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ABSTRACT: Intermetallic compounds with semiconducting proper- 1/3 Ga
ties are rare, but they give rise to advanced materials for energy O

conversion and saving applications. Here, we present ReGa,Ge, a new Ge ©
electron-precise narrow-gap intermetallic semiconductor. The com- ReGaz2Ge
pound crystallizes in the IrIn, structure type (space group P4,/mnm, a 17 é

= 6.5734(3) A, ¢ = 6.7450(8) A, and Z = 4), where Re atoms occupy
the Ir site, while Ga and Ge jointly populate the In sites. ' Ga nuclear
quadrupole resonance spectroscopy indicates nonstatistical partially
ordered distribution of Ga and Ge over two available crystallographic

hp_ ReG as semiconducting
properties
7.7 GPa

16 é

sites; however, the Ga:Ge ratio is exactly 2:1 without noticeable

homogeneity range. The stoichiometry of ReGa,Ge ensures its precise valence electron count, which is 17 e per formula unit. Accordingly, a
narrow energy gap opens up at the Fermi energy in the electronic structure. Electrical resistivity, Seebeck coefficient, and thermal
conductivity are in agreement with the semiconducting behavior deduced from the electronic structure calculations and point to prospective
thermoelectric properties at high temperatures. Bonding analysis reveals dominant covalency in Re—E (E = Ga, Ge) and Re—Re interactions.

B INTRODUCTION structure, where two types of voids are present. The cubic voids
are centered by p-metal atoms (p-M1), whereas the rhombic
prisms are occupied by transition-metal atom dumbbells (d-M).

Among all representatives, only compounds having the
valence electron count (VEC) of 17 (FeGa;, RuGa;, OsGa;,
and Ruln;° ™) are semiconductors, while the remaining 18-

Intermetallic compounds with semiconducting properties are
rare, but they exhibit Feculiar chemical bonding and promising
functional properties.* In the first place, intermetallic narrow-
gap semiconductors give rise to advanced thermoelectric
materials with high efficiency of energy conversion.””” The
number of semiconducting intermetallic compounds is not
large: most representatives are found in the limited number of
structure types, although there are individual representatives, © dm
too. Opening of the energy gap in intermetallic compounds © p-m
generally takes place as a result of hybridization of valence © pm2
orbitals, when two or more metals from different blocks of the
Periodic Table are involved in chemical bonding. Thus, one can
distinguish three major families containing semiconductin%
intermetallic compounds. Those are Heusler compounds,®™"
Nowotn}f chimney-ladder phases,"”™"* and IrIny-type com-
pounds.”> Among Heusler compounds, the MgAgAs-type

representatives (half-Heusler alloys) composed of main group Figure 1. Crystal structure of the IrIn; type: a unit cell in the polyhedral

elements show large energy gaps. At the same time, the Nowotny representation (left) and a dumbbell of transition metal atoms in the
chimney ladders and IrIn;-type intermetallics contain metals of environment of p-M1@p-M2; cubes (right).

the d- and p-blocks, and possess narrow energy gaps.

The Irln; structure type includes 10 individual binary ]
compounds that exist under normal conditions. They are Recel“’ed: June 18, 2020
FeGa;, CoGa,;, Coln,;, RuGa;, Ruln;, RhGa,, Rhiln;, OsGas, Published: August 26, 2020
IrGa,, and IrIn,.'> ™' Notably, these compounds are formed
exclusively between d-metals of the groups 8 and 9 and gallium
or indium. The crystal structure is relatively simple as shown in
Figure 1. The p-element (p-M2) forms the framework of the
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electron compounds (CoGas, RhGas, IrGa;, Coln, Rhin,, and
Irln,"*'*"*?12%) are metallic conductors. The only example of
the 16-electron phase is ReGa;> however, this compound is
formed under high pressure (7.7 GPa) and high temperature
(1000 K), and decomposes under normal conditions.

In this work, a new member of the Irln; structure type,
ReGa,Ge, composed of the group 7 transition metal rhenium
and a combination of gallium and germanium was synthesized.
The combination of gallium and germanium pursues two goals.
First, it provides the chemical pressure through the substitution
of gallium by slightly smaller germanium, similar to the physical
pressure, which was used to synthesize ReGa;.”> Second, the
aliovalent substitution of germanium for gallium allows
movement from the unstable 16-electron configuration of
ReGa; to the persistent and stable 17-electron one in ReGa,Ge.
This composition was chosen as a starting point of our research.
The ReGa,Ge compound, as expected, possesses nonmetallic
properties, which are confirmed by the electronic structure
calculations and by the experimental study of transport
properties.

B EXPERIMENTAL SECTION

Synthesis and Characterization. Synthesis of polycrystalline
samples of ReGa,,,Ge,_, (x from —0.04 to 0.04 with the step of 0.01)
was carried out by the standard ampule technique using rhenium
powder (99.99%, Sigma-Aldrich), germanium chips (99.999%, Sigma-
Aldrich), and gallium ingots (99.9999%, Sigma-Aldrich). Evacuated
(residual pressure of 1 X 107> Torr) and sealed quartz ampules with a
mixture of metals in the desired stoichiometric ratio were annealed at
950 °C for 2 days. After that, the samples were ground into powders,
pressed into pellets, and annealed at 750 °C for 1 week.

Single crystals of ReGa,Ge were grown using chemical transport
reactions. For this, the presynthesized single-phase powder of ReGa,Ge
(0.3 g) was loaded into a quartz ampule together with several crystals of
I, (~3 mg) as a transport agent. The ampule with an inner diameter of
0.8 and 10 cm in length was evacuated, sealed off, and annealed in a two-
zone horizontal furnace having a temperature gradient along the tube.
The load temperature was 750 °C, while the crystallization zone was
kept at 700 °C for 10 days. As a result, small needle-like crystals were
obtained with the composition of Re; ¢;(5)Gay 99(2)Ge; go(2) according to
the energy-dispersive X-ray spectroscopy (EDXs). At the same time,
chemical transport starting from the stoichiometric mixture of elements
was not successful.

Powder X-ray diffraction (PXRD) analysis was performed using a
Huber G670 Guinier Camera (Cu Ka, radiation, Ge monochromator,
A =1.5406 A). The data were collected by scanning the image plate four
times after an exposure time of 2400 s at room temperature.

A scanning electron microscope JSM JEOL 6490-LV equipped with
an energy dispersive X-ray (EDX) analysis system INCA x-Sight was
used for the analysis of chemical composition. For this, three
ReGa,,,Ge,_, samples with x = —0.04, 0, and 0.04 were finely ground
and pressed into pellets.

The melting point of ReGa,Ge was determined by differential
scanning calorimetry with a heating rate of 10 K/min in the temperature
range of 300—1300 K in an argon atmosphere using a STA 409 PC Luxx
thermal analyzer (Netzsch).

The ®7'Ga nuclear quadrupole resonance (NQR) measurements
were performed at 77 K utilizing a home-built phase coherent pulsed
NQR spectrometer with direct digital quadrature detection at the
carrier frequency. The ®7'Ga NQR spectra were measured using a
frequency step point-by-point spin—echo technique. At each frequency
point, the area under the spin—echo magnitude was integrated in the
time domain and averaged by a number of accumulations, which
depends on the Ga isotope and frequency. Alternatively, we used a
Fourier transform summation (FTS) method for spectra accumulation
since the ®7'Ga NQR lines are rather broad.”*
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Crystal Structure Determination. Single crystals of ReGa,Ge
were investigated at 100(2) K on a Bruker D8 VENTURE single-crystal
X-ray diffractometer equipped with PHOTON 100 CMOS detector,
graphite monochromator, and Mo-target X-ray tube (4 = 0.73071 A).
The frame width of 0.50° and exposure time of 15 s/frame were
employed for data collection. Data reduction and integration were
performed with the Bruker software package SAINT (Version
8.38A).>° The absorption correction was performed using the
multiscan routine as implemented in SADABS (Version 2014/5).%%%’
The crystal structure was solved by the charge-flipping algorithm and
refined against IF?l in the full-matrix anisotropic approximation using
the Jana2006 program.”® Occupancies of the p-element positions
containing gallium and germanium atoms were fixed according to the
nominal composition of ReGa,Ge.

For the single-phase polycrystalline sample of ReGa,Ge, the crystal
structure was refined using the Rietveld method in the Jana2006
program.*®

Crystallographic data as well as structure solution and refinement
details are presented in Tables 1 and 2 for the single-crystal X-ray
diffraction experiment. Crystallographic data obtained for the ReGa,Ge
polycrystalline sample are shown in the Supporting Information.

Electronic Structure Calculations. The atomic coordinates and
unit cell parameters obtained from the single-crystal X-ray diffraction

Table 1. Crystallographic Data and Refinement Parameters
for ReGa,Ge from the Single-Crystal X-ray Diffraction

formula ReGa,Ge

formula weight (g-mol™") 398.20

crystal system tetragonal

space group P4, /mnm

a(A) 6.5734(3)

¢ (A) 6.7450(8)

Vv (A) 291.45(4)

V4 4

Pac (gem™) 9.076

u, mm™* 69.556

temperature () 100

radiation, 1 (A) Mo Ka, 0.71073

absorption correction Multi-scan

0 range (deg) 4.33—-38.56

index ranges -11<h<11
-11<k<11
—-11<I1<11

N collected 10841

N unique/N observed [I > 20(I)] 482/482

R, [I>26(D)] 0.0311

WR, [I > 26(D)] 0.0358

GOF 1.72

experiment were used for electronic structure calculations within the
density functional theory (DFT) approach using the Full-Potential
Local-Orbital minimum basis band-structure (FPLO) code (version
14.00—47).>° The local density approximation (LDA) functional was
used to treat the exchange-correlation energy in the fully relativistic
regime.*® Band structure calculations were performed using three
models:

e Model A. Statistical distribution of gallium and germanium over
the E1 and E2 sites, with the occupancy ratio of 1:2 for each E
position.
Model B. Occupation of the E1 and E2 sites by gallium and
germanium according to the multiplicity of sites and
stoichiometry of the metals. In this case, gallium atoms occupy
the E2 site, whereas germanium atoms populate the E1 site.
Model C. Occupation of the E1 site by gallium, and the E2 site
jointly by gallium and germanium in the 1:1 ratio. In the cases of
Model A and Model C, the band structures were calculated

https://dx.doi.org/10.1021/acs.inorgchem.0c01805
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Table 2. Atomic Coordinates and Thermal Displacement Parameters for the Crystal Structure of ReGa,Ge

atom Wyckoff site x y

Rel 4f 0.34104(5S) 0.34104(S)
El 4c 0 0.5

E2 8 0.15555(10) 0.15555(10)

“Fixed according to the sample composition.

z Uy A2 occupancy
0 0.00329(9) 1
0 0.0055(3) 2/3Ga + 1/3Ge”
0.26561(13) 0.0034(2) 2/3Ga + 1/3Ge”

o Re
OGa
© Ge

b

Model A

Model B

Model C

Figure 2. Distribution of gallium and germanium atoms over the E1 and E2 sites according to Models A—C. Re is shown in gray, Ga in green, and Ge in

purple.

within the virtual crystal approximation (VCA), where the mean
nuclear charge of 31.33 (the E1 and E2 sites for Model A) or
31.5 (the E2 site for Model C) was used, and the number of
electrons in the system was changed accordingly in the
exchange-correlation potential. Integrations in the k-space
were performed by an improved tetrahedron method®' on a
grid of 16 X 16 X 16 k-points. All models are compared in Figure
2.

Bonding Analysis. Chemical bonding analysis was performed via
studying the QT AIM charge density and electron localization function
(ELF) topology for the ordered structure model (Model B) obtained
based on the DFT calculations using the projector augmented wave
method (PAW) as implemented in the Vienna Ab initio simulation
package (VASP).*** The Perdew—Burke—Ernzerhof exchange-
correlation functional (PBE)** of the GGA type was used for the
calculations, with a Brillouin zone sampling using a Monkhorst—Pack™
grid of 12 X 12 X 12 k-points. Energy cutoff was set to 500 eV, and the
energy convergence criterion was at 107° eV. Convergence toward the
k-point set and energy was checked. Topological analysis of charge
density and ELF was performed using Multiwfn 3.7 package.*® ELF was
visualized using VESTA 3 package.’

Transport Properties. Electrical resistivity, Seebeck coefficient,
and thermal conductivity were measured on a rectangular-shaped
sample with the dimensions of 8 X 3 X 2 mm® using the resistivity and
thermal transport options of a Physical Property Measurement System
(PPMS, Quantum Design) in the temperature range of 2—400 K. All
measurements were carried out in a zero magnetic field. Pellets were
pressed from the ReGa,Ge powdered sample at the external pressure of
~100 bar at room temperature. The density of the pellet was ~88% of
the theoretical value based on the determined mass and linear sizes.

B RESULTS AND DISCUSSION

Synthesis, Crystal Structure, and Homogeneity
Range. Synthesis of the ReGa,,,Ge,_, samples (x from —0.04
to 0.04) was carried out in two stages: the first one included
annealing at 950 °C, and the second at 750 °C. The initial high-
temperature annealing is necessary because no ternary
compounds were observed after the midtemperature heating
(for example, at 750 °C) according to PXRD analysis. These
samples were found to contain unreacted starting materials
together with minor admixtures of Re;Ge, and ReGa,. >
Apparently, this fact is associated with the kinetic inertness of
the starting materials with respect to each other, and the high-
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temperature annealing increases the reactivity, thus ensuring the
chemical reaction.

According to the combination of the DSC and PXRD analysis,
ReGa,Ge melts incongruently at 800(10) °C, yielding
ReGay ,Gey e, ReGaGe,, and the high-temperature melt.

All reflections on the PXRD pattern of the sample with the
stoichiometric composition of ReGa,Ge were indexed in the
tetragonal crystal system with the unit cell parameters close to
those of ReGa,.”” No impurities were observed. The ReGa,Ge
powder was used for growing single crystals in the temperature
gradient of 750—700 °C using iodine as a transport agent.

The crystal structure solution and refinement have shown that
ReGa,Ge crystallizes in the IrIn, structure type (space group
P4,/mnm). The Rietveld refinement against the PXRD data
demonstrates the same result. All interatomic distances are in
the range typical for the IrIn;-type representatives. For example,
the Re—Re distance (2.96 A) is comparable with other distances
within the dumbbells of transition metals in isomorphous RuGa;
(2.91 A)," Ruln, (3.07 A),*' Rhin, (3.04 A),** and IrIn, (3.06
A).** The distance within the Re—Re dumbbell is slightly longer
than the distances in metallic rhenium (2.75—2.77 A)** and
corresponds to the chemical bond, which will be discussed
below. The E—E distances are in the range between 2.89 and
3.58 A. The shortest distances are the E1—E2 contacts from the
center of the cubic void (E1) to its vertices (2.94 and 3.06 A).
The distances between the E2 atoms are noticeably longer
(3.16—3.58 A), with the exception of one short contact (2.89 A).
The selected interatomic distances in ReGa,Ge are presented in
Table 3.

Since the size of gallium and germanium differs slightly, they
may replace each other in intermetallic compounds forming
extended solid solutions; thus, the ReGa,,,Ge,_, solid solution
was proposed. Indeed, the FeGa;_,Ge, solid solution has the
maximum germanium content of y,.. ~ 0.4,"° which
corresponds to the valence electron concentration of ~17.4.
Surprisingly, we confirmed the absence of a detectable
homogeneity region for ReGa,Ge. The PXRD patterns of the
ReGa,,,Ge,_, samples with x = —0.04, 0, and +0.04 are shown in
Figure 3. Clearly, increasing of the gallium content leads to the
formation of ReGa; and metallic Re as admixtures visible on the
PXRD pattern. Accordingly, the samples with x > 0 lie in the

https://dx.doi.org/10.1021/acs.inorgchem.0c01805
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Table 3. Selected Interatomic Distances (A) in the Crystal
Structure of ReGa,Ge

Rel Rel (Xx1) 2.9554(7)
E1° (x2) 2.4734(4)
E2 (X2) 2.4866(9)
E2 (x4) 2.6027(9)

El E2 (x4) 2.9448(8)
E2 (x4) 3.0630(8)
El (x2) 3.3725(5)

E2 E2 (X1) 2.892(1)
E2 (X1) 3.162(2)
E2 (x4) 3.5197(10)
E2 (x1) 3.583(2)

“E =2/3Ga + 1/3Ge.

Re—ReGas—ReGa,Ge compositional triangle. The decrease of
the gallium content leads to the admixture of ReGaGe,,** such
that the compositions with x < 0 reside on the ReGa,Ge—
ReGaGe, cut. The unit cell parameters of the ReGa,Ge phase
determined for the samples with the nominal composition in the
range of —0.04 < x < 0.04 remain unchanged within the
accuracy of determination (see inset in Figure 3). The PXRD
data are in agreement with EDXSs results for the samples with the
nominal composition of ReGa,,,Ge,_, (x = —0.04, 0, and 0.04),
which indicate the stoichiometry of composition of the target
product and the presence of impurities for x = —0.04 and 0.04
(Supporting Information, Table S3).

Thus, ReGa,Ge is a line phase with VEC = 17. Although the
17-electron Irln;-type compounds demonstrate both the
increase and decrease of VEC upon substitutions,”* ™" we
can assume the importance of the electronic factor for the title
compound. The absence of the homogeneity range might
indicate possible ordering of gallium and germanium on the E1
and E2 sites. However, there are no unambiguous structural data
that confirm a predominant population of the E1 and E2 sites in
the IrIn;-type compounds. In the FeGa; Al, solid solution,
aluminum atoms preferentially occupy the E2 site.”’ On the
contrary, for the Irlny , Mg, solid solution, magnesium atoms

concentrate on the El site, i.e, in slightly distorted cubes of
indium atoms.>” In a similar fashion, Zn substitutes for In or Ga
on the E1 site in Coln, ,Zn, and CoGa, Zn >

To shed some light on the distribution of gallium and
germanium atoms over the E1 and E2 positions, we performed a
$71Ga NQR study. The NQR signals are rather broad (Figure
4), more than 4 MHz at the baseline, which is about 20 times
wider than the corresponding signals recorded for FeGa,.>” In
both *Ga and "*Ga subspectra, two signals can be observed. For

Frequency, MHz

26 28 29 30 3 32

g

Intensity, arb. units
o
'

o
()
1

0.0

40

Frequency, MHz

Figure 4. ®7'Ga NQR spectra of ReGa,Ge measured at 77 K.
Frequency scales for two gallium isotopes are related as their
quadrupole moments (1.60).

each pair of signals, the ratio of peak frequencies is 1.59—1.60,
which nicely corresponds to the quadrupole moments ratio of
two gallium isotopes, “Q/'Q = 1.60. The signals centered at
43.4/27.3 MHz and 52.3/32.9 MHz for ®Ga/”'Ga (Figure 4)
can be unambiguously attributed to gallium atoms occupying
the E2 and E1 positions, respectively, based on the comparison

100.0

ReGa2.04Geo.96 Re | ';G G ' ' o]
ReGa.Ge ReGas eGa,,,Ge,
ReGa1.96Ge1.04 ReGaGe, 16| ]
80.0
f"<291.5- I % l -
> Tl .13 I
< zm-TT p I ]t
x
5 60.0
2 2013} -
2
£
-.% 201.2 L L L L L
S 400 1.96 1.98 2.00 2.02 2.04
@ Ga content
20.0
0.0 | 1 \ | 1 | 1
’ 20.0 30.0 40.0 50.0 60.0 2Theta

Figure 3. Powder X-ray diffraction patterns of ReGa,,,Ge,_, with x = —0.04, 0, and 0.04. Peaks calculated using structural parameters from the single-
crystal X-ray diffraction experiment are shown by red lines. Inset: Unit cell volume vs nominal Ga content in ReGa,,,Ge,_,.
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with the NQR spectra of FeGa, and Fe,_,M,Ga; (M = Co, Re)
compounds*®**** and calculated within DET approximation for
ReGa; (45.9 and 49.1 MHz, respectively).**

In order to evaluate the intensity ratio for these two lines, we
carefully tuned the experimental conditions for each of them. In
particular, the amplitudes of the optimal radio frequency pulses
differ by more than 1.5 times. Moreover, the spin—lattice
relaxation time T for E1 and E2 sites differs significantly. For
example, for “Ga nuclei T;(E1) = 0.12(3) s, while T;(E2) =
3.5(5) s, which makes it necessary to use a rather large repetition
period while accumulating data. For both of those sites,
relaxation curves are described by a stretched exponent that is
characteristic for such wide lines. The resulting integral intensity
ratio E2/E1 varies from 0.95(3) for Ga to 1.03(3) for "'Ga,
which means that gallium atoms occupation numbers for these
sites are nearly equal. It can be considered as an argument in
favor of Model C with germanium atoms occupying only the E2
site. At the same time, the distribution of Ga and Ge atoms in the
latter site seems to be random because of the large width of
#71Ga NQR lines.

Therefore, the ®7'Ga NQR provides indirect evidence in
favor of Model C, although the signal width indicates that no full
ordering of Ga and Ge is achieved. Here we note that
clusterization of Zn atoms was found in Coln;,Zn, and
CoGay,Zn,, where X-ray and neutron diffraction studies
confirmed at least partial segregation of Zn and Ga/In with
concomitant lowering of the crystal symmetry from P4,/mnm to
P4,”" However, in the X-ray diffraction experiments, no
indications for symmetry lowering due to the close atomic
numbers of Ga and Ge were found, probably because in
Coln; ,Zn, and CoGa;_ ,Zn, the Zn atoms are segregated on the
E1 site, whereas in ReGa,Ge we expect at least partial ordering of
Ga and Ge in the E2 position.

The valence electron count for ReGa,Ge is 17 €™ per formula
unit. For this VEC, the IrIn;-type compounds demonstrate
semiconducting properties. Such “magic” VEC numbers are
found not only in the Irln; structure type, but also in other
families of intermetallic compounds. For example, 18-electron
half-Heusler and 24-electron full-Heusler compounds,”™"" 14-
electron Nowotny chimney-ladder phases,'””~"* 16-electron
compounds of the FeSi, structure type,”> and 12-electron
compounds with the FeSi structure type™® are all semi-
conductors. Deviations from the above VEC values usually lead
to metallic properties, though some degree of tolerance within
the certain range of VEC is observed, specific for a particular
structure type.

Apparently, this scheme describes why the 16-electron ReGa,
is formed under high-pressure conditions. Similar examples of
compounds beyond the range of stability (in terms of VEC),
which are formed under extreme (high-pressure) conditions,
can be found in the family of Nowotny chimney-ladders.
Specifically, the 15e™-Co,Si; and 13.67e”-Mn;Ge; are examples
of high-pressure phases.””>"

As of now, there are no strict electron-counting rules, which
could explain such behavior and/or predict it. However, there
are emerging approaches applicable to some classes of
compounds, for example, the 18— rule'* and its generalization
as the 18—n + m rule.”” This rule implies the tendency of a
transition metal atoms to achieve a 18 e™ shell and thus explains
the semiconducting ground state for a number of families of
transition metal-based intermetallic compounds, although there
are a number of violations.

The VEC of 17 for ReGa,Ge is also in accord with the 18—n
rule. An analysis of the IrIn;-type crystal structure provides the
values of n and m (see Figure 1). Since there is a single chemical
bond between transition metal atoms, the Re—Re dumbbell, an
average number of electron pairs shared by each Re atom with
neighboring same atoms is n = 1; there are no electrons that
belong to bonding subsystems orthogonal to the Re-centered
eigenfunctions (m = 0); therefore, the value of VEC =18 — 1 =
17 indicates the stability of ReGa,Ge and anticipates its
semiconducting properties.59

Unfortunately, the 18— rule does not explain the appearance
of stable 18-electron compounds within the IrIn, structure type,
which are metallic conductors. In addition, it is worth noting
that nonmetallic properties were predicted for the 15-electron
compositions based on group 6 metals (TM;, T = Cr, Mo, W
and M = Ga, In),”° although these compounds have not been
synthesized so far. Therefore, the application and usefulness of
the empirical 18— rule remain ambiguous in certain cases and
do not replace more direct ways of electronic structure and
bonding analysis.

Electronic Structure. Structural parameters obtained from
the single-crystal X-ray diffraction were used for electronic
structure calculations. The calculations were carried out for
Models A—C taking into account different options of gallium
and germanium ordering in the E1 and E2 positions as described
in the Experimental Section. Gallium and germanium were
mixed in one position with the help of the virtual crystal
approximation (VCA) using pseudoatoms with an intermediate
charge (31.33 in Model A and 31.5 in Model C). This approach
is easy to implement, since gallium and germanium are the
fourth period neighbors. The calculated electronic structures
near the Fermi level are presented in Figure S for all models.

The Models A, B, and C display qualitatively identical results.
The calculations confirm the predicted semiconducting proper-
ties of ReGa,Ge: for all models, the narrow energy gap is
centered on the Fermi energy separating the valence and
conduction bands. The band gap varies between 0.23 and 0.4 eV
for Models A—C. This difference is insignificant and is
consistent with typical discrepancies upon virtual atom
approximation used in comparison with the ordered models.

All atoms contribute to the density of states near the Fermi
level, but the contribution of rhenium states is much higher at
the top of the valence band, while the bottom of the conduction
band is primarily formed by the states of the p-elements. This is
clearly seen in the calculated band structure (energy dispersion
plot) presented in Figure 6 for Model A (calculated band
structure plots for other models are given in Figure S2 of
Supporting Information). The valence band maximum (VBM)
formed by the Re 5d states is located at the I' point of the
Brillouin zone. The maxima close to the band gap at the R point
and along the path of the k-vector from A to Z should be noted,
too. These maxima are also formed predominantly by the
rhenium states. On the contrary, the conduction band minimum
(CBM) formed by the 4p states of E-atoms (mainly from the E2
sites) is located at the A point. It is important to mention that
Models A and C give the same positions of VBM and CBM. For
the ordered Model B, VBM and CBM are between A-Z and Z-T"
points, respectively. Therefore, all models show the mismatch of
the top of the valence band and the bottom of the conduction
band, which indicates an indirect band gap. From the electronic
structure calculations, there is no evidence for anisotropic
properties of ReGa,Ge.
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Figure S. Calculated total and projected density of states near the Fermi
level for ReGa,Ge.

Thus, the electronic structure calculations confirm the
empirical rule formulated for the Irln, structure type®” and
predict the nonmetallic properties of ReGa,Ge.

Chemical Bonding in ReGa,Ge. More insight into the
bonding scheme in ReGa,Ge is provided by the topological
analysis of the electron localization function (ELF), which can
offer information on three kinds of localization domains—
atomic shells, lone pairs, and covalent bonds.

As seen from Figure 7, the structure of ReGa,Ge is a 3D
network of covalent bonds. At high localization parameters, the
domains corresponding to pairwise Re—Ge (€21) and Re—Ga
(Q2, Q3) interactions are clearly observed, while at rather low 7
values one can see Re—Re interactions within dumbbells (Q4).
As the ELF features for ReGa,Ge cover a wide range from high
to low localization parameter values, 2D ELF sections passing
through the respective localization domains are also provided
(Figure 8).

The integration of charge density within the bond basins £1-
Q4 gives the following basin populations: Q1 (Re—Ge) — 1.45
e, Q2 (Re—Ga) — 1.50 7, Q3 (Re—Ga) — 1.11 e”, and Q4
(Re—Re) — 0.23 e”. Thus, while the Re—E bonds at the distance
of ca. 2.48 A are not far from 2¢c-2 e~ bonds, and those at ca. 2.60

A are slightly weaker and closer to 1 e~ bonds, the Re—Re
interaction appears as a comparatively weaker covalent bond.
This is in agreement with the corresponding distances of ca. 3 A,
which are measured almost exactly to the sum of covalent radii.
No direct E—E bonds are observed, which is also consistent with
long interatomic distances. This constitutes a major difference
between bonding pattern for this compound and previously
discovered phase with the same Re to E ratio, ReGaGe,,*" in
which the Re—Ge and Re—Ga covalent bonds are accompanied
by strong pairwise E—E interactions.

Calculated QTAIM Bader charges are —0.57 (Re), +0.05
(Ge), +0.26 (Ga), which confirms that the ionicity of the
bonding in ReGa,Ge is rather low, with covalent interactions
dominating the structure.

Transport Properties. Nonmetallic properties of ReGa,Ge
were confirmed experimentally by the investigation of the
temperature-dependent electrical resistivity, thermal conductiv-
ity, and Seebeck coefficient (Figure 9).

Electrical resistivity follows nonmetallic behavior; generally, it
decreases with increasing the temperature. However, the
resistivity at 250 K is only two times smaller than that at 2 K,
and after passing a shallow minimum of 2.51 X 10™* Ohm'm
near 250 K, the resistivity slightly increases to 2.62 X 10~* Ohm-
m near 375 K. Linearization of the In p versus 1/T plot is
possible in the 50—200 K temperature range yielding a very
narrow band gap, at least 1 order of magnitude smaller than the
calculated gap. This discrepancy cannot be explained by a
calculation error, since the methods based on DFT, as a rule,
tend to underestimate a semiconducting band gap.

The observed p(T) behavior of ReGa,Ge can be compared
with the literature data. Other representatives of the Irln,
structure type also display a nonmonotonic temperature
dependence of resistivity as well as a mismatch between the
observed and calculated band gap.'®" For these compounds,
the transfer of charge carriers across the band gap is observed at
high temperatures, while the low-temperature resistivity is
rationalized by the presence of in-gap states.'” Thus, FeGa,
obeys the Arrhenius law above 450 K,*' Co- and Ni-doped
FeGa, — above 650 K,*® whereas for OsGay this temperature is
as high as 800 K."” Therefore, for ReGa,Ge, the nonmonotonic
dependence of resistivity at low temperatures (5—400 K) is
likely a consequence of the complex real electronic structure in
the vicinity of the Fermi energy due to the in-gap states, and
activation mechanism should be observed at higher temper-
atures.

The Seebeck coeflicient of ReGa,Ge is negative in the studied
temperature range and decreases with increasing the temper-
ature; however, the dependence is not monotonic. The
temperature, at which a slight inflection is observed, correlates
with the range of similar oscillations, clearly pronounced on the
In p(1/T) dependence. The negative values of the Seebeck
coefficient indicate that the main charge carriers are electrons.
These data are also in agreement with the previously studied 17-
electron compounds of the IrIn, structure type, for which similar
results were obtained.'” The absolute values of the Seebeck
coeflicient are about an order of magnitude higher than typical
values for metals, which agrees well with nonmetallic properties
of ReGa,Ge.

The thermal conductivity, «, of the sample is also in line with
its semiconducting behavior. The temperature dependence of k
is typical for crystalline semiconductors.”” Thermal conductivity
reaches its maximum at low temperatures (~ 60 K) and then
slightly decreases. The upturn above 300 K is most likely
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associated with the radiation losses. The electronic contribution
to the thermal conductivity, calculated according to the
Wiedemann—Franz law as x, = Ly'T/p (where Ly = 2.45 X
10~¥ W-Ohm-K™? is the ideal Lorentz number), does not exceed
3.3%. In addition, the maximum value of k, 1.5 W-m™"-K™}, is
also in agreement with the nonmetallic properties. It is
interesting to compare the thermal conductivity of ReGa,Ge
and FeGa,. The latter compound displays  of about 7 W-m™"-
K™L'7*5%% which is almost five times greater than that for
ReGa,Ge. This difference is associated, on one hand, with a

higher atomic mass of rhenium compared to iron, and, on the
other hand, with the gallium and germanium incomplete
ordering within the p-metal sublattice, which is also favorable
for low lattice thermal conductivity. It should be noted that the
maximum value of the calculated thermoelectric figure of merit
ZT was § X 107 at 400 K.

Bl CONCLUSIONS

A new ternary compound ReGa,Ge was synthesized as a single-
phase polycrystalline sample, and its single crystals were grown
in the temperature gradient of 750—700 °C using I, as a
transport agent. ReGa,Ge crystallizes in the IrIn, structure type.
Although gallium and germanium are the fourth period
neighbors, no detectable homogeneity range was found for the
title compound. The ®7'Ga NQR spectroscopy study provides
hints for at least partial ordering of gallium and germanium over
the E1 and E2 positions, such that the E1 site is occupied solely
by gallium, whereas the E2 position is statistically filled by both
Ga and Ge. ReGa,Ge is predicted to be a semiconductor, which
is typical for compounds of the IrIn; type with VEC = 17. The
nonmetallic properties were confirmed both by the electronic
structure calculations and from the temperature dependences of
transport properties such as electrical resistivity, Seebeck
coefficient, and thermal conductivity. Bonding analysis shows
that covalent interactions dominate the structure, of which the
Re—Ga and Re—Ge interactions are the strongest.

ReGa,Ge is the first representative of the Irln, structure type
that is based on the group 7 element and stable without
application of external pressure, in contrast to a high-pressure
phase ReGa;. ReGa,Ge follows the empirical 18—n rule, as the
aliovalent combination of Ga and Ge leads to the electron-
precise value of VEC = 17. The replacement of each third
gallium atom by a slightly smaller germanium atom induces
chemical pressure in the crystal structure, which, in combination
with the electronic factors, allows chemical stability of a
compound to be achieved. This approach—the stabilization of
phases that exist under extreme conditions by manipulating their
composition and VEC can be used for the deliberate synthesis of
new compounds with promising functional properties.
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