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Micro-Scale Device—An Alternative Route for Studying the Intrinsic
Properties of Solid-State Materials: The Case of Semiconducting

TaGelr
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K. Poeppelmeier, A. P. Mackenzie, E. Svanidze, and Yu. Grin*

Abstract: An efficient application of a material is only possible
if we know its physical and chemical properties, which is
frequently obstructed by the presence of micro- or macroscopic
inclusions of secondary phases. While sometimes a sophisticat-
ed synthesis route can address this issue, often obtaining pure
material is not possible. One example is TaGelr, which has
highly sample-dependent properties resulting from the pres-
ence of several impurity phases, which influence electronic
transport in the material. The effect of these minority phases
was avoided by manufacturing, with the help of focused-ion-
beam, a um-scale device containing only one phase— TaGelr.
This work provides evidence for intrinsic semiconducting
behavior of TaGelr and serves as an example of selective
single-domain device manufacturing. This approach gives
a unique access to the properties of compounds that cannot
be synthesized in single-phase form, sparing costly and time-
consuming synthesis efforts.

Introduction

A comprehensive study of any new substance is only
possible if we start with a high-quality material. However, it is
well known that in reality crystalline materials typically
contain imperfections, ranging from the macro- to the atomic-
scale. Most frequently, strain, dislocations, stoichiometric
deviations, and the presence of secondary phases have
significant influence on physical and chemical properties,
often leading to conflicting reports. Therefore, to answer
some of the most pressing questions of fundamental solid-
state chemistry and physics, and unlock the full application
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potential of solid-state materials, it is absolutely crucial to
strive for the real crystal structure closest to the ideal
crystallographic one. This can be achieved by growing single
crystals of materials, in which it is often possible to diminish
the amount of defects, that is, grain boundaries and lattice
imperfections. Over the course of several decades, existing
crystal-growth techniques have been significantly improved,
with several new methods driven by scientific advances in
condensed matter physics and solid-state chemistry." Still,
no single technique is perfect—from chemical transport®~! to
the Bridgman method,’®*! the Czochralski process!'*? to the
synthesis from metal fluxes''*'*—all of them require a lot of
optimization, which is both costly and time-consuming. The
task becomes even more challenging if the necessary theo-
retical and/or experimental data regarding the thermody-
namic properties do not exist, or the target phases are not
accessible for single-crystal preparation with the techniques
above. This renders the manufacturing of single-phase, let
alone single-crystalline, samples nearly impossible. Naturally,
the efforts become more and more laborious when the
number of constituent elements is increased.

One example of such challenging material synthesis is the
recently investigated compound TaGelr, belonging to the so-
called half-Heusler family. TaGelr is one of the ABX
compounds with 18 valence electrons, which were predict-
ed!™ to crystallize in the cubic MgAgAs-type structure”!
(space group F43m). The crystal structure of TaGelr, shown
in the inset of Figure 1 top, may be considered as a “chame-
leon” atomic arrangement. From the point of view of atomic
patterns, it can be viewed as the cubic closest packing of Ta (or
Ge) with Ge (or Ta) and Ir in the octahedral and tetrahedral
holes, respectively.’!! Alternatively, it can be understood
either as the Ir-Ge or Ir-Ta zinc-blende-like network with Ta
or Ge atoms on interstitial sites, respectively; or as Ta-Ge
rock salt-like network with Ir atoms on interstitial sites
(Wyckoff notation 4c) with cubic environment (heterocu-
bane-like coordination'>??). Hereafter, the elemental se-
quence in the formulas was chosen where the first element
corresponds to the one with the most positive effective charge
and the third element has the most negative effective
charge.”™” The stabilization of the structural pattern of
MgAgAs-type is caused by the increase of ionicity (due to
the charge transfer from Ta and Ge to Ir) and covalency (due
to the large amount of electrons, which Ir can share with its
neighbors and the appearance of covalent Ir-Ge and Ir—Ta
bonds)." The increased ionicity and covalency of the atomic
interactions are also supporting factors for appearance of the

Angew. Chem. Int. Ed. 2020, 59, 11136 —11141


http://orcid.org/0000-0002-7652-0630
http://orcid.org/0000-0002-7652-0630
http://orcid.org/0000-0003-2382-2261
http://orcid.org/0000-0003-2382-2261
http://orcid.org/0000-0003-2382-2261
http://orcid.org/0000-0002-0748-981X
http://orcid.org/0000-0002-0748-981X
http://orcid.org/0000-0003-3981-5736
http://orcid.org/0000-0003-3981-5736
http://orcid.org/0000-0003-1655-9127
http://orcid.org/0000-0003-1655-9127
http://orcid.org/0000-0001-8000-4949
http://orcid.org/0000-0001-8000-4949
http://orcid.org/0000-0001-8000-4949
http://orcid.org/0000-0003-2893-1379
http://orcid.org/0000-0003-2893-1379
http://orcid.org/0000-0003-3891-9584
https://doi.org/10.1002/anie.202002693
http://dx.doi.org/10.1002/anie.202002693
http://dx.doi.org/10.1002/ange.202002693

TaGelr
arc-melted
-~
=
<
g
2
‘2
£
Y
2
=
TaGielr I R0 (R L L ]
R T I TR T
I"‘“e,”. ' L A 4 A1 b A
b, T J
T T T
20 40 60 80 100
Diffraction angle 20 (deg)
TaGelr
sintered .
3 :
z | I |
-~ z
9 sl 11 RN | |
R A
)
‘E: A %5 EY B 40 05
< Diffraction angle (deg.), "
= // -
= TaGelr P
< Talr. b e
E | TaGer, 7 P <
IrGe, A S
Ta.Ge 4 * 4
4 yr g J
- 1 7
) T i) R Y S I
I e e o [
FUE UEE LU0 IREE O TN RN R 000 OO O
L O T O T O R L T
I I I 1 I I |
T T

20 %0 @ 80 100
Diffraction angle 20 (deg)

Figure 1. Powder X-ray diffraction pattern (CukK,, radiation, 1 =
1.54056 A) of the preparation products of TaGelr by arc melting (top)
and sintering (bottom). Insets: the crystal structure of TaGelr (top)
and enlarged fragment of the X-ray diffraction pattern, highlighting
minority phases (asterisks) present in the sample (bottom).

band gap. The first synthesis of this substance, along with the
study of its physical properties, classified this material as an
indirect p-type semiconductor based on optical experiments,
electronic transport properties were measured at room
temperature.” Additional theoretical work on electronic
structure and thermoelectric properties confirmed that
TaGelr should in fact be an indirect-band-gap semiconduc-
tor.? Further theoretical investigations suggested p-type
self-doping in TaGelr by introduction of holes via anti-site
defects (Ge partially replacing Ta, for example,
Ta, ,Ge, Ir),” explored pressure and charge carrier de-
pendence of thermoelectric properties,”” and confirmed the
thermodynamic stability of TaGelr and its crystallization with
MgAgAs-type structure.””)

While its existence was predicted based on first-principles
thermodynamic calculations,”'*] analysis of the binary phase
diagrams suggests that this compound is not easy to make in
single-phase form due to several neighboring phases, which
form at high temperatures and cannot be removed by thermal
treatments of reasonable duration. The measured indirect gap
of 1.64 eV was on the upper limit of the calculated values
ranging between 1.07 and 1.74 eV.l153:24

No further experimental studies were carried out, which
may perhaps be understood considering the synthesis chal-
lenges presented by TaGelr. Typically, phase equilibria, which
can be represented in the form of isothermal sections of phase
diagrams, can be used to design a synthesis route. In the case
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of Ta-Ge-Ir system, no data about the phase diagram exist in
the literature. The synthesis is additionally complicated by
high melting temperatures of Ta and Ir. Motivated by the
intriguing theoretical prediction of a semiconducting material
comprised exclusively of metallic elements and limited
experimental work on TaGelr, as well as by the lack of
temperature-dependent electrical resistivity data on TaGelr,
we set out to establish its transport properties.

Results and Discussion

In the current study, TaGelr was synthesized in two ways.
First, arc melting of constituent elements and consequent
annealing (see Supporting Information) was carried out.
Powder X-ray diffraction pattern reveals the presence of
TaGelr, as well as small quantities of TaGe,Ir,** (Figure 1,
top). Additional minority phase—Talr;—was detected by
metallographic analysis (see below). The refined lattice
parameter of TaGelr (a = 5.9651(2) A) deviates from the
published one (a; = 5.9664(5) APy by few estimated
standard deviations. Electrical resistivity measurements (Fig-
ure 2, top) indicate two successive superconducting transi-
tions at 7,=4.4K and 7.,=6.3K, followed by metallic
behavior at high temperature. However, the small super-
conducting volume fraction (inset of Figure 2, top) suggests
an extrinsic origin of superconductivity.

The second synthesis route for TaGelr was sintering of
pressed powders of elements, following the procedure re-
ported earlier™ (see Supporting Information). The X-ray
powder diffraction reveals that, in addition to TaGelr, the
sample contains TaGe,Ir,,”!  Talr,”"?  TasGe,, >
GesIr, P2 as well as elemental Ta (Figure 1, bottom;
minority-phases reflections are marked by asterisks). It was
therefore evident, that after heat treatment of the powders,m]
the reaction of the elemental Ta, Ir, and Ge is not complete
and the sample is not in a thermodynamic equilibrium (see
the microstructure analysis below). The respective transport
properties of the sintered sample (Figure 2, bottom) indicate
semiconducting behavior. A very small Meissner fraction
(inset of Figure 2, bottom) reveals the presence of a super-
conducting impurity phase also within this sample.

Given the vastly different properties of TaGelr samples
synthesized via arc melting and sintering, we assumed several
possible reasons for this discrepancy:

1) Structural variations, that is, is it possible that crystallo-
graphic positions of Ta, Ir, or Ge atoms are exchanged?

2) An off-stoichiometry of TaGelr, that is, are different
ground states a result of self-doping by mixed occupancy
of crystallographic positions ?(*!

3) Presence of secondary phases, that is, are the intrinsic
properties of TaGelr masked by those of the impurity
phases?

To address these possibilities, the crystal structure of
TaGelr was investigated. Experimentally, it was refined
employing the X-ray diffraction data on a single-crystal
selected from the arc-melted sample. Striking features are
displacement of the Ta atoms from the ideal position and
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Figure 2. Magnetic and transport properties of TaGelr samples, synthe-
sized via arc melting (top) and sintering (bottom). The insets show
Meissner fractions of the superconducting transitions (y = magnetic
susceptibility).

mixed occupation of Ta and Ge positions. Details of the
crystal structure refinement are presented in the Supporting
Information (Tables S1 and S2). Furthermore, the electronic
band structure was calculated for three optimized structure
models (no off-center position for Ta) by placing each of three
elements onto the heterocubic 4c site (HC in Figure 3). Note,
that only the model with Ir at 4c (Figure 3, top) results in
a band gap at the Fermi level E (dashed line in Figure 3),
while the other two configurations yield a metal-like band
structure with a non-negligible density of state at the Fermi
level. In addition, the models with Ta and Ge at 4c site are
energetically unfavorable, exhibiting an increase of energy by
+175 kImol ! and + 216 kJmol ™%, relative to the model with
Ir at 4c. These findings eliminate the possibility of different
crystallographic arrangements in TaGelr samples, synthesized
by different means.

To examine the possibility of a non-negligible homoge-
neity range of TaGelr, a series of samples with varied
Ta:Ge:Ir atomic ratio was synthesized by arc melting (Fig-
ure S1). The X-ray diffraction and metallography studies
indicate presence of minority phases in all synthesized
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Figure 3. Electronic density of states of optimized TaGelr models with
Ir, Ge, and Ta atoms placed on the 4c crystallographic position,
respectively (HC = heterocubane site, E; = Fermi level). Side panels
depict corresponding atomic arrangements.

samples (Tables S3 and S4), which is the reason for super-
conducting transitions, observed in magnetization and resis-
tivity measurements (Figures S2 and S3). The lattice param-
eters of TaGelr, summarized in Table S3, are equal within
one (!) estimated standard deviation for all samples. This
means that TaGelr does not have a measurable homogeneity
range, eliminating the possibility of deviations from the 1:1:1
composition, which—in turn—could change its physical
properties so drastically.

Concerning the role of the minority phases, the metallo-
graphic analysis of the arc-melted TaGelr sample clearly
shows the presence of three phases, which are homogeneously
distributed within the sample (Figure 4a). In addition to the
main phase of TaGelr (dark grey), two impurity phases are
observed: TaGe,lr, (light grey) and Talr; (white). Within the

5 100 um
—t

Figure 4. Microstructure of TaGelr synthesized via arc melting (a and
b) and sintering (c and d): BSE (back-scattered electrons) images (a,c)
and optical bright field micrographs (b,d). The identified phases are
marked on SEM images, the notation is according to Figure 1.
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arc-melted sample, the distribution of TaGe,lr, grains pro-
vides an electrical current path, leading to metallic behavior
and subsequent transition to superconductivity at 7, =4.4 K.
This impurity effect is further confirmed by magnetic
susceptibility measurements, which indicate that less than
half of the sample becomes superconducting at the lowest
available temperature (inset of Figure 2, top).

On the other hand, while the sintered sample is also
a multiphase one (Figures 4c¢,d, S4), it remains porous and
inhomogeneous after the preparation procedure. The materi-
al can be considered as a um composite one. As a conse-
quence, no pathway for the electrical current exists, resulting
in the bulk semiconducting behavior (Figure 2, bottom). The
corresponding superconducting transition below 3 K involves
less than 5% of the whole sample (inset of Figure 2, bottom),
which supports extrinsic origin of the superconducting
transition. The presence of at least TaGe,lIr, as an impurity
was also confirmed by thermal analysis, which shows a small
additional thermal effect at 1260°C, indicating the decom-
position of the 1:2:2 phase (Figure S5).

In light of these experimental constraints and driven by
the search for intrinsic transport properties of TaGelr, we
have implemented micro-scale structuring in order to man-
ufacture single-phase specimen of TaGelr. Use of material
contrast mode of the SEM (BSE regime) allowed us to
identify single-phase regions of TaGelr (blue boxes, Fig-
ures 5 top and S6) in a multi-phase polycrystalline sample
(synthesis by arc-melting), which are free from sample
imperfections. With this in mind, we have fabricated several
micro-scale devices, with one example depicted in Fig-
ure 5 middle, using Xe-plasma focused-ion-beam pattern-
ingt®3 (see Supporting Information for details). In a pre-
liminary step, a slice with dimensions of around 150 x 50 x
2 um® was cut of the bulk. Its SEM analysis reveals three
phases: the main phase is TaGelr (dark grey) and the
secondary phases are TaGe,lr, (light grey) and Talr; (white).
Due to the small thickness of the sample, phase boundaries
are visible from either side, allowing for a clear identification
of single-phase regions. Therefore, the device shown in
Figure 5, middle, was patterned so that the regions relevant
for transport measurements include only TaGelr (see the blue
rectangles in Figures 5, top and S6). The temperature-depen-
dent resistivity was measured in various magnetic fields. Since
the data, taken on the three regions, are identical within
experimental accuracy, the remainder of the discussion is
focused on the results obtained on the V,*-V,~ voltage pair.

As evident from Figure 5 bottom, the resistivity of TaGelr
increases monotonically as the temperature is lowered down
to below 10K, in agreement with the semiconducting
behavior, predicted by band structure calculations!!*?*%!
(Figure 3, top). However, the temperature dependence is
relatively weak, which would not be expected for a pure
semiconductor with a large band gap. At temperatures below
10K, a decrease and subsequent sharp drop in resistivity
suggest an onset of superconductivity. Owing to the high
critical fields (ca. 5 T), we can rule out the possibility that this
superconducting behavior is caused by the presence of the
secondary phases, identified in Figure 4a, as well as other
known compounds based on Ta, Ge, or Ir. Rather, the
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Figure 5. Application of the micro-scale device technique on polycrys-
talline TaGelr sample: Top: scanning electron micrograph (BSE
contrast) with TaGelr (grey), TaGe,lr, (light grey), and Talr; (white),
blue rectangles mark three single-phase regions of TaGelr selected for
resistivity measurements, for the back side view cf. Figure S6; middle:
micro-scale device, fabricated using focused-ion-beam patterning from
the sample, shown in the top panel, yellow color represents gold
contacts, while blue corresponds to the sample surface; bottom: four-
terminal resistivity data, taken on the V,"-V," voltage pair region,
semiconducting behavior of TaGelr is evident from the main panel,
inset shows the low-temperature data indicating superconductivity
most probably due to a thin Ta layer.

superconducting transition agrees with those of sputtered Ta
films,®® as well as other Ta-containing micro-scale struc-
tures.’” In our case, an enrichment of Ta at the surface is
unavoidable due to preferential evaporating of Ge, compared
to Ir and, in particular, to Ta during the focused-ion-beam
processing. So far, it has not been possible to remove the Ta
layer by variation of experimental conditions. Thus, the
superconducting state with 7, ~2 K and critical fields of up to
5 T should be attributed to a surface layer of Ta. Owing to the
complexity of the semiconducting state in the present
material, it was not possible to subtract the contribution of
the tantalum film.

The observed behavior of TaGelr is more similar to that of
“non-metallic metals”.®**? Tt may be understood considering
either the shift of the Ta (Ge) atoms in 4b site from the ideal
positions of the MgAgAs-type crystal structure, or the
occupational disorder, or the combination of the two.
Calculations of the electronic density of states in a rhombo-
hedral model allowing the shift of the Ta (Ge) atoms from the
ideal positions along the three-fold axes show that the latter—
despite the atoms are shifted by approximately 0.1 A—do not
have significant influence on the electronic DOS around the
Fermi level (Figure S7). Thus, the presence of Ta and/or Ge at
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the heterocubic site (instead of Ir) remains as the only reason
for the reduced gap, as this was suggested by the electronic
DOS calculations (Figure 3). The results of the crystal
structure refinement indicate that Ge appears partially at
the Ta position rather than at the Ir one. The partial presence
of tantalum at the iridium position is practically impossible to
uniquely deduce from the crystal structure analysis. The
refinement of mixed occupancies for all three positions is
rather unstable to be reliable for mathematical reasons.
Further DOS calculations using disordered models revealed
that already with the Ta/Ir exchange of 12.5 %, the new states
appear in the former gap (Figure 6, top, and Figure 3, top),
and the gap is going to close of the Ta/Ir exchange of 25%
(Figure 6, bottom).

1 I " I . I
TaGelr
- Ta/lr exchange 12.5%

1501

100}~

S0

f | . | ; | n |
0 T
TaGelr
Ta/lr exchange 25%

DOS (states ¢V u.c.”)

20

[ N PR A I R ! M |
-10 -8 -6 -4 -2 0 2 4
Energy (eV)

Figure 6. Electronic density of states for the disordered structural
models of TaGelr with 12.5% (top) and 25% (bottom) Ta/Ir exchange.
The corresponding structural models are shown in the insets.

Conclusion

In a study of intrinsic properties of inorganic materials,
particularly for intermetallic compounds, the synthesis of
either single-crystal or single-phase material is the funda-
mental and possibly most challenging step. Frequently, the
investigation of novel materials is driven by theoretical
predictions, which anticipate exotic properties. Problems
arise when experimental data and theoretical calculations
do not agree. This was the case for TaGelr, for which band
structure calculations predict a semiconducting ground state,
while resistivity data display metallic behavior with a conse-
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quent transition to superconductivity. To resolve this puzzling
issue, we have manufactured a micro-scale device out of bulk
TaGelr. Upon measuring the intrinsic transport properties of
TaGelr, it was established that the material is indeed semi-
conducting. The modest temperature dependence can be
understood by a combination of the results obtained by
different techniques in a self-doping scenario, that is, strong
structural disorder caused by Ta/Ir exchange producing non-
metallic-metal behavior.

This work not only conclusively identifies the ground state
of an inherently challenging material, but—more generally—
also provides a powerful way to study solid-state systems. The
micro-scale device approach used here and in Refs. [33-35]
allows the investigation of materials not accessible in single-
phase form. Much like the promise of “materials by design”,
this technique will allow more efficient classification of
materials, and much faster identification of the most promis-
ing substances. This approach may not only benefit chemists,
but also physicists and material scientists, resulting in a more
comprehensive and factual solid-state research.
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