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Abstract: 

FeAs2-xSex (x = 0.30 – 1.0) samples were synthesized as phase pure powders by conventional 

solid-state techniques and as single crystals (x = 0.50) from chemical vapor transport. The 

composition of the crystals was determined to be Fe1.025(3)As1.55(3)Se0.42(3), crystalizing in the 

Marcasite structure type, Pnnm space group. FeAs2-xSex (0 < x <1) was found to undergo a 

Marcasite-to-Arsenopyrite (P21/c space group) structural phase transition at  x ~ 0.65. The 

structures are similar, with the Marcasite structure best described as a solid solution of As/Se, 

whereas the Arsenopyrite has ordered anion sites. Magnetic susceptibility and thermoelectric 

property measurements from 300 – 2 K were performed on single crystals, FeAs1.5Se0.50. 

Paramagnetic behavior is observed from 300 to 17 K and a Seebeck coefficient of -33 µV/K, an 

electrical resistivity of 4.07 mΩ-cm,  and a very low 𝜅𝑙 of 0.22 W/mK at 300 K are observed. In 

order to determine the impact of the structural transition on the high temperature thermoelectric 

properties,  polycrystalline FeAs2-xSex (x = 0.30, 0.75, 0.85, 1.0)  samples were consolidated into 

dense pellets for thermoelectric properties measurements. The x = 0.85 sample shows the best 

thermoelectric performance. The electronic structure of the FeAsSe was calculated with DFT and 

transport properties were accurately modeled above 500 K. 
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1. Introduction 

Thermoelectric generators are regarded as highly reliable systems that provide power in areas 

where access is restricted, such as remote geological sites or deep space.1 They can also be used 

to convert waste heat into electricity in applications such as power plants and cars, but 

widespread use has been hindered by low efficiencies compared to other heat engines due to low 

material efficiencies which has spurred a decades-long search for more efficient thermoelectric 

materials.1-4 Thermoelectric generators turn heat directly into electricity by the Seebeck effect 

where charge carriers are driven from hot to cold to relive thermal energy. The efficiency of a 

thermoelectric material is defined by zT =  (
𝑆2𝑇

𝜌𝜅
) where S is the Seebeck coefficient (µV/K), T 

is the absolute temperature (K), ρ is the electrical resistivity (mΩ-cm), and κ is the thermal 

conductivity (W/mK). Strategies for improving zT have included band structure engineering for 

Seebeck optimization, substitutional alloying to increase the power factor 𝑃𝐹 =  (
𝑆2

𝜌
), alloy 

scattering, and nano-structuring to reduce thermal conductivity.2, 5-6 

A promising thermoelectric material is FeAs2 which crystallizes in the Marcasite (Pnnm) 

structure (Figure 1A).7 FeAs2 has a colossal thermopower of 200 µW/K2cm at 30 K and peak 

Seebeck of -7000 µV/K at 12 K.8 A thermopower of over 140 µW/K2cm is retained at 60 K, but 

thermal conductivity peaks at 1200 W/mK at 20 K and remains over 300 W/mK at 60 K, 

consequently the peak zT is 0.0028 at 30 K.7 This material could be made viable by reducing the 

thermal conductivity by alloy scattering.  

Wold et al. have shown that FeAs2 can be alloyed with Se.9 The solid solution of FeAs2-xSex 

(x = 0, 0.06, 0.13) was synthesized. For every Se substituted with As, one extra electron is added 

to the system and the carrier concentration increases therefore decreasing the Seebeck coefficient  

(-200 µV/K, -59 µV/K, -39 µV/K). 9-10  

The iron dichalcogenides (FeX2, X = S, Se, Te) have also been synthesized. FeS2 crystalizes 

in the cubic pyrite (Pa3) structure, while FeSe2 and FeTe2 crystalize in the Marcasite structure 

(Pnnm).11 They are all semiconducting and have p-n transitions at 300 K, 500 K and 400 K, 

respectively.11 FeSe2 has a large Seebeck coefficient of 320 µV/K at 300K. 

Inspired by the large Seebeck coefficient observed in FeAs2 and FeSe2, we launched the 

investigation of FeAsSe and solid-state solutions of FeAs2-xSex (0 < x < 1) with the goal of 
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minimizing the κ and improving the 𝑧𝑇. The two end members of the FeAs2-xSex solid-state 

solution, FeAs2 and FeSe2 crystallize in the Marcasite structure type while  FeAsSe, crystalizes 

in the Arsenopyrite (P21/c) (Figure 1B) structure type.  In the Marcasite structure, As and Se 

atoms are disordered and occupy the same site (Figure 1A), but are ordered with distinct sites in 

the Arsenopyrite structure type (Figure 1B). FeAsSe  has a reported bandgap of 0.60 eV, which 

is encouraging, because narrow bandgap semiconductors such as FeAs2 and FeSb2 have large 

thermopowers at low temperatures.8, 12-14  

 
Figure 1: A view of the similar Marcasite (A) and Arsenopyrite (B) structures. Color code: Fe = 

green, As = grey, Se = red. 

In this paper, we report the synthesis, magnetic properties, and thermoelectric properties of 

polycrystalline samples of FeAs2-xSex (x = 0.30 – 1.0),  and  single crystals of FeAs1.5Se0.50. First 

principles calculations were made to compare the theoretical and experimental properties and 

evaluate the predictive power of current computational tools for this area of research. 

 

2. Experimental Section 

2.1 Materials. 

  Iron (99.998 wt. %, Alfa Aesar), arsenic (99.99 wt. %, Alfa Aesar), and selenium powders 

(99.999 wt. %, Alfa Aesar) were used. Starting elements were weighed and mixed in an Ar-filled 

glove box (O2 < 1 ppm, H2O < 1 ppm). 

2.2 Polycrystalline Synthesis.  

FeAs2-xSex (x = 0.30 – 1.0)  polycrystalline samples were synthesized by conventional 

solid-state methods. Iron, arsenic, and selenium powders were ground thoroughly and pressed 

into a pellet in the ratio of desired Fe: As: Se composition. The pellet was transferred into a silica 

tube (I. D. = 9.5 mm) and sealed under vacuum (< 10-3 mbar). The ampule was heated in a 

furnace to 650 °C within 1 day, held at that temperature for 10 days,  and then cooled to room 
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temperature within 6 hours. It was noted that a small amount of selenium deposits on the top of 

the pellet after the reaction.  

CAUTION: Finely divided metals are air and water reactive and should be handled in an inert 

atmosphere. Arsenic is toxic and should be handled with care and proper personal protective 

equipment. 

2.3 Single Crystal Growth.  

 The mixture of elements (Fe: As: Se = 1:1:1, total 500 mg) and 6 mg AlCl3 used as a 

transport agent were loaded at the end of a silica tube (I. D. =13 mm, L = 22 cm) sealed under 

vacuum (< 10-3 mbar). The ampule was placed in a horizontal three-zone furnace of which two 

zones were used as resource zone (T2 = 800 °C) and growth zone (T1 = 765 °C).  The furnace was 

heated to targeting temperatures within 2 days, kept at those temperatures for 2 weeks and cooled 

down to room temperature within 6 hours. Rectangular-like crystals (L ~4 mm, W ~2 mm, H ~1 

mm) were grown at the growth zone. 

2.4 Spark Plasma Sintering (SPS).  

About 1 g of polycrystalline sample was loaded into a 12.7 mm graphite die hermetically 

sealed with graphite foils and graphite plungers. The sample was consolidated in a Dr. Sinter 

Junior Spark Plasma Sintering system (Fuji Electronic Industrial Co., LTD) under ~385 torr of 

Ar. The sample was heated to 565 °C over 7 min, then to 615 °C in 1 min, and dwelled at 615 °C 

for 10 min. The applied pressure was increased from 40 MPa to 87 MPa on the cross section 

from 240 °C, the onset of self-consolidation, to 530 °C. The result was a black disk that was cut 

and polished for property measurements. The density of the disk was measured geometrically 

and was found >95% of crystallographic density for all samples. Sample purity for the FeAsSe 

sample after SPS was confirmed by powder X-ray diffraction (Supporting Information (SI), 

Figure S1). 

2.5 Synchrotron and Laboratory Powder X-ray Diffraction (PXRD). 

 Room temperature synchrotron PXRD (λ = 0.414532 Å) data were collected in the 2θ 

range from 0.50 to 50° at the 11-BM beamline at the Advanced Photon Source (APS) of Argonne 

National Laboratory. Laboratory PXRD data were collected on a Bruker D8 Advanced 

diffractometer (Cu K𝑎  = 1.5418 Å ). Rietveld refinement of the collected data was carried out 

with the FullProf package.15 Collected laboratory PXRD patterns of FeAs2-xSex (x = 0.30, 0.50, 

0.60, 0.65, 0.75, 0.85, 1.0) are shown in Figure S2.  
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2.6 Single Crystal X-ray Diffraction.   

Room temperature FeAs1.50Se0.50 single crystal X-ray diffraction data were recorded on a Bruker 

Smart diffractometer with an APEX CCD detector and graphite-monochromatized Mo K𝑎 

radiation. The data were corrected for absorption via multi-scan with Bruker SAINT software 

(SADABS method).16  The crystal structure of FeAs1.50Se0.50 was solved in the Pnnm space 

group (Marcasite structure type) and refined with SHELXL (2016) program.17 During the 

refinement, the As and Se positions were constrained with equal atomic displacement parameters 

because As and Se atoms are disordered and occupy the same site. The initial refined occupancy 

of Se atoms on the As/Se site was close to 25%. Based on the composition obtained from energy 

dispersive spectroscopy, the final occupancy of Se atoms on the As/Se site was fixed at 25%, 

which yields the formula FeAs1.50Se0.50. A summary of selected details of single crystal structural 

refinement is provided in Table 1 and a table of fractional positional coordinates and anisotropic 

thermal parameters is provided in Table S1.  

2.7 Electron Microprobe Analysis (EMPA). 

EMPA was carried out on FeAs1.5Se0.5 single crystal and FeAsSe pellet. Samples were 

embedded in epoxy and polished to a 0.25-µm finish for elemental mapping and compositional 

analysis. A Cameca SX-100 electron microscope with five wavelength dispersive spectrometers 

was used for the analysis. The Kα1 of a InAs crystal, Kα1 of a Fe single crystal, and Kα1 of a Se 

crystal were used to calibrate the stoichiometry of Fe, As, and Se, respectively. 10 points were 

used to calculate the composition of the polycrystalline and single crystal samples. Elemental 

mapping was conducted to confirm the homogeneity of the samples. X-ray mapping of the 

FeAsSe pellet is shown in Figure S3.  

2.8 Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS).  

Elemental analysis of FeAs2-xSex (x = 0.30, 0.75, 0.85) samples were conducted using 

SEM-EDS. SEM was performed using a Scios Dual Beam system (SEM and Focused Ion 

Beam(FIB)) equipped with an Everhart-Thornley secondary electron detector.  EDS data were 

collected using a window less Oxford instruments X-max 50 equipped with a 50 mm2 Si drift 

detector. Backscattered electrons (BSE) images of FeAs2-xSex (x = 0.30, 0.75, 0.85) with Fe, As, 

and Se X-ray elemental maps are shown in Figure S4. 

2.9 Low-Temperature Thermoelectric Properties.  
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The Seebeck coefficient and thermal conductivity were measured on the FeAs1.50Se0.50 single 

crystal using the thermal transport option (TTO) of a Quantum Design (QD) Physical Property 

Measurement System (PPMS). The FeAs1.50Se0.50 single crystal was attached to two gold-coated 

copper leads with silver epoxy for measurement. Temperature dependent resistivity data were 

collected from 2 to 300 K using the PPMS alternating current (AC) transport option. A four-wire 

geometry was employed with silver epoxy and platinum wires. Experimental data were fit with a 

sixth order polynomial for zT calculation.  

2.10 High-Temperature Thermoelectric Properties.  

Polycrystalline FeAs2-xSex (x = 0.30, 0.75, 0.85, 1.0) samples consolidated by SPS were polished 

flat and parallel for high temperature measurements. A Netzch LFA 457 laser flash system was 

used to measure the thermal diffusivity (D). Thermal conductivity (𝜅) was calculated using the 

following equation: 𝜅 = 𝐷 ×  𝐶𝑃 ×  γ where D is diffusivity, Cp is the heat capacity and γ is the 

geometric density. Cp was calculated from the Dulong-Petit law and the geometric density was 

calculated using an analytical balance and a micrometer. The coefficient of thermal expansion 

for FeSb2 (a similar compound with a similar structure) is available but its inclusion leads to a 

negligible change in thermal conductivity, so it was left out.18 

Seebeck measurements were performed with a custom-built apparatus that employed 

tungsten-niobium thermocouples with the light-pipe method.19 Room-temperature resistivity and 

Hall coefficient measurements on all polycrystalline samples were done on a custom-built 

apparatus employing a 0.8 T magnet and the Van-der Pauw method as described in literature.20 

Temperature dependent resistivity and Hall effect measurements were done on the FeAsSe 

sample. High temperature resistivity measurements on FeAs2-xSex (x = 0.30, 0.75, 0.85) samples 

were measured on a Linsies LSR-3. Experimental data were fit with a sixth order polynomial for 

zT calculations and ease of viewing and are provided in Figure S5.  

2.11 Magnetic Susceptibility Measurements.  

Magnetic measurements were carried out on a FeAs1.50Se0.50 crystal using QD Magnetic 

Property Measurement System (MPMS) superconducting quantum interference device (SQUID). 

FeAs1.50Se0.50 crystals were weighed in air and placed between two commercial straws for 

measurement. A 1.0 T field was used for zero field-cooled (ZFC) and field-cooled (FC) 

temperature-dependent magnetization. The applied magnetic field is perpendicular to the largest 
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plane of the rectangular crystal.  Raw magnetic susceptibility data were converted to molar 

susceptibility (𝜒𝑚 = 𝑀/(𝐻 × 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒)) in emu/mol. 

2.12 Density Functional Theory (DFT) Calculations.  

DFT calculations were performed with the full-potential linearized augmented plane wave 

method as implemented in the WIEN2k package.20 The experimental crystal structures of 

polycrystalline sample FeAsSe was adopted for the calculations. Generalized gradient 

approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)20 was used for the exchange-

correlation functional. The muffin tin radii were chosen to be 2.25, 2.16, and 2.14 Bohr radii for 

Fe, As, and Se, respectively, and the size of a plane-wave basis set was determined from RmtKmax 

of 7.0. To obtain the electronic structure with a precise bandgap, the modified Becke-John (mBJ) 

exchange potential was utilized, which is rather accurate and computationally cheaper than the 

GW method.20 The Brillouin zone integration was performed with 2,552 k points in an 

irreducible Brillouin zone. The semiclassical Boltzmann theory as implemented in the transport 

code BoltzTrap20 was used to compute the transport properties including the electrical resistivity 

ρ, the Seebeck coefficient S, and the dimensionless figure of merit zT. A denser mesh of 12,760 k 

points in the irreducible Brillouin zone was used for the transport calculations. In the transport 

calculations, the chemical potential was fixed to be the middle of a bandgap. 

 

3. Results and Discussion 

3.1 Crystal Structure and Chemical Analysis of  FeAs2-xSex.  

FeAs2-xSex (x = 0.30, 0.50, 0.60, 0.65, 0.75, 0.85, 1.0) polycrystalline samples were 

prepared at 650 °C  via a conventional solid-state method. The polycrystalline synthesis roughly 

follows that of Wold but is performed at lower temperatures and without additional grinding 

steps.9 Powders were then consolidated by SPS at 615 °C for measurements. Sintering under a 

partial atmosphere of Ar was found crucial to avoid sample decomposition. PXRD patterns 

before and after SPS for the FeAs2-xSex (x = 1.0) sample show that the sample has not 

decomposed at 615 °C (SI, Figure S1).  

The structures of FeAs2-xSex polycrystalline samples are expected to crystallize in the 

Marcasite structure type (Pnnm) for low x, where the As and Se atoms are disordered on the 

same site and Arsenopyrite structure type (P21/c) for high x, where they reside on distinct sites. A 

detailed description of the structures and the differences between the Pnnm and P21/c space 
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groups are described in the literature.21 The PXRD patterns of FeAs2-xSex (x = 0.30, 0.50, 0.60, 

0.65, 0.75, 0.85, 1.0) indicated that x = 0.30 – 0.60 samples belong to the Marcasite structure, 

while x ≥ 0.75 crystallize in the Arsenopyrite structure type (SI, Figure S2). Small amounts of 

the Arsenopyrite structure phase was observed in FeAs2-xSex (x = 0.50, 0.60) samples, therefore, 

the crystal structure change from Marcasite to Arsenoprite type in  FeAs2-xSex occurs when x ~ 

0.65. Due to this impurity, the thermoelectric properties of x = 0.50, 0.60, 0.65 were not 

measured.  Koizumi et al. has reported a change from Marcasite to Arsenopyrite in the FeAs2-

xTex solid solution.22 FeAs2-xTex crystallize in the Marcasite structure type for the entire series 

except for 0.8 ≤ x ≤ 1.2 where the samples are of the Arsenopyrite structure type. The authors 

attribute the deformation of the Marcasite structure to Arsenopyrite to a low spin d4.8 – d5.2 

state.22 Wold explains this distortion when plotting the energy band model for FeAs2. The 

valence orbitals are comprised of two degenerate ‘b’ bonding orbitals, a non-bonding ‘all’ orbital, 

and two anti-bonding ‘a’ orbitals which originate from Fe’s 3d orbitals mixing with As’s 

orbitals. FeAs2 is stable in the Marcasite structure because the b orbitals are fully filled, but when 

Se or Te is substituted for As the extra electron begins to populate the all orbital which adds a 

destabilizing effect that the structure can compensate until x = 0.8 in the Te system9 and ~ 0.65 in 

the Se system.  

Rietveld refinement of the synchrotron PXRD pattern of FeAsSe is shown as an example 

where the data are best fit with Arsenopyrite structure type (Figure 2). The refined unit cell 

parameters of FeAsSe are  a = 5.95922(6), b = 5.87517(6) , c = 5.99802(7) Å,  V = 192.499(4) 

Å3, which are close to the published values of  a = 5.95 Å, b = 5.89 Å, c = 5.95 Å, V = 192.37(4) 

Å3.7  Rietveld refinement parameters are provided in SI, Table S2. 
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Figure 2:  Rietveld refinement of synchrotron PXRD pattern of FeAsSe (Arsenopyrite 

structure type, space group P21/c). Color code: red dots = observed pattern, black line = 

calculated patten, green bar = Bragg position, blue line = difference between observed, and 

calculated patterns.  

EMPA results of FeAsSe pellet of > 95% of crystallographic density show a mostly 

homogeneous sample with some areas that are slightly rich in As (SI, Figure S3). The calculated 

composition of FeAsSe pellet is Fe1.023(6)As0.97(3)Se1.00(4) and consistent with a structural model of 

Fe being fully occupied. Therefore, only Se and As occupancies were refined, and 3% vacancies 

were observed on Se sites, leading to the formula:  FeAsSe0.970(5).  Z-contrast BSE images and 

EDS maps of the FeAs2-xSex (x = 0.30, 0.75, 0.85) samples are provided in SI, Figure S4 and 

look mostly homogenous except for some porosity resulting from the sample with densities less 

than 95% and some Se inhomogeneity in the x = 0.30 and 0.75 samples along with islands of 

oxide in the x = 0.85 sample. The stoichiometries calculated from EDS for FeAs2-xSex (x = 0.30, 

0.75, 0.85) samples are Fe1.05(1)As1.67(1)Se0.26(2), Fe1.02(1)As1.16(2)Se0.80(3), and 

Fe1.02(5)As1.14(1)Se0.83(1), respectively. 

3.2 Crystal Structure and Chemical Analysis of  FeAs1.50Se0.50.  
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During the attempt to grow large FeAsSe single crystals,  chemical vapor transport 

(CVT) method was used with a mixture of elements (Fe: As: Se = 1:1:1), and  AlCl3 as the 

transport agent.  Large rectangular-like crystals were grown. Single crystal diffraction and 

EMPA were carried out to determine the structure and composition of those crystals. The 

composition calculated from EMPA analysis of single crystals was Fe1.025(3)As1.55(2)Se0.41(2).  The 

structural refinements also indicate the composition of the crystal is FeAs1.50Se0.50.  A summary 

of selected details of single crystal structural refinement is provided in Table 1. Atomic 

positions, occupancies, and anisotropic thermal parameters are provided in SI, Table S1. Figure 3 

shows the crystal topography and elemental X-ray mapping consistent with the homogenous 

dispersion of the three elements throughout the crystal. 
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Table 1. Data Collection and Selected Structure Refinement Parameters for Single Crystal 
FeAs1.50Se0.50. a   

Formula FeAs1.50Se0.50 
Temperature 293 K 

, Å 0.71073 
Space group Pnnm 

Unit cell a, b, c, Å 5.213(2), 5.947(2), 2.9885(8) 
V, Å3 92.65(5) 

Z 2 
Crystal size, mm

3 0.16×0.065×0.035 
calc g cm− 7.445 
 mm− 43.981 
 max,  deg 32.27 

Reflections collected 1172 
Rint 0.026 

Unique reflections 186 
Parameters refined 14 

R1, wR2 [Fo > 4(Fo)] 0.0245, 0.0584 
Diff. peak and hole, e Å

–3 1.017, –1.498 
Goodness-of-fit 1.19 

 
a Details of refinement (CIF) has been deposited to the inorganic crystal structure database with 

CCDC number XXX. 

 

.  
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Figure 3: Topological and X-ray elemental maps of single crystal FeAs1.50Se0.50 from EMPA. 

 

3.3 Magnetism.  

Magnetic properties measurements were performed on FeAs1.50Se0.50 single crystal 

sample (Fe1.025(3)As1.55(2)Se0.41(2)). Figure 4A shows the χm vs. T data and the ZFC and FC data do 

not differ. Below 17 K there is a sharp increase in susceptibility, which is a typical low 

temperature divergence from the Curie-Weiss law. µeff was calculated from fitting 1/χm data from 

100 K to 300 K with the Curie-Weiss law 𝜒(𝑇) = 𝐶/(𝑇 − 𝜃) where C is the Curie constant and 

θ is the Weiss temperature. C was calculated to be 0.124 emu/mol-K and was used to calculate 

the effective magnetic moment (µeff = √𝐶 × 8) resulting in a value of µeff  = 0.997(9) µB and θ = -

73.3(6) K. The data are consistent with Marcasite structure type (Pnnm) FeAs2-xSex compositions 

reported in literature (x = 0.06, 0.13) summarized in Figure 4B.9 It was proposed that the 

substitution of Se for As in diamagnetic d4 FeAs2 (with Fe in a distorted octahedron of As) 

results in the formation of paramagnetic low-spin d5.9 Increasing Se concentration in the solid 

solution leads to increased low-spin d5 and increased µeff seen in Figure 4B. In terms of spin only 

contribution ((𝜇𝑆𝑂 = √𝑛(𝑛 + 2)) where 𝑛 is the total number of unpaired electrons) 0.41 

unpaired electrons form Se should give a µSO = 1.0 µB which is very close to 0.997(9) µB 

measured.    
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Figure 4: (A) χm vs T for FeAs1.50Se0.50 single crystals FC is shown in red, ZFC is shown in 

black. The inlay shows 1/χm vs T with the Curie-Weiss fit from 100 K to 300 K and (B) 

calculated values of µeff and θ (A), and µeff and θ vs. Se fraction. x = 0.06 and 0.13 are from 

literature.9 

 
3.4 Low-temperature Thermoelectric Properties. 

Seebeck coefficient and thermal conductivity of FeAs1.50Se0.50 single crystals were 

measured with the TTO option and resistivity was measured using the AC option on a QD 

PPMS. 𝜅𝑙 (Figure 5A) quickly increases due to defect scattering at low temperatures. At 85 K, 

the increase slows down, because in this region Umklapp scattering becomes the dominant 

phonon scattering mechanism, after which 𝜅𝑒 becomes a large contributor to thermal 

conductivity. At 300 K 𝜅𝑒 contributes 47% of the thermal conductivity and 𝜅𝑙 has an extremely 

low value of 0.22 W/mK. The electrical resistivity indicates semiconducting behavior, and the 

absolute value of the negative Seebeck coefficient increases with temperature. The Seebeck 
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coefficient is in line with the previously published FeAs2-xSex (x = 0.06, 0.13) which decreased as 

a function of the concentration of Se and had a value of -37 µV/K for the x = 0.13 sample at 300 

K. The zT of FeAs1.50Se0.50 single crystal is 0.018 at 300 K. 9 The Seebeck coefficient is not 

large, but in line with expectations. While the thermal conductivity does decrease from the FeAs2 

samples, there is no significant improvement in thermoelectric performance. 

 
Figure 5: Total thermal conductivity (κtot) and lattice thermal conductivity (κl) (A), resistivity 

(B), Seebeck coefficient (C), and zT (D) measured on a FeAs1.50Se0.50 single crystal. 

 

3.5 High-temperature Thermoelectric Properties and Hall Effect Measurements. 

High-temperature thermoelectric properties were measured on the sintered pellets of 

FeAs2-xSex (x = 0.30, 0.75, 0.85, 1.0) of  >95% crystallographic density (experimental data 

provided in SI, Figure S5). Thermal conductivity (Figure 6A) was calculated from thermal 

diffusivity. 𝜅𝑙  was calculated from the Wiedemann-Franz law where 𝜅𝑡𝑜𝑡 = 𝜅𝑒 + 𝜅𝑙, 𝜅𝑒 =

𝐿 (
1

𝜌
) 𝑇 where ρ is electrical resistivity, T is temperature and L is the Seebeck dependent Lorentz 

factor (𝐿 = 1.5 + 𝑒
𝑆

−116).23-24 The thermal conductivity is mostly due to lattice contributions at 

lower temperatures, but as the temperature increases electrical resistivity and Seebeck coefficient 
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are greatly reduced (Figure 6B, C) indicating that 𝜅𝑒 contributes much more to 𝜅𝑡𝑜𝑡  at higher 

temperatures seen in Figure 6D. The FeAs2-xSex (x = 0.75, 0.85, 1.0) samples with the 

Arsenopyrite structure type have similar thermal conductivities at room temperature that 

decrease as a function of increasing x at higher temperatures and as expected the x = 1.0 sample 

has the lowest thermal conductivity and lowest lattice thermal conductivity due to the higher Se 

content that leads to more alloy scattering. The Marcasite sample (FeAs1.70Se0.30) has a room 

temperature thermal conductivity that is ten times higher than the single crystal of FeAs1.50Se0.50 

and a higher resistivity indicating that less Se makes the sample less conductive. 

  Carrier concentration was calculated from Hall coefficient (RH). Temperature dependent 

carrier concentration and Hall mobility for FeAsSe and room temperature carrier concentration 

and Hall mobility values of FeAs2-xSex x = 0.75, 0.85 are provided in Figure S6, S7. The x = 0.30 

sample’s RH value switched between negative and positive indicating that minority carriers were 

contributing to transport, so a single value could not be obtained and is therefore not shown. 

FeAs2-xSex samples have negative RH values indicating an n-type semiconductor, while the 

measured Seebeck coefficient are positive for x = 1.0, 0.85. This discrepancy is also seen in 

FeSe1-xTex, and Skutterudites.25-26 In FeSe1-xTex the discrepancy is thought to come from the 

compensated multiband nature of the system. The x = 0.75 sample had an RH value in agreement 

with the sign of the Seebeck coefficient. The Hall carrier mobility for x = 1.0 (Figure S6) is 46.1 

cm2/Vs at 300 K and has a maximum at 480 K before it sharply decreases. The room temperature 

Hall mobility for x = 0.85, 0.75 samples is below 1 at room temperature and unstable for x = 0.30 

samples indicating a multiband nature of the compositions and inaccurate Hall effect 

measurements. The transition in from p-n-type Seebeck coefficient is present in the x = 1.0 

sample (Figure 6C) which was also seen in in FeX2 (X = S, Se, Te). Overall, the x = 0.85 sample 

has a max zT of 0.06 at 475 K (Figure 6D).  
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Figure 6: Total thermal conductivity (κtot) given as symbols and lattice thermal conductivity (κl) 

provided as dashes (A), resistivity (B), Seebeck coefficient (C), zT (D), and Hall coefficient (E)  

measured on a sintered polycrystalline pellets of FeAs2-xSex (x = 0.3, 0.75, 0.85, 1.0).  

3.6 DFT Calculations. 

GGA calculations indicate that FeAsSe is a semiconductor. As shown in Figure 7A, the 

top of the valence band and the bottom of the conduction band lie at the X and Γ points, 

respectively, thereby providing an indirect bandgap of 0.11 eV which is much smaller than the 

bandgap previously reported from the slope of the resistivity’s Arrhenius plot (0.60 eV).14 The 

dominant band character near the Fermi level is Fe d-character as manifested in the density of 

states in Figure 7B supporting the energy diagram proposed by Wold.9 The indirect bandgap is 

slightly enhanced to be 0.17 eV in the mBJ calculations (Figures 7C and D). Except for the 

bandgap, band dispersions described by the GGA and mBJ methods are almost identical. 
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Figure 7: Electronic structure of FeAsSe.  (A) Band dispersion and (B) density of states 

calculated by GGA. (C) Band dispersion and (D) density of states calculated by mBJ. 

The transport properties of FeAsSe were calculated using the GGA and mBJ methods. 

For the electrical resistivity, a relaxation time of 3.5 × 10-14 (sec) was chosen to match the 

experimental value around 600 K. As shown in Figure 8, the mBJ method provides better 

agreement with the experiment than GGA. Thus, the transport properties calculated by mBJ will 

be mentioned only hereafter. 
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Figure 8: Transport properties of FeAsSe.  (A) Electrical resistivity. (B) Seebeck coefficient. (C) 

Power factor. (D) Figure of merit. All transport properties are calculated by GGA (PBE) and 

mBJ schemes. Experimental data are also plotted for comparison. 

Figure 8A shows the calculated and experimental resistivities as a function of temperature. 

The values increase as the temperature decreases, demonstrating the semiconducting transport 

behavior. However, the increasing tendency of the calculated resistivity exceeds the 

experimental data below 500 K. Thus, the calculation describes the larger electrical resistivity 

than the experiment below 500 K. The computed Seebeck coefficient is well consistent with the 

experiment over the temperature range between 450 and 650 K (Figure 8B, Figure 6C). The 

Seebeck coefficient shows a positive sign, indicating that FeAsSe is a p-type semiconductor. 

Based on the values of the resistivity and the Seebeck coefficient, the power factor can be 

estimated as shown in Figure 8C together with the experimental data for comparison. The 

calculated power factor is well comparable with the experiment over the temperature range 
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shown in Figure 8C even though the calculated resistivity and Seebeck coefficient are rather 

deviated from the experiment below 400 K. The figure of merit zT is also estimated and shown 

in Figure 8D. Note that the lattice thermal conductivity is not considered in the calculated zT, 

however, it is in the experiment. As shown in Figure 8D, the calculation is quite consistent with 

the experiment above 500 K, however it shows a remarkable deviation below 500 K. The 

deviation is due to the lattice thermal conductivity that is not considered in the calculation. From 

the comparison between the calculation and the experiment, the lattice thermal conductivity is 

only significant below 500 K, which is well presented in Figure 8A. 

The electronic structure of FeAs1.50Se0.50 was also calculated within the DFT level. In the  

4. Conclusions 

We have synthesized FeAs2-xSex (x = 0.30 – 1.0) polycrystalline samples by conventional 

solid-state methods. PXRD indicates that the x = 0.30, 0.50, 0.60 samples belong to the 

Marcasite structure with small amount of Arsenopyrite structure phase observed for x = 0.50, 

0.60. FeAs2-xSex compositions with x = 0.65, 0.75, 0.85, 1.0 crystallize in the Arsenopyrite 

structure type. The structural transition happens at x ~ 0.65. EMPA/SEM-EDS shows that the 

samples are mostly phase pure. Single crystals of FeAs1.50Se0.50 were synthesized by CVT and 

crystalize in the Marcasite structure type with semiconducting transport properties. Magnetic 

measurements on the FeAs1.50Se0.50 single crystal reveal µeff = 0.997(9) µB and θ =  -73.3(6) K 

showing that the expected 0.41 unpaired electrons from Se are present. FeAs1.50Se0.50 single 

crystal exhibits an extremely low lattice thermal conductivity value of 0.22 W/mK at 300 K. 

High temperature thermoelectric property measurements on FeAs2-xSex ( x = 0.30 – 1.0) 

polycrystalline samples indicate that the x = 0.85 has the best zT of 0.06 at 475 K. While the 

thermal conductivity does decrease as a function of Se incorporation in comparison to that of 

FeAs2, the corresponding reduction in Seebeck coefficient resulting from Se substitution leads to 

a stagnant zT. Additionally, we report the electronic structure of FeAsSe and use it to model the 

thermoelectric properties. The calculated properties are consistent with experimental properties 

above 500 K but deviate considerably below 500 K because 𝜅𝑙 is not simulated and is a 

significant contributor to 𝜅 at lower temperatures.  

5. Associated content.  

The Crystallograhic Information File (CIF) for FeAs1.50Se0.50 is attached; PXRD before 

and after SPS for the FeAsSe sample, PXRD patterns for polycrystalline samples, a Table 
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containing atomic coordinates and anisotropic displacement parameters, Rietveld refinement 

parameters for Synchrotron data, EMPA maping for FeAsSe, SEM and X-ray mapping for 

FeAs2-xSex x = 0.30, 0.75, 0.85, experimental high temperature thermoelectric data, carrier 

concentration and carrier mobility for FeAsSe, room temperature carrier concentration and 

carrier mobility for x = 0.75, 0.85, and 1.0 samples.  
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