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Concomitant formation of a pseudogap with the $-to-f’ structural phase transition in
melt-quenched As,Te;
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As,Tes is a chalcogenide with many polymorphic phases. Of current interest are the 8 and B’ phases which
have been investigated primarily in the context of their close relationship to the isostructural topological insulator
Bi,Te;. The B-to-B’ phase transition of As,Te; exhibits a large anomaly in the resistivity that has remained
unexplained. In this work we have measured the electronic transport properties of this phase transition in melt-
quenched As,Te; via dc resistivity and infrared reflectivity measurements. A sigmoidal fit has been used to
describe the general behavior of the resistivity curves over a wide temperature range in order to characterize
how hysteresis affects the phase transition anomaly. The optical measurements have identified the formation of
a concomitant pseudogap of magnitude ~ 100 meV affecting approximately 25% of the carriers. Charge density
wave order is compatible with the formation of a partial gap as well as the observation of thermal hysteresis,
suggesting it could be responsible for the 8-8’ transition in melt-quenched As;Te;.

DOLI: 10.1103/PhysRevB.106.075104

I. INTRODUCTION

The chalcogenides are a family of layered compounds that
have been the subject of considerable interest. The crystalline
phases of these materials are found to exhibit exotic properties
including strange metallicity [1], the formation of charge [2]
and spin density waves [3], and superconducting [4] and topo-
logical insulating phases [5], typically under pressure and/or
with doping. One of the earliest chalcogenides discovered
to combine superconductivity and charge density wave order
was quasi-low-dimensional NbSe, [6]. More recently the rare-
earth metal tritellurides have garnered significant interest. In
addition to charge density wave (CDW) and superconducting
orders these low-dimensional materials such as ErTe;, TmTes,
and HoTes [7,8] exhibit spin density wave states and other
quantum collective behavior [9].

The sesquichalcogenides which have the composition
PnyChs where Pn is a pnictogen such as As, Sb, or Bi and
Ch is a chalcogen such as S, Se, or Te [10] are another
notable group of interest. Topological insulator Bi,Te; is a
well-known member of this family which becomes supercon-
ducting with doping [11-13]. Other members of this family
such as Sb,Tes, Sb,Ses, and Bi,Ses also exhibit exotic states
such as topological insulation [11-13] and, upon doping, fer-
romagnetism [14,15].

As,Tes is a layered sesquichalcogenide that has «, B,
and B’ polymorphic phases [16]. o — As;Tes is monoclinic
with space group C2/m [16] and is a typical semiconductor
with resistivity decreasing with increasing temperature [17].
B — AsyTes can be produced from o — As,Tes via a rapid
melt quench [16]. Formed in this manner, 8 — As,Tes is a
metastable phase [16]. B — As,Tes exhibits significantly dif-
ferent electronic properties when compared to o — As,Tes,
with the former showing metallic character with significantly
lower resistivity [18].
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B — As,Tes has the same rhombohedral space group R3m
as BiyTes; however, § — As,Te; has not been nearly as ex-
tensively studied experimentally, with the focus primarily
on optimizing its properties for thermoelectric applications
[16,18-20]. Theoretical investigations have, however, pre-
dicted that 8 — As,Tes is an exotic metal that will undergo a
quantum topological phase transition under pressure [21-23].

Upon lowering temperature, 8 — As,Tes undergoes a re-
versible first-order structural phase transition to monoclinic
(space group P21 /m) 8’ — As;Tes near 200 K [16]. Accompa-
nying this transition is an anomaly in the resistivity which has
been speculated to be caused by internal strain from the crystal
structure change [24]; however, the underlying mechanism for
the B to B’ phase change is still unknown.

Herein we examine the resistivity and infrared reflectiv-
ity of melt-quenched sesquichalcogenide As,Tes;. The 8 —
As,Tes formed is characterized by a high, but metallic re-
sistivity. The B-to-B’ transition is found to show temperature
hysteresis and is accompanied by the formation of a par-
tial gap. These observations are evidence that 8 — As,Tes
possesses nontrivial electron interactions at low temperature
which we suggest may be the result of the formation of a
charge density wave ordered state.

II. EXPERIMENT

We have investigated B — As,Te; using techniques in-
cluding infrared reflectivity, dc resistivity, and powder x-ray
diffraction (PXRD) with a focus primarily on the S-to-g’
phase transition.

To synthesize samples, polycrystalline « — As,Tes (Alfa
Aesar, 99.999%) was ground to a powder, placed inside a
quartz ampoule, and evacuated of air to a pressure of & 107°
torr. The ampoule was then sealed and placed in a single-zone
furnace and heated to 850 °C where it was soaked for 2 h. The
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sample was removed from the oven and rapidly quenched in a
salt/ice water bath adjacent to the oven.

X-ray diffraction (XRD) measurements were performed
using a Rigaku x-ray diffractometer. Samples were ground
into a fine powder and Bragg-Brentano focusing was used to
acquire the PXRD pattern. The resulting PXRD patterns were
analyzed with the Rigaku PDXL software utilizing crystallo-
graphic models from known literature for both the o and S
phases of As,Tes [16] and tellurium from the Crystallography
Open Database [25,26].

dc-resistivity measurements were carried out using van
der Pauw geometry in an evacuated chamber at temperatures
in the range of 20-300 K. Silver paint was used to attach
gold wires to the sample. The samples were mounted to a
cold finger with Apiezon N grease for thermal contact and a
temperature sensor was attached directly to the sample mount.
The thickness of the sample was taken into account to obtain
the temperature-dependent absolute resistivity from the van
der Pauw theory [27].

Optical reflectivity measurements were carried out on a
polished sample piece using a Bruker Michelson Interfer-
ometer and cold-finger cryostat at 30 different temperatures
between 85 K and room temperature in the midinfrared
(MIR). Absolute reflectivity was determined by using an
in situ gold deposition technique [28]. These measurements
were supplemented by far-infrared (FIR) and near-infrared
measurements at select temperatures which were interpolated
for intermediate temperatures in order to guide the low- and
high-wavenumber behavior of the model fits to the MIR re-
flectance.

III. RESULTS

A. X-ray diffraction

Figure 1 depicts the XRD patterns for the source o —
As,Tes and the melt-quenched g — As,Tes. The XRD pat-
terns acquired closely match the literature in which secondary
methods such as neutron diffraction were used to verify phase
purity[16] with the exception of a peak at 39° attributed to
a potential tellurium excess which is common in tellurium-
containing sesquichalcogenides [29].

Rietveld analysis of the XRD patterns for 8 — As,Te; was
performed to confirm the formation of majority B phase. We
investigated @ — As,Tes, B — As;Tes, and Te with our model
and acquired percent compositions of 1.8%, 93.9%, and 4.3%,
respectively, and a weighted profile residual value (Ryp) of
3.35%. Note that o — As,Te; did not appreciably change the
fit quality upon removal, and due to the overlap of a number
of peaks between it, B — As,Te; and Te, it is possible it is
overquantified. Texturing caused by preferred orientation of
the powder can cause relative intensities of peaks to vary.
From the analysis we estimate that there is a significant pref-
erential orientation towards the ¢ axis as a result of the layered
nature of the crystal structure.

B. dc resistivity

Figure 2(a) shows the resistivity of melt-quenched 8 —
As,Tes; as a function of temperature with warming and cool-
ing curves showing thermal hysteresis. The 8 — B’ phase

OL-AszTe3

B-As,Te,

'EEEE PR CEEEE R SN TN AR EE PR P

* ;000.‘000‘00“:“00‘0“00‘0“’0:““

T TP TR AR M A TR

20 25 30 35 40 45 50 55 60
20 (Degrees)

FIG. 1. XRD patterns of - and B — As,Tes. Patterns were in-
vestigated by Rietveld analysis using literature CIF files [16,25,26].
Calculated peak positions are represented in the lower panel with
diamonds (green), rightside-up (red) triangles, and inverted (yellow)
triangles representing o« — As,Tes, B — As,Tes, and tellurium peaks,
respectively. For clarity, only calculated peaks with intensity greater
than 0.5% max intensity are indicated.

transition appears prominently in the resistivity curves below
200 K as expected. The derivative of the resistivity with
respect to temperature d(p)/d(T) was evaluated for both
warming and cooling [see Fig. 2(a), inset], with the sharp
minimum characterizing the temperature of the S-to-g’ phase
transition. A hysteresis of approximately 7 K is observed
between the measured value of the transition temperature
upon warming and cooling suggestive of a first-order phase
transition.

The room temperature resistivity value measured in this
work for melt-quenched As,Te; of 223.25 x 107 Qm is of
the order of other related R3m space group sesquichalco-
genides. For example, ab-plane Bi,Te; exhibited a room
temperature resistivity value of 2 x 107> Qm [30] while
that of Bi,Se; was ~6 x 107> Qm [31]. Previous work on
pressed B — As,Tes yielded roomtemperature resistivity val-
ues of 2.2 x 107> Qm and 1.2 x 10> Qm for samples cut
parallel and perpendicular to the pressing direction, respec-
tively [24].

C. Infrared reflectivity

Figure 3 shows the experimental FIR and MIR reflectance
at selected temperatures (solid curves). At temperatures above
the B-to-B’ phase transition (290 and 250 K) the reflectance
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FIG. 2. (a) dc resistivity of melt-quenched As,Te; upon warm-
ing (square) and cooling (circle). Hysteresis between warming and
cooling measurements is observed. The inset shows dp/dT with
the minimum used to characterize the B-to-8’ transition temperature.
(b) and (c) depict the normalized resistivity acquired from optical
reflectivity fits to the gapped-Drude and Drude-Lorentz models,
respectively.
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FIG. 3. Experimental FIR and MIR reflectance at selected tem-
peratures (solid curves) with model fits (dashed curves). See text
for details. Insets: model of real frequency-dependent optical and
experimental dc conductivity normalized to 290 K dc conductivity.
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FIG. 4. A color map of the MIR reflectivity in the region of the
Drude response as a function of temperature and wavenumber.

is Drude-like with a plasma edge and well-defined minimum.
The reflectance data was fit to the Drude model (dashed curves
in Fig. 3) and a good quality fit was obtained with no need
to include any additional Lorentz oscillators. Figure S1 in the
Supplemental Material gives the room temperature reflectance
and the model fit over a wider wavenumber range extending
into the near infrared [32]. At higher wavenumber it is clear
that a complete description would require additional oscilla-
tors to represent interband transitions. The reflectivity can be
written in terms of the dielectric function according to

1— Je(w)|2

R= IH—W . ey
where the Drude model dielectric function is given by
)
€(w) = €00 — m 2)

Here €., represents the high-frequency permittivity, w),
refers to the unscreened plasma frequency—its square being
proportional to the carrier density—and y denotes the scatter-
ing rate.

To more readily visualize changes occurring with tempera-
ture, Fig. 4 shows a color map of the reflectivity in the vicinity
of the plasma minimum formed from the 30 measurements
of MIR reflectance obtained between 85 K and room tem-
perature. The plasma edge (bright) and its minimum (dark)
can be viewed in the region below approximately 1200 cm™!.
Note the distinct changes that occur below the B-to-8’ phase
transition near 190 K. The constant reflectance beyond the
plasma edge drops approximately 3% as is evident by the clear
color delineation above and below 190 K and a new feature
emerges near the plasma edge between 700 and 1000 cm™!
(marked by an arrow in Fig. 3).

All model fits were performed using the REFFIT public
domain, optical analysis software [33]. As discussed above,
in the B phase (T > 190 K) a simple Drude fit is sufficient
but upon entering the 8 — As,Te; regime a revised model is
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required to fit the data. Two models were investigated to fit
to this low temperature regime: a “gapped” Drude using the
gapped Drude function in REFFIT [34] and a more conventional
Drude + Lorentz oscillator model. Both models reproduce the
reflectivity well and as such similar conclusions are drawn
from both models in the region of the experimental data.

1. Gapped model

The gapped Drude model is given by the frequency-
dependent dielectric function:

+Ad(w), 3)

A7 0 gap (@
€(®) = €rea(®) + i%()

where €., () is the real part of the dielectric function and

Ogap(®) is a modification of the real Drude conductivity
2

w,y

47(y? + 0?) @

Oprude(®) =

by multiplying it with I'(w), a smoothed step function, as
follows:

O'gap(w) = I'(w)oprude (@), (5)

where

Mw)=1- %[1 — tanh (”;y:’g)] 6)

Here w, represents the magnitude of the gap, y, represents
the gap broadening, and the gapping fraction &, represents
the fractional carriers removed [34]. In Eq. (3), Ad(w), where
8(w) is the Dirac delta, accounts for the loss of spectral weight
due to the gap formation in order to maintain Kramers-Kronig
consistency by keeping total spectral weight constant [34].
The gapped spectral weight is thus recovered as a sharp mode
at the origin. In practice the spectral weight may be recovered
at energies higher or lower than the experimental spectral
range. Note that a similiar approach was used to model pseu-
dogap formation in YBa,Cu3Og¢., [35].

The temperature dependence of the Drude parameters and
gapping fraction obtained from the model fits can be found
in Fig. 5. As temperature increases, and a transition from the
B’ to the B phase takes place, clear changes in the optical
parameters occur. €5, undergoes an increase from ~37 to
~50. Likewise y shifts from a value of 600 cm~' (74 meV)
in the B’ phase to 480 cm™! (60 meV) at 200 K in the S phase,
followed by a linear increase to around 580 cm~! (72 meV) at
300 K.

In this model the unscreened plasma frequency w), exhibits
only a weak temperature dependence since the carriers re-
moved are accounted for by the gapping fraction. The Drude
parameters of the gapped model are constant with temperature
up until approximately 175 K where &, decreases as the ma-
terial approaches the B’-8 phase transition temperature. The
magnitude of the gap was found to be 758 =9 cm™! (94 +
1 meV), with a broadening of 39 4 cm™! (4.8 £ 0.5 meV).

The inset panels in Fig. 3 compare the experimental nor-
malized dc conductivity acquired via the resistivity at selected
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FIG. 5. Model parameters acquired from fitting the experimental
reflectivity spectra collected at each temperature.

temperatures, to the normalized real frequency-dependent op-
tical conductivity obtained from the fits to the reflectance
described above. The loss in spectral weight due to the for-
mation of the gap, that has been modeled to shift to a sharp
mode at the origin, is clearly evident upon transitioning to the
B’ phase as the normalized dc conductivity no longer matches
the zero-wavenumber limit of the real optical conductivity.

2. Drude-Lorentz model

As is common for materials exhibiting two electronic sub-
systems (see, e.g., [36-38]), in the Drude-Lorentz treatment
we have modeled the reflectivity below the 8-’ phase transi-
tion using two Drude contributions and a Lorentz oscillator as
described in the Supplemental Material [32]. The fit parame-
ters are plotted as a function of temperature in Figs. S3 and S4
of the Supplemental Material [32]. The magnitude of the gap
as given by the frequency of the Lorentz oscillator is found to
be 870 +20 cm™' (108 4 2meV), in reasonable agreement
with the gapped model given the very different mathematical
representations for the gap.

IV. DISCUSSION

A. dc resistivity

The dc resistivity exhibits a relatively sharp increase at the
temperature of the structural phase transition from g8 to 8.
This is suggestive of a reduced carrier density produced by
a reconstruction of the Fermi surface. Similar behavior has
been observed concurrent with a phase transition in other ma-
terials such as the pnictide CaFe,As, [39], the transition metal
dichalcogenide IrTe, [40], and the rare-earth ternary silicides
Lu,Ir3Sis [41] and Er,Ir3Sis [42,43]. In all of these systems
the resistivity anomaly has the distinctive shape of a tanh
curve typically superimposed on a quasilinear background.
Furthermore, hysteresis is observed between the warming and
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TABLE I. Parameters obtained by fitting resistivity to Eq. (7). The warming and cooling curves from this work (first two rows) were fit
using a temperature range from 30 K to room temperature. The last column gives the transition temperature obtained from the derivative of
the resistivity data as shown in the inset in Fig. 2(a). Rows 3-5 show the results of fitting to literature data. Note that the data curve of Ref. [16]

was normalized to room temperature. We have multiplied it by our room temperature resistivity to make the comparison more meaningful.

Data source C(Q@m/K x1077) ¢ (Qm x107°) & (2m x107°) x (1/K) Ty (K)  dp/dT min (K)
This work cooling 1.21 £0.02 2.774£0.04 6.72 £ 0.02 0.174£0.02 1817404 1845405
This work warming 1.28 +0.02 1.64 4+ 0.04 6.89 = 0.02 0.1640.02 187.6+0.5  189.0+0.5
Normalized melt quenched [16] 1.42 £0.05 6.340.1 4.57+0.04 020+0.01 192.8+£0.1  190.1+0.5
Perp. pressed warming [24] 0.25 £ 0.02 6.02 £ 0.03 1.734£0.02  0.064+0.002 188.34+0.2 186 +£3
Perp. pressed cooling [24] 0.25 +0.02 5.8740.04 1.934+0.02  0.058+0.002 182.940.2 18241

cooling resistivity curves. As shown in Fig. 2(a) a clear hys-
teresis is observed across the B-to-8’ phase transition which
was also remarked on by Vaney et al. [24].

Notably, 8 — As;Te; and B’ — As,Te; are observed to
have approximately parallel quasilinear resistivity regimes
outside the region of the phase transition. To characterize the
B-to-B’ phase transition as observed in the resistivity we fit
both the warming and the cooling curves to the following
phenomenological equation at temperatures from 30 to 300
K:

p(T) =c+¢T — k tanh[} (T — Ty)]. (N

Here ¢ and c represent the slope and level-adjust fitting
parameter, respectively, of a slope invariant T -linear resistiv-
ity across a phase transition. « represents the amplitude of
the steplike signature of the phase transition and x represents
its temperature broadening. Tg represents the temperature of
the phase transition. Note that in the zero temperature limit
tanh[x (T — Tp)] — —1 and thus ¢ + « represents the resid-
ual resistivity. The results of this analysis can be found in
Table I and the fits compared to experimental data can be
viewed in Fig. 6 confirming that a singular slope models the
general behavior of the resistivity over a wide temperature
range (=30 to 300 K in the warming curve).

To appreciate the effect of the synthesis method on the
resistivity we also applied this model to the room temper-
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FIG. 6. Experimental dc resistivity compared to a fit to Eq: (7)
upon warming (lower panel) and cooling (upper panel). The inset
shows the low temperature data compared to a 72 fit using Eq. (8).

ature normalized resistivity of melt-quenched As,Te; from
Ref. [16] as well as to the ground and pressed samples of
Ref. [24]. We scaled the normalized resistivity of Ref. [16]
to our room temperature resistivity to facilitate comparison.
The results are included in Table I. Comparing these val-
ues we note that the slope (¢) is considerably greater in the
melt-quenched samples than in the pressed samples, indicat-
ing that the melt-quenched samples exhibit a much stronger
temperature dependence. This conclusion also holds if nor-
malized resistivity is considered. The fractional increase in
resistivity at the 8-to-g’ phase transition relative to the room
temperature resistivity in melt-quenched samples, « /0290 k,
is significantly enhanced over that in pressed samples, and
is also broader (larger x). The level-adjust parameter, c, is
lower for the samples of this work than those in the literature.
Generally Eq. (7) fit the melt-quenched samples best, with
the resistivity of the ground and pressed sample measured
parallel to the pressing direction deviating more strongly from
T-linear behavior below the phase transition [24]. As the
pressed samples exhibit anisotropy, this process causes some
preferential orientation and suggests the 7'-linear behavior in
the B’ phase is characteristic of the layers which are likely ori-
ented preferentially with their normal parallel to the pressing
direction.

The T-linear contribution, ¢, can be used in conjunction
with the Wiedemann-Franz law in order to estimate the elec-
tronic component of the thermal conductivity. Using the Som-
merfeld Lorentz number of 2.44 x 1078 WQ/K? we arrive at
a value of 0.23 W/(m K). This result is less than previously
documented total thermal conductivity [24], which is expected
as the total thermal conductivity has both electronic and lattice
contributions.

The phase transition temperature acquired via this fit
procedure on the resistivity data, Tp, compares well
with the phase transition temperature derived from the
d(p)/d(T) minimum shown in the inset of Fig. 2(a)
suggesting that both methods provide a reasonable as-
sessment of the temperature at which the transition
occurs.

From Fig. 6 it is clear that at low temperature the resistiv-
ity deviates from quasilinearity and appears to exhibit a 7>
dependence as expected for electron-electron interactions in a
Fermi liquid. The inset in Fig. 6 shows a fit to Eq. (8) below
30 K for both warming and cooling curves. The parameters of
the fits are given in Table II.

p=vT*+C. (8)
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TABLEII. Resistivity fit parameters acquired by fitting to Eq. (8)
at low temperature for both warming and cooling.

Heating direction v (2 m/ K2 x1079) C(Q m x1079)
Cooling 2.054+0.02 1.10 £0.01
Warming 1.41 £0.03 1.13£0.02

B. Infrared reflectivity

As seen in Fig. 4 the optical reflectance of g — As,Tes
varies only subtly with temperature, and can be modeled as a
simple Drude metal. Only upon transitioning to 8’ — As,Tes
below ~ 190 K does the material begin to exhibit a more com-
plex reflectivity spectrum characterized by a decrease in the
constant reflectance beyond the plasma edge and the appear-
ance of an additional feature, associated with the formation of
a pseudogap at the B-to-f’ phase transition.

1. Gapped model

A visualization of the gapped model we used to character-
ize the pseudogap formation is shown in Fig. 7. Figure 7(a)
depicts the Drude conductivity (normalized to 290 K) cor-
responding to wp ~ 6200 cm™! and ' &~ 620 cm™' (the
Drude fit parameters at 85 K) as well as the corresponding
fully gapped real optical conductivity with a gap of 766 cm™!
and broadening of 39 cm™' (gapped model fit parameters at
85 K). Figure 7(b) shows the real optical conductivity corre-
sponding to the model fit to our experimental reflectance at
85 K (dashed curve). The ungapped (red curve) and gapped
(blue curve) contributions that make up the total real optical
conductivity are also depicted. In this example we have a
gapping fraction, &, of ~0.25.

In this case Eq. (5) is equivalent to

Ogap(@) = 0.75 oprude (@) + 0.25 o6 (w), 9

where opnge and o are, respectively, the fully ungapped
and fully gapped real optical conductivity curves shown in
Fig. 7(a).

Physically the gapped model is describing the contribu-
tions of three electronic channels: the charge carriers that have
been gapped (channel A), those that remain normal (chan-
nel B), and those contributing to a sharp mode at the origin
(channel C). The channel A carriers do not contribute to the
real optical conductivity until enough energy is available for
excitation across the gap, and hence contribute no spectral
weight below the gapping frequency. This implies that, despite
25% of the carriers participating in channel A, at frequen-
cies above the gap, channel A carriers with enough energy
contribute spectral weight. The actual missing spectral weight
thus amounts to & 15% of the total spectral weight of opryde
in the region below 5000 cm~!. The missing spectral weight
is shown in Fig. 7(c) (see below also).

In general, due to the optical sum rule, missing spectral
weight must be recovered at either lower or higher energy. In
this case, since the low-frequency limit of the real optical con-
ductivity does not match the dc conductivity, we assume that

1 : \ Fully Gapped Drude (o,,) ' 1 1 = . 1 i
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FIG. 7. (a) Example real ungapped (opn¢.) and gapped (o)
Drude conductivity. Model parameters are given in the main text.
(b) Real optical conductivity (ogp) at 85 K (dashed curve) is com-
prised of both gapped and ungapped contributions (labeled channel A
and channel B, respectively). (c) Shaded region shows the difference
spectral weight of our model (0g,p, lower curve) and a fully ungapped
Drude using the same parameters (0ppde, Upper curve). (d) Missing
spectral weight is modeled as a narrow Drude contribution with
higher effective mass. See the main text for details. (e) Effective mass
and (f) scattering rate as a function of wavenumber from an extended
Drude analysis of the partially gapped model whose real optical
conductivity is presented as a dashed curve in (b). The horizontal

axis of all inset graphs is in cm~!.

it goes into a mass-renormalized peak at the origin (channel
C) with a scattering width below the experimental spectral
range. To estimate its contribution we used the dielectric
function from our fit to calculate the frequency-dependent
mass and scattering rate according to the extended Drude
model [34,44]. This is shown for the 85 K fit in Figs. 7(e) and
7(f) from which we find the effective mass ratio m*/m, ~ 7
near the origin. These curves were generated using the values
of w, and €4, plotted in Fig. 5 derived from the 85 K model
fit. The missing spectral weight, AA, is shown as the shaded
region between our real model optical conductivity, oy (@),
and the corresponding ungapped real Drude conductivity,
0prude (@), in Fig. 7(c) and can be calculated by subtracting
the integrated spectral weight of the model from that of the
corresponding ungapped Drude model according to

o0 0
AA = / ODrude (W)dw — / O'gap(w)da)
0 0

w;z 2rc  m*
T8 9x10m,’ (10)
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FIG. 8. The 85 K Drude-Lorentz model compared to the gapped
model, also at 85 K. The shaded regions (a) and (b) represent the two
Drude contributions and (c) represents the Lorentzian contribution to
the conductivity. The two models deviate below the effective range
of the MIR experiment.

Here w}, represents the plasma frequency of the mass renor-
malized sharp mode (channel C) that, when added to channels
A and B, satisfies the optical sum rule and 2wc/9 x 10"
is a conversion factor when the optical conductivities are in
Q lem !, w, is in cm™!, and ¢, the speed of light, is in
cm/s. To match the dc conductivity we found the narrow
mode (modeled as a Drude oscillator) has a scattering width of
12 cm™!, below our experimentally accessible spectral range.
The result is shown in Fig. 7(d) where the lower shaded
curve shows this mass-renormalized contribution, the dashed
curve shows the real model optical conductivity obtained from
the fit to the experimental reflectance, and the solid curve
shows their sum which matches the dc conductivity in the
zero-frequency limit. Note that while the model assumes all
of the missing spectral weight is recovered via a narrow oscil-
lator at zero frequency, it is also possible that some moves to
higher energies beyond the measurement range, in which case
the mass-renormalized zero-frequency oscillator would have
less spectral weight, and would be even narrower in order to
match with the dc conductivity.

2. Comparison to Drude-Lorentz model

Both the gapped model and the Drude-Lorentz model fit
the experimental reflectivity curves well in the region of the
acquired data and confirm the need for an additional model
contribution below the temperature of the phase transition
which is attributed to excitation of carriers across a partial gap.
The real optical conductivity from the 85 K Drude-Lorentz fit
is compared to the gapped model in Fig. 8 with the shaded
regions representing the contributions that form the double-
Drude + Lorentzian conductivity. Both models are virtually
indistinguishable above 250 cm™!.

As observed in Fig. 8 with the addition of the second Drude
term, the Drude-Lorentz model reproduces the expected low
temperature real dc conductivity without mass renormaliza-
tion. However, as seen in Fig. S2 of the Supplemental Material
at temperatures in the vicinity of the phase transition the

agreement is poor, with the model overshooting the measured
dc conductivity [32]. This is further evident when the mea-
sured dc resistivity shown in Fig. 2(a) is compared to the
optical resistivity of both models in Figs. 2(b) and 2(c). While
the gapped model reproduces the steplike increase at the phase
transition, the Drude-Lorentz model does not. The gapped
model does not exhibit the expected metallic linear tem-
perature dependence below the phase transition, presumably
due to the need to add the narrow mass-renormalized zero-
frequency oscillator modeled at low temperature in Fig. 7.
To definitively confirm the low-frequency behavior of the
optical conductivity, low temperature terahertz spectroscopy
is required.

3. Proposed pseudogap origin

In addition to the concomitant partial gap formation
observed in the optical properties, the similarities in the re-
sistivity signatures at the 3-8’ phase transition in As,Tes, and
at the CDW transitions in other materials such as Er,Ir3Sis
[42,43], CuySe [45], and NbSe, [6], suggests that the S-to-
B’ transition may be caused by the formation of a charge
density wave. In CDW order, periodic modulations of the
charge density cause a reorganization of the Fermi surface
which lowers the overall energy, leading to the formation of
an energy gap, and often an accompanying structural phase
transition. Support for this interpretation comes from XRD
and neutron scattering measurements that have confirmed
that the monoclinic distortion at the S-to-g’ phase transition
is accompanied by a fourfold modulation along the b axis
[16]. Additional experimental evidence for CDW order comes
from the hysteresis observed in the dc resistivity. Thermal
hysteresis behavior is a common feature of the CDW tran-
sition. It is believed to be caused by pinning of the CDW
phase to impurities [46]. As a result of the Fermi surface
reconstruction different metastable states may occur and ther-
mal history becomes important in determining the properties
near the transition. The presence of lattice defects arising from
the polycrystalline synthesis of melt-quenched As,Tes; and
the tendency of sesquichalcogenides to have non-negligible
antisite doping [29], suggests that pinning of a CDW is a
possible explanation for the thermal hysteresis observed in the
dc resistivity at the -8’ phase transition in As;Tes.

Two- and three-dimensional materials that undergo a CDW
transition such as the rare-earth (R) tritellurides, RTe; [7,8],
VS62 [47], }'}—M04011, )/—M04011 [48], and CSV3Sb5 [38]
remain metallic, due to the opening of only a partial gap on
the Fermi surface. The real optical conductivity below the
CDW transition generally shows a reorganization of some of
the spectral weight into a narrow, Drude-like response and
high-frequency tail that deviates from the Drude form and
results from single-particle excitations across the gap. Similar
to our results for 8/ — As,Tes, in VSe, [47], n-Mo40y;, and
y-Mo40O;; [48], the dc conductivity is significantly higher
than the low-frequency limit of the experimental real optical
conductivity at low temperature in the CDW state, and is
reconciled via a narrow mode at the origin below the experi-
mental spectral range. It might be tempting to attribute this to
a sliding collective mode of the CDW as has been suggested
for VSe, [47]; however, the response of the considerable
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residual metallic component is expected to screen optically
active modes including collective modes. Furthermore, the
hysteresis in the dc resistivity of As,Te; indicates significant
pinning so that the optical reflectance measurement (which
invokes an ac as opposed to dc field) is unlikely to induce
strong enough electric fields.

V. CONCLUSIONS

In this work we have investigated the transport and op-
tical properties of melt-quenched As,Te; via dc resistivity
and optical reflectivity experiments. We implemented a phe-
nomenological fit to analyze the B-to-B’ phase transition
signature in the dc resistivity, and observed slope invariance
across this transition. The simple model used has been shown
to fit quite well over a wide range of temperatures whilst rea-
sonably reproducing the -to-’ anomaly. The 72 dependence
of the resistivity below approximately 30 K, indicates that
electron-electron interactions characteristic of a Fermi liquid
dominate at the lowest temperatures despite 8’ — As,Tes be-
ing a poor metal with high resistivity. Optical measurements
suggest that the anomaly accompanying the B-to-8’ phase

transition in the resistivity is due to the formation of a partial
gap of magnitude ~ 100 meV (taking into account the results
of both models) on the Fermi surface affecting approximately
25% of the conducting electrons. Based on these observations,
and the thermal hysteresis observed in the phase transition in
the dc resistivity, we propose that the S-to-8’ phase transition
could be the result of CDW formation. With the observation
of low-temperature electronic instability in As,Tes, comes
the possibility that chemical doping and/or substitution may
lead to the emergence of new phenomena allowing further
tuning for applications, towards a quantum critical point or
a topological insulating state.
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