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Synthesis, transport properties and electronic
structure of p-type Cuy,,Mn,_,InTe, (x = 0, 0.2,
0.3)+
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Hsin Wang, Lilia M. Woods @2 and George S. Nolas & *?

The synthesis, electronic structure and temperature dependent transport properties of polycrystalline
CugxMno_4InTey (x = 0, 0.2, 0.3) are reported for the first time. These quaternary chalcogenides were
synthesized by direct reaction of the elements, followed by solid state annealing and hot press densifica-
tion. The thermal conductivity is low for all specimens and intrinsic to the material system. Furthermore,
the off-stoichiometry specimens illustrate the sensitivity of the transport properties to stoichiometry, with
a greater than two-orders-of magnitude increase in carrier concentration with increased Cu content. First
principles calculations of the electronic structure are also reported, and are in agreement with the experi-
mental data. This fundamental investigation shows the potential towards further optimization of the elec-
trical properties that, in addition to the intrinsically low thermal conductivity, provides a basis for further
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Introduction

The search for environmentally friendly avenues for clean,
renewable energy is directly related to the search for new
materials with suitable structural and transport character-
istics." The use of lower cost materials with primarily earth-
abundant constituents is especially attractive towards this end.
Quaternary chalcogenides, for example with stannite and kes-
terite crystal structures, are one such class of materials; they
have been investigated as potential new materials for both
thermoelectric and photovoltaic applications.”” These qua-
ternary chalcogenides typically have low thermal conductivities
that may be attributed to the diverse inter-atomic distances
and lattice distortion promoting effective phonon
scattering.>>® " Although they possess relatively wide band
gaps, a property that is of interest for photovoltaics and typi-
cally not of interest for thermoelectrics, the electrical pro-
perties can be modified by appropriate doping and/or vari-
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research into the viability of this material system for potential energy-related applications.

ations in stoichiometry.>>'>"> Depending on the stoichio-

metry, these materials can also possess very different transport
properties. For example, Cu,ZnSnSe, and Ag,ZnSnSe, display
markedly different behavior; Cu,ZnSnSe, behaves as a typical
band semiconductor and Ag,ZnSnSe, exhibits polaronic-type
transport.’®"”

Most recently, the transport properties of another class of
quaternary chalcogenides that form in the cubic F43m (#216)
space group have been reported.'®?° These materials can be
depicted as I-1I,-11I-VI,, where I = Cu or Ag; II = Cd, Zn, Ta,
Co, Fe or V; III = In, Ga, Al or Tl; VI = S, Se or Te, and have
been much less explored®*** as compared to materials with
the stannite or kesterite structures. In this modified zinc
blende crystal structure the cations randomly distribute on the
4a (0, 0, 0) site and the Te occupy the 4c (3, 1, 1) site, as shown
in Fig. 1."®* All of these quaternary chalcogenides are related
in one aspect, the formation of stoichiometric multi-com-
ponent system can be considered as a result of atomic cross
substitutions accompanied by lattice mutations in which the
overall valence state is preserved and the charge neutrality of a
periodic crystal is maintained.>*>’

In this study we present the synthesis, first-principle elec-
tronic structure calculations and temperature dependent trans-
port properties of Cu;y.,Mn,_,InTe, (x = 0, 0.2, 0.3) for the first
time. A non-stoichiometric approach for doping was under-
taken due to our previous findings that demonstrated dramatic
changes in the transport properties with excess Cu in other
quaternary chalcogenide compounds.®'*'>'%*” To bring more
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Fig. 1 Crystal structure of CuMn;InTey,.

insight into the changes in the electronic structure, the experi-
mental results are complemented with first-principles calcu-
lations using density functional theory (DFT). This fundamen-
tal study helps build a platform required to better understand
the fundamental aspects of these materials in order to deter-
mine their suitability for use as thermoelectric, or possibly
photovoltaic, materials.

Experimental and computational
methods

Specimens with nominal compositions CuMn,InTe,,
Cuy ,Mn; gInTe, and Cuy 3Mn, ;InTe, were prepared from high
purity elements, Cu powder (99.9%, Alfa Aesar), Mn powder
(99.95%, Alfa Aesar), In shot (99.99%, Alfa Aesar) and Te lump
(99.999+%, Alfa Aesar). The elements were loaded into silica
ampoules and sealed in a quartz tube under vacuum. They
were reacted in a resistive furnace at 973 K for 7 days before
being quenched in air. After reaction the specimens were
finely ground, cold pressed into pellets, placed in silica
ampoules and sealed under vacuum in a quartz tube for
annealing at 773 K for 7 days. The specimens were then
ground, sieved (325 mesh) and loaded into a graphite die for
hot pressing. Hot press densification was accomplished under
constant N, flow at 150 MPa and 647 K for 3 hours. The den-
sities were obtained by measuring the specimens’ dimensions
and mass, with our processing resulting in polycrystalline
materials with high relative densities (>95%).

Powder X-ray diffraction (XRD) data, collected in Bragg-
Bretano geometry with a Bruker D8 Focus Diffractometer, a
graphite monochromator and CuKa (1.54056 A) radiation,
were examined using the Rietveld method in the GSAS suite.?®
A JEOL JSM-6390LV Scanning Electron Microscope (SEM)
equipped with an Oxford INCA X-Sight 7852 were employed for
Energy Dispersive Spectroscopy (EDS). A minimum of 8
random spots across each specimen were analyzed for the EDS
data. The hot-pressed pellets were cut into a 1 mm thick,
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12.7 mm diameter disk for laser flash thermal diffusivity
measurements, a 2 mm x 2 mm x 10 mm parallelepiped for
high temperature four-probe resistivity, p, and Seebeck coeffi-
cient, S, measurements and a 0.5 mm x 2 mm x 5 mm paralle-
lepiped for room temperature Hall measurements using a wire
saw. A NETZSCH LFA457 system was used for high tempera-
ture laser flash diffusivity measurement, giving a maximum
experimental uncertainty of 5%. The samples were subjected
to Ar purge gas at 100 ml min~" and three measurements were
repeated on each sample at each temperature set point. The p
and S measurements were performed under —0.09 MPa static
He on a ULVAC ZEM-3 system, with a maximum experimental
uncertainty of 5-8%. Hall measurement data were collected at
room temperature employing an AC resistive bridge four-probe
technique. The specimens were subjected to a magnetic field
ranging from 0.2 to 1.2 T at 0.2 T increments, where the field
alternates direction at each step, in order to eliminate errors
from possible miss-alighment of the voltage probes. The
maximum experimental uncertainty in the Hall measurements
was 13%. Magnetization measurements were carried out at low
temperatures, from 1.8 to 300 K, under an applied magnetic
field of 0.1 T using a Quantum Design VSM magnetic property
measurement system. The heat capacity was measured from
1.8 K to 250 K using a commercial Quantum Design physical
property measurement system.

AD initio calculations based on the DFT approximation for
CuMn,InTe, and Cu;,Mn,gInTe, were performed with the
projector augmented-wave (PAW) method*® as implemented in
the Quantum ESPRESSO package.’”®' The cut-off kinetic
energy was set to 180 Ry. Relativistic corrections to the spin-
orbit coupling are also included in the calculations. For the
self-consistent calculations, a uniform k-point mesh of 9 x 9 x
9 was applied, and the total energy convergence threshold was
set to 10~° eV. We use the Perdew-Zunger (LDA) exchange-cor-
relation®” within the DFT+U method.**** The Hubbard para-
meter U is set to 4 eV for the Cu, Mn and In cation atoms, as
suggested for Cu-based semiconductors.®> We note that our
subsequent calculations indicate that the main effects from
the U corrections are determined by the Mn and In atoms,
while Cu plays a minor role.

Results and discussion

The structure, stoichiometry and homogeneity of the speci-
mens were analyzed using a combination of XRD and EDS.
The XRD refinement profiles are illustrated in Fig. 2, with
observed and calculated patterns, and the difference
between them shown. The Rietveld refinement results are
shown in Table 1. All three compounds were refined in the
cubic modified zinc blende crystal structure, space group
Fi3m (#216), with the Cu/Mn/In and Te located on the 4a (0,
0, 0) and the 4c (4, 1, 1) crystallographic sites, respectively. A
secondary phase, MnTe, (Pa3, #205), was observed from our
XRD data and refined to be 7% in Cu,;,Mn, gInTe, and
Cu, 3Mn, ;InTe, and 12% in CuMn,InTe,. The site occu-
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Fig. 2 Powder XRD data for (a) CuMn,InTey, (b) Cu;,Mn; glnTe, and (c)
Cuy 3Mn, 7InTe, including profile fit, profile difference, profile residuals
and Bragg positions.

pancy for each composition indicated stoichiometries that
were similar to the nominal compositions. As expected an
increase in a with increased Cu content was observed with
values of 6.2633(9) A, 6.2653(9) A and 6.2666(9) A for
CuMn,InTe,, Cu; ,Mn, gInTe, and Cu, 3Mn, ;InTe,, respect-
ively. EDS analyses revealed good homogeneity for all three
specimens with an example of the EDS elemental mapping
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for Cuy 3Mn, ;InTe, shown in Fig. 3 displaying the uniform
distribution of elements.

Fig. 4 shows the high-temperature thermal conductivity, «,
data and indicates x values that are low, as in the case of other
quaternary chalcogenides.”>* > The « values do not change
significantly with stoichiometry, particularly when compared
to the change in p (Fig. 5a), implying that lattice conductivity
is dominant in these materials and the low « values are intrin-
sic to this material system. As shown in Fig. 5a, the undoped
specimen has very high p values. In comparison, the p values
of the off-stoichiometry compounds decrease by three-orders-
of magnitude relative to p of CuMn,InTe,. In addition, the
temperature dependence also changes, and is more reminis-
cent of degenerate semiconductors in the measured tempera-
ture range. The band-gap, E,, can be estimated from the
highest temperature p data using a fit of the form p = p, exp(Ey/
2kgT) where kg is the Boltzmann constant and T is the absol-
ute temperature. An estimated E, value of 0.46 eV is obtained
for CuMn,InTe,, in agreement with our theoretically calculated
value, as described below. The S values shown in Fig. 5b are
significantly larger for CuMn,InTe, as compared with the off-
stoichiometry compounds, as expected given the p values, with
S increasing with increasing temperature for the off-stoichio-
metry compositions up to the maximum measurement temp-
erature. All these results indicate that the electrical properties
of these materials are very sensitive to stoichiometric vari-
ations and doping.

Four-probe Hall data for CuMn,InTe,, Cu; ,Mn; gInTe, and
Cu, 3Mn;, ;InTe, show p-type conduction with carrier concen-
trations, p, of 2.1 x 10"” em™, 1.8 x 10"® em™ and 2.6 x 10"°
cm >, respectively. These p values are in agreement with the
trends for S and p shown in Fig. 5a and b. In addition, the
Hall data corroborates the positive S values, affirming p-type
conduction for all three specimens.

One can estimate the effective mass, m*, assuming a single
parabolic band model where S and p are given by*°

_ ks (@A)
S=*% ( @+ k) ) @)
and
2(2meksT)? e\ %2
p =T (M) rat @)

where electrons are denoted with (—) and holes are denoted
with (+), e is elementary charge, 7 is the reduced Fermi energy
given by Eg/kgT, m. is the mass of an electron and # is Planck’s
constant. F, is the Fermi integral of order r, where r is the expo-
nent of the energy dependence of the mean free path that
takes values r = 0 for scattering from acoustic phonons and r =
2 for ionized impurity scattering. The intermediate value r = 1
was used for our m* estimations, resulting in, 0.2m., 0.3m,
and 0.3m.,, for CuMn,InTe,, Cu;,Mn,gInTe, and
Cu, 3Mn;, ;InTe,, respectively. These m* values agree with that
reported for CuZn,InTe, but are considerably smaller than
1.7m,. for Cu,ZnSnSe,.*’
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Table 1 Rietveld refinement results for Cuy,, Mn,_,InTe,
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Nominal composition CuMn,InTe,

Cu; ,Mn, gInTe,

Cu, 3Mn, ;InTe,

Composition CUp.00MN 95101 06T€3.79 Cuy,13Mny 75IN0,05T€5.04 Cuy 25Mny 65Ny goTe3.04
Space group, Z FA3m, (#216), 1
a(A) 6.2633(9) 6.2653(9) 6.2666(9)
V(A% 245.71(4) 245.94(9) 246.10(2)
Deare (g cm™) 5.247 5.299 5.326
Radiation Graphite monochromated CuK, (1.54056 A)
Step width (°) 0.025
WRp, R, 0.0780, 0.0588 0.0832, 0.0618 0.0998, 0.0711
R(F) 0.0809 0.0663 0.0966
Atomic positions: Cu/Mn/In, 4a (0, 0, 0); Te, 4c (3, 1, 3).
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Cus,Mn;y gInTe, (triangle) and Cuy 3Mny 7InTe, (square).

To further investigate the changes in the transport pro-
perties, we perform first-principles calculations for the elec-
tronic structure of these compounds. The self-consistent calcu-
lations for both CuMn,InTe, and Cu, ,Mn; gInTe, were done
at their experimentally determined lattice constants of 6.263 A

2276 | Dalton Trans., 2020, 49, 2273-2279

and spin-polarized density of states (DOS) for CuMn,InTe, and
Cu, ,Mn; gInTe, are given in Fig. 6, which also shows the pro-
jected DOS on atomic species and orbitals. As seen from the
figure, CuMn,InTe, exhibits a semiconducting character with
a band gap of about 0.5 eV that is in excellent agreement with
our experimental data. The position of the Fermi level, Ef,
right above the valence band maximum indicates that this is a
p-type semiconductor, in agreement with the experimental

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Total, spin-polarized, atomic and orbital projected density of
states for CuMn,InTe, and Cuy,Mn, gInTe,.

data. The projected DOS shows that the valence band has con-
tributions predominantly from the Mn 3d orbitals, while the
conduction band carries a mix of Cu 3d, In 5p, and Te 5p con-
tributions. For the case of Cu; ,Mn, gInTe, Fig. 6 further shows
that Er has shifted deeper in the valence range. In fact, the pro-
jected DOS indicates that the majority of the contribution at Er
comes from the Mn 3d levels with some admixture of the In 5p
and Te 5p orbitals. The DOS obtained from the spin-polarized
calculations indicates that while CuMn,InTe, shows a spin-
unpolarised character, with negligible differences between the
majority and minorities spins, the Cu; ,Mn; gInTe, exhibits a
sizeable spin-gap at Er for the minority spins suggesting a
ferromagnetic-like behaviour. We also find that doping does
not affect m*, which has also been observed in Mn-containing
stannite quaternary chalcogenides.*® The calculated total DOS
at the Fermi level is 11 states eV .

The characteristic behavior of the relatively large resistivity
and Seebeck coefficient in CuMn,InTe,, as well as the tempera-
ture dependence, is consistent with the semiconducting
nature of this undoped material as found from our simu-
lations. The doped Cu;,Mn; gInTe, compound, on the other
hand, exhibits transport behavior like that of degenerate semi-
conductors. This is corroborated by the fact that p is several
orders of magnitude smaller than p for CuMn,InTe, and S
increases with temperature (Fig. 5). These metallic-like charac-
teristics are consistent with the large S and small « (Fig. 4 and
5), which are typical for semiconductors. The calculated DOS
is in agreement with the metallic-like electronic nature of the
transport in the doped material.

Fig. 7(a) shows the temperature dependent magnetization of
Cu,y ,Mn; gInTe,. At higher temperatures, 1/y(7) is in good
agreement with the Curie-Weiss law with an effective magnetic
moment of 5.94p/Mn. This value indicates a 2+ valence state for

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) The magnetic susceptibility and (b) the inverse magnetic sus-
ceptibility, ™* = H/M, vs. temperature for H = 0.1 T. The dashed line is
the Curie-Weiss fit to the higher temperature data. (c) Magnetization
field dependence at different temperature.

Mn. The large negative value of the Curie-Weiss constant (6),
—354 K, suggests strong magnetic interaction between the itin-
erant Mn 3d electrons, in agreement with our spin-polarized
DOS calculations. A ferromagnetic-like phase transition appears
near 250 K. The field dependent magnetization curves are sum-
marized in Fig. 7(c). M(H) is non-saturating up to 7 T where hys-
teretic s-shaped curves suggest a hint of ferromagnetic ordering
at low temperatures. However, no magnetic transition was
observed from our heat capacity, C,,, measurements, as shown
in Fig. 8; therefore, free spin re-orientation or domain boundary
evolution may be the main contributions to the changes of the
1/4(T) at low temperatures. Measurements on single-crystals
would be needed in order to completely reveal the anisotropy of
the magnetic ordering along different orientations.

Fig. 8 shows C,, of Cu;,Mn, gInTe, as a function of temp-
erature, where the inset of Fig. 8 shows the C,/T =y + Vi
relation at low temperatures. Here y is the Sommerfeld coeffi-
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Fig. 8 Temperature dependent C, of Cu;,Mn,ginTey. The inset shows
Cp/T vs. T? data at low temperatures with the solid line representing the
Co/lT=y+ ST? relation.
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cient of the electronic contribution and f is the coefficient of
the lattice contribution.***° From this fit we obtain y = 31 mJ
mol™" K™ and = 5.9 mJ mol~" K™*. Using the relation

127*Rn,\ /2
o, = (T 3
0 ( 56 ) ’ )

where 6, is the Debye temperature, R is the molar gas constant
and n, is the number of atoms per formula unit. The best fit to
the low temperature data gives a value for the effective 0y, to be
138 K. We can also estimate the density of states at the Fermi
level, N(Er), using the relation

7'!32k]32

N(Er)(1 + Ze-ph), (4)

where Ac_pn is the electron-phonon coupling factor. Setting
Ae—ph to zero as a first approximation, we obtain N(Ey) = 13
states eV~ per formula unit, in good agreement our theore-
tical computations described above.

Conclusions

The synthesis, crystal and electronic structure, and high temp-
erature transport properties of CuMn,InTe, have been reported
for the first time. Off-stoichiometric specimens resulted in an
increase in p with increasing Cu content. The « values are low
for all three compositions, and a two orders-of-magnitude
reduction in p with excess Cu was observed as compared to
that of CuMn,InTe,. The possibility of varying the carrier con-
centration substantially with excess Cu, without employing
doping with another element, indicates that greater control of
the carrier concentration is potentially possible in this material
system, thus presumably allowing for further optimization of
the thermoelectric properties. In fact, we find that while the
undoped material behaves as a semiconductor, the transport of
the doped compositions is consistent with that of degenerate
semiconductors. The ab initio calculations also confirm our
experimental results; the calculated value for the total DOS
agrees well with that obtained from our C, data. Although the
ZT values for these materials is low,*" ZT (S*T/pk) = 0.04 for the
off-stoichiometric compositions at the highest measured temp-
erature, the fact that « is intrinsically low in addition to the
ability to vary the electrical properties substantially with com-
position indicates that doping studies may result in much
improved thermoelectric performance at higher temperatures.
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