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The chemistry of new materials and the effects of chemical substitutions on physical properties continues 

to be of intense interest as it directly affects many technological fields. The synthesis and temperature de- 

pendent transport properties of GdTe 1.62 Se 0.18 were investigated revealing polaronic transport upon sim- 

ple alloying with selenium. Temperature-dependent resistivity and thermopower measurements indicate 

strong electron-phonon coupling, as compared to the few other chalcogenides that display such trans- 

port. In addition, the low thermal conductivity is intrinsic for this material, and a result of the stacking 

arrangement in the crystal structure as well as of a statistical disordered Te 2 
2– anion. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Binary lanthanide chalcogenides REX 2–δ ( RE = Y, La–Nd, Sm, 

d–Lu; X = S, Se or Te; 0 ≤ δ ≤ 0.2) continue to be intensively 

nvestigated because of the quite large structural changes that are 

ealized in only a small compositional range, as well as the physi- 

al properties variations that these structural variations induce [1] . 

he general structure of these materials can be thought of as alter- 

ating stacks of a puckered [ REX ] layer and a planar [ X ] layer. For

he case of the stoichiometric REX 2 compounds, this planar layer 

s best described as a distorted square net of X 2 
2– anions. Reduc- 

ng the chalcogenide content results in vacancies in the planar [ X ] 

ayer, which are usually compensated by the formation of isolated 

 

2– anions to maintain the overall charge in the layer [1] . Tellurides 

how significant structural differences to their sulphur and sele- 

ium counterparts as they form larger polyanionic fragments such 

s the XeF 2 analogous Te 3 
4– anion reported for RE Te 1.8 ( RE = Sm,

d–Dy) [2–4] . The REX 2–δ compounds are generally semiconduc- 

ors with decreasing band gaps, E g , in the sequence from tellurides 

o selenides and sulphides. The reported E g for the tellurides dif- 

ers slightly depending on composition, with values of 0.14 eV for 

dTe 1.89(1) [5] , 0.19 eV for GdTe 1.8 [2] and 0.04 for SmTe 1.84 [6] . We

ote that LaTe 2 is an exception to this list as metallic behaviour 

as been reported for this compound [7] . 

In addition to the interest in the structural chemistry of these 

E Te 1.8 materials, the physical properties thus far reported con- 

entrated mainly on the magnetic and electrical properties. The 
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hermal transport is much less investigated. A recent report on 

he transport properties and how chemical substitution affects the 

lectrical and thermal properties in GdTe 1.8 revealed a low ther- 

al conductivity that is presumably typical for these materials [8] . 

erein we report on the effects of Se-substitution for Te in GdTe 1.8 . 

sovalent Se was chosen for its comparable chemical behavior to 

e, i.e. no direct hole or electron doping, in order to investigate 

he temperature dependent thermal and electrical properties upon 

uch substitution. 

All preparatory steps for the synthesis were carried out in a ni- 

rogen filled glovebox. In a standard synthesis, 3 g of a stoichio- 

etric mixture of Gd 2 Te 3 , Te (Alfa Aesar, 99.999 %) and Se (Alfa 

esar, 99.9%) were placed in a quartz tube and sealed under dy- 

amic vacuum ( p ≤ 1 × 10 –3 mbar). A small amount of iodine 

~0.02 equivalents to GdTe 1.8 ) was added to the reaction mixture 

o enhance the mass transport and to ensure a complete reac- 

ion. The reaction mixture was heated to 1073 K and held at this 

emperature for 5 days. The prepared specimens were stored and 

andled in a nitrogen atmosphere. The precursor Gd 2 Te 3 was pre- 

ared analogously by reacting elemental Gd (99.5%, MaTecK) and 

e (Merck, > 99.9%, reduced in H 2 stream at 400 °C) in a glassy car-
on crucible inside a fused silica ampoule. The fine ground powder 

as heated to 1073 K and held at this temperature for 4 days. The 

mpoule was opened in the glovebox and the purity of the precur- 

or was checked by powder X-ray diffraction. 

Powder X-ray diffraction (PXRD) data of the synthesized, pow- 

ered specimens were collected on a Bruker D8 focus diffrac- 

ometer in Bragg-Brentano geometry with CuK α radiation and a 

raphite receiving monochromator. Rietveld refinement was per- 
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Fig. 1. Rietveld-refinement of the powder x-ray diffraction pattern of GdTe 1.62 Se 0.18 . 

As a starting model the crystal structure of GdTe 1.8 has been used. Upon substitu- 

tion no peak splitting or additional reflections were observed. 
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Fig. 2. Crystal structure of GdTe 1.8 . The two different layers of the general motif are 

highlighted. 

Fig. 3. Temperature-dependent ρ for GdTe 1.62 Se 0.18 , where the solid line fit is from 

the dual component Holstein model. The inset shows temperature-dependent S data 

along with a fit to this model. The fit is over the entire measured temperature 

range. 
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ormed with TOPAS, using the fundamental parameter approach 

9] . 

The specimens were ground into fine powder, sieved (325 

esh) and placed inside a custom-designed WC die and punch as- 

embly that was lined with graphite foil to prevent reactions with 

he surrounding material for densification. Densification was per- 

ormed by spark plasma sintering (SPS) under vacuum at 523 K 

nd 400 MPa for 30 minutes. The maximum temperature for den- 

ification was evaluated by differential thermal analysis and ther- 

al gravimetric analysis using a TA Instruments Q600 to ensure 

hat the specimens did not undergo oxidation or degradation dur- 

ng the densification process. 

Temperature dependent transport measurements were per- 

ormed on 2 × 2 × 5 mm 

3 parallelepipeds that were cut using 

n abrasive slurry wire saw. Temperature dependent four-probe re- 

istivity ( ρ), Seebeck coefficient ( S ) and steady-state thermal con- 

uctivity ( κ) measurements were performed on a custom-built 

adiation-shielded vacuum probe [ 10 , 11 ]. The electrical contacts 

ere made by directly soldering to Ni plated surfaces and Stycast 

poxy was used for the thermal contacts. The maximum experi- 

ental uncertainties for these measurements are 7% for ρ , 6% for 

 and 8% for κ measurements. 

Le Bail profile fitting and Rietveld refinement of the powder 

RD pattern utilizing the basic GdTe 1.8 structure indicated a small 

hrinkage of the lattice parameters compared to GdTe 1.8 ( Fig. 1 ). 

s substitution for these structures are less investigated, previous 

eports on substituting parts of the chalcogen by an pnictogen [12–

5] or by a different chalcogen [ 16 , 17 ] indicate a general trend. The

ost electronegative and electropositive element will occupy the 

uckered [ REX ] double layer, whereas the medium electronegative 

lement occupies the planar [ X ] layer [18] (see Fig. 2 ). This sug-

ests a substitution of Se on the Te site in the puckered [GdTe] 

ayer due to its higher electronegativity (2.55 vs. 2.1) [19] . Several 

eports support this hypothesis, as seen for the series LaS 2–x Se x 
0 ≤ x ≤ 2) [16] and GdSb x Te 2–x–δ [20] . In the RE SeTe 2 compound

 RE = La–Nd, Sm), which crystallizes in the directly related NdTe 3 
tructure, Se is exclusively observed in the puckered double layer 

 REX ] [21] , hinting towards a similar situation for mixed selenium 

nd tellurium compounds of a hypothetical RE Te 2–x Se x series. 

The temperature-dependent ρ data is shown in Fig. 3 , with 

he inset displaying the temperature-dependent S data. As in 

he case of GdTe 1.8 , ρ increases with decreasing temperature for 

dTe 1.62 Se 0.18 at higher temperatures, which is characteristic of 

emiconductor behaviour. The E g value can be estimated from the 

igh temperature ρ data employing a fit of the form ρ = ρ
0 

2 
xp ( E g /2 k B T ) where k B is the Boltzmann constant and T is the ab-

olute temperature. The measured band gap of 0.23 eV is simi- 

ar to that reported for GdTe 1.8 (0.19 eV) [2] . In addition, the ρ
ata displays a temperature dependence that is different from that 

f typical semiconducting behaviour, with an anomalous peak in 

he ρ vs. T data at 39 K. A structural transformation cannot ex- 

lain this dramatic change in the ρ and S data at low tempera- 

ures, and no evidence of a low-temperature structural transfor- 

ation have been observed for this structure type [ 2 , 8 ]. The local-

zed peak observed differs from the typical behaviour seen in other 

inary tellurides, such as MnTe [22] and Bi 2 Te 3 [23] , however, a 

imilar behaviour has been observed in pentatellurides, such as 

fTe 5 and ZrTe 5 , where the peak in the low temperature ρ data 

as attributed to polaronic conduction [24] . More evidence to sug- 

est polaronic conduction can be seen from the S data, as shown 

n the inset of Fig. 3 , which shows a large peak occurring at the

ame temperature as that for the ρ data. These data indicate po- 
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Table 1 

Fit parameters from the two-component model. 

B i A h E a / k B (K) T 0 (K) � (K) 

GdTe 1.62 Se 0.18 295000 260 543 39 23 
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Fig. 4. Temperature-dependent κ for GdTe 1.62 Se 0.18 . 
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aron transport [25] . The nature of this phenomena was originally 

escribed by Holstein [25] , owing the behaviour to carrier-phonon 

oupling that results in self-trapping of the carriers, defined as 

olarons. This behaviour gives rise to a maximum in ρ at lower 

emperatures due to competing mechanisms. In the low tempera- 

ure regime, the trapped carriers can form a conducting band with 

eavy mass that corresponds to an itinerant polaron band. The 

igher temperature regime is characterized by thermally activated 

nduced polaron hopping, where the polarons become localized be- 

ause of inelastic absorption and emission of phonons that begin to 

ominate [ 24 , 25 ]. The peak can be modelled using the competing

echanisms, from the itinerant polaron band and polaron “hop- 

ing”, by employing 

( T ) = 

[
f ( T ) 

ρi ( T ) 
+ 

1 − f ( T ) 

ρh ( T ) 

]−1 

, (1) 

here 

f ( T ) = 

1 

2 

[ 
1 − tanh 

(
T − T 0 

�

)] 
[ 24 ] . (2) 

Here ρ i (T) is the itinerant mechanism, ρh (T) is the thermally 

ctivated hopping, T 0 is the temperature corresponding to the 

aximum ρ and � is a constant associated with the transition 

idth determined from the experimental data. The itinerant and 

hermally activated hopping can be described by, 

i ( T ) = B i T 
2 , (3) 

nd 

h ( T ) = A h T e 
( E a / k B T ) , (4) 

here B i and A h are constants to be determined from the exper- 

mental fitting, E a is the thermal activation energy and k B is the 

oltzmann constant. The values of this fit are shown in Table 1 . 

he fit parameters B i and A h are much larger than those reported 

or ZrTe 5 , which shows much smaller peak ρ values, while they 

re similar to those reported for Ag 2 ZnSnSe 4 , a material that shows 

omparable ρ values and polaron transport [ 24 , 26 , 27 ]. The param-

ter E a is related to the upturn and sharpness in ρ(T) in the in-

ermediate range. The resistive peak occurs for our specimen at 

9 K, a lower temperature than for ZrTe 5 and Ag 2 ZnSnSe 4 , which 

ay indicate stronger carrier-phonon coupling at lower temper- 

ture for GdTe 1.62 Se 0.18 . Furthermore, the Debye temperature, ϑD , 
an be estimated using T 0 ∼= 

ϑD / 2 [ 24 , 25 ], resulting in ϑD = 78 K

or GdTe 1.62 Se 0.18 . The � value is similar to that reported for ZrTe 5 
nd describes the width of the peak and thus the transition to the 

uantum-mechanical transitions at low temperatures. 

The inset of Fig. 3 shows the S vs. T data, with a large negative

eak in S at the same temperature as that for ρ . At temperatures 

elow this transition, S tends to zero, as would be expected, while 

bove the transition S becomes smaller in magnitude before turn- 

ng positive and relatively constant as charge carriers are no longer 

rapped at higher temperatures. A fit to the S data of the form, 

 ( T ) = [ f ( T ) ] [ D S ] [ −cT ] + [ 1 − f ( T ) ] [ S H ] (5) 

s also shown in Fig. 3 , where D S , c and S H are constants deter-

ined from the fit. The value of c that we obtain is 0.85, which

elates to the number of polarons per available site. This value is 

arger than that reported for HfTe 5 and suggests a larger effec- 

ive polaron concentration [24] , which is consistent with the larger 

agnitude of the S and ρ peaks observed here for GdTe Se . 
1.62 0.18 

3 
The κ values measured for GdTe 1.62 Se 0.18 ( Fig. 4 ) are relatively 

ow and comparable to chalcogenides such as Bi 2 Te 3 alloys as well 

s other low κ materials that are of interest for potential appli- 

ations where low κ values are required, in thermoelectrics for 

xample [ 23 , 28–32 ]. The low κ values are apparently intrinsic to 

hese materials and may be attributed, in part, to the complex 

rystal structure and a statistical disorder of a Te 2 
2– fragment in 

he anionic [Te] layer. 

To conclude, we synthesized polycrystalline GdTe 1.62 Se 0.18 and 

nvestigated its structure and temperature dependent transport 

roperties for the first time. The low temperature S and ρ data 

eveal atypical transport, which can be attributed to polaronic con- 

uction, as analysed using the dual component Holstein model. 

his analysis indicates a significant electron-phonon coupling upon 

ubstitution with Se in GdTe 1.8 . In addition, the κ values are 

ow and intrinsic to this material. This work reveals how el- 

mental substitution can strongly impact transport in layered 

halcogenides, and significantly enhances our understanding of 

he structure-property relationships in layered binary lanthanide 

halcogenide materials. 
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