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Germanium telluride is a high performing thermoelectric material that additionally serves as a base
DOI:00.0000700000000K for alloys such as GeTe-AgSbTe, and GeTe-PbTe. Such performance motivates exploration of other
GeTe alloys in order understand the impact of site substitution on electron and phonon transport. In
this work, we consider the root causes of the high thermoelectric performance material Ge;_xMnyTe.
Along this alloy line, the crystal structure, electronic band structure, electron and phonon scattering
all depend heavily on the Mn content. Structural analysis of special quasirandom alloy structures in-
dicate the thermodynamic stability of the rock salt phase over the rhombohedral phase with increased
Mn incorporation. Effective band structure calculations indicate band convergence, the emergence of
new valence band maxima, and strong smearing at the band edge with increased Mn content in both
phases. High temperature measurements on bulk polycrystalline samples show a reduction in hole
mobility and a dramatic increase in effective mass with respect to increasing Mn content. In con-
trast, synthesis as a function of tellurium chemical potential does not significantly impact electronic
properties. Thermal conductivity shows a minimum near the rhombohedral to cubic phase transition,
while the Mng, point defect scattering is weak as indicated by the low K; dependence on Ge-Mn
fraction (Figure. From this work, alloys near this phase transition show optimal performance due
to low thermal conductivity, moderate effective mass, and low scattering rates compared to Mn-rich
compositions.

1 Introduction N
investigate the fundamental electron and phonon transport as a

Alloying enables concurrent tuning of electronic, thermal, and function of both Te and Mn composition.

mechanical properties; as such, chalcogenide semiconductor al-
loys have a rich history of achieving excellent thermoelectric per-
formance. For example, the alloy (GeTe)gs(AgSbTe,) 5 (TAGS)

Considering the phase diagram of the GeTe-MnTe pseudobi-
nary, both GeTe and MnTe undergo a transition to the rock salt

has been used on NASAs multi-mission radioisotope thermo-
electric generator (MMRTG) program for powering Mars rovers.
Along with TAGS, other GeTe alloys have also emerged, such as
Gel_bexTem and GeTe-BizTe3[3]'[5] with excellent thermoelectric
performance. The rock salt Ge;_,Mn,Te solid solution is partic-
ularly interesting due the change in crystal structure from the
GeTe and MnTe end-members, the potential impact of high-spin
d> Mn?*, and the known high thermoelectric performance. More
generally, it is quite unusual for a IV-VI compound to show im-
proved thermoelectric properties when alloyed with a 3d transi-
tion metal. In this study, we combine theory and experiment to

4Department of Physics, Colorado School of Mines, Golden Colorado, USA
bDepartment of Mechanical Science and Engineering, University of Illinois Urbana-
Champaign, Urbana, Illinois 61801, USA

T Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000/00000000.
¥ First authorship is shared as a result of equal intellectual contributions.

crystal structure at elevated temperature (Figure [Th). This leads
to a continuous solid solution between these two binary com-
pounds at high temperature. However, at low temperature, two
additional crystal structures emerge. For GeTe at low temper-
ature, a rhombohedral structure (Figure ) forms that can be
thought of as a rock salt structure whose symmetry is broken by a
2° skewing of the cubic unit cell angles (ferroelectric phase transi-
tion). In contrast, MnTe forms in the NiAs structure, where the
Mn cation retains its 6-fold bonding. Considering the low temper-
ature alloy space, the addition of Mn to rhombohedral GeTe de-
creases the distortion, ultimately yielding the rock salt structure
at ~20% MnTe mole fraction near room temperature. Between
~20%-50% MnTe near room temperature, this rock salt phase is
stable and a two phase region emerges for compositions between
50-92% Mn. It is possible to achieve Mn compositions above 50%
in the rock salt structure by quenching from high temperatures.
Considering the end members of the alloy, GeTe and MnTe have
drastically different native electronic properties that nevertheless

Journal Name, [year], [vol.], 1 |1



Journal of Materials Chemistry A

1200
1100

Cc
JEN
o
o
[=]

900
800
700
600}
500
400F SA

300—t 1
GeTe.1 .2 3 4 5 6 .7 .8 .9MnTe

Mole Fraction MnTe

Temperature °

GeTe
R3mH

d

Ge,;Mn,Te
Fm-3m

MnTe
P63/mmc

Fig. 1 High temperature phase diagram for the GeTe-MnTe pseudobinary line®® shows the rhombohedral GeTe structure, (b), followed by a wide cubic
rock salt structure, (c). A miscibility gap exists between the rock salt and NiAs structures. Single phase hexagonal NiAs structure, (d), is found at

high concentrations of MnTe.

enable high thermoelectric performance in both cases. GeTe has
a band gap of 0.5 eV and a high hole carrier concentration in the
102°h*em—3 range as a result of the low formation energy of the
Ge vacancies. Much like SnTe, GeTe remains germanium (cation)
deficient, even when synthesized in germanium rich conditions,
leading to degenerate semiconducting behavior.1? The high See-
beck coefficient (~150 puV/K), relative to the high carrier concen-
tration and mobility (~ 55—95 cm? /V -s), allows GeTe to achieve
a thermoelectric figure of merit (zT) close to 1 at 650 K. 11412

MnTe, on the other hand, has a band gap of 1.3eV13 and an
intrinsic carrier concentration in the mid 10'®h*cm™3 range and
a mobility less than 5cm?/V -s, leading to high resistivity values
at room temperature. 1% MnTe requires high temperatures to ac-
tivate carriers such that the resistivity can be reduced to a use-
ful level. As the resistivity is reduced, the Seebeck coefficient
remains high (~350uV/K) while the total thermal conductiv-
ity drops near the amorphous limit (~ 0.6 W/mK), enabling a zT
of 0.6 at 800 K147 The lattice thermal conductivities of both
GeTe and MnTe are dominated by Umklapp scattering, leading to
high temperature lattice thermal conductivity values less than 1
W/mK.

To date, work within the Ge|_xMnyTe single phase region has
achieved carrier concentration control through doping and Mn
incorporation. The presence of Ge vacancies causes a high hole
carrier concentration that can be reduced using Sb and Bi doping
of the Mn/Ge cation site. These dopants reduce the hole carrier
concentration, improve the Seebeck coefficient, and reduce the
lattice thermal conductivity, leading to a zT near unity at high
temperature. Counter to Sb and Bi doping, Mn incorporation is
found to decrease the cation to anion ratio in Ge;_,MnTe, lead-
ing to a higher hole carrier concentration in Mn rich samples. ™t

The mobility of GeTe is more than an order of magnitude
greater than the mobility of MnTe, however, the density of states
effective mass values for these pure compounds are not drasti-
cally different (1.4 vs 5.6 m,). Further investigation reveals that
the moderately large GeTe density of states mass is due to signif-
icant band degeneracy.!L In contrast, the individual MnTe bands
are quite flat and the compound has a valence band edge de-
generacy of two (as well as a different crystal structure). Ad-
ditionally, the effective mass of the alloys are quite sensitive to
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Mn-content. For example, 15% and 50% Mn samples were found
to exhibit effective masses of 6.2 and 7.8 m,, respectively. 11418
Aside from electronic property tuning, estimation of the minimum
lattice thermal conductivity of these alloys suggests that there is
still room for performance improvements through atomic disor-
der and microstructure engineering.

Inspired by the excellent performance of Ge;_xMnyTe, we fo-
cus herein on fundamental questions at the intersection of alloy
chemistry, structure, and transport properties. We begin by study-
ing the structural transformation for Ge| _xMnyTe for x=0.1-0.66.
By varying the Te concentration as well, the invariant points of
the single phase region are identified, enabling a phase boundary
mapping study of the native defects. High temperature measure-
ments of electronic properties (resisitivity, Seebeck coefficient,
Hall coefficient) are analyzed as a function of Mn concentration.
Single parabolic band analysis allows for the underlying transport
parameters (e.g. effective mass, mobility, charge carrier scatter-
ing rate) to be determined. Computational modeling of disor-
dered alloys reveals how the electronic structure and scattering
rate evolves with composition. By uniting these theoretical pre-
dictions with experiment, a cohesive understanding of the com-
plex charge and heat transport in Ge;_xMnyTe begins to emerge.

2 Methods

2.1 Synthesis

Synthesis was performed by traditional solid state chemistry tech-
niques that the thermoelectric community is familiar with.12 Mn
pieces (Alfa, 99.999%), Ge ingots (Indium Corp., 99.999%) and
Te shot (5NPlus, 99.999%) were used as precursors elements for
synthesis. Elements were weighed by hand to an accuracy of
+/- 1 mg and ball milled using tungsten carbide ball milling vials
(SPEX 8004). Ball milling was performed for 1.5 hours under a
nitrogen atmosphere using a SPEX 8000D high energy milling ma-
chine. After milling, powder was removed from the ball mill vials
and sealed under vacuum in fused silica ampoules. Ampoules
were annealed for 24 hours at 550°C. After ball milling, pow-
ders were sieved through 106 um sieves and loaded into graphite
dies. The powders were consolidated into 12.7 mmx2mm pel-
lets by pressing in a home-built vacuum hot press at 823K for 12
hours.2Y
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2.2 Measurement

Seebeck measurements were performed using a custom-built
measurement apparatus?l. The Seebeck coefficients were mea-
sured from 323-623K with 2 heating and cooling cycles per-
formed to identify any sample evolution during measurements.
Resistivity measurements from 323-623 K were done using a 4-
point Van der Pauw probe geometry on a custom-built appara-
tus. Density of the samples were obtained using geometric mea-
surements and an analytical balance. Thermal diffusivity mea-
surements were performed on a Netzsch LFA 467 Flash Diffusiv-
ity measurement system. Conversion from thermal diffusivity to
thermal conductivity utilized the equation o = % where o is
thermal diffusivity, d is density, and ¢, is the heat capacity ob-
tained by the Dulong-Petit approximation.

Hall carrier concentration and mobility measurements were
performed using a custom-built apparatus?? with a magnetic
field value of 1.0 T. Measurements were only performed at room
temperature. X-Ray diffraction was performed using a Bruker
D2 Phaser with a 6 — 26 geometry. Rietveld refinements on
the XRD patterns were performed using TOPAS V6 Academic.%3
SEM imaging with energy-dispersive spectroscopy (EDS) was per-
formed using an FEI Quanta 600i SEM. Grain sizes of the samples
were determined from 5 images at 5 different locations on each
sample and the averaged data is shown in ESI Table 2. For each
phase in the sample, EDS measurements were taken at 5 different
locations on the samples with the averaged ternary compositions
shown in ESI Figures 13-33.

2.3 Computational Methods

To understand the configurational thermodynamics of the
Ge|_xMnyTe alloys, the special quasirandom structures (SQS) for-
malism?4 in combination with first-principle calculations were
utilized. SQS represent configurations of alloys for which cor-
relations in atomic configurations most closely mimic those of
purely random alloys.2% The alloy theoretical automatic toolkit
(ATAT)2 was used to generate the structures with the mec-
sqs code?®, The SQS are constructed from 64 atom super-
cells for both rhombohedral and rock salt, for compositions
Gej_xMnxTe with x= 3.125, 6.25, 9.375, 12.5, 15.625, 18.875,
21.925,25.0,28.125,31.25,37.5,43.75, 50.0%. These 13 different
compositions correspond to the experimentally measured range.
When generating SQS, pairs and triplets were taken into ac-
count with radii large enough to include three and four nearest
neighbor atoms. The Monte Carlo algorithm for SQS generation
was executed until the objective function improvement stopped,
which resulted in a very similar objective function for all gener-
ated structures. For each composition, the objective function was
matched closely with the case of a random alloy.

First-principles total energy calculations are carried out via
density functional theory within the generalized gradient approx-
imation of the Perdew-Burke-Eznerhof (PBE)<Z, as implemented
in the Vienna Ab-initio Simulation Package (VASP)28. Core and
valence electrons are treated with a projector augmented wave
(PAW) formalism2?. The plane wave sets were truncated at a
constant energy cutoff of 500 eV and a I'-centred K-mesh of 3x3x3

Journal of Materials Chemistry A

(@ Ge (b)

7

Te MnTe, MnTe

Fig. 2 (a) The Te-Ge-MnTe phase diagram is dominated by the iso-
electronic alloy extending from GeTe. This alloy creates two broad two-
phase regions (purprle) extending to Ge and MnTe,. The rhombohedral
to cubic transition occurs at intersection of the two dashed lines. Yel-
low triangles represent 3-phase regions while black dots indicate samples
prepared to confirm the as-shown phase diagram. (b) Colored squares
identify samples used for electronic property measurements. The tem-
perature dependent transport measurements shown later in the text have
a consistent color scheme with these points.

was used to perform the relaxation. All structures were fully re-
laxed with respect to internal degrees of freedom until the forces
on all atoms were less than 1 meV/A. An onsite Hubbard U, with
U = 4 eV, was included to account for the localized 3d electrons
present in Mn. A U parameter of 4 eV based on analysis from
prior literature.2%31 The effect of U on the position and shape of
the VBM, and hence the conclusions drawn here, appears to be
modest. Even so, we include U = 4 eV in our work due to the
improved description of Mn 3d localized orbitals, degree of Mn
3d - Te 5p hybridization, and a more accurate description of the
MnTe band gap (see ESI figure 10). Spin-polarized calculations
were performed, with an initial magnetization of 5 ug to each Mn.
Ferromagnetic and antiferromagnetic spins were both tested, and
the antiferromagnetic orientations were found to be energetically
favourable in the SQS (similar as the antiferromagnetic ordering
present in MnTe). Therefore, the results are shown for the antifer-
romagnetic spin configurations. In all cases we obtain a magnetic
moment of 4.5 ug for Mn atoms, consistent with Mn species in
3d° high spin configuration.

3 Results & Discussion

3.1 Phase Equilibria

The processing times and techniques in the Methods section re-
sulted in polycrystalline samples with large average grain sizes
(5-19um range, ESI Table 2). X-ray analysis shows that the sam-
ples are either rhombohedral or rock salt GeTe solid solution,
depending on Mn content and that the impurity phase concen-
trations range from 40% to phase pure for all samples including
those used for phase boundary identification (Figure [2p, ESI Fig-
ures 13-23). The presence of impurity phases is intentional, as
such phases pin the elemental chemical potentials and thereby
control the native defect concentrations. Numerous studies high-
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Fig. 3 The volume per atom of the structures along the GeTe-MnTe
pseudobinary line shows devations from Vegard's law due to changes in
both crystal symmetry and overall atomic arrangements. The transition
point from rhombohedral to cubic is ~26% MnTe.

light the process and importance of phase boundary mapping us-
ing impurity phases.32-3¢

The high intensity and sharpness of the X-ray diffraction peaks
(ESI Figures 13-33) indicates that the thermal treatment was suf-
ficient to bring samples to an equilibrium state suitable for further
characterization. Phase fractions acquired from Rietveld refine-
ments can be found in ESI Table 2. EDS measurements of the
compositions indicate that the resulting samples have retained
their nominal composition during the synthesis and processing
into dense pellets (ESI Figures 13-33). The samples have den-
sities >94% after hot pressing into polycrystalline disks. At this
density, the minor fractions of intragranular porosity will have a
negligible effect on transport properties (see ESI Figure 30 for an
effective medium approximation for spherical inclusions7).

Based on the secondary phases observed, we proposed Figure
as the phase diagram for the Mn-deficient component of Ge-
Mn-Te phase diagram. The diagonal line spanning GeTe-MnTe
corresponds to Figure la, showing a single phase region that
transitions from rhombohedral to rock salt. This understanding
of the transition across the phase boundary is supported by X-
ray diffraction patterns and SEM (ESI Figures 13-33) of samples
within the GeTe-GeysMng sTe-Ge and GeTe-Gey sMng sTe-MnTe,
phase regions. In these blue regions, we observe the presence of
only two phases even though there are three structures (rocksalt,
rhombohedral, and diamond-Ge or pyrite-MnTe;) at the vertices
of the triangles. Samples prepared in these regions exhibit sec-
ondary phases of either elemental Ge and MnTe;. The remaining
yellow regions of Figure are three phase regions (Te-MnTe,-
GeTe; MnTe;-MnTe-Gey sMng 5Te; Geg sMng 5 Te-Ge-MnTe).

To determine when the rhombohedral to cubic transition oc-
curs in our samples, we consider the volume per atom from X-ray
diffraction refinement. Figure (3| shows data collected from the

4| Journal Name, [year], [vol.], 1

literature®1ll as well as our own refinements; collectively, these

indicate two linear regimes that transition in slope at approxi-
mately 26%. These results are consistent with Figure la, and
indicate that the rock salt phase is not being quenched into sam-
ples with low Mn content. In contrast to this non-diffusive transi-
tion, the partitioning of Mn-rich alloys to MnTe is limited during
cooling. Nonequilibrium rock salt structured samples were pro-
duced with Mn contents up to 59%; considering Figures [lp and
an anneal temperature of 1073 K would achieve an Mn con-
tent of 70% in the rock salt structure. The single phase rock salt
phase region extends all the way to MnTe at high temperature
(Figure [Th); however, significant variation in lattice parameter
values (not shown in [3) from literature©3859 suggest it is chal-
lenging to quench MnTe into the rock salt structure.

SEM micrographs of the samples found in ESI Figures 13-33
support the existence of the phase boundary edges shown in Fig-
ure 2. While many of the samples in ESI Figures 13-33 show
significant fractions of secondary phases, the electronic property
measurements were performed on samples ESI Figure 13-23. In
most of these samples, the concentration of secondary phases
is close to 10%, however, the samples Mng Geg225Teg 575 and
Mng 16Geg 3Teys4 have impurity phase concentrations of MnTe,
of up to 40%. At this high concentration, MnTe; is contributing
significantly to the conduction and measured properties of the
samples.

3.2 Electronic Properties

Mn content in Ge;_xMnyTe increases the resistivity by a full or-
der of magnitude as shown in Figure [@p. Prior literature shows
a similar increase in resistivity driven by Mn in the same com-
position range. 1128 The root causes of the increase in resistivity
due to Mn content will be developed below through a combina-
tion of Hall effect measurements and alloy first principles calcu-
lations. In contrast to the effect of Mn content, tellurium concen-
tration is found to have no effect — samples on either side of the
Ge|_xMnyTe phase boundary do not show distinguishable differ-
ences in resistivity from one another.

The electronic properties in Figure highlight the impact
of temperature on the charge carrier transport properties of the
Gej_xMnyTe samples. Resistivity is found to weakly increase with
increasing temperature, growing by ~1mQ-cm across the full
temperature range for all samples. This slope is consistent with
the high temperature resistivity trends of GeTe and other degen-
erate thermoelectrics such as SnTe and PbTe.%4l Based on these
consistent slopes but changing resistivities, it is inferred that the
residual resistivity changes. The samples with the highest resid-
ual resistivity values are all manganese rich while the low residual
resistivity samples are manganese deficient.

Beyond the overall magnitude and slope of the resistivity
curves, samples rich in GeTe undergo a rhombohedral to cubic
transition at high temperature, but the structural change shows
no discernible impact on the electrical resistivity. We do not ex-
pect there to be major changes in the resistivity as a function of
structure as the defects driving electronic transport are not ex-
pected to change significantly. Slight decreases in resistivity at
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Fig. 4 (a) Composition dependent heat map of The resistivity shows an order of magnitude difference across the Ge;_xMnyTe alloy. Panel (a) shows the
high temperature (573 K) dependence on composition while (b) shows the temperature dependent resistivity curves indicates extrinsic semiconductor
behavior. (c) Room temperature mobility decreases with higher Mn content and is comparatively insensitive to Te content.

high temperatures are likely a result of impurity phases (ESI Fig-
ures 13-33) dissolving and precipitating in and out of the matrix
phase.

At room temperature, Hall measurements indicate that Mn has
only a limited effect on the hole carrier concentration with all of
the carrier concentration values between 10°-102' htecm=3. In
Ge|_xMnyTe, both Mn and Ge behave as 2+ cations resulting in
isoelectronic substitutions that, to first order, should not affect the
carrier concentration. Based on prior work on GeTe, it is known
that Vg, defects are the primary source of holes and such cation
vacancies are expected to continue in this solid solution.” The car-
rier concentration of MnTe is significantly less (10" h*em—3) and
the change in crystal structure to hexagonal NiAs-type is expected
to significantly alter the energetics of cation vacancy formation.
Other literature'l!' suggests that the carrier concentration slightly
increases with increasing Mn content, however, the data in ESI
Figure 1 does not support this trend.

Hole mobility is highest near GeTe (17 cm? /V -s) and decreases
to below 1 cm? /V -s with increasing Mn content (Figure ). This
order of magnitude change in hole mobility drives the changes in
electrical resistivity shown in Figure [4p. These mobility measure-
ments alone do not distinguish the relative impact of changes in
effective mass and charge carrier scattering.

High temperature Seebeck coefficients in Figure [5h are found
to be consistent with the degenerate resistivity and carrier con-
centration values. Samples with the highest Seebeck coefficients
have the highest resistivity values and vice versa. All samples’
Seebeck coefficients are found to increase moderately with tem-
perature, suggesting single parabolic band behavior of the sam-
ples. At temperatures above 550K the decrease in slope of the
high temperature Seebeck coefficients is evidence of the onset of
minority carrier activation. Higher temperatures will likely result
in a decreasing Seebeck coefficient as cross gap activation con-
tinues to occur. Concentration dependent Seebeck coefficients at
573K (Figure ) show how the Mn concentration dramatically
increases the Seebeck coefficient from near 100 uV /K to greater
than 225 uV/K. Such a change in Seebeck coefficient would nor-
mally be a result of carrier concentration effects, however, the

hole concentrations in ESI Figure 1 are relatively unchanging.
This increase in Seebeck coefficients supports the notion that Mn
is altering the electronic band structure.

A density of states effective mass was determined by approx-
imations of the single parabolic band model assuming acous-
tic phonon scattering.#243 It should be noted that the single
parabolic band model does not necessitate single nor parabolic
bands to analyze electronic properties in a useful manner.1?
Acoustic phonon scattering was chosen as the dominant scatter-
ing mechanism for consistency with prior literature. 18/ Hole
effective mass at room temperature (Figure [Bt) dramatically in-
creases from near 1m, on the Ge rich side to greater than 12 m,
for Mn rich samples. Based on calculations, it is suggested that
the effective mass increases because of simultaneous flattening
and smearing of the valence band.

3.3 Structural Stability and Bond Length Distribution

Having established key features of the Ge;_,Mn,Te alloy, we now
turn to first principles to explore the effects of alloying on the sta-
bility, coordination environment, and effective band structure. In
Figure [6[(a) we probe the evolution of the crystal structure with
increasing Mn incorporation. The supercells are initialized in the
low symmetry rhombohedral GeTe structure, but allowed to fully
relax during geometry optimization. In rhombohedral GeTe, an-
gles a, B, and y between lattice vectors are all equivalent, ~57.8°.
For supercells with low Mn these angles remain close to ~57.8°
during relaxation, but as x increases the angles approach 60°, in-
dicating a transformation to the rock salt phase. Some variability
in the relationship between angles o, 3, ¥ and x is expected due
to configurational disorder, however the trend shown is consis-
tent with the experimentally observed transformation to rock salt
with added Mn. We observe that the transformation occurs more
smoothly and slowly in the first-principles simulations than in ex-
periment. Additionally, as shown in the inset, the volume change
also varies more smoothly, without an obvious change in slope as
in Figure 3.

From the relaxed SQS, it is possible to gain additional insights
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Journal of Materials Chemistry A

350 T T T T T T
(a) Mng 325Geq 175To0 s
——Mn, .Gz T4
——Mng 25Geg z5Teo 45
300F M Ge,acTeqs E

—— My 2,Gep2.Teo s

——Mn, ;Ge; z5Teq 575
——Mng,Gey 555Teo 75

250 [~ Mn, oGey s Teg s

4

= ——Mny , G sgTeq iy
M o, Gey i Teg

=200} 00sGe0.47Te04

Seebeck
g
Seebeck (UVK') at 573K

=y

o

o
T

50F E

v
[
w

(©) 25

N
N

~

(&)

*

RT Hole Effective Mass (Mmh/me)
=) ]

©

300 350 400 450 500 550 600 650 0 25
Temperature (K)

2
0
100
0
MnTe, 50 75 0 25 MnTe, 50 75
Mn

Fig. 5 (a) The Seebeck coefficients rise nearly linearly with temperature, as expected for heavily doped semiconductors. (b) Increasing Mn content
is found to increase the Seebeck coefficient at high temperature. (c) The hole effective mass (300 K) increases dramatically with an increase in Mn.

=
w a) b)
4
‘g rock salt
g 60 o 1
a >
[0}
Ssosf By S 099
® o
5 ‘ £ 0.98
c 59 &
(9] (]
2 585 £ 0.97
3 o
«» 58 > 0.96
K
@ 0.95
< 0 10 20 30 40 50 0 10 20 30 40 50

Mn content (%) Mn content (%)
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into the appearance of rock salt phase by identifying patterns in
the bond length distribution as Mn is incorporated (Figure a)).
In GeTe, the low temperature rhombohedral phase is stabilized
by the lone pair of s electrons present on the Ge?t cation.44
The stereochemical activity of the lone pair drives the symmetry-
breaking distortion and off-centric coordination around Ge, re-
sulting in asymmetric octahedra with three long (3.24 A) and
three short (2.84 A) Ge-Te bonds around each Ge. In rock salt
GeTe, however, the longer bonds are shortened and the shorter
bonds are lengthened, resulting in six equal bonds (3.00A) and
symmetric octahedra with 180° bond angles. Similarly, for MnTe
in the hexagonal NiAs structure, we find the bond lengths are
2.98A.

The bond length distributions of the fully relaxed Ge;_yMnxTe
SQS with x= 0, 6.25,18.75 and 50.0% and MnTe are plotted in
Figure The bond length distribution with increasing x also
shows a smooth evolution. As Mn is incorporated, the tendency
for off-centering becomes reduced due to the lack of lone pairs
on the Mn cations. For instance, at 6.25% Mn incorporation,
the Ge-Te bond lengths remain largely distributed around their
rhombohedral values, while the Mn-Te bond lengths cluster into
two distinct groups with more similar bond lengths (~2.9A and
~ 3.1A) — both cations locally still exhibit an off-centric coordina-

6| Journal Name, [year], [vol.], 1
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Fig. 7 The bond length distributions in SQS supercells for Ge;_xMnyTe
alloys of varying composition. Metallic blue and maroon colors show the
distribution of the Ge-Te and Mn-Te bond lengths respectively. As the
degree of Mn incorporation increases, first the Mn-Te and eventually the
Ge-Te bond lengths shifts from a bimodal distribution (indicating the
short and long bonds of the rhombohedral phase) to a single peak at an
intermediate bond length (indicating the high symmetry rock salt phase).

tion. As the Mn content further increases to 18.75% and 50%, the
Mn-Te bonds quickly become pulled inwards and no longer form
two distinct groups, but instead are centered around 2.98 A with
a wide distribution. Like the Mn-Te bonds, the Ge-Te bonds also
become pulled inwards and more symmetric with increasing Mn,
but they do so more slowly — even at x = 50%, they still show a
fairly wide distribution. Compared to the Mn-Te bonds, the Ge-
Te bonds more strongly resist the formation of a symmetric ar-
rangement, which is reasonable given the lone pair of s electrons
present on Ge.
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3.4 Band Structure Evolution

Next, we explore how the incorporation of Mn and the associated
change in crystal structure affects the electronic band structure.
While previous work on the electronic structure of (Ge,Mn)Te has
focused on the band structure of GeTe supercells with one or two
Mn atoms substituted142l it is of interest to explore the elec-
tronic structure of fully disordered Ge;_xMn,Te alloys. The band
structures of the alloy supercells exhibit band folding, making
them difficult to compare with the primitive cell band structure
of the parent compound. Therefore, we use band unfolding4® to
project the supercell band structures back to the primitive unit
cell for the parent rock salt and rhombohedral phases. This ap-
proach enables us to generate ‘renormalized’ band structures for
each composition, to systematically analyze their evolution with
Mn inclusion. The spin up and spin down polarizations are not
distinguishable from each other, so we show only one spin in
the ‘renormalized’ band structure. The band unfolding was per-
formed using the BandUP code748,

We calculated the band structure of pure GeTe and disordered
alloy SQS Ge|_xMnyTe with x= 3.125, 6.25, 9.375, 12.5, 15.625,
18.875, 21.925, 50%. Distinct from the results shown in Figures
6 and 7, here the SQS are initialized in rhombohedral and rock
salt phases, and during the geometry optimization the supercell
lattice vectors remain fixed while internal atomic coordinates are
allowed to relax. This way, we freeze the lattice vectors into well-
defined rhombohedral or rock salt structures, which makes it eas-
ier to unfold the SQS band structures and compare them to each
other. For a given composition x, the unfolded band structures for
the rhombohedral and rock salt phases therefore represent two
possible extremes from one end of the structural transformation
to the other, while for intermediate values of x the actual band
structure most likely lies somewhere in between.

The renormalized band structures for rhombohedral and rock
salt supercells are shown in Figure |8l The rhombohedral phases
in Figure [8(a-d) are shown for compositions where they are ex-
perimentally observed, for x = 0%, 6.25%, 12.5%, and 18.75%.
The rock salt phases in Figure [8f(e-h) are shown for compositions
of x = 18.75%, 21.88% and 50%, where they are experimentally
observed, as well as at 0% as a reference for comparison. For
rock salt, we show the unfolded band structure using the Brillouin
zone path of the rhombohedral phase. Since the rock salt struc-
ture is a higher symmetry version of the rhombohedral structure,
several segments of the low symmetry path become equivalent
such as By =+ L —T and B— Z — I'. These degeneracies highlight
a key aspect of the rock salt phase, namely, the greater degree
of band degeneracy arising from the higher symmetry. Showing
both structures along the same path more clearly illustrates the
evolution of the band structure with increasing Mn as the struc-
tural transformation occurs.

Beginning with the rhombohedral systems, the band structure
for pure GeTe (Figure [8h), obtained from unfolding the band
structure of a GeTe supercell, recovers the typical expected dis-
persion for GeTe. It shows an indirect gap of 0.56 €V, with VBM
at X (between P toI') and CBM at L, in agreement with prior DFT
results#950, Figure [8(b-d) show how the band structure evolves
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at x = 6.25%, 12.50%, and 18.75% Mn. The color bar (shown in
a non-uniform scale to highlight differences) indicates the spec-
tral weight (number of bands present) at each k-point and energy
window. Even at 6.25% Mn inclusion, the effect of alloying is ev-
ident. The alloy retains the key features of the band structure of
GeTe, but the sharp bands become smeared and broadened. As
Mn incorporation acts as an extrinsic perturbation to the period-
icity of pure GeTe, the reduced spectral weight and the smeared,
broadened bands reflect the loss of the Bloch character of the
states. The ghost-like flat bands that emerge around energies 5
€V below the Fermi energy are the filled 34° states of the Mn im-
purities, while the unfilled 3d orbitals appear near the conduction
band minimum.

We also observe that broadening induced by the inclusion of
X =6.25% Mn causes the peaks at points L and Z to slightly extend
upwards towards the VBM, resulting in a greater convergence of
extrema at the valence band edge. In pure GeTe the energy offset
between VBM X and the peak at L is around 0.17 €V. The energy
offset to Z is 0.23 €V, and to the peak along I'— X is 0.45 eV.
At 6.25% Mn content, these energy differences decrease respec-
tively to 0.11, 0.11, and 0.21 eV respectively. All three bands are
converged within an energy window of ~100 meV at 12.5% Mn
content (Figure ). The observed band convergence offers an
explanation for increased Seebeck in alloyed rhombohedral sys-
tems for x = 10%-15%, and may be associated with the increased
symmetry as the structure evolves towards the rock salt phase. At
18.75% Mn content, the VBM appears shifted from X to between
Z-T" path, with an ~30 meV energy difference between these two
points. This change is also consistent with transition to rock salt,
for which the VBM occurs at Z.

Figure[8|(e-h) shows unfolded band structures for compositions
x=0%, 18.75%, 21.88%, and 50%, now for the rock salt phase. In
rock salt GeTe (shown for reference), the VBM and CBM both oc-
cur at L and Z, which are now degenerate by symmetry. However
the peak in the VBM at X is only 0.08 €V lower in energy. The band
structure for rock salt at 18.75% (Figure is similar to that of
rhombohedral at the same composition (Figure[8Jd), but the bands
are even more well converged. The higher band degeneracy aris-
ing from increased symmetry points to an underlying explanation
for the increased Seebeck with Mn shown in Figure |5, With fur-
ther increasing x, the bands become more smeared, and even be-
gin to express features associated with the band structure of rock
salt MnTe (see ESI Figure 7). Even so, the nominally degenerate
paths By - L — T and B — Z — I" show differences in spectral
weights, which arise from local structural variations (bond angles
and lengths that retain features of the rhombohedral phase, es-
pecially around Ge atoms). In spite of the band convergence, we
also note the flattening and spreading of the VBM extrema with
Mn inclusion. The curvature of the bands at X, which is between
K to I in rock salt k-path is reduced by a factor of three at 12.5%
Mn inclusion, and six at 18.75% Mn alloying, compared to rock
salt GeTe (ESI Figure 8). Details of the approach used to estimate
curvatures for the unfolded band structures are given in the ESI
(see ESI Figure 8). The DOS plots and the trends in DOS effec-
tive mass for both rhombohedral and rocksalt phase are shown in
the ESI (ESI Figure 11 and 12). At 50-50 composition the tops of
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Fig. 8 The band structure SQS alloy structures Ge;_,Mn,Te evolve significantly with both symmetry (rhombohedral and rock salt) and composition.
For ease of comparison, the Brillouin zone path plotted for the high symmetry rock salt corresponds to the same path shown for the lower symmetry
rhombohedral phase. Due to the higher symmetry of rock salt, the following segments are degenerate: By +L—Tand B—»Z—T,F —- P, and F — Q,

I'>Xand ' —P.

8| Journal Name, [year], [vol.], 1



Page 9 of 11

b
o

Mg 5,.Gey opsTey . ——Mn, ,Gey 555 Teg s
—— Mg 5, Gey 5 Tey ; ——=Mng 5GegTeg gy
=My 2yGegasTeg g —li—Mng 1,Gey35Teq
-~ Mngz5Geya5Tegs —I—Mng 0580 30T e0 505
.~ - Mng 2:Gey 2. Tey oy —l=MnggeCey i Teg
™ ——Mny 18y 5T g7

Y
w
T

Lattice Thermal Conductivity (W/(K*m))
5
T

i Il i 1 " 1 1 1 i 1 i

0.5
300 350 400 450 500 550 600 650
Temperature (K)

Fig. 9 Lattice thermal conductivity values decrease with increasing tem-
perature as a result of phonon-phonon scattering.

the valence bands show flat, near dispersionless feature). This
matches well with our experimental observation of very high ef-
fective mass with a higher percentage of Mn inclusion, resulting
very low mobility above 15%Mn. Optimization of the thermo-
electric properties of Ge;_,Mn,Te requires balancing the Ge/Mn
ratio to improve band convergence while preventing the effective
mass and scattering from becoming too high. We note that Mn
as an alloying partner, due to its 3d orbitals, may be an extreme
case; for example Figure 9b in the ESI shows the unfolded band
structure for Geg 5Sng 5Te alloy instead, which by contrast retains
well-defined and less distorted valence band extrema despite the
large degree of alloying.

3.5 Thermal transport and zT

Lattice thermal conductivity was determined assuming the total
thermal conductivity contains only majority carrier and phononic
contributions (Kior = Kjurrice + Kelecrronic)- The electronic compo-
nent of thermal conductivity was determined using the relation-
ships K,ecrronic = L0 - T, where the Lorenz number was estimated
using the procedure described by Kim et al.L, Figure@shows the
lattice thermal conductivity of the Ge|_xMnyTe samples decreases
with increasing temperature indicating samples are dominated by
phonon-phonon scattering. The samples with the lowest lattice
thermal conductivities have moderate Mn percentages, putting
the matrix compositions close to that of the rhombohedral to cu-
bic transition at 21%. The structural transition point may aid in
reducing the lattice thermal conductivity as samples with both
lower and higher Mn/Ge ratios have lattice thermal conductivi-
ties greater than 1 W/mK at room temperature.

At 573K, the lattice thermal conductivity values are all near
or below unity in Figure [10| which is consistent with other stud-
ies on Gej_,Mn,Te. 1118 A5 secondary phases are present in the
samples, the lattice thermal conductivity values greater than unity
may be a result of elemental germanium that has a lattice ther-
mal conductivity of ~30 W/mK at 573K or MnTe, with a lattice
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Fig. 10 Lattice thermal conductivities along the GeTe-MnTe line de-
creases by roughly 50% as high fractions are Mn are incorporated into
the Ge;_xMnTe alloy.

thermal conductivity of 1.2 W/mK at 500 K.22:23! Secondary phase
fractions of MnTe are unlikely to increase the lattice thermal con-
ductivity as the values are close to or below 1 W/mK. 14

The thermoelectric figure of merit in Figure|11|shows a spread
of values ranging from 0.03~0.8 at 623 K. The highest zT sam-
ple (Mng_14Geg 33 Teq 43) has a modest lattice thermal conductivity,
however, the moderate resistivity and Seebeck coefficient peak
above 175 uV/K enable the high performance. Interestingly, the
thermoelectric quality factor (defined as 3 < ”":;3/2) for this sam-
ple is significantly lower than that of the most Ge rich sample,
suggesting that performance in these samples may be driven by
hole mobility (see ESI Figure 2). The figure of merits of this
work’s peak samples are found to be greater than the peak sam-
ples from literature 1118

Other low-Mn concentration samples also have reasonably high
zT and B despite having lattice thermal conductivity above 1
W/mK. This moderate performance is driven by mobility values
remaining above 2 cm?/Vs. In contrast, the high Mn-content sam-
ples suffer from their low mobilities (<1 ¢cm?/Vs) and similarly
high lattice thermal conductivity values. In other words, while
the high effective masses contribute to a large Seebeck coefficient,
the impact on mobility overshadows this benefit. A quantitative
view of these trade-offs can obtained via the thermoelectric qual-
ity factor and are shown in ESI Figure 2.

4 Summary

Alloying IV-VI semiconductors with transition metals has histori-
cally not been an effective strategy to improving thermoelectric
performance. Ge;_xMnyTe, however, is known to be a notable
exception. This work investigates how Mn alloying alters the
electronic transport properties of GeTe through complementary
experimental and computational approaches. Experimental de-
termination of the Ge;_xMnyTe phase diagram identifies a solid
solution ranging between 0-60% Mn concentration, however, the
solubility of Mn can be as great as 70% depending on the syn-
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Fig. 11 Thermoelectric figure of merit peaks at moderate values of Mn
while high fractions of Mn in Ge|_xMnyTe are detrimental to performance.
zT in the Ge;_xMnTe alloy occurs from a low resistivity coupled with a
moderate Seebeck coefficient or a high Seebeck coefficient balanced by
a moderate resistivity.

thesis temperature and cooling rate. The rhombohedral GeTe
structure exists at low Mn concentrations but past 26% Mn, the
Gej_xMnyTe alloy forms in the cubic rock salt structure. Exper-
imental measurements on samples along the alloy line find that
Mn reduces the hole mobility as a result of a dramatic increase in
the hole effective mass. Disordered alloy calculations along the
Ge|_xMnyTe line provide an in-depth view of the electronic band
structure and its the contributions to electronic transport. From
the band structure calculations, it is found that moderate Mn in-
clusion is responsible for flattening of the ¥ bands near the VBM
thereby increasing the effective mass by nearly six times that of
pure GeTe. Both calculations and experiment come to the agree-
ment that moderate Mn concentration can improve thermoelec-
tric performance but heavier concentrations of Mn negatively af-
fect the effective mass and mobility.
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