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ABSTRACT. We report the synthesis via an indium flux method of a novel single-crystalline compound
Rh;Ins 4Ges 6 that belongs to the cubic IrsGes structure type. In Rhslns 4Ges 6, the In and Ge atoms choose to
preferentially occupy, respectively, the 12d and 16fsites of the I'm3m space group, thus creating a colored
version of the Ir;Gey structure. Like the other compounds of the Ir3Ge; family, RhsIn; 4Ges s shows potential
as a thermoelectric displaying a relatively large power factor, PF ~ 2 mW/cmK?, at a temperature T ~ 225
K albeit showing a modest figure of merit, ZT = 8x10, due to the lack of a finite band gap. These figures
might improve through a use of chemical substitution strategies to achieve band gap opening. Remarkably,
band structure calculations reveal that this compound displays a complex Dirac-like electronic structure
relatively close to the Fermi level. The electronic structure is composed of several Dirac type-I and type-II
nodes, and even Dirac type-III nodes that result from the touching between a flat band and a linearly
dispersing band—This rich Dirac-like electronic dispersion offers the possibility to observe Dirac type-III
nodes and study their role in the physical properties of RhsIn; 4Ges ¢ and related Ir;Ges-type materials.

INTRODUCTION

Intermetallic compounds exhibit a rich variety of compositions and crystal structures, offering a
fertile playground for the discovery of new types of materials and physical phenomena. In recent years,
studies of intermetallics with ever advancing theoretical and experimental methods have revealed a range
of topological behaviors, understanding which relies on a thorough analysis of electronic band structures.

The low energy fermionic excitations of a wide range of materials, including high temperature d-
wave superconductors,' topological insulators,”* graphene,* and bulk semi-metallic systems like Cd;As,,”
® behave as massless Dirac particles instead of fermions that obey the Schrodinger Hamiltonian. These
materials would display seemingly universal properties that would be a direct consequence of the linear or
Dirac spectrum of their quasi-particles, such as a power-law temperature dependence for their fermionic
contribution to the heat capacity.” Furthermore, the linear electronic dispersion around their Dirac or Weyl
nodes and the nature of their electronic wave functions lead to remarkable electrical transport properties
such as the observation of Klein tunneling, weak antilocalization, and unconventional Landau levels in
graphene.***

Dirac type-I systems, such as graphene, display rotational symmetry around their Dirac quasi-
momentum and display a point-like Fermi surface when the Fermi level & is precisely located at the node
(Figure 1b). Dirac nodes can be classified according to the topography of the associated Fermi surfaces.
For instance, if the parameters within the Dirac dispersion lead to a tilted Dirac cone with respect to &r, the



cone can end up intersecting the Fermi level when the axial tilt surpasses a certain critical value (Figure
1d). Beyond this critical value, the Fermi surface evolves from a point to two crossing lines, leading to a
finite density of states at the energy of the Dirac point, which is now classified as Dirac type-IL.'° However,
at the critical tilting angle, between the Dirac type-I and type-11 scenarios, the cone intersects &r forming a
Fermi surface composed of a single line characterized by a diverging density of states (Figure 1c). This
kind of dispersion has been classified as Dirac type-IIlL. It is characterized by very anisotropic effective
masses, or localized states with heavy mass along one direction, i.e. along the intersecting line, that coexist
with nearly massless states that propagate ballistically.

Type-1II Dirac points have not yet been reported experimentally, while tilted type-1 and type-II
Dirac points have been reported for several compounds, e.g., CdsAs,° or Na;Bi'! for type-I and PdTe," for
type-1l. In most compounds, it is common for linearly dispersing bands to coexist with quadratically
dispersing ones which tend to mask their overall physical properties. Available theoretical proposals to
observe unconventional Dirac dispersions, such as Dirac type-IlI, have mostly relied on artificial photonic
lattices that offer a great level of control over on-site energies and hopping elements.” The proposed
schemes are based on the design of long-distance coupling of photons in lattices of resonators'* * with the
use of screw symmetries.'® Thus far only Zn.In.Ss was proposed as a possible candidate material to display
Dirac type-III nodes in its dispersion.'” These nodes would be relatively close to the Fermi level and, hence,
capable of physically affecting the its charge carriers.'” In black phosphorus, photoinduced Dirac type-1,
type-11, and type-IlI nodes are predicted to become observable upon illumination with linearly polarized
light.'®

d

Figure 1. (a) Bands dispersing quadratically can intersect, leading to a nodal ring when this crossing coincides with
the Fermi level &r (depicted by the orange plane). (b) Linearly dispersing bands may meet at a point, forming a Dirac
type-I node. (¢) This Dirac dispersion can be tilted with respect to ¢r, leading, at a critical tilting angle, to a flat band
at &r (forming a Dirac line!'?), characterized by highly anisotropic effective masses. The Dirac line is associated to a
non-trivial topological 7 invariant.!” The associated Dirac node is classified as Dirac type-IIl. (d) When the tilting
exceeds this critical value, conduction (blue) and valence (magenta) bands would intersect at r, originating electron
and hole Fermi surface pockets that touch at a Dirac type-1I node.

Here, we report the synthesis of a novel cubic compound Rhslnz4Gess (nominally RhslniGes),
which crystallizes in the same space group as the well-known thermoelectric material, MozSbs. This family
of materials, which is based on the cubic Ir3Ger-type structure (also known as a RusSny type), was studied
extensively in relation to its high-symmetry crystal structure and physical properties.'*® Depending on the
elemental composition, they behave as metals or narrow band gap semiconductors. The latter type of
behavior caused extensive studies of some of these compounds as promising thermoelectrics.”” We
demonstrate that RhsIns 4Gesss is, to the best of our knowledge, the first well-characterized colored variant



of the Ir;Gey structure type, i.e. the In atoms preferentially occupy one of the two crystallographically unique
main-group metal sites. Remarkably, electronic band structure calculations reveal an incredibly rich Dirac
structure in Rhslns4Gess, displaying Dirac type-I, Dirac type-Il, and Dirac type-IlI nodes, all relatively
close to the Fermi level. A Dirac type-Ill node is characterized by its intersection with a dispersionless
band. Given that thermoelectric compounds, such as the tetradymites, have frequently been prime
candidates for topologically non-trivial electronic structures®®, we studied if this rich Dirac dispersion could
lead to anomalous electrical or thermal transport properties. Although Rhsln; 4Ges ¢ displays a respectable
thermoelectric power factor relatively close to room temperature, its residual resistivity in the order of tens
of uQ cm translates into a modest carrier mobilities and low thermoelectric figure of merit (ZT). As is the
case for graphene, we speculate that the off-stoichiometry of this compound introduces enough point-like
defects/disorder to mask the electrical transport properties that one would expect for the stoichiometric
compound. This type of disorder does not seem to significantly alter the material’s phonon spectra and,
therefore, its thermal conductivity to increase the value of ZT. Hence, we propose that improvements in
stoichiometry might expose the presence of high mobility Dirac carriers, while chemical substitution to
decrease metallicity or the synthesis of a microstructured material might improve the ZT. More importantly,
RhslIn; 4Ges g offers a unique platform to explore the physical consequence of having multiple types of Dirac
nodes relatively close to the Fermi level.

RESULTS AND DISCUSSION

Crystal Structure. The crystal structure determination revealed that RhsIn;Ges crystallizes in the cubic
Ir;Ge; structure type'? (Figure 2). Compared to the parent binary structure, the In and Ge atoms form a
nearly ordered arrangement by preferentially occupying Wyckoff sites 12d and 16f, respectively, in the
cubic Im3m space group (Table 1). While the structure could be refined successfully with the complete
separation of In and Ge over these atomic sites, the quality of the refinement improved substantially when
mixed site occupancy was allowed. Nevertheless, the strong site preference was still observed, as the In/Ge
site occupancy factors (SOFs) refined to 0.913/0.087 for site 124 and 0.165/0.835 for site 16f. The refined
composition, RhsIn; 4Ges s, is in much better agreement with the results of EDX analysis (Table 1), as
compared to the idealized composition Rh3In3;Ges obtained for the structure without site mixing.

Table 1. Refined crystal structure parameters for RhsIns 4Ges 6.

Formula Unit: Rh3In3,40(5)Ge3A60(5) (EDX Analysis: Rh3IIl3,4(1)Ge3A6(1))
Space Group: Im3m; Unit Cell: a = 8.99999(5) A, Z=4
Atom | Wyckoff | x y z Uiso SOF

Site
Rhl 12e 0 0 0.33286(4) | 0.0112(1) 1
Inl 12d 0.25 0 0.5 0.0102(1) 0.913(11)
Gel 12d 0.25 0 0.5 0.0102(1) 0.087(11)
In2 16f 0.16295(3) | 0.16295(3) | 0.16295(3) | 0.0122(2) 0.165(8)
Ge2 16f 0.16295(3) | 0.16295(3) | 0.16295(3) | 0.0122(2) 0.835(8)

Thus, RhsIns 4Ges 6 should be considered as a colored variant of the Ir;Ges structure type. The parent
structure has been discussed in detail in a number of papers,

20-22, 25, 29

and here we only emphasize the
features introduced by the preferential distribution of the In and Ge atoms over the distinct crystallographic




sites. Ignoring the slight disorder of In and Ge, each Rh atom is coordinated by 4 In atoms (at 2.7065(4) A)
and 4 Ge atoms (at 2.5770(6) A), which form opposite faces of a square antiprism. Two such antiprisms
share the In-based face to form dimers that protrude from the center of the unit cell toward the centers of
its faces (Figure 2a). These dimers are joined through vertex-sharing Ge atoms, which thus form hollow
cubes (Figure 2b). A rather short distance between the Rh atoms, 3.008(2) A, is found across the shared
face in the antiprism dimer. This short separation is contrasted with the much longer distance of 4.237(2)
A to the Rh atom of the adjacent dimer. The In—In distances in the shared face of the square antiprism are
3.18198(2) A. This framework, built of the dimers of face-shared square antiprisms, is penetrated by an
identical framework (Figure 2c), which leads to the observation of even shorter distances of 2.714(1) A and
2.9331(6) A between the In atoms of the two interpenetrating frameworks.

To the best of our knowledge, RhsIns 4Ges ¢ provides the first example of strong preferential site
distribution of post-transition elements conclusively demonstrated by the direct crystal structure
determination for any Ir;Ges-type ternary compound containing main-group elements distinguishable by
X-ray diffraction. Hulliger prepared compositions Ir3Gas;Sns (X/Y = Ga/Sn, In/Ge), but only established
their structure type and unit cell parameter.”” The structure of RhsInsAs, was determined from powder X-
ray diffraction data, but In and As were restricted to have the same distribution over both 12d and 16fsites.*
The only previous examples where the SOF values were rigorously determined for a mixture of main-group
elements in the 12d and 16f'sites are series M3Sny_Li, and M3Sn;_.Mg, (M = Rh, Ir). In the former, the Li
atoms showed a larger preference toward substituting Sn atoms in the 16f site,’" while an opposite trend
was observed for the latter, where the Mg atoms preferentially entered the 124 site.

Héausermann et al. analyzed in detail the relationship between the electronic band structure and
chemical bonding in these materials," to demonstrate that the structure remains stable within a relatively
narrow range of valence electron concentrations (VEC), i.e. 51-55 electrons per formula unit (f.u.). In the
present compound, the VEC is equal to 51.6 electrons per f.u. for the experimentally determined

composition, RhsIns 4Gess, or 52 electrons per f.u. for the idealized composition, Rh3In3Ges, — well within
the range of the electronic stability criterion suggested by the earlier theoretical analysis.

Figure 2. The crystal structure of RhsIn3Ges: face-sharing dimers of Rh-centered InsGes antiprisms (a) are connected
via edge-sharing (b) into a framework; two such frameworks interpenetrate to form the three-dimensional IrsGer-type
structure (c). The panel (b) also emphasizes the hollow Ges cube created by face-sharing of the antiprism dimers.

Physical Properties. To characterize the physical properties of Rhs3InsGes, we performed electrical and
thermal transport, as well as heat capacity and magnetic susceptibility measurements. The temperature-



dependent resistivity, o, measured through the conventional four terminal method on a polished Rh3In;Ges
sample (Figure 3a) reveals metallic behavior with a modest residual resistivity ratio, p.(300K)/p«(1.8K) =
1.28 (Figure 3b). This small value is due to the relatively high residual resistivity pn (T — 0 K) = p, = 34
pQ cm. Below 7'~ 20 K, py, saturates at the value p,, thus indicating that disorder scattering dominates its
electrical transport properties at low temperatures. We extended these measurements down to 7= 0.1 K to
check for the possibility of superconductivity, as reported® for the isostructural compound MosSb-, but
none was observed.

Magnetic susceptibility (y) measurements revealed diamagnetic behavior over the entire
temperature range (Figure 3d). The very small Curie-like tail observed for 7' < 20 K is not an indication for
magnetic impurities, since % "'(T) does not display a linear dependence on T even at the lowest temperatures.

Most likely, it just reflects the evolution of the density of states at the Fermi level and its effect on Landau
diamagnetism.
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Figure 3. (a) Picture of a polished Rh3In:Ges single crystal (0.154x0.0969x0.0015 cm?) with attached leads used for
resistivity measurements. (b) Resistivity pxx as a function of temperature 7. (c) Hall resistivity pxy as a function of the
magnetic field poH up to 9 T. The blue line depicts data points while the red line is a linear fit; Ry is the extracted Hall
coefficient. (d) Magnetic susceptibility y as a function of 7 under an applied field of o = 0.1 T. () Heat capacity

as a function of 7. (f) Heat capacity normalized by T as a function of the 7 for T'< 8 K. Black markers correspond to
experimental data; the red line corresponds to a linear fit.

To evaluate carrier density and their mobilities, which, as exemplified by graphene,* are expected
to be rather high in systems dominated by Dirac-like quasiparticles, we performed Hall-effect
measurements at temperatures as low as 7 = 2 K under magnetic fields up to poH =9 T (Figure 3c). The
Hall coefficient (Ru) was obtained from the linear fit (red line) to the data (blue line), yielding Ry = 0.0105
uQ cm/T. The positive slope of the Hall resistance indicates that holes are the main charge carriers in this

compound. From Ry we extract a hole concentration, 7y = 5.9x10** cm™, and a hole mobility, py = 3.07
cm

2
Vs The modest py value suggests that the off-stoichiometry of this compound and related crystallographic

disorder dominate its transport properties. Notice that the value of the Fermi liquid coefficient, 4 = 3.56x10

nQ ecm K2 in py = py +4T?, is relatively modest when compared to those of strongly correlated systems.*
This observation indicates that electron-electron scattering is relatively modest in this compound.



Therefore, it is possible that the near-perfect RhsIn;Ges stoichiometry might lead to considerably higher
carrier mobilities.

Heat capacity (C) measurements (Figure 3e) indicate that C follows the standard Debye T° law at
low temperatures.” A linear fit was applied for the C/T versus T dependence (Figure 3f) to extract the
electronic contribution, yielding a Sommerfeld coefficient y = 6.58 mJ/mole K?. This value is comparable
to those of conventional metals®® albeit the ratio 4/y* = 0.8x10”° pQ cm mol* K*J? is very close to the
Kadowacki-Woods ratio 4/y* = 1.0x10° pQ cm mol* K%J* discussed in detail for strongly correlated
electronic systems.”’ This finding suggests that correlations might play some role for the present system.
This y—term, however, is considerably smaller than those reported for isostructural compounds, RuszSn; (y
= 19.5 mJ/molK?)** and Mo3Sb; (y = 34.5 mJ/molK?).* As discussed below, this difference is consistent
with the large number of nearly linearly dispersing electronic bands crossing the Fermi level. These bands
emerge from Dirac nodes in the electronic structure of RhsIn;Ges.

Given that compounds belonging to the Ir;Ge; family have been explored in the past as promising
thermoelectric compounds, we evaluated the thermoelectric response of RhsIns; 4Gess. One must bear in
mind that this compound displays a high degree of crystallinity, despite its off-stoichiometric composition,
and its Hall response indicates a large density of carriers. Therefore, one should expect large electronic and
phononic contributions to the thermal conductivity (x) that would limit the thermoelectric figure of merit
(ZT). However, a partial motivation for this study is the rich Dirac-like electronic structure observed in this
compound around &r, as discussed below. In effect, it has been argued recently that the exotic electronic
structures, such as topological surface states or linearly dispersing Dirac/Weyl bands, provide a fertile
ground to advance different kinds of thermoelectric energy conversion schemes based on the Seebeck,
magneto-Seebeck, Nernst, and anomalous Nernst effects.*
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Figure 4. (a) p as a function of 7 for a RhsIn3Ges single crystal used for thermoelectric measurements. (b) Seebeck
coefficient S as a function of 7. (c) Thermal conductivity x measured on the same crystal. (d) Power factor, PF =S
26, where a=1/p s the electrical conductivity as a function of 7. (¢) Resulting thermoelectric figure of merit, ZT = S
6 Tk.

An overall evaluation of a Rhsln3;4Ges s single crystal was performed to probe the temperature
dependence of its thermoelectric responses, namely its resistivity p (Figure 4a), Seebeck coefficient S



(Figure 4b), and the thermal conductivity & (Figure 4c). The value of S is observed to peak around 225 K,
while x displays a maximum around 250 K. This leads to a remarkably high value for the Power Factor,
PF = 057 ~ 2 uW/cm K? at T~ 225 K (Figure 4d). The PF is proportional to the maximum achievable
thermoelectric power output of a material subjected to a certain temperature gradient, A7. To put the
extracted values in perspective, SnSe, which displays a very large thermoelectric figure of merit, Z7 =
S’ T/k = 2.62 at 923 K, displays PF values ranging between 2 and 10 mW/cm K? for 300 K < 7 < 1000
K.*! For some applications, the PF may be as relevant as the ZT value. In contrast to SnSe, in which both
! our Hall-effect measurements
indicate that holes are the main contributors to the conductivity in RhsIn; 4Ges . Ref.*? discusses a wide
range of promising hole-dominated thermoelectrics, many of which display PFs ranging between 1 and ~10

electrons and holes are claimed to contribute to electrical conduction,

uW/em K2, as is the case for RhsIn;4Gess. Nevertheless, despite the promising PF displayed by this
compound, its Z7 is rather modest due to the large phononic and electronic contributions to the thermal
conductivity. Several approaches can be used to improve Z7, such as nanostructuring, doping, and defect
engineering.”> For example, the partial substitution of Te for Sb in isostructural Mos;Sb; led to an
enhancement in the thermopower by a factor ranging between 2 and 4 depending on 7.?” The substitution
of Te for Sb was also found to enhance the ZT of Mos—Fe.Sb7.**

Electronic Band Structure. In order to better understand the electronic properties of Rhslnsz 4Gess,
we performed band structure calculations on the idealized structure, RhsInsGes, through density functional
theory (DFT), incorporating spin-orbit coupling while enforcing the crystallographic symmetries of the
lattice (Figure 5) as encoded in the crystallographic information (CIF) file. Calculation details are provided
in the Materials and Methods section.
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Figure 5. (a) First Brillouin zone (BZ) for RhsIn;Ges indicating its high symmetry points and the high symmetry paths
explored within its 1st BZ to evaluate its electronic band structure. (b) Electronic band structure for stoichiometric
RhsInsGes based on DFT calculations incorporating spin-orbit coupling. A series of band crossings leading to Dirac
nodes are observed. Magenta circles and dashed magenta circles indicate Dirac type-I and tilted Dirac type-I nodes
observed in the conduction band. As discussed in the main text, purple circle around k1, blue around kw2 and green
circle surrounding kus indicates the location in the valence bands of a Dirac type-III, yet another type of Dirac type-
[I, and a Dirac type-II node, respectively. Clear blue and grey circles indicate the existence of other Dirac like
crossings observed at lower energies.



The electronic band structure of RhiInzGes reveals multiple band crossings (indicated by colored
circles in Figure 5), both in the conduction and valence bands. Several of the bands crossing the Fermi level
(er) disperse linearly, as seen, for instance, between points P and I, forming a linear dispersion or a Dirac
type-I node (Figure 1b) located at ~ 0.12 eV above &r (indicated by a solid magenta circle). A second Dirac
type-I node located precisely at €, is also observable along the N-P path of the Brillouin zone (BZ). Dashed
magenta circles indicate tilted Dirac type-I nodes located in the conduction band along directions I'-H and
I'-N. The valence band, on the other hand, displays a plethora of linear band crossings, leading, for example,
to a Dirac type-I node along the H-P direction, an apparent double Dirac structure along I'-H (indicated by
a grey circle), and to many other crossings, for instance at kn (indicated by purple circle), kn2 (dark blue
circle), and kn3 (green circle). We choose to analyze in detail the dispersion of the electronic bands around
these three crossings to convey their conceptual relevance.
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Figure 6. (a) Electronic band dispersion around the valence band kn1 point. (b) Side perspective of the electronic
dispersion as a function of kx and %y as depicted in (a) but with the bands plotted as 3D surfaces. (¢) Distinct perspective
indicating the existence of a Dirac node that intersects a flat band. (d) Side perspective of these same bands plotted as

functions of kx and k.. (¢) Lateral three-dimensional perspective illustrating the degeneracy between the flat and
linearly dispersing bands leading to a degenerate Dirac node at kni.

We plot the electronic dispersion (Figures 6a to 6¢) around kn; from different perspectives in the .-
space, where (Figures 6b, 6¢, 6d and 6¢) are provided to allow the reader to visualize the three-dimensional
structure of this degenerate Dirac node from different perspectives. Every perspective reveals the existence
of a Dirac node at the kn point formed by the intersection of three valence bands located at the (0.229, -
0.229, 0.229) point of the BZ, with two linearly dispersing bands intersecting an almost perfectly flat band.
This is particularly clear when the bands are plotted in k. - k. plane. An intersection between a Dirac node
and a flat band has been classified as a Dirac type-III node. Nevertheless, in our case, this structure does
not correspond to the conventional Dirac type-III node discussed in Refs.*** where it results from the tilting
of a Dirac type-I cone up to a critical value where it intersects the Fermi level along a line which forms the



flat band (Figure 1c). There is a some similarity between this degenerate band touching and the triply
degenerate one reported for the Lieb lattice, whose flat band intersecting the Dirac node is claimed to be
topological in character.® In our case, we see the opening of a small gap between both generate bands and
a linearly dispersing one, which might lead to a topologically non-trivial Z invariant.*’
The structure depicted here is a unique example of a hitherto unreported Dirac type-1II node in a cubic
system that results from the touching of two bands, one flat and the other and a linearly dispersing, at a
specific point in the Brillouin zone. Notice the proximity of this node at kn1 to €f: it is located at just ~-120
meV below the Fermi level. Notice that the middle flat band remains flat for |kx=|k,| extending beyond +
0.04 A”'. Our calculations indicate that the band becomes dispersive beyond 0.05 A~ which corresponds
to ~10 % of the area of the first Brillouin zone in kx-k; plane (Figure S2).

Even more remarkable is the dispersion of the hole bands around the &n; point (Figures 7a, 7b, 7c)

located at (0.25, 0.25, 0.25) within the BZ. Here, just two bands intersect at the P-point, leading to the
touching (at a node) between a flat and a linearly dispersing band. Strictly speaking, this node should also
be classified as Dirac type-IIl, although it does not result from the tilting of touching Dirac cones as
originally envisioned by Refs.”** (Figure 1d). To the best of our knowledge, such a structure has not been
previously reported, and the unique electronic structure around this Dirac node may lead to exotic transport
and topological properties of carriers. For example, strong correlations might be observed between electrons
in the flat band with high effective masses. By introducing magnetic dopants, one may break the time-
reversal symmetry and create the hitherto unreported Weyl type-Ill nodes with Berry flux in/out of these
nodes around the kn1 or kn2 points. Similar to what is seen here, in a kagome lattice the opening of a gap
between a flat band and linearly dispersing ones is claimed to lead to a Z» invariant = 0.%
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Figure 7. (a) Electronic band dispersion around the &nz point of the valence band. (b) Perspective of the electronic
dispersion as depicted in (a) as a functions of %« and &y with the bands plotted as 3D surfaces. (c) Lateral perspective
indicating the existence of a Dirac node that results from the intersection between a flat and a linearly dispersive band
in blue) producing a particular type of Dirac type-III cone at kna.

The topological nature of the flat bands intersecting the Dirac nodes in Rhzln;Ges remain to be
clarified and will the subject of a future publication. Our calculations also indicate that the middle flat band
only becomes dispersive beyond distance of +0.025 A" with respect to kn2 point. This indicates that this
band remains flat over an area of approximately 5 % of the kx— &y plane of the first Brillouin zone.

Next we discuss the electronic structure around the kn3 point (Figure 8) located at (0.1, 0.1, 0.1) of
the BZ. Here, we observe a strongly tilted Dirac like dispersion within the k-4, plane, and, therefore, this
point must be classified as a Dirac type-II node.'® '* Dirac and Weyl type-II dispersions are of particular
conceptual relevance because the associated Dirac-like quasiparticles break Lorentz invariance, i.e. in an
isotropic space the same laws of physics apply to two observers traveling at relative constant speed. To



make this point clearer: in a Dirac type-I dispersion the momentum of the Landau quasiparticles (i.e. charge
carriers) depends on their energy and is independent on the direction of travel. But this is not the case for
tilted Dirac type-II and type-III cones, where the absolute value of the momentum becomes k-direction
dependent.
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Figure 8. (a) Electronic band dispersion around the kns point of the valence band. (b) Lateral perspective of the
electronic dispersion as depicted in (a) as a functions of &« and %y with the bands plotted as 3D surfaces. (c) Distinct
perspective illustrating the existence of a tilted Dirac type-11 node at kns.

The quasiparticles associated to the originally envisioned Dirac type-1II nodes are expected to
exhibit extremely anisotropic effective masses i, that is p = o for carriers traveling along the Dirac line
(Figure 3¢) and 1L = 0 for Landau quasiparticles traveling in a direction perpendicular to it. This anisotropy
in effective masses should lead to rather anisotropic transport properties. This anisotropic charge carrier
behavior contrasts with the Dirac-like particles in vacuum that are-described by the Dirac or Weyl equations
assuming Lorentz invariance (or isotropic space). This exposes the conceptual relevance of quasiparticles
associated to Dirac type-II and type-III nodes, which in the case of type-II have been predicted to yield
unusual magnetotransport properties.48

a " H

¢
A}

A\ |

Figure 9. The Fermi surface of RhsIn3Ges within the cubic first Brillouin zone (BZ) with the high symmetry points
indicated. The I point is at the center of the BZ.



Finally, we discuss the geometry of the resulting Fermi surface (Figure 9) composed of electron
and hole sheets. The Fermi surface reveals 12 concentric and nearly spherical electron-like pockets around
the H-point, 6 hole-like pockets around the I'-point spanning from the '-H direction (purple sheets), a large
football-like hole sheet (in yellow) surrounding the I'-point, and 6 large petal-like electron pockets (cyan
and red sheets) spanning the H-P direction. This Fermi surface does not display a marked anisotropy that
might favor magnetic or electronic orderings but exhibits a clear three-dimensional character.

CONCLUSIONS

In summary, we synthesized, through an In-flux method, a new compound Rh;In3Ge4 belonging to
the same structure as the Ir;Ge; family of compounds that crystallizes in the space group Im3m. This
compound is metallic, displays a large density of carriers according to our Hall-effect measurements, and
a diamagnetic response over the entire temperature range. From a chemistry perspective, this compound
represents a unique example of atomic decoration, given that the In atoms choose to occupy preferential Ge
sites. Despite its large density of hole-like carriers RhsIn; 4Ges s displays a relatively large thermoelectric
power factor around 7 = 225 K, albeit characterized by a small thermoelectric figure of merit. This value
might improve upon proper chemical substitution or through other treatments. Remarkably, according to
our calculations its electronic band structure displays a rich set of linear band crossings leading to Dirac
type-1, tilted Dirac type-1, Dirac type-II and even unique examples of Dirac type-III nodes that have yet to
be reported for a cubic system. All these nodes are either at, or very close in energy with respect to the
Fermi level. Despite this rich Dirac like band structure, charge carriers in this compound display modest
mobilities which, via an analogy with graphene, is attributed to scattering from the disorder inherent to its
non-stoichiometric composition. In support of this hypothesis, notice that the compounds belonging to the
Ir3Ge; family tend to display similar electronic band structures while stoichiometric compounds like PtsIn;
offer residual resistivities inferior to 1 uQ cm and carrier mobilities in excess of 3 x 10° cm*/Vs.* Another
plausible scenario is the coexistence of massless linear dispersion band with massive flat bands (around the
I'-point), with the transport properties being dominated by the flat ones. It is therefore of conceptual
relevance to confirm our predictions through, for example, angle resolved photoemission spectroscopy in
order to unveil the existence of, for example, the Dirac type-I1I nodes. Given the crystallographic symmetry
of this compound, the unique electronic band structure features revealed here should be degenerate and
observable at other locations within its Brillouin zone. Finally, the synthesis of nearly stoichiometric
crystals might allow us to unveil the true electronic and heat transport properties of this novel compound.
In the Supporting Information we included a comparison between the electronic band structures of Ru3Sn;
and RhsInsGes (Figure S3) to indicate that despite their difference in electron count, their electronic
dispersion presents strong similarities displaying many band crossings, including linear ones, very near to
the Fermi level. This suggests that the Ir;Ge; family compounds is a good playground to explore the
coexistance of multiple types of Dirac nodes, including Dirac type-III nodes.

SUPPORTING INFORMATION

L. Table S1: mixed site occupancy models used for the single crystal x-ray refinement
2. Figure S1: electron energy dispersive spectra of a Rh3In3Gey crystal
3. Figure S2: Comparison between the electronic band structures of Rus;Sny and RhsIn;Ges
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MATERIALS AND METHODS

Figure 10. Scanning Electron Microscopy (SEM) images of RhInGe single crystals.

Synthesis. High-quality single crystals of RhsIn3Ges were synthesized through an In-flux method: Rh
(>99.97%), In (99.99%) and Ge (99.999%) in an atomic ratio 1:20:1.3 were sealed in an evacuated quartz
ampule and subsequently heated up to 1050 °C and held there for 24 h (Figure 10). Afterwards, the ampule
was slowly cooled to 700 °C at a rate of 2 °C/h and subsequently centrifuged at that temperature. The as
harvested single crystals were etched in HCI to remove the excess In. The outcome was large shiny crystals
(Figures 9a and 9b) with dimensions up to a few millimeters. Their chemical composition was confirmed
through electron dispersive x-ray spectroscopy (EDS) and single crystal x-ray diffraction (Figure S1).
X-Ray Crystallography. Single-crystal X-ray diffraction was performed on a Rigaku-Oxford Diffraction
Synergy-S diffractometer equipped with a HyPix detector and a monochromated Mo-Ka radiation source
(A =0.71073 A). A single crystal was suspended in Parabar®™ oil (Hampton Research) and mounted on a
cryoloop which was cooled to the desired temperature in an N> cold stream. The data set was recorded as
w-scans at 0.3° step width and integrated with the CrysAlis software package *°. A hybrid adsorption
correction was applied using a numerical method based on face indexing and an empirical method based
on spherical harmonics as implemented in the SCALE3 ABSPACK algorithm °'. The space group was
determined as Im3m (229). The crystal structure solution and refinement were carried out with SHELX>*
using the interface provided by Olex2*. The final refinement was performed with anisotropic atomic
displacement parameters for all atoms. Full details of the crystal structure refinement and the final structural
parameters have been deposited with the Inorganic Crystal Structure Database (ICSD). The CSD registry
numbers and a brief summary of data collection and refinement parameters are provided in Table 2.
Physical Properties measurements. The samples were polished to reduce the thickness down to 0.0015
cm and gold contacts were attached with silver paint for transport measurements as seen in Figure le.



Resistivity, Hall and heat capacity measurements
were performed wusing a Physical Properties
Measurement System (PPMS). For transport
measurements a standard four-terminal method was
used under several temperatures, as low as 7=1.8 K
and fields up to poH = 9 T. Heat capacity was
measured through the standard relaxation time
method.  Magnetization measurements  were
performed using a magnetic properties measurement
system (MPMS) for temperatures as low as 7= 1.8
K and fields up to poHH =9 T.

Electronic structure of RhsIn:Gey

To understand the electronic structure of Rh;In;Ges,
we performed first-principles density-functional
theory (DFT)** calculations using the Vienna Ab
initio Simulation Package™ with the projector-
augmented wave method™ and the Perdew-Berke-
Ernzerhof (PBE)’’ exchange-correlation functional
within generalized-gradient approximation (GGA)*,
We used an energy cutoff of 300 eV for the plane-
wave basis and a I'-centered k-point sampling of 5 x
5 x5 for the Brillouin zone (BZ) integration. The
crystal structure obtained from the x-ray experiment
was used with the atomic positions relaxed by DFT.

Table 2. Data collection and structure refinement

parameters for RhsIns 4Ges .

Compound RhsIn;z 4Gess
CSD Code 1997973
Temperature, K 298
A, A 0.71073
Space group Im3m
Unit Cell a, A 8.99999(5)
v, A 729.00(1)
Z 4
Crystal size, mm’ 0.052%0.045%0.032
Crystal shape polyhedral
deated, g €M 8.597
W, mm' 32.033
Ormax, deg 41.09
Refl. collected (Rint) 16488 (0.031)
Unique reflections 205
Parameters refined 10

Ri, wR [F > 4o(F)]*
Ri, wR; [all data]”
Goodness-of-fit’

Diff. peak and hole, e A

0.0122, 0.0269
0.0122, 0.0269
1.163
3.58,-1.46

“ Ry = Z||Fo[HFel/Z|Fof; wRa = [E[W(F—F) VEWES)T
b Goodness-of-fit = [Z[W(Fo>~Fc?)*)/(Nobs—Nparams)]”*, based

on all data

Moreover, spin-orbit coupling was included. With the wavefunctions and eigenvalues, we then constructed
quasi-atomic spinor Wannier functions and tight-binding Hamiltonian by mapping Kohn-Sham

wavefunctions and eigenvalues under the maximal similarity measure with respect to pseudoatomic
orbitals®”®' using a modified WANNIER90 code®. As spin-orbit coupling was considered, total 184 quasi-
atomic spinor Wannier functions were obtained from the projections onto the s and d pseudo-atomic orbitals

of Rh, the s and p pseudo-atomic orbitals of In, and the s and p pseudo-atomic orbitals of Ge. We then used
the constructed tight-binding Hamiltonian to calculate electronic band structure along high-symmetry lines

and Fermi surface in a dense k-point grid of 100 x 100 x 100.
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1. Table S1: mixed site occupancy models used for the single crystal x-ray refinement
2. Figure S1: electron energy dispersive spectra of a Rh3In3Ges crystal
In site (12d) occupancy | Ge site (16f) occupancy | Composition, | R-factor, %
Rh:In:Ge
100% In 100% Ge 3:3:4 2.42
91.3% In, 8.7% Ge 16.5% In, 83.5% Ge 3:34:3.6 1.21
86.7% In, 13.3% Ge 86.7% Ge, 13.3% In 3:3.1:39 1.26

Table TS1. Models used for the x-ray refinement, which assume mixed occupancy, gave a better agreement
with the experimental X-ray diffraction data which is in agreement with the EDS analysis, included below.




In

In

Rh  Rh

4.00 8.00 12.00 16.00 20.00 24.00 28.00 32.00 kev

EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % At % K-Ratio Z A F
RhL 32.88 30 .75 0.2709 1.0054 0.8071 1.0154
InL 40.45 33.90 0.2755 0.9748 0.6988 1.0000

GeK 26.67 35.36 0.2623 1.0301 0.9548 1.0000
Total 100.00 100.00

Element Net Inte. Bkgd Inte. Inte. Error P/B
RhL 1003.20 59.20 0.47 16.95
InL 896.43 52.93 0.50 16.94
GeK 560.69 38.10 0.63 14.72

Figure S1. Electron energy dispersive analysis of a RhsIn3Ges crystal yielding a Rh : In : Ge ratio of 3 : 3.4
: 3.6, thus fully supporting a specific mixed occupancy model yielded by the x-ray refinement.
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Figure S2. Electronic dispersion of the degenerate bands around the 4n; point. the middle flat band only
becomes dispersive beyond + 0.05 A away from the kui Dirac node. The unit in this plot and in those
within the manuscript is A”'. Notice that in this amplified scale the gap between the flat and the linearly
dispersing bottom band is not observable.
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Figure S3. Comparison between the electronic band structures of and RhsIniGes (left panel) and RuszSny
(right panel). Both compounds display a large number of band crossings close to the Fermi level (indicated
by circles) with some of these crossings dispersing linearly. Notice the similarities between both band
structures as indicated by the colored circles, revealing akin band crossings. This suggests that the overall
Ir3Ge; family compounds is a good playground to explore the coexistance of multiple types of Dirac nodes.
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