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(3) both M1 and M2 sites are partially filled with a mixture of Mn and 
Cu atoms, with the sum of Cu SOFs being fixed to 6.67%; this 
model also considered that Cu might be distributed equally 
(Model 3a) or unequally (Model 3b) among sites 6 g and 6 h;  

(4) both M1 and M2 sites are partially filled with a mixture of Mn and 
Cu atoms, with the sums of Cu SOFs and Mn SOFs fixed to satisfy 
the stoichiometry Cu0.6Mn2.4Ge2. 

Note that the full occupancy of both 6 g and 6 h sites would lead to a 
large deviation from the experimentally determined transition metal to 
germanium ratio that afforded a nearly phase-pure sample (3.5:2 ac
cording to the model vs. 3:2 deduced from the synthetic work and EDS 
elemental analysis). The results for the crystal structure refinement of 
Model 3a are summarized in Table 2, while the refinement results for 
other models, including the calculated values of magnetic moments per 
Mn atom in each site and the total value of Msat per f.u., can be found in 
Table S1. Here we explain how we have arrived at Model 3a as the most 
reasonable option. 

Distinguishing between the structural models with such similar 
element distributions over the two atomic sites would be very chal
lenging if only the non-polarized neutron diffraction data were used. 
Therefore, we combined the refinement of the non-polarized data with 
the results of polarized neutron scattering, magnetic measurements, and 
DFT calculations. The electronic structure and magnetic moment cal
culations were performed using the SPR-KKR code that allows the use of 
partial occupancies in the atomic sites. 

Our combined strategy for the crystal and magnetic structure anal
ysis (Scheme 1) was to use the nuclear structure refinement from the 
non-polarized data at 375 K to inform the models used in the electronic 
structure calculations and in the treatment of the polarized neutron 
scattering data. The latter, in turn, allowed a reliable refinement of the 
ratio of magnetic moments in the Mn1 and Mn2 sites at 100 K. This ratio, 
m(Mn1)/m(Mn2), was then used as a restraint in the refinement of the 

non-polarized neutron diffraction data obtained at 100 K, which allowed 
the combined refinement of the values of the magnetic moments and 
atomic parameters on each site. The refined moments on each site were 
then scaled to be consistent with the experimental magnetic saturation 
data. Finally, the refined ratio of magnetic moments was compared to 
the one obtained from electronic structure calculations. The results of 
these studies are presented in Table 3. 

All models described above resulted in comparable values of the 
residual R-factors and visual quality of fit to the non-polarized neutron 
diffraction data (Table S1). Nevertheless, it is obvious that Models 1 and 
2 lead to a large discrepancy in the ratio of Mn1 and Mn2 magnetic 
moments determined from the polarized neutron scattering data and 
DFT calculations. Arguably, such an observation is physically reasonable 
because it is not clear why Cu atoms, at such small SOF values, would 
only enter site 6 g but not site 6 h, or vice versa. We found that Models 
3a, 3b, and 4 afforded the best agreement between the experimental and 
calculated ratios of magnetic moments in the Mn1 and Mn2 sites. Models 
3b and 4, however, led to unreliable refinement of the SOF values for the 
Cu and Mn atoms occupying the 6 g and 6 h sites (the strong correlations 
between variable SOF values of Cu and Mn led to divergent ESDs for 
these parameters). Thus, we adopted the slightly more constrained 
Model 3a as the most appropriate converging representation of the 
crystal structure, despite a slightly larger disagreement between the 
experimental and calculated m(Mn1)/m(Mn2) ratios as compared to 
Models 3b and 4. 

The strategy described above proved to be very successful in inte
grating all complementary experimental information with the compu
tation results for a robust analysis of the crystal and magnetic structures. 
Using the procedure described above and scaling the moments to match 
the experimental magnetization data led to Model 3a with the magnetic 
moments m(Mn1) = 2.29(9) μB and m(Mn2) = 2.7(1) μB at 100 K. When 
the corresponding SOFs refined for these sites are taken into account, the 
total magnetization of 3.8(1) μB determined by the combination of 

Scheme 1. The strategy used in the crystal and magnetic structure determination of Cu0.6Mn2.4Ge2.  

Table 3 
A comparison of the disorder models based on the ratio of magnetic moments in the Mn1 and Mn2 sites derived from the polarized neutron diffraction data and DFT 
calculations.  

Model Site SOF (Mn/Cu) Mn moment (μB) Moment Ratio: m(Mn1)/m(Mn2) 

polarized neutron data DFT calculations differencea 

1 M1 (6 g) 0.62(2)/0 2.6(1) 1.15 0.72 37% 
M2 (6 h) 0.920(6)/0.080(6) 2.45(9) 

2 M1 (6 g) 0.878(7)/0.122(7) 1.81(7) 0.52 1.02 –96% 
M2 (6 h) 0.75(2)/0 3.0(1) 

3a M1 (6 g) 0.69(2)/0.033 2.29(9) 0.83 0.78 6.0% 
M2 (6 h) 0.82(2)/0.033 2.7(1) 

3b M1 (6 g) 0.70476(D)b/0.0392(D)b 2.20(8) 0.79 0.78 1.3% 
M2 (6 h) 0.81316(D)b/0.02784(D)b 2.9(1) 

4 M1 (6 g) 0.76028(D)b/0.04208(D)b 2.13(8) 0.76 0.79 –3.9% 
M2 (6 h) 0.83972(D)b/0.02496(D)b 2.7(1)  

a The difference was calculated as [1 – ratio(DFT calculations)/ratio(polarized neutron data)]. 
b These SOF values could not be refined reliably due to diverging ESDs. 
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neutron diffraction analysis and DFT calculations is in good agreement 
with the value Msat = 3.85 μB determined by magnetometry. 

4. Concluding remarks 

The powerful combination of polarized and non-polarized neutron 
scattering, together with the magnetization measurements and elec
tronic structure calculations, has allowed a more reliable determination 
of the nuclear and magnetic structures of Cu0.6Mn2.4Ge2. The resulting 
composition exhibits the magnetic behavior of a soft ferromagnet, while 
electronic structure theory validated the crystallographically unique 
manganese atoms having unequal magnetic moments within the ab 
plane of the hexagonal crystal structure. The ability to determine the 
structure–property relationships within a powdered sample material 
containing not only multiple transition metal elements but also vacant 
sites suggests that similar experiments and modeling could be extended, 
with equally consistent results, to hard-to-crystallize transition metal 
intermetallic compounds. 
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