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A B S T R A C T

Co3Ga2Ge5 was synthesized through arc-melting stoichiometric ratios of the elements, and a Ru3Sn7-type 
structure was confirmed by X-ray diffraction. Because Co3Ga2Ge5 contains Ga and Ge, which have very similar X- 
ray and neutron scattering factors, any Ga/Ge crystallographic site preference cannot be determined with 
diffraction alone. The purpose of this study is to highlight the importance of using multiple techniques to 
characterize otherwise structurally ambiguous intermetallic compounds. We utilize 71Ga nuclear magnetic 
resonance spectroscopy and an analysis of the X-ray absorption fine structure to clarify the amount of Ga/Ge site 
mixing. Our combined use of X-ray diffraction and spectroscopy provides a comprehensive structural analysis of 
Ga site mixing across the Ge crystallographic sites, enhancing the understanding of the structure and properties 
of Co3Ga2Ge5.

1. Introduction

With the growth and advancement of complex materials, bulk 
characterization of elements with properties has become increasingly 
challenging. This is particularly evident in the R2M3X5 (R = rare earth, 
M = transition metal, X = main group element) family of compounds 
which exhibits eight different structure types and diverse physical 
properties such as charge density waves [1,2], quantum critical points 
[3,4], Kondo behavior [5,6], and giant magnetoresistance [7,8]. The 
junction of various physical properties [9], structural polymorphism 
requiring detailed synchrotron measurements [10], and potential for 
chemical substitution led us to study Co3Ga2Ge5, a reported but un-
studied isostructural analogue of the Ru3Sn7 structure [11,12]. The 
Ru3Sn7 structure type (also known as the Ir3Ge7 or T3X7 structure, with 
Stukturbericht classification: D8f) [13] has been promoted as a tunable 
system with metallic, semi-metallic, and semiconducting states [14]. 
Notable physical properties for this structure type include hydrogen 
evolution catalysis [15], superconductivity [16], thermoelectric 

properties [17], and selective hydrogenation of acetylene [18]. 
Rh3In3.4Ge3.6, a ternary analogue, has been shown to host potential 
Dirac nodes, revealing a topologically relevant electronic structure for 
this family of binary T3X7 compounds and its ternary analogues [19]. 
Like Co3Ga2Ge5, other analogues of the Ru3Sn7 structure type contain 
elements indistinguishable by X-ray diffraction. Examples include 
Nb3Sb2Te5 [17,20], Mo3Sb5.4Te1.6 [21], Re3GeAs6 [22], Co3Al3Si4 [23], 
Ir3In3Sn4 [24], Ru3Sn5.25Sb1.75 [25], and Pt3Tl5.7Pb1.3 [26]. Atomic 
ordering may exist within these structures; however, the presence of 
crystallographic site mixing for similarly scattering elements is often 
overlooked. This site preference can be quantified and is influenced by 
factors such as bond valence and the overall stability of the crystal 
structure.

The problem of Ga and Ge atomic site mixing is not limited to 
Co3Ga2Ge5. In Y4Mn1-xGa12-yGey, ferromagnetism is linked to changes in 
Ge concentration relative to Ga [27]. The authors describe marked 
changes as Ge is varied from y = 1 (ferromagnetic) to y = 4 (para-
magnetic). The change in magnetism is also related to Mn vacancies that 
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decrease as a function of Ge concentration, highlighting a link between 
the transition metal and Ga/Ge concentration. Another unique example 
is ReGa0.4Ge0.6 which displays highly localized and multicenter bonding 
while retaining metallic behavior [28]. To best describe the unique 
physical phenomena, an understanding the role of site preference in 
mixed Ga-Ge systems is key. However, in their investigation of the giant 
magnetocaloric effect present in Gd5GaxGe4-x, Gordon Miller et al. stated 
that “Ga and Ge atoms could not be unequivocally distinguished by 
X-ray diffraction techniques in these systems due to the one-electron 
difference in their electron densities [29].” The ability to use struc-
tural characterization techniques other than X-ray diffraction are vital 
for furthering our understanding of the structure-property relationships 
within these materials. In some cases, the neutron diffraction data has 
been analyzed to understand the degree of site mixing between similarly 
scattering elements. Re3GeAs6 [22] and Yb3Ga7Ge3 [30] cite differences 
in the neutron form factors to determine site preference; however, like 
X-ray diffraction, there is not always a clear distinction in the neutron 
form factors for elements adjacent on the periodic table. This is true for 
Ga and Ge where the neutron coherent scattering lengths are 7.288 fm 
and 8.185 fm, respectively [31]. To determine the degree of atomic 
ordering, spectroscopic experiments to understand the Ga local envi-
ronment must be employed.

In this work, we chose to implement 71Ga nuclear magnetic reso-
nance (NMR) spectroscopy and X-ray absorption spectroscopy (XAS) in 
combination with X-ray crystallography to determine the Ga/Ge atomic 
site mixing present in Co3Ga2Ge5. NMR experiments are used with some 
regularity in structural studies of intermetallic compounds [32–34], and 
they are effective for understanding the local environment of specific 
elements. However, it is quite rare for NMR to be used in studying 
materials that contain elements that are difficult to differentiate with 
diffraction. Fe3-xMnxSi [35] and Y2(Co1-xCux)17 [36] highlight this 
underutilized application of NMR spectroscopy by observing the degree 
of site mixing between Fe/Mn and Co/Cu, respectively. Nuclear quad-
rupole resonance (NQR) spectroscopy is a similar technique to NMR that 
has been used to provide clarity on Ga/Ge site mixing within the 
structures of ReGa2Ge [37] and ReGaGe2 [38]. These studies promote 
the efficacy of using Ga-specific probes to develop an understanding of 
the Co3Ga2Ge5 structure. Additionally, element-specific Extended X-ray 
Absorption Fine Structure (EXAFS) analyses of the XAS are often used to 
determine the degree and position of site preference within problem 
structures [39–41]. An analysis of local structure provided by the Ga 
EXAFS nicely complements the description from the 71Ga NMR. These 
techniques, along with X-ray diffraction, allow for an analysis of Ga site 
mixing across the two Ge crystallographic sites. In this study, we not 
only present the synthesis, chemical structure, and physical properties of 
Co3Ga2Ge5, but also highlight powerful spectroscopic techniques that 
are provide chemical insight into the clarification of structures that may 
otherwise be difficult to probe by diffraction.

2. Methods

2.1. Synthesis

The reactions were prepared with cut pieces of the elements Co, Ga, 
and Ge in a 3:2:5 (Co:Ga:Ge) molar ratio. The raw elements were arc- 
melted into a single boule under a positive flow of Ar gas. A Zr 
"getter" was included in the setup to minimize oxidation of the sample. 
The resulting boule was flipped and re-melted three times to ensure 
homogeneity. Mass losses were less than 5 %. The sample was then 
annealed at 600 ◦C for 3 days. The resulting silver boule was homoge-
neous with a reflective surface that was resistant to oxidation. Upon 
inspection of the boule, large grain boundaries were observed under the 
microscope. An endothermic feature at 853 ◦C was determined by dif-
ferential scanning calorimetry (DSC), indicating a congruent melting 
point for the material. Thermal decomposition of the material was not 
observed up to 1000 ◦C even after melting and re-solidification.

2.2. Structure determination

Pieces of the arc-melted boule were ground in an agate mortar and 
pestle. The powder was placed on a low-background sample holder, and 
powder X-ray diffraction patterns were collected on a Bruker D2 Phaser 
with a Cu Kα source (λ = 1.54184 Å) equipped with a LYNXEYE XE-T 
detector. Data were collected in the 2θ range 5 – 80 ◦ at room temper-
ature and were analyzed by Rietveld refinement in TOPAS (shown in 
Fig. 1) [42].

Single-crystal X-ray diffraction data were obtained at room temper-
ature from a fragment of Co3Ga2Ge5 (approximately 0.02 ×0.03 
×0.07 mm). Data was collected using a Bruker D8 Quest Kappa single- 
crystal X-ray diffractometer equipped with an Incoatec IμS microfocus 
source (Mo Kα radiation, λ = 0.71073 Å) and a PHOTON III CPAD area 
detector. The raw frames were integrated with Bruker SAINT, and the 
intensities were corrected for absorption with a multi-scan method in 
SADABS 2016/2 [43]. The intrinsic phasing method in SHELXT was 
used to generate preliminary crystallographic models [44], which were 
finalized with least-squares refinements in SHELXL2019 [45]. Our best 
model is shown in Tables 1 and 2.

Energy-dispersive X-ray spectroscopy (EDS) was performed on a 
polycrystalline sample with a VERSA 3D focused ion beam scanning 
electron microscope to confirm the Ga:Ge ratio. The formula obtained 
from EDS was Co2.9(3)Ga1.9(5)Ge5.1(4), in good agreement with the 
nominal composition.

2.3. Solid-state nuclear magnetic resonance (NMR) spectroscopy

71Ga (spin – 3/2) NMR spectra were acquired using a Bruker Avance- 
III HD console and an 800 MHz (18.8 T) spectrometer at a Larmor fre-
quency of 244.01 MHz. Experiments were collected using an in-house 
3.2 mm triple resonance (HXY) probe under static conditions. The 
Quadrupolar-Carr-Purcell-Meiboom-Gill (QCPMG) pulse sequence was 
applied with a π/2 pulse of 1.75 µs and a recycle delay of 1 s. Due to the 
broad spectral band induced by the large quadrupolar couplings, a series 
of variable offset cumulative spectra (VOCS) were obtained using a step 
size of ~150 kHz. All spectra were referenced to 1.0 M Ga(NO3)3(sol) at 
0.0 ppm. Spectral simulation was performed using ssNake v1.4 to 
determine isotropic chemical shifts (δiso), quadrupolar coupling con-
stants (Cq), and quadrupolar asymmetry parameter (η) [46].

Density functional theory (DFT) calculations were conducted using 
the Vienna ab initio simulation package (VASP), employing the projector 
augmented wave (PAW) method and the Perdew-Burke-Ernzerhof 
generalized-gradient approximation (GGA-PBE) for the exchange- 
correlation functional [47–49]. The latest pseudopotential files pro-
vided by VASP were utilized. For configurations involving Ga and Ge 
mixing, Python Materials Genomics (Pymatgen) was used to pre-screen 
structures with various Ga3+/Ge4+ orderings based on the experimen-
tally refined crystal structure of Co3Ga2Ge5 [50]. A set of 1 × 1 × 1 

Fig. 1. Powder X-ray diffraction pattern for Co3Ga2Ge5. Shown in black. The 
calculated fit from Rietveld refinement is shown in red, with the difference plot 
shown in grey.
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supercells were generated, and electrostatic energy calculations for 
these supercells were performed using Ewald summation techniques 
[51]. Geometry optimization was carried out with DFT calculations, and 
the isotropic chemical shifts of the relaxed structures were computed 
using perturbation theory (linear response) [52,53]. The nuclear quad-
rupole moment for each nucleus was specified to determine the quad-
rupolar constant [54,55].

2.4. X-ray absorption spectroscopy (XAS)

The Co, Ga, and Ge K-edges for Co3Ga2Ge5 were measured at 6-BM at 
the National Synchrotron Light Source II (NSLS-II). Scans were collected 
at room temperature in transmission mode using a flat mirror designed 
for rejecting harmonic frequencies. Metal foils were simultaneously 
measured as references. The sample was ground together with boron 
nitride in a mixture to target an edge step value of 1. The powder was 
then loaded into a sample wheel, where the front and back of the sample 
was covered with Kapton tape. Three scans were taken at each edge. 
Scans 2 and 3 were aligned with scan 1. All manipulations of the data 
and fitted models were done in the Demeter XAS software package 
(ATHENA and ARTEMIS) [56]. After alignment, the 3 scans were 
normalized and averaged together in ATHENA. Analysis of the EXAFS 
region was conducted with the Artemis software. FEFF calculations for 
each main group crystallographic site (12d and 16f) were generated 
using IFEFFIT through the ARTEMIS interface. Fits to the Ga EXAFS 
region were analyzed first for the 12d and 16f Ga/Ge sites separately, 
then both crystallographic sites were considered together to achieve a 
better fit to the data.

2.5. Physical properties

A 17 mg polished piece of the arc-melted boule was prepared for the 

physical property measurements. Temperature-dependent magnetiza-
tion data were collected using a Quantum Design MPMS system. The 
sample was zero-field-cooled (ZFC), then measured on warming 1.8 – 
300 K in an external magnetic field of 0.5 T. The field-dependent 
magnetization data were collected at 1.8 K in a range − 7 – 7 T. The 
electrical resistance was measured on the same sample in a Quantum 
Design PPMS system. A standard 4-probe method was employed, where 
each probe consisted of 0.002 in. diameter Pt wire attached with silver 
paste. A current of 700 μA was applied, and resistance was measured on 
cooling in a temperature range of 300 – 2 K.

3. Results and discussion

3.1. Average structure of Co3Ga2Ge5

The detailed structural investigation of compounds adopting the 
Ru3Sn7 structure type is critical to understanding the bulk physical 
properties expressed by the various binary and ternary analogues. The 
structural motifs of Ru3Sn7 and its analogues have been described in a 
few ways. Viewing this structure as lattice complexes (Dirichlet do-
mains) or a collection of concentric clusters allow for direct structural 
comparisons to the γ-brass and Sb2Tl7 structure types [57,58]. However, 
the most prevalent description presents the Ru3Sn7 system as inter-
penetrating frameworks of face-sharing, square antiprisms [59,60]. 
When considering this view, a distinction is made between the three 
crystallographic sites (Ru1: 12e, Sn1: 12d, and Sn2: 16f) through the 
isolated framework. This allows an easier view of which atomic site(s) 
may be substituted as a third element is incorporated into the structure. 
The antiprisms of Ru3Sn7 form three dimensional barrels around an 
empty Sn8 cube, where Ru—Ru dimers are contained within these bar-
rels (Fig. 2).

Investigations into the stability of the T3X7 compounds have shown a 
dependency on Valence Electron Counting (VEC), highlighting the 
flexibility of its bonding [14]. Further work has extended the VEC 
approach into a useful electron counting equation normalized to the 
transition metal: 18-n+m, where n and m are the degree of T-T and X-X 
bonding interactions, respectively [61,62]. Upon the introduction of a 
third element to the Ru3Sn7 structure type (such as another main-group 
element), the total VEC (or n- and m-terms) can be optimized to form 
ternary compounds from otherwise unstable binary combinations. A 
range of VECs between 51 and 55 are typically observed for binary and 
ternary analogues of this structure type. Hypothetically, the binary 
Co3Ge7 would have a VEC of 55 (18.33/Co atom). This may be near the 
edge of stability for the Ru3Sn7 structure type and should be isoelec-
tronic to Ir3Ge7. In contrast to Ir3Ge7, Co3Ge7 has not been observed 

Table 1 
Crystallographic data, data collection, and refinement parameters 
(Single crystal X-ray diffraction).

Formula Co3Ga2Ge5

Space Group Im3m
a (Å) 8.3850(5)
V (Å3) 589.53(11)
Z 4
Temperature (K) 298
θ (◦) 3.4–30.3
μ (mm− 1) 42.16
Measured Reflections 12937
Independent Reflections 112
Rint 0.068
Rσ 0.012
R1 [F2 > 2σ(F2)] 0.013
wR2 (F2) 0.030
Δρmax, Δρmin (e-/Å3) 0.51, − 0.91
Extinction Coefficient 0.0077(4)
R1 =

∑
||Fo | − |Fc| | /

∑
|Fo|

wR2 = {
∑

[w(F2
o − F2

c )
2
] /

∑
[w
(
Fo

2)2
] )

1/2

Table 2 
Fractional atomic coordinates and displacement parameters.

Site Wyckoff x y z Ueq (Å2) Occ.

Co1 12e 0.34481 
(8)

0 0 0.0078(2) 1

Ge1 12d ¼ 0 ½ 0.01057(19) 5/7
Ga1 12d ¼ 0 ½ 0.01057(19) 2/7
Ge2 16 f 0.16300 

(3)
0.16300(3) 0.16300 

(3)
0.00878(18) 5/7

Ga2 16 f 0.16300 
(3)

0.16300(3) 0.16300 
(3)

0.00878(18) 2/7

Fig. 2. Framework representation of the Ru3Sn7 structure: a) Interpenetrating 
square antiprisms, b) Ru—Ru dimer within square antiprism barrel, and c) 
isolated framework with atomic sites.
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experimentally and may exist only as a metastable structure in the Co-Ge 
phase space. By replacing two stoichiometric equivalents of Ge with Ga 
in Co3Ga2Ge5, the VEC is lowered to 53 (17.67/Co atom), falling further 
into the midpoint for the range of stability exhibited by this structure 
type. It should be noted that in the initial report for Co3Ga2Ge5, the 
authors described a small range of composition for Ge: 44–52 at% [11]. 
Based on the minimal mass losses in preparing the samples and 
composition from EDS, we do not observe large changes from the 
nominal composition; however, the VEC could deviate from integer 
values with these small changes in stoichiometry. Regardless of the 
amount, an introduction of a third element provokes the question: How 
does the incorporated element populate the structure?

The challenge for understanding the structure of Co3Ga2Ge5 is that 
Ga and Ge have similar scattering factors and are, therefore, virtually 
indistinguishable with typical diffraction experiments. The indistin-
guishability problem is also convoluted by the possible structural models 
that can be used to describe this system. There are three practical 
structural models to consider (Fig. 3):

The first cubic Im3m model (a) contains no Ga/Ge site ordering, and 
the main group atoms fill the structure in a solid solution. The Ga and Ge 
atoms are mixed in a 2:5 ratio on all grey 12d and 16f sites. The next 
cubic Im3m model (b) contains complete Ge site ordering on one main 
group site (Ge occupies the dark blue 12d site), while the other site is 
mixed (Ga and Ge occupy the 16f site in a 1:1 ratio). The third, cubic 
I43m model (c) is lower in symmetry and has complete Ga and Ge site 
preference. Due to the reduction in symmetry, the 16f site from the Im3m 
models becomes two unique 8c sites in the I43m model. One 8c site (dark 
blue) is only occupied by Ge, and the other 8c site (cyan) is only occu-
pied by Ga. The dark blue 12d site is only occupied by Ge.

Both single crystal and powder X-ray diffraction data were collected 
from the samples of Co3Ga2Ge5. For both datasets, a cubic, I-centered 
lattice was indexed with an unit cell consistent with the Ru3Sn7 structure 
type. The distances between Co and the main group elements for 
Co3Ga2Ge5 are (Co-Ga/Ge1) x 4: 2.4674(4) Å and (Co-Ga/Ge2) x 4: 
2.4617(5) Å. These distances are within the range of distances expected 
for both intermetallic Co-Ga and Co-Ge bonds, so no site preference 
could be distinguished based on the atomic distances. Therefore, both 
Ga and Ge were allowed to mix on both atomic positions. Occupancies of 
Ga and Ge on these two sites were constrained based on the nominal 
composition and the values obtained from EDS, representing an even 
distribution of Ga:Ge across both atomic sites in a 2:5 ratio (Table 2).

Based on X-ray diffraction techniques alone, the three presented 
models for Co3Ga2Ge5 are indistinguishable from one another. This is in 
contrast to Rh3In3.4Ge3.6, where In and Ge are distinguishable with X-ray 
crystallography and a strong site preference for the In and Ge atoms is 
observed on the 12d and 16f atomic sites, respectively [19]. The authors 
say that better crystallographic refinements are achieved with In/Ge site 

mixing on both main group sites (12d: 91 % In, 9 % Ge and 16f: 16 % In, 
84 % Ge). This allows for the crystallographic refinement of the 
non-integer formula Rh3In3.4Ge3.6 and is supported by elemental anal-
ysis. Rhodium and cobalt are isoelectronic as well as In and Ga, making 
this a good system to compare the VEC to Co3Ga2Ge5. Rh3In3.4Ge3.6 has a 
VEC of 51.6 (17.2/Rh atom). The authors highlight a contracted Rh-Rh 
distance (3.008(2) Å), which would correspond to a stronger M-M 
interaction and a higher n-term, lowering the VEC and supporting the 
18-n+m rule. If the small amount of site mixing is ignored, the distances 
between the Rh and main group elements can be distinguished: (Rh-In1) 
x4: 2.7065(4) Å and (Rh-Ge2) x4: 2.5770(6) Å. In comparison to 
Co3Ga2Ge5, the Co-Ga/Ge1 and Co-Ga/Ge2 distances are nearly iden-
tical. This difference supports a structure for Co3Ga2Ge5 with no Ga 
ordering across both main group atomic sites. However, the disparity in 
the Rh-In and Rh-Ge bonds could be explained by the differences in In 
and Ge size. Ga and Ge do not have a large size difference; therefore, 
other techniques must be used to confirm Ga/Ge site mixing. To gain a 
complete understanding of the structure of Co3Ga2Ge5, one must also 
consider the local structure of the Ga and Ge atoms.

3.2. Local structure of Co3Ga2Ge5

71Ga NMR spectroscopy and an analysis of the Ga extended X-ray 
absorption fine structure (EXAFS) were utilized to determine the effect 
of Ga substitution on the 12d and 16f Ge crystallographic sites in 
Co3Ga2Ge5. It should be noted that NMR and EXAFS are not the only 
spectroscopic techniques that can used to describe Ga or Ge local envi-
ronments. In a study of site preference for Nb3Sb2Te3, Sb Mössbauer was 
used to distinguish Sb from Te [63]. Ga Mössbauer experiments were not 
probed for Co3Ga2Ge5, because Ga is not a suitable nucleus for 
Mössbauer experiments. Analyses of the 73Ge NMR or Ge Mössbauer 
spectroscopies were abandoned, because Ge will occupy both the 12d 
and 16f crystallographic sites. Therefore, any information about the site 
preference of Ga substitution on Ge crystallographic sites must be 
determined through an investigation into the Ga local environment. An 
analysis of the Ge EXAFS is detailed in the supplemental information and 
is used as a comparison to the Ga EXAFS.

For nuclei with a spin greater than ½, such as 71Ga (S=3/2), struc-
tural deviations from perfect cubic symmetry can yield non-vanishing 
quadrupolar coupling interactions, resulting in broad NMR spectra. 
Therefore, the quadrupole coupling constant (Cq) provides a sensitive 
measure of the local environment around gallium (Ga) [64]. Hence, 
71Ga NMR spectroscopy is an invaluable tool for probing nuanced 
changes in the local crystallographic environment of Ga atoms. The 71Ga 
NMR spectrum of Co3Ga2Ge5 (lower right-hand side of Fig. 4) is 
extremely broad under static conditions with a bandwidth of nearly ~ 
1 MHz. Spectral deconvolution reveals two distinct Ga sites with 
experimental isotropic shifts resonating at 1630 ppm and 1580 ppm for 
sites 1 and 2, respectively. The experimental Cq values of Ga1 and Ga2 
sites are 38.85 and 30.85 MHz. To confirm the presence of two distinct 
sites, the three proposed structural models were utilized for DFT NMR 
calculation. The DFT NMR calculations using VASP and the PAW 
approach reveal a decrease in Cq values from no Ga/Ge ordering to 
complete Ga/Ge site preference (shown on the left-hand side of Fig. 4), 
indicating progressive structural order. Notably, the calculated Cq 
values of the complete Ga/Ge site mixing (12d: 30.42 MHz and 16f: 
30.28 MHz) show relatively good agreement with the experimentally 
observed Cq values, thereby confirming the presence of two distinct Ga 
sites and no Ga/Ge site ordering as depicted in Figs. 3a and 4.

Due to its element specificity, we also collected EXAFS data at the Co, 
Ga, and Ge K-edges. We tested multiple fit models against the data to 
probe the presence and extent of Ga/Ge site mixing. We note that EXAFS 
fitting contains its own set of assumptions and caveats, and changes in 
the number of parameters may not necessarily improve a fitting model 
[65]; however, we present a model that is consistent with the 71Ga NMR, 
further supporting site mixing across both the 12d and 16f atomic sites. 

a b c
Ga/Ge2

Ge1Ga/Ge1
Ga/Ge2

Ge1

Ga1

Ge2

Model:

Space Group:

Wyckoff Sites:

No Ga Order

Im m

Co1: 12e
Ga/Ge1: 12d
Ga/Ge2: 16f

Preferential Site Mixing

Im m

Co1: 12e
Ge1: 12d

Ga/Ge2: 16f

Site Ordering

I m

Co1: 12e
Ge1: 12d
Ge2: 8c
Ga1: 8c

Fig. 3. Isolated fragments of Co3Ga2Ge5 showing the possible crystallographic 
models for Ga substitution. Co (brown), Ga (cyan), Ge (dark blue), and Mixed 
Ga/Ge Sites (grey).
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More information on the fits to the Co, Ga, and Ge EXAFS and their 
statistics are included in the supplemental information as well as other 
EXAFS plots used in the analysis. By selecting scattering paths from both 
atomic positions for the fit, χ2 and the R-factor are reduced. The 
improvement is shown in Fig. 5, where the fit with both sites (red) more 
closely follows the radial distribution of the data (black) across the 
entire fitting range. The 12d atomic site (blue) more clearly fits the data 
in the 3.0 – 4.0 Å range; however, the 16f atomic site (pink) is necessary 
for fitting the radial distances above 4.5 Å.

While neither of these methods on their own contribute to a complete 
picture of the local structure, together the NMR and EXAFS both point to 

a consistent model—there is site mixing between the Ga and Ge atoms. 
The 71Ga NMR experiments clearly show two signals with area integrals 
in a 55:45 ratio. This is very close to the ratio of the multiplicities for the 
16f and 12d atomic sites: 4:3 (60:45 for comparison), representing an 
even distribution of Ga across both atomic sites. Resolving the nearest 
neighbors of the Ga coordination sphere is impossible from the NMR 
spectrum alone. The fit to the EXAFS region of the XAS, while subject to 
over-fitting and small changes in the variables, allows for another 
evaluation of the local symmetry, confirming the site-mixing model. 
This is supported by an improvement of the fit statistics when both 
crystallographic sites are considered. Furthermore, when both spec-
troscopy techniques are considered together, the picture becomes clear. 
Gallium is occupying both the 12d and 16f crystallographic sites within 
the structure. Previous reports of ternary Ru3Sn7-type compounds 
indicate at least some site preference for the substituted atom [17,19, 
21]. Our findings differ, pointing towards very little or no site preference 
for gallium on the germanium crystallographic sites.

3.3. Physical properties of Co3Ga2Ge5

Fig. 6 shows the temperature-dependent resistivity of Co3Ga2Ge5. 
The increase of the resistivity with increasing temperature is consistent 
with a typical metallic behavior. The temperature-dependent magnetic 
susceptibility χ(T) and the field-dependent magnetization M(H) of 
Co3Ga2Ge5 are included in the Supporting Information. Our measure-
ments agree with the behavior of a temperature independent 
paramagnet.

Fig. 4. Unit cell representations of the models outlined in Fig. 2 with the 71Ga NMR spectrum. Calculated spectra for the No Ga Order Model Site 1 (12d, Cq =
30.42 MHz) and Site 2 (16f, Cq = 30.28 MHz) are also shown.

Fig. 5. Top: The Ga EXAFS region (black) with fits using the 12d antiprism site 
paths (pink), the 16f cube site paths (blue), and paths from both crystallo-
graphic sites (red). Bottom: Zoomed to show the difference between the fits. Fig. 6. Temperature-dependent resistivity of Co3Ga2Ge5 from 2 K to 300 K.
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4. Conclusion

The techniques used in this paper highlight a need in intermetallic 
research for utilizing multiple methods of characterization. Diffraction 
techniques are not suitable for distinguishing between elements of 
similar size and atomic number like Ga and Ge; however, incorporating 
elements with similar X-ray and neutron scattering factors is common 
for studies aimed at tuning the band structure of materials. Using a 
spectroscopic approach is important to remedying any structural 
confusion. Since the Ru3Sn7 structure has potential for hosting topo-
logical properties, it is vital to develop an understanding of how a third 
element affects the binary structure. A reduction in centrosymmetry 
would allow for the chemical tuning of the band structure, potentially 
creating Weyl nodes from Dirac nodes. For Co3Ga2Ge5, this is not the 
case. The study presented herein shows no site preference for Ga across 
the two Ge sites, implying no change in the average and local structure 
symmetries. Analysis of both the 71Ga NMR and Ga EXAFS confirm a 
model containing two crystallographic sites for the Ga atoms. While a 
model with Ga site preference is not justified for Co3Ga2Ge5, further 
substitution studies with elements that can create structural distortions 
could have a large impact on the properties of the material or iso-
structural analogues. This would not only generate interest in finding 
other binary structures that have the potential to be altered with a third 
element, but also highlight the significance of understanding how to-
pologically relevant, Ru3Sn7-type compounds can be fine-tuned on a 
structural level. We hope that this investigation of Co3Ga2Ge5 inspires 
other studies to utilize multiple characterization methods for com-
pounds that may seem ambiguous from the diffraction data alone.
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