible. The feature
at 400 cm ™! is strongly asymmetric and presents a large
tail towards high frequencies. Several absorptions (inset
Fig. 2a) are recognized above 10* cm ™!, which are ascribed
to p — d electronic interband transitions [8]. The absorp-
tions at 400, 3230 and 4840 cm™! (inset Fig. 2a) bear
some similarities with band features recently observed by
ARPES experiments [18,19]. The feature at 400 cm ™! may
be compatible with an electron pocket at the B-point of
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Fig. 1. (Color online) Reflectivity spectra R(w) of ZrTes for
both polarization directions (E || b and E L b) from the far
infrared up to the ultraviolet. Inset: R(w) of ZrTes in the far
infrared range at 150 and 10 K for the £ 1 b polarization.
The dotted line is the low frequency HR extrapolation for w <
30 cm™h

the Brillouin zone (BZ), associated with a saddle point
characterized by a large density of states [19]. The excita-
tion at 3230 cm~! may be related to a strong maximum,
due to a big hole pocket [18], at the I'-point of BZ. At
the B-point, the ARPES spectra also suggest the pres-
ence of a minimum in the electronic band structure, which
could lead to the electronic optical transition at 4840 cm ™!
(Ref. [18]). The agreement among ARPES data [18,19]
with specimens from different growths and the fair con-
sistency between our optical data and the ARPES results
emphasize the good quality of our specimen.

By decreasing T" down to 10 K, we clearly observe a
depletion of R(w) below ~1000 cm~! (Fig. 1). Such a de-
pletion is more pronounced in the case of the £ 1 b po-
larization. Furthermore, an enhancement of tiny infrared
features (particularly at 180 and 270 cm™!, inset Fig. 1
and Fig. 2a) is observed with decreasing T'. These features
might be due to the presence of so-called phase phonons
[16,17,20], arising from the coupling of the CDW conden-
sate with the lattice degrees of freedom [21].

We consider the partial sum [13]

su(r) = [ " 1w, T)dw, 1)

where w, ~ 630 cm ™! is defined as the frequency at which
all o1(w) curves for E L b cross (Fig. 2a). Below w,,
there is a depletion of Sw with decreasing T', which is
transferred at higher energies [22]. The redistribution of
Sw is a typical signature for the opening of a gap [5],
as a consequence of the CDW phase transition. Since
Joi1(w)dw ~ L (where n is the charge carriers density,
and m is their effective mass), o(T") = Sw(T)/Sw (150 K)
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Fig. 2. (Color online) (a) Real part o1(w) of the optical con-
ductivity in the infrared range at selected T, for light polar-
ization F 1 b. The upwards arrow indicates w., the frequency
at which the o1(w) curves cross. Inset: o1(w) at 10 and 150 K
(E L b) from 10® up to 10° cm™'. w* (downwards arrow) is
the cut-off frequency for the integration in equation (4) (The
reader should note the use in this inset of the logarithmic en-
ergy scale). (b) oratio (see text) at selected T for E L b. The
bold segments indicate the linear extrapolation of oo to-
wards the frequency axis at 2A so that oratio(24) = 0, defin-
ing the CDW gap. Inset: a(T") = Sw(T)/Sw (150 K), obtained
from equation (1) for both polarization directions [23]. The
bold dashed line marks Tcpw = 63 K from the resistivity mea-
surement [3]. (¢) oratio at selected T for E || b.

estimates the portion of F'S which remains ungapped [23].
The inset of Figure 2b shows a continuous decrease of
a(T'), which becomes more pronounced below 70 K i.e. in
the proximity of Tcpw. From our data, we can establish
that 86% of the F'S present at 150 K still survives at 10 K
for E L b. The same analysis in terms of Sw(T'), applied
to the data for E || b polarization, leads to qualitatively
similar results, even though the T' dependence of «(T')
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is weaker (inset Fig. 2b). The cut-off frequency in equa-
tion (1) was chosen to be w. ~ 570 cm~! for E || b. A
“kink” in «(T) is also present at ~63 K, and the FS por-
tion remaining ungapped at 10 K is larger than 90%. For
both polarizations, even the ratio of the squared plasma
frequencies at 10 and 150 K, obtained by the Lorentz-
Drude analysis [12,13], leads to equivalent estimations of
the FS gapping. These latter findings extracted from our
optical data are in fair agreement with the rough estima-
tion of the FS gapping from the anomaly at Tepw in p(7T'),
as performed by Ong and Monceau for the transport prop-
erties of NbSes (Ref. [24]). Our determination of the FS
gapping confirms that the CDW phase transition along
the chain direction is much less affecting the F'S of ZrTes.
It is worth reminding that also in the structurally closer
TaSes compound a large FS pseudo-gapping is observed
along the direction perpendicular to the chains [17].

We now assume that o1(w) can be described by two
parallel conducting channels (01 = 014 + 015, Fig. 2¢).
We further postulate that these two channels have the
same frequency dependence in the normal state (i.e.,
oV, (w) = B-0];(w), B being a constant), but one of them
(014) is affected by the CDW phase transition whereas the
other one (o1p) remains completely ungapped at low T

Therefore, since (c$PW = o1V;), we can write

g _ 014 1B (2)
N - N N
oy o4t 0B

which corresponds to the well known Mattis-Bardeen rep-
resentation [25] of the absorption spectrum in the CDW
state. It can be shown that our original assumption also
leads to oV, /o =1/(1 + 8) = . We can then define

CDW CDW
o o 1
Uratio(w) = ;_1]4\[ = < Z’N - Oé> 1—a (3)
1A 1

Oratio(w) for E L b is illustrated in Figure 2b with
a = 0.86, as estimation of the ungapped portion of the
FS at 10 K (inset Fig. 2b). For the sake of completeness,
we also display in Figure 2c¢ the outcome of this analysis,
applied to the data for E' || b with o = 0.92 (inset Fig. 2b).
This procedure permits to clearly discriminate between
the effect due to the CDW transition on channel A and
the “normal” (i.e., B-channel) background. The findings
in Figures 2b and 2c bear a striking similarity with the
theoretical predictions for a CDW system within the Lee-
Rice-Anderson approach [26]. Indeed, the peak in 0,440
at 900-1000 cm~! may be ascribed to the CDW single-
particle excitation. The onset of the gap-absorption gets
steeper with decreasing T'. Furthermore, we claim that
the formation of a peak in 0,44, for the CDW gap fea-
ture is the consequence of the so-called case I coherence
factors [13], as postulated by the BCS theory [25].

Being the direction perpendicular to the b axis mostly
affected by the CDW transition (inset Fig. 2b), we extract
the T" dependence of the CDW gap [5] for E L b by lin-
early extrapolating (bold segments in Fig. 2b) the 0,40
curves to intersect the frequency axis at w = 24, where
Oratio(2A4) = 0. As quite typical for CDW systems [4],
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Fig. 3. (Color online) Temperature dependence of the gap
values (A) as extracted from oratio, and the first moment dif-
ference d{w), normalized by their values at 10 K (see text).
The BCS temperature dependence of the order parameter for
Tepw = 63 K (Ref. [3]) is also shown for comparison.

2A(T)/kpTcpw =~ 9 is a few times greater than the ex-
pected BCS value of 3.52 (Ref. [25]), which would imply a
mean-field T2, of about 160 K. A(T)/A(10 K) is plot-
ted in Figure 3. An alternative and totally independent
procedure to extract the 7' dependence of the CDW sin-
gle particle excitation is to quantify the frequency shift
of the gap absorption. To this end, we consider the first
moment of the contribution due to the gap, defined by the
expression [27]

fow* o1 (w) - wdw n
fg)* o1(w) dw ’

with w* ~ 2230 cm™!. w* (inset Fig. 2a) was chosen here
in order to account for the spectral range within which
the T dependence of o1(w) is fully developed. We then
calculate the difference §{(w)(T) = (W)(T') — (w)(150 K)
(Ref. [23]), and plot the ratio §{(w)(T)/d{w)(10 K) in Fig-
ure 3. The fact that the T dependence of §(w) coincides
fairly well with that of A, directly extracted from o440,
demonstrates the validity of the assumptions implicit in
the overall analysis of o1(w), based on the two-channel
procedure (Eq. (3)). The small difference between the T-
dependence of A and §{w) might reside in the fact that
0{w) includes the response due to the residual ungapped
charge carriers. In passing, we note that even the determi-
nation of the shift in the resonance frequency of the peak
at about 400 cm ™ in o1 (w) (Fig. 2a), extracted within the
Lorentz-Drude [12,13] fit of o1 (w), roughly agrees with the
behavior found for §(w) and A.

In Figure 3, we also show the T dependence of the
BCS gap, which mimics the order parameter for the CDW
phase transition occurring at the critical temperature
Tcpw- Our data are in fair agreement with the BCS be-
havior up to Tcpw. Above Tcpw, the data deviate from
the BCS prediction, indicating that the gap, although
strongly reduced, remains open. We claim that CDW fluc-
tuations may explain the behavior of A(T) in the 2D
ZrTes. Precursor effects to the CDW phase transition

(w) =
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were already anticipated above by the gradual decrease
of Sw(T) (Eq. (1)) at w < w, for T < 150 K ~ T&EY
(inset Fig. 2b) and might be compatible with electron
microscopy data [28]. This suggests that the fluctuation
regime extends to T at least twice as large as Tcpw, which
is quite common in CDW systems [16,29,30]. The gapping
of FS and the corresponding depletion of Sw at Tcpw
is then a signature for the crossover into a highly corre-
lated three dimensional state with long range correlation
lengths [4].

In conclusion, we have presented a detailed optical
study on the FS gapping in the anisotropic semi-metallic
Zr'Tes. We have proposed a simple procedure for disentan-
gling the role of the gapped and ungapped parts of the FS
(hot and cold spots), which may be generalized to other
pseudo-gap systems. While behaving as a BCS order pa-
rameter, the peculiarity of the CDW single particle gap re-
sides in its development primarily along the direction per-
pendicular to the one-dimensional chain. The modulation
of the crystal structure along the perpendicular direction
is therefore the main ingredient, driving ZrTes towards
the CDW instability. ZrTes provides an ideal ground to
test the impact of the CDW phase transition and the FS
nesting on the electronic structure. Moreover, our results
vividly illustrate the importance of fluctuation effects on
the physical properties of low-dimensional conductors.
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