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ABSTRACT 

Polycrystalline IrGe4 was synthesized by annealing elements at 800 °C for 240 h, and the composition 

was confirmed by energy-dispersive X-ray spectroscopy. IrGe4 adopts a chiral crystal structure (space 

group P3121) instead of a polar crystal structure (P31) that was corroborated by the convergent-beam 

electron diffraction and Rietveld refinements using the synchrotron powder X-ray diffraction data. 

The crystal structure features layers of IrGe8 polyhedra along the b axis, and layers are connected by 

edge- and corner-sharing. Each layer consists of corner-shared [Ir3Ge20] trimers, which are formed by 

three IrGe8 polyhedra connected by edge-sharing. Temperature-dependent resistivity indicates a 

metallic behavior. The magnetoresistance increases with increasing applied magnetic field, and the 

nonsaturating magnetoresistance reaches 11.5 % at 9 T and 10 K. The Hall resistivity suggests that 

holes are the majority carrier type with the carrier concentration of 4.02 × 1021 cm-3 at 300 K. Electronic 

band structures calculated by the density functional theory reveal a Weyl point with a chiral charge 

of +3 above the Fermi level.  
 
INTRODUCTION  

Topological materials such as Weyl metals/semimetals, Dirac metals/semimetals, and topological 

insulators have been studied intensively due to their interesting and novel physical properties, 

topological electronic band structures, and promising applications in spintronics, thermoelectrics, and 

energy-harvesting areas.1 Weyl metals feature nontrivial electronic bands with valence and conduction 

bands that cross in isolated points (Weyl nodes) where spin-polarized bands disperse linearly, giving 

rise to novel electronic properties such as magnetic monopoles in bulk and Fermi arcs in the surface, 

making these materials different from ordinary metals. When Weyl nodes ideally locate at the Fermi 

level, the Weyl fermions can lead to unique magnetoelectric properties such as chiral anomaly,2,3,4,5 and 

anomalous Hall effect observable in transport measurements.6   

Reported Weyl metals/semimetals include MPn (M = Ta, Nb; Pn = P, As; space group I41md),4,7,8,9 

MTe2 (M = W, Mo; Pnm21),10,11 HgCr2Se4 (Fd3̅m),6 Co2MnA (A = Al, Ga, Fm3̅m),12,13 RAlX (R = La, Ce, Pr, 

Nd; X = Si, Ge; I41md),14,15 CoSi (P213),16 HfCuP (P3m1),17 EuAgP (P63/mmc),18 EuB6 (Pm3̅m),19 EuMnSb2 

(Pnma),20 YbMnBi2 (P4/nmm),21 Mn3X (X = Ge, Sn; P63/mmc),22,23 Co3Sn2S2 (R3̅m),24 and MIrTe4 (M = Ta, 

Nb; Pmn21).25,26 Non-magnetic Weyl metals/semimetals adopt the non-centrosymmetric (NCS) crystal 

structure with inversion-symmetry broken (note that magnetic Weyl metals/semimetals can be NCS 

or centrosymmetric), which also provides opportunities to study the nonlinear optoelectronic 
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phenomena and even ferroelectric switching in thin layers. For example, NCS Weyl semimetal TaIrTe4 

shows wireless radiofrequency rectification related to the nonlinear Hall effect, and NbIrTe4 exhibits 

colossal terahertz topological response.25,26 Apart from MIrTe4 (M = Ta, Nb), there are no other NCS Ir-

containing Weyl or Dirac metals/semimetals. Considering all crystal structures, there are only a few 

Ir-containing intermetallics reported to be Weyl or Dirac metals/semimetals, including Ir2In8Q (Q = S, 

Se, Te; P42/mnm) with a large nonsaturating transverse magnetoresistance (MR),27,28 and Ir1-xPtxTe2  (0.1 

< x < 0.4, P3̅m1) even showing a superconducting state.29,30  Inspired by these intriguing reports, we 

are motivated to discover more Ir-containing topological materials with the NCS crystal structure. 

 Among the reported binary Ir-Ge compounds, IrGe (Pnma)31, Ir4Ge5 (P4̅c2),32,33 and Ir3Ge7 (Im3̅m)34  

adopt centrosymmetric space groups, while IrGe4 has been reported to form two possible NCS space 

groups, P31 (No. 144, both polar and chiral) and P3121 (No. 152, chiral).35,36 The electronic band 

structure of IrSn4  with the space group P3121 indicates the existence of Kramers-Weyl fermions, but 

there is a lack of the electronic band structure of IrGe4.37 In addition, the physical properties of most 

Ir-Ge compounds are barely studied except for IrGe, which shows strong electron-phonon coupling 

and superconducting transition at 4.7 K.38,39 Therefore, in this study, we will investigate the crystal 

structure, electronic band structures, and physical properties of IrGe4.  
 

EXPERIMENTAL SECTION 

Starting Materials and Synthesis. IrGe4 polycrystalline samples were synthesized using the solid-

state method with a stoichiometric ratio. Starting materials of Ir powder (99.9% mass fraction, Alfa 

Aesar) and Ge powder (99.999% mass fraction, Alfa Aesar) were weighed, ground thoroughly, and 

pressed into a pellet (diameter = 6 mm) inside an argon-filled glove box (O2% < 1 ppm, H2O% < 1 ppm). 

The obtained pellet was transferred into an open-ended quartz tube that was sealed with an oxygen 

/natural gas torch under a dynamic vacuum (< 10-3 Torr). The sealed tube was heated in a box furnace 

from room temperature to 800 C with a ramp time of 48 h, kept at that temperature for 240 h, and 

then the furnace was cooled to room temperature within 48 h. A dense pellet (> 91% density, diameter 

= 4.53 mm, height = 3.14 mm) was prepared by pressing IrGe4 powders at 4 GPa at room temperature 

using a Walker-type high-pressure press. During the sample preparation, no uncommon hazards were 

noted.   

Laboratory and Synchrotron Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) patterns of 

polycrystalline samples were collected using a benchtop Miniflex-600 powder X-ray diffractometer 

(Cu Kα, λ =1.5418 Å). The PXRD data were collected at room temperature for 1 h with a scattering 

angle 2 ranging from 10 to 70°. Synchrotron PXRD patterns were obtained (0.5° < 2  < 36°) with λ = 

0.458073 Å at the 11-BM beamline at the Advanced Photon Source, Argonne National Laboratory. 

Rietveld refinements of the synchrotron PXRD data were carried out with the suite of FullProf 

programs.40 

Transmission Electron Microscopy (TEM). TEM experiments were carried out with a probe 

aberration-corrected sub-Å resolution JEOL JEM-ARM200cF microscope at 200 kV. Polycrystalline 

IrGe4 powders were ground into thin electron-transparent pieces and loaded onto a carbon-coated 

200-mesh Cu TEM grid. Selected area electron diffraction (SAED) patterns and corresponding atomic 

resolution high-angle-annular-dark-field scanning transmission electron microscopy (HAADF-

STEM) images were collected on a single crystal piece. Convergent-beam electron diffraction (CBED) 
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patterns were obtained by focusing the electron beam onto the crystal surface into several tens of 

nanometer diameter areas in the TEM nano-diffraction mode.    

Chemical Analysis. Elemental analysis of IrGe4 was performed on thin pellets with a JEOL JSM-

IT500HRLV scanning electron microscopy (SEM) and an accessory Octane Elect Plus energy-

dispersive X-ray (EDX) spectroscopy system. The SEM images and elemental maps were collected 

with an accelerating voltage of 15 kV. 

Physical Properties. IrGe4 with the Quantum Design DynaCool physical property measurement 

system (PPMS). A 4-probe method with 25 µm Pt wires was used for resistivity, MR, and Hall 

measurements with an excitation current of 4 mA. The Pt wires were affixed on the dense pellet with 

Epotek H20E silver epoxy. Temperature-dependent resistivity data were collected between 1.8 and 

300 K with the applied magnetic field (B) at 0 and 9 T. Isothermal field-dependent Hall resistivity and 

MR were measured between 10 and 300 K with varying B up to ± 9 T.  

Density Functional Theory (DFT) Calculations. DFT calculations were performed using the projector 

augmented wave band method implemented in VASP.41,42,43 The generalized-gradient approximation 

(GGA) of Perdew-Burke-Ernzerhof (PBE) was adopted for the exchange-correlation functional.44 

Experimental crystal structure (Table 1) was employed for the DFT calculations. A 10 x 10 x 10 k-point 

mesh was used for the Brillouin zone integration. A plane wave cutoff energy of 400 eV was selected, 

and a convergence criterion of 10-8 eV was applied. Spin-orbit coupling (SOC) is taken into account in 

a second variation method. Wannier90 and WannierTools programs were used to calculate the chiral 

charge of Weyl points.45,46 In order to preserve symmetries imposed in the crystal structure during the 

Wannierization, the symmetrized Wannier method was adopted.47  

RESULTS AND DISCUSSION  

Synthesis and Crystal Structure. The polycrystalline IrGe4 samples were prepared using the solid-

state method based on a similar heating profile reported in 1969.35 The PXRD pattern of the obtained 

sample matches the theoretical patterns of IrGe4 crystallizing in trigonal crystal structures with space 

groups P31 (No. 144) and P3121 (No. 152) as these two patterns are almost indistinguishable (Figure 

1). 

 
Figure 1. Experimental (a) and calculated PXRD patterns of IrGe4 with space groups P31 (b) and P3121 (c). 
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In both structures, unit cell parameters are the same, and Ir atoms occupy the same Wyckoff site 

3a (Table 1). In the polar and chiral crystal structure (space group P31), there are four Ge sites (3a, 3a, 

3a, 3a), while the chiral crystal structure (space group P3121) only has three Ge sites (3b, 3b, 6c). The 

polar and chiral crystal structure can be viewed as the splitting of the 6c site in the chiral crystal 

structure into two 3a sites. The arrangement of IrGe8 polyhedra and the perspective view of two crystal 

structures are the same (Figures 2 and S1), but the Ir-Ge bond distances in IrGe8 polyhedra are different 

due to the different sites and symmetry (Table 2). Figure 2 shows the chiral crystal structure (space 

group P3121), which consists of layers of IrGe8 polyhedra when viewed along the b axis (Figure 2a). In 

each layer, three IrGe8 polyhedra share Ge1-Ge2 edges and form [Ir3Ge20] trimers (Figure 2d), which 

are corner-shared via Ge3 atoms (Figure 2b). Between layers of [Ir3Ge20] trimers, one IrGe8 polyhedron 

is edge-sharing, and the other two IrGe8 polyhedra are corner-sharing (Figure 2c). The same 

connection of IrGe8 polyhedra in the polar and chiral crystal structure (space group P31) is shown in 

Figure S1. The Ge3 (6c) atoms in Figure 2 correspond to Ge1 (3a) and Ge2 (3a) atoms in Figure S1, 

while Ge1 (3b) and Ge2 (3b) atoms in Figure 2 correspond to the Ge3 (3a) and Ge4 (3a) atoms in Figure 

S1, respectively. More discussion on symmetry elements between the two structures is shown in the 

TEM section. 

 

Figure 2. Perspective view of the chiral crystal structure of IrGe4 (space group P3121) along the b axis (a), one layer of 

[Ir3Ge20] trimers by tilting b axis (b), edge-sharing and corner-sharing connection of IrGe8 polyhedral between layers 

(c), and one isolated [Ir3Ge20] trimer (d).  

 

Rietveld refinements were carried out using the room-temperature synchrotron PXRD data. Both 

crystal structures with space groups P31 and P3121 were employed as the initial models. The overall 

fitting and selected structural parameters of Rietveld refinement results are presented in Figure 3 and 

Table 1. The data can fit well with both models, as indicated by the similar Rietveld refinement criteria 

of fit. The refined unit cell parameters were a = b = 6.2132(1) Å, c = 7.7848(1) Å, V = 260.263(1) Å3, which 

are close to the previously reported values, a = b = 6.215(5) Å, c = 7.784(2) Å, V = 260.385(1) Å3.35 The 
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refined sites are very close to the reported values as well. Careful examination of the high-resolution 

synchrotron PXRD pattern identifies very weak reflections at 2Ө = 7.4°, 10.5°, 11.3°, 12.9°, and 14.9° ( the 

first strong peak is marked with an asterisk in Figure 3), which are due to a small amount of Ir3Ge7 (< 

0.4%) impurity. 

 
Figure 3. Rietveld refinements of synchrotron PXRD data (λ = 0.458073 Å) of IrGe4 with space groups P31 (a) and P3121 

(b). The observed data (red), calculated pattern (black), expected Bragg peak positions (green), and the difference 

between those two patterns (blue) are provided. Asterisk (*) represents the first strong reflection of Ir3Ge7 impurity.  

  

Table 1. Selected Structural Parameters of Rietveld Refinements of IrGe4 

sample IrGe4 IrGe4 

space group, # P31, No. 144 P3121, No. 152 

temperature 300 K 

mol. wt., g/mol 482.78 

density 

(calculated), g/cm3 
9.237 

wavelength, Å 0.458073  

Z 3 

lattice parameters 

a = b = 6.2132(1) Å, 

c =7.7848(1) Å, 

V = 260.263(1) Å3 

α = β = 90°  

γ = 120° 

Rietveld criteria  

of fita 

Rp = 7.89%, Rwp = 10.8%, 

Rexp = 6.99%, 2 = 2.38 

Rp = 7.96%, Rwp = 10.8%, 

Rexp = 6.99%, 2 = 2.4 

  

site 
Wyckoff 

symbol 
x, y, z site 

Wyckoff 

symbol 
x, y, z 

Ir1 3a 0.3172(1), 0, 0.33(2) Ir1 3a 0.3171(1), 0, 0.3333 

Ge1 3a 0.4905(7), 0.2161(8), 0.05(3) Ge3 6c 0.4861(1), 0.2191(1), 0.0523(1) 

Ge2 3a 0.2221(8), 0.4820(7), 0.94(3)    

Ge3 3a 0.0783(2), 0, 0.82(3) Ge1 3b 0.0783(1), 0, 0.8333 

Ge4 3a 0.6181(2), 0, 0.82(3) Ge2 3b 0.6178(2), 0, 0.8333 
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a.  ,  , ,  χ 2 = (R w p /R e x p )2 , w h er e y ic al c a n d y io bs  a r e 

t h e c al c ul at e d a n d o b s er v e d i nt e n siti e s at t h e it h d at a p oi nt, t h e w ei g ht w i i s 1/ 2  f r o m c o u nti n g st ati sti c s, wit h t h e s a m e 

n o r m ali z ati o n f a ct o r, N i s t h e n u m b er of m e a s u r e d d at a p oi nt s. P  r e p r e s e nt s t h e n u m b er of r efi n e d p a r a m et er s.  

 

T h e r efi n e d I r -G e b o n d di st a n c e s ( d ) ar e li st e d i n T a bl e 2 a n d c o m p ar e d wit h pr e vi o u sl y  p u bli s h e d 

t w o cr y st al str u ct ur e s wit h s p a c e gr o u p s P 3 1  a n d P 3 1 2 1. T h e d (Ir-G e) i s b et w e e n 2. 4 8 -2. 6 4 Å, cl o s e t o t h e 

pr e vi o u sl y d et er mi n e d v al u e s ( 2. 4 3 -2. 6 5 Å). 3 5  I n t h e p ol ar a n d c hir al cr y st al str u ct ur e ( s p a c e gr o u p P 3 1 ), 

ei g ht Ir -G e b o n d di st a n c e s i n e a c h I r G e8  p ol y h e d r o n ar e diff e r e nt ( b et w e e n 2. 4 8 -2. 6 4 Å) , e v e n t h o u g h 

t h e r e a r e t w o p air s a r e v er y cl o s e, w hi c h m a k e s t h e Ir G e 8  p ol y h e d r o n v e r y di st o rt e d. I n c o nt r a st, i n 

t h e c hir al c r y st al st r u ct ur e ( s p a c e gr o u p P 3 1 2 1), t h e r e a r e o nl y f o ur diff e r e nt Ir -G e b o n d di st a n c e s , 

w hi c h a r e b et w e e n 2. 4 9 -2. 6 0 Å. T h er ef or e, t h e Ir G e8  p ol y h e d r o n i s m o r e di st o rt e d i n t h e  b ot h  p ol a r a n d 

c hir al cr y st al st r u ct ur e t h a n  i n t h e c hir al o nl y  c r y st al str u ct ur e. T h e b o n d di st a n c e s o b s e r v e d i n Ir G e4  

a r e cl o s e t o t h o s e r e p o rt e d i n I r G e ( 2. 4 7-2. 6 9 Å) ,3 1  Ir4 G e 5 ( 2. 2 7-2. 8 3 Å), 3 2 ,3 3  Ir3 G e 7 ( 2. 5 2-2. 5 8 Å), 3 4 ,4 8  

Ir G e1. 5 T e 1. 5 (2. 5 5 Å), 4 9  Y b 2 Ir G e2 ( 2. 4 7-2. 6 8 Å), 5 0  L uIr G e  ( 2. 5 1-2. 5 8 Å), 5 0  a n d L u 3 Ir2 G e 3 ( 2. 4 6-2. 6 3 Å). 5 0  

T a bl e 2. S el e ct e d B o n d Di st a n c e s i n Ir G e 4  

s p a c e g r o u p P 3 1  

b o n d -di st a n c e, Å  

s p a c e g r o u p P 3 1 2 1  

b o n d -di st a n c e, Å  

Ir-G e  
thi s  

w o r k  

re p o rt e d  

v al u e s 3 5  Ir-G e  
thi s 

w o r k  

re p o rt e d  

v al u e s 3 5  

Ir-G e 2  2. 4 8( 3)  2. 4 3 2  Ir-G e 3  2. 5 1 2( 1)  2. 4 9 3  

Ir-G e 1  2. 5 0( 3)  2. 5 2 5  Ir-G e 3  2. 5 1 2( 1)  2. 4 9 3  

Ir-G e 4  2. 5 2( 2)  2. 5 2 9  Ir-G e 3  2. 5 3 8( 1)  2. 5 3 0  

Ir-G e 2  2. 5 3( 6)  2. 5 4 3  Ir-G e 3  2. 5 3 8( 1)  2. 5 3 0  

Ir-G e 1  2. 5 6( 2)  2. 5 5 0  Ir-G e 2  2. 5 5 4( 1)  2. 5 8 3  

Ir-G e 3  2. 5 6( 5)  2. 5 4 3  Ir-G e 2  2. 5 5 4( 1)  2. 5 8 3  

Ir-G e 4  2. 5 9( 5)  2. 6 4 5  Ir-G e 1  2. 6 0 0( 1)  2. 6 0 1  

Ir-G e 3  2. 6 4( 2)  2. 6 4 9  Ir-G e 1  2. 6 0 0( 1)  2. 6 0 1  

 

T E M . T o c o nfir m w h et h e r Ir G e 4  cr y st alli z e s i n t h e  P 3 1  ( p ol a r a n d c hir al) o r P 3 1 2 1  ( c hir al) s p a c e gr o u p 

t h at a r e i n di sti n g ui s h a bl e b a s e d o n P X R D  p att e r n s, T E M  e x p e ri m e nt s  w e r e  c ar ri e d o ut o n t hi n 

el e ct r o n -t r a n s p a r e nt pi e c e s pr e p a r e d f r o m p ol y c r y st alli n e Ir G e 4 p o w d e r s a m pl e s . T h e at o mi c 

r e s ol uti o n H A A D F -S T E M i m a g e w a s o bt ai n e d f r o m a c r y st al pi e c e al o n g [ 1 1 0] ( Fi g ur e 4 a). T h e 

bri g ht e st d ot s ar e t h e I r  at o mi c c ol u m n s si n c e t h e i m a g e c o nt r a st i s r o u g hl y pr o p o rti o n al t o at o mi c 

n u m b e r Z 2 , a n d I r i s 7 7.  T h e l e s s bri g ht s p ot s a r e t h e G e c ol u m n s wit h a Z n u m b e r of 3 4. T h e s k et c h 

of t h e c r y st al str u ct ur e pr oj e ct e d al o n g [ 1 1 0] i s s h o w n i n Fi g ur e 4 b, wit h a n e nl a r g e d i m a g e 

s u p e ri m p o s e d wit h t h e u nit c ell s k et c h s h o wi n g t h e Ir a n d G e at o m s. A s s h o w n i n Fi g ur e 4 a, o n e 

p a rti c ul a r G e c ol u m n t h at i s i n t h e mi d dl e of t w o v e rti c al Ir c ol u m n s s h o w s a sli g htl y  bri g ht e r i nt e n sit y 

t h a n t h e r e st of t h e G e c ol u m n s. T h e s e s p eci al G e c ol u m n s a r e i n di c at e d b y d ar k e r bl u e cir cl e s i n t h e 

s u p e ri m p o s e d bl o w -u p i m a g e, wit h o n e p oi nt e d b y a r e d a rr o w. T h e i m a g e i nt e n sit y i s al s o 

pr o p o rti o n al t o t h e n u m b e r of at o m s i n t h e c ol u m n. T h e r e a s o n f or it s hi g h e r i nt e n sit y i s t h at t h e at o m 

d e n sit y p e r u nit l e n gt h al o n g [ 1 1 0] i s hi g h e r f o r t hi s p arti c ul a r c ol u m n t h a n ot h e r s al o n g t h e el e ctr o n 

b e a m dir e cti o n. T h e at o m di st a n c e i s s m all e r f o r t hi s c ol u m n ( d  = 3. 3 1 3 Å) t h a n ot h e r G e c ol u m n s ( d = 
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6.215 Å). Thus, at the same sample thickness, there are more Ge atoms in that special column than the 

other Ge columns, resulting in a brighter intensity. The experimental image along [110] matches 

exactly the crystal structure of IrGe4, but we can’t distinguish the space group from the image. The 

selected area electron diffraction (SAED) pattern of IrGe4 was obtained along the [110] zone axis with 

indexed planes of (1̅10), (1̅1̅1), (001), etc., which are corresponding miller planes for both space groups 

P31 and P3121 (Figure 4c).  

 
Figure 4. (a) Atomic resolution HAADF-STEM Z contrast image of IrGe4 crystal along [110]. (b) Sketch of the crystal 

structure projected along [110]. The yellow rectangle box is the unit cell.  Blow-up image superimposed with circles of 
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Ir (Orange) and Ge (blue) atoms. The red arrows point to the Ge columns with higher atom density. (c) [110] selected 

area electron diffraction pattern. (d) The whole pattern of [110] CBED. The red line and yellow arrows are guides for 

the eye. 

 

CBED patterns can be useful in distinguishing 32 point groups due to dynamic scattering.51,52,53 

The space group P31 has the point group 3 and Laue class 3̅, while the space group P3121 has point 

group 32, and Laue class 3m. It is known that for a [110] zone axis, the whole pattern (WP) of [110] 

CBED has a 2-fold rotation symmetry for P3121 and no symmetry (1) for P31.54  The WP CBED 

presented in Figure 4d shows a 2-fold rotation axis symmetry. If the pattern is rotated 180° along the 

axis perpendicular to the surface of the paper, the bright spots/disc on the upper side will coincide 

with the arrowed disc in the lower part, and other spots/discs are also exactly the same, i.e., the details 

of the pattern is exactly the same. Therefore, it means that the WP CBED has a 2-fold rotation axis, 

and we can determine that this IrGe4 crystal has a space group of P3121. Although we only looked at 

a few crystals, we believe that majority of the crystals have symmetry P3121 as the single crystal piece 

is randomly selected from thousands of crystal pieces, which was thin enough and we were able to 

tilt to the right zone axis in the TEM. However, small amount of P31 phase might exit. 

 

Chemical Analysis. Semi-quantitative SEM-EDX measurements were performed on an IrGe4 dense 

pellet. The EDX maps of the surface of the IrGe4 dense pellet indicate that Ir and Ge elements are 

homogeneously distributed through the pellet (Figure 5), with the molar ratio of Ir: Ge equal to 1: 4.01, 

which confirms the empirical chemical composition.  

 
Figure 5. EDX elemental maps of the surface of an IrGe4 dense pellet. 

 

Physical Properties. The temperature-dependent resistivity was measured on an IrGe4 dense pellet in 

zero external magnetic field as well as in a magnetic field of 9 T (Figure 6a). In each case, the resistivity 

decreases with decreasing temperature from 300 to 1.8 K, which suggests that IrGe4 is a metal. 

However, the residual resistivity (resistivity at 1.8 K) is pretty large (576 and 642 µΩ∙cm at 0 and 9 T, 

respectively). This may be due to grain boundaries in the pressed pellet and is likely the cause of a 

small residual resistivity ratio (RRR) = 𝜌300𝐾/𝜌1.8𝐾  of 3.8 (for 0 T).  
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Figure 6. (a) Temperature-dependent resistivity of IrGe4 with the low-temperature data (1.8, 60 K) as the inset, and (b) 

MR measured between 10 and 200 K.  

 

The MR measurements were performed between 10 and 200 K. The MR is defined as [(𝜌𝐵 - 𝜌0𝑇)/𝜌0𝑇] 

×100%, where 𝜌𝐵 and 𝜌0𝑇  are the resistivity measured with applied magnetic field B and B = 0 T, 

respectively. The isothermal MR is larger at low temperatures (Figure 6b). At all temperatures, the 

MR is quadratic in the magnetic field and remains unsaturated with a value of 11.5 % at 9 T and 10 K. 

During the process of submitting the manuscript, we noticed the recent report on single crystals of 

IrGe4 (chiral space groups P3121 and P3221) showing larger RRR and MR values, and a 

superconducting transition at 1.1 K.55   

 
Figure 7. Hall resistivity of IrGe4 measured at 10 and 300 K (solid lines are straight lines that fit the data). 

 

Hall resistivity (𝜌H) measured between 10 and 300 K shows a linear behavior as a function of the 

magnetic field. In the entire temperature range (data shown only for 1.8 and 300 K in Figure 7) 

measured, 𝜌H has a positive slope, indicating holes to be the majority carrier, consistent with the large 

hole pockets observed in the electron band structure shown later in the DFT calculations section. The 

carrier concentration (nh) of holes can be estimated based on the equation, n = 1/(eRH), in which e is the 

charge of an electron and RH is the Hall coefficient (the slope in Figure 7). The slope is 1.27 × 10-9 m3/C 
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and 1.56 × 10-9 m3/C, and the calculated nh is 4.9 × 1021 cm-3 and 4.02 × 1021 cm-3  at 10 and 300 K, 

respectively, consistent with other bad metals such as CoNb3S6.56 

DFT Calculations. Electronic structures of IrGe4 were obtained within the DFT framework. Two 

different crystal structures with space groups of P31 (No. 144) and P3121 (No. 152) were considered in 

the DFT calculations. Both P31 and P3121 structures do not have inversion symmetry, but they have 

screw axes of 31 and 32 in the crystallographic notation, which are threefold rotation axes combined 

with translations of 1/3 and 2/3 along the c-axis direction, respectively. Hence, the two structures are 

NCS chiral structures.57 However, the P3121 structure has additional twofold rotation symmetry along 

the [110] axis, which is broken in the P31 structure due to Γ2 symmetry distortion realized in a structural 

phase transition between the two structures (Figure 8). 

The energy of the P3121 structure is 3.3 meV/atom lower than that of the P31 one in the DFT 

calculations, which is consistent with the TEM results. However, it is noteworthy that there are DFT 

computational errors with a standard deviation of 24 meV/atom in the evaluation of energies.58 

Therefore, the energy difference of 3.3 meV/atom is insignificantly small, falling within the DFT error 

bar and even smaller than the room-temperature kT values of 26 meV. Consequently, the current DFT 

calculations cannot provide conclusive evidence regarding the true ground-state structure. Besides, 

due to the small energy difference, computed DFT electronic structures for the two structures are 

nearly identical. Here, the experimental refined crystal structure with the space group P3121 (No. 144) 

was adopted for further theoretical analysis, especially for its topological nature. 

 
Figure 8. (a) Group-subgroup relation between two space groups of P3121 (No. 152) and P31 (No. 144). The symmetry 

of atomic displacements is Γ2, realized in the structural phase transition between the two space groups. (b) Atomic 

displacements of the Γ2 symmetry in the P3121 (No. 152) structure are presented by orange arrows. 

 

The band structure of the crystal structure (space group P3121) with SOC considered is provided 

in Figure 9a. The comparison of band structures without and with SOC is shown in Figure S2. Because 

IrGe4 is a chiral crystal with non-magnetic order, it possesses symmetry-enforced Weyl points at time-

reversal invariant momenta (TRIMs). These points are so-called Kramers-Weyl points, which were 

proposed in IrSn4 (space group P3121) based on theoretical considerations.37 The band structure of 

IrGe4 (space group P3121) is very similar to that of IrSn4 (space group P3121). In addition, this system 

has many accidental Weyl points (non-Kramers) on generic k-points within an energy window of |E 

– EF| < 0.5 eV in the Brillouin zone. Some of these points are illustrated in Fig. 9(a), while a complete 

display can be found in Figure S3. Hole pockets are shown near -M, -A, and A-H directions, while 

electron pockets are near L, but the larger hole pockets suggest that holes are the dominant carrier 

type, which is consistent with the positive slope shown in the Hall resistivity results (Figure 7). To 
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determine the chiral charges of the Kramers-Weyl points (or the Chern number), the Wilson loop 

method was used to calculate Wannier charge centers (WCC) within a small sphere centered at each 

Kramers-Weyl point, excluding other band crossing points in momentum space.59 In other words, the 

chiral charge could be computed by integrating the Berry curvature over a closed surface of the 

corresponding small sphere. Therefore, Weyl points with positive or negative charges act as sources 

or sinks of the Berry curvature flux, respectively, in momentum space. It is equivalent to charged 

particles acting as sources or sinks of electric flux in real space. In Figure 9a, Kramers-Weyl points 

with positive and negative chirality are indicated with red and blue points, respectively. Interestingly, 

among the Kramers-Weyl points near the Fermi level, the one at A-point right above the Fermi level 

(Figure 9b) is notable because its chiral charge is +3 (another Weyl point with a chiral charge of +1 is 

located directly above it within a small energy window). Figure 9c shows that the flow of WCC has 

winding number 3 with positive slops, demonstrating the positive charge +3 Weyl fermion. A Weyl 

point with a chiral charge of +3 typically gives rise to multiple Fermi arcs, whereas a chiral charge of 

+1 only gives one Fermi arc. However, the Weyl point with a chiral charge of +3 is buried inside the 

projected bands of the bulk, making it challenging to detect the multiple Fermi arcs. 

 
Figure 9. (a) DFT band structure of IrGe4 with the space group of P3121 (No. 152). The Fermi level EF is set to zero. 

Kramers-Weyl points with positive and negative chirality and are indicated by red and blue points, respectively. Here, 

Kramers-Weyl points are presented only within an energy window of [– 0.6 eV, 0.5 eV] with respect to the Fermi level 

EF. Note that there are additional non-Kramers Weyl points at K and along M-K, exhibiting negative chirality as shown 

in (a). (b) Enlarged band structure of the red square in (a), near A-point. Positive charge-3 Weyl point is indicated by 

the red arrow. (c) The flow of the Wannier charge center for the Weyl point is indicated by the red arrow in (b), 

demonstrating that its charge is +3. (d) Enlarged band structure of the red square in (a), near L-point. The positive 

charge-1 Weyl point is indicated by the red arrow. Note that the Kramers-Weyl point is slightly below the Fermi level. 

(e) The flow of the Wannier charge center for the Weyl point is indicated by the red arrow in (d), demonstrating that 

its charge is +1. 

Another important aspect of the band structure shown in Figure 9a is that it possesses Kramers-

Weyl points at A and L very close to the Fermi level. They have a positive charge of +1, and their 

energy positions are -0.03 and -0.025 eV for A and L points, respectively. Figures 9d and e show 

characteristics of the Kramers-Weyl point at L, where the enlarged band dispersion near the L-point 

and the flow of WCC for the corresponding Kramers-Weyl point are demonstrated. Figure 9e shows 

winding number 1 with a positive slope, thereby presenting that the Kramers-Weyl point at the L-
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point has a positive charge of +1. Furthermore, in order to show features of the Kramers-Weyl points 

at A and L points (Figures 9b and d) more apparently, we present their band dispersions with a 

different color for a different band index along Γ – A – Γ and A – L – A directions, respectively (Figure 

S4). It is worth noting that the band structures obtained from both DFT and Wannierization methods 

are essentially the same (Figure S5). This enables the adoption of the symmetrized Wannier method 

for computing chiral charges for the Kramers-Weyl points.47 A comparison between the band 

structures of space groups P31 (No. 144) and P3121 (No. 152) is presented in Figure S6. In contrast to 

the P31 band structure (Figure S6a), the P3121 band structure (Figure S6b) exhibits the presence of an 

additional twofold rotation symmetry along the [110] axis, resulting in multiple irreducible 

representations for generic k-points along the M-K path. This leads to accidental band crossings.  The 

red arrow in Figure S6b highlights a new band crossing protected by this additional crystal symmetry. 

Aside from this distinction, both band structures exhibit nearly identical band structures, particularly 

with respect to the presence of Weyl points at TRIMs. 

 

CONCLUSION 

Phase-pure polycrystalline IrGe4 sample has been successfully prepared with the solid-state method. 

Even though it is not possible to distinguish the NCS space groups P31 and P3121 based on PXRD 

patterns, SAED, or even HAADF-STEM, we found that CBED is a powerful method to confirm the 

chiral crystal structure, particularly when the polar and chiral crystal structure is very close to related 

chiral crystal structure. IrGe4 is a Weyl metal according to the DFT calculations, and additional 

experiments, such as an angle-resolved photoemission spectroscopy experiment on a single crystal, 

would be needed to verify the Weyl behavior in this compound.  IrGe4 is the first example of NCS 

chiral Weyl metal in the Ir-Ge system and another example of NCS Ir-containing topological 

semimetal in addition to the previous report of MIrTe4 (M = Nb, Ta). Therefore, IrGe4 enriches the 

library of limited Ir-containing topological Weyl or Dirac metals/semimetals. The study of IrGe4 can 

be useful for investigating other Ir-containing topological materials.  
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IrGe4  adopts a chiral crystal structure and is predicted to be a Weyl metal with a chiral charge of +3 

Weyl point above the Fermi level. 
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