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This paper presents a detailed density functional theory study of the 1/1 periodic approximant Zn-Mg-
Hf crystal structure, which is a close analog of the F-type Bergman-type quasicrystal. Two structural 
models, Bergman-like and Tsai-like, are examined to investigate their energetic stability, electronic 
structure, and transport properties. The Tsai-like model, characterized by additional multicenter bonds, 
higher Madelung stability and significant charge transfer, is found to be energetically more favorable 
by 10.9 meV per unit cell. Fermi surface nesting features may be related to quasicrystal stabilization 
mechanisms. Study utilizes Electron Localization Function, non-covalent bond analysis and Maximally 
Localized Wannier Functions. Experimental resistivity and magnetoresistance measurements confirm 
metallic behavior with nontrivial scattering mechanisms and subquadratic magnetoresistance. This 
study emphasizes the combined role of electronic sp-d hybridization, charge transfer, and multicenter 
bonds in the stabilization of Zn-based periodic approximant crystals. The present findings can be 
extended to the quasicrystalline phase.

The Zn-Mg-(Hf, Zr, Ti) family of 1/1 periodic approximant crystals to the face-centered (F) type Bergman-
type quasicrystal is unique. The number of cubic approximants, i.e., 1/1, 2/1 or even 3/2, on the basis of the 
notation of Elser & Henley1, is sparse in the Bergman-type family but rich in the Tsai- and Mackay-type 
families. In particular, the model of 3/2 Al69.1Pd22Cr2.1Fe6.8

2 laid the foundation for the model of the F-type 
Mackay quasicrystal3. The fact that the F phase is right next to the primitive (P) phase is also exceptional4,5. The 
composition of the stable F-type ZnMgHf quasicrystal is Zn80.7Mg11.7Hf7.56, whereas the P phase contains 
approximately 85% Zn7.

The cohabitation of Bergman-type local motives in Tsai-type quasicrystals is evident on the basis of the 
model of icosahedral Cd5.7Yb by Takakura et al.8. In addition, Li et al.9 reported that a 2/1 periodic approximant 
crystal of the Tsai type is describable with a pseudo-Bergman cluster. The same applies to 1/1 approximants10. 
Furthermore, the structure of icosahedral Cd5.7Yb can be viewed as being built of Bergman clusters11.

The atomic model for 1/1 periodic approximant crystals was obtained in 200812. The phase crystallizes in 
P m

−
3 with a 13.6740 (11) Å lattice constant. The list of atomic positions for Zn-Mg-Hf is given in Table 1, 

and the visualization is shown in Fig. 1. Importantly, Zn14 (atom ‘b’ in10 forms an octahedral shell between the 
icosahedron and soccerball polyhedron. The inner shell of the body-centered rhombic triacontahedral cluster 
(B-RTH) is highly disordered and interpreted as a freely rotating dodecahedron12. This contrasts with the inner 
icosahedron found in the vertex-centered rhombic triacontahedral cluster (V-RTH). Atom ‘b’ (Zn14) is partially 
occupied together with two neighboring sites (Zn15). Zn14 would be fully occupied in the Tsai-type structure 
and empty in the Bergman-type structure. If present in the Bergman structure, it should be electropositive13.

In this work, we perform Density Functional Theory (DFT) electronic structure calculations to reveal the 
origin of structural stabilization and the reasons why the structure is on the verge between being ideal Bergman-
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type and Tsai-type. Calculations are performed for Zn-Mg-Hf (the refined composition is Zn79.8Mg15.9Hf4.3) 
only because the structure has the lowest R factor among those solved by Gómez et al.12.

Fig. 1.  Visualization of the atomic structure of Zn-Mg-Hf was performed as described by Gómez et al.12. In 
the B-RTH cluster, an additional shell, an octahedron, is created by Zn14 atoms with 0.5 SOF. Zn14 is in direct 
proximity to Zn15, which is a partially occupied site of the soccerball shell.

 

Atom label Wyckoff Site SOF x y z

Hf1 6 g 1 0.30315 0.5 0

Mg2 12j 1 0.3086 0.1170 0

Mg4/Hf4 8i 0.898/0.102 0.18855 0.18855 0.18855

Zn1 12j 1 0.09602 0.15563 0

Zn3 24 L 1 0.19090 0.40626 0.16214

Zn5 6 g 1 0.09277 0.5 0

Zn6 24 L 1 0.35283 0.31587 0.09906

Zn7 12k 1 0.2314 0.5 0.3433

Zn8/Mg8 12k 0.967/0.033 0.3686 0.5 0.2008

Zn10/Mg10 6f 0.833/0.167 0 0.5 0.20424

Zn13 12j 1 0.18553 0.31576 0

Zn14 6 h 0.5 0.5 0.5 0.1086

Zn15 12k 0.5 0.5 0.4089 0.031

Zn12/Mg12 8i 0.412/0.588 0.3118 0.3118 0.3118

Zn17 24 L 0.077 0.4050 0.3867 0.4248

Zn18 12k 0.368 0.3514 0.5 0.5439

Zn19 12k 0.108 0.5 0.3671 0.436

Table 1.  The list of atoms in the Zn-Mg-Hf model by Gómez et al.12. The site occupancy factor (SOF) is given 
for all the sites.
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Computational details
The DFT calculations were performed with the use of the QUANTUM ESPRESSO v.6.7 suite14–16 with 
multicore processing via the PLGrid infrastructure. The computations utilized projector-augmented wave-based 
pseudopotentials with core correction and a scalar-relativistic approximation17. The kinetic energy cutoff for the 
charge density was set at 400 Ry, and for wavefunctions, it was set at 60 Ry. The electronic exchange‒correlation 
potential was treated with the Perdew–Burke–Ernzerhof generalized gradient approximation (GGA)18. The 
valance configuration for each element is: Zn – 4s2 4p0.3 3d9.70, Mg – 2s2 3s2 2p6 and Hf – 5s2 6s2 5p6 5d2.

Two models are considered. Both have all the sites fully occupied. The Zn8/Mg8 site is fully occupied by Zn. 
The same applies to Zn10/Mg10. The Zn12/Mg12 and Mg4/Hf4 sites are fully occupied by Mg. The partially 
occupied sites in the center of the B-RTH cluster are positioned in the vertices of the dodecahedron. The first 
model, called onward B1, has the Zn14 atom removed and the Zn15 site fully occupied. The second model, called 
T1, has the fully occupied Zn14 site. This requires the removal of some of the Zn15 atoms. Zn15 lies close to 
faces with periodic boundary conditions; therefore, it is sufficient to remove two atoms close to 3 of the 6 faces. 
The total number of atoms in the unit cell for both models is 174 (Zn-140, Mg-28, Hf-6), with 2032 electrons.

Both models are initially relaxed on a 4 × 4 × 4 k-point grid based on the Monkhorst-Pack approach19 with 
the Methfessel‒Paxton smearing parameter set to 0.0220,21. The total force threshold during ionic minimization 
is 0.001. We used variable-cell relaxation with a constraint set on the Bravais lattice.

After relaxation, self-consistent field (SCF) calculations were performed on a 5 × 5 × 5 grid with the 
Methfessel-Paxton smearing parameter set to 0.01. Greater smearing during relaxation was used to achieve faster 
convergence. The convergence threshold was 1e-7 Ry. After that, non-self-consistent field (NSCF) calculations 
were performed on a 10 × 10 × 10 grid with the tetrahedron method for Brillouin zone integration for 
density-of-states (DOS) calculations.

The Maximally Localized Wannier Functions (MLWFs) were calculated via Wannier90 v.2.1.0 software22. 
First, NSCF calculations were performed with QUANTUM ESPRESSO on a 64 k-point grid with nosym and 
noinv flags both equal to true. After that, Wannierization was performed with automatic projections via the 
SCDM-k method23. The threshold for conduction bands deconvolution was 1e-11, with the maximal number 
of deconvolution iterations equal to 1000. Only 1e-6 was reached. The increase in the number of iterations up 
to 3000 led to a convergence of 1e-8, but did not significantly affect the final total spread of Wannier functions. 
Therefore, to optimize computational efficiency, the initial 1000 iterations were retained.

Additional calculations were performed for B1, particularly the Hubbard U  correction, which was included 
to account for onsite Coulomb interactions for localized orbitals. The value of U  was set in the range of 0 − 8 eV 
for the d states of Hf. Only one effective parameter is used, omitting the multipolar terms24.

The influence of spin‒orbit coupling was considered for B1. Owning to the high computational cost, 
calculations were not performed for T1. The structure was first relaxed with the ‘vc-relax’ option in the Γ  
point only. For the SCF and NSCF steps, the grid was chosen the same as for non-spin-orbit calculations. 
Notably, approximately 100,000 h of computational time (number of cores multiplied by run time) on the cluster 
was necessary to perform spin‒orbit calculations (SCF and NSCF steps), whereas only 5000 were needed for 
calculations without it.

The electronic transport properties were calculated from the band structure via BoltzTraP v.1.2.5 software25 
(URL: ​h​t​t​p​s​:​​/​/​w​w​w​.​​t​u​w​i​e​n​​.​a​t​/​e​n​​/​t​c​h​/​​t​c​/​t​h​e​​o​r​e​t​i​c​​a​l​-​m​a​t​​e​r​i​a​l​s​-​c​h​e​m​i​s​t​r​y​/​b​o​l​t​z​t​r​a​p). The maximal k-point grid 
involves an 30 × 30 × 30 mesh. The same density mesh was used to reconstruct the Fermi surface.

All figures, including the figures in the Supplementary Information, were prepared by the authors with 
Microsoft Office 16 PowerPoint (URL: https://www.office.com/) to combine individual charts into one object; 
Blender v. 4.1 (URL: https://www.blender.org/) to create 3D models; MATLAB R2024a (URL: ​h​t​t​p​s​:​/​/​w​w​w​.​m​a​
t​h​w​o​r​k​s​.​c​o​m​/​p​r​o​d​u​c​t​s​/​m​a​t​l​a​b​.​h​t​m​l​​​​​) to generate chart data and isosurface plots and FermiSurfer 2.4.0 (URL: 
https://mitsuaki1987.github.io/fermisurfer/) to plot the Fermi surface.

Results
Structural relaxation
The structure after relaxation has a lattice constant equal to 14.3185 Å for B1 and 14.3004 Å for T1. This value is 
almost 5% greater than the experimentally determined value 13.6740 . With the GGA, the overestimation of the 
lattice parameters is approximately a few percent, especially for the 4d and 5d states containing transition metals 
like Hf, which is due to delocalization26,27. The other reason is that the inner dodecahedron in the B-RTH cluster 
should not be fully occupied. Model B1 is presented in Fig. 2, whereas T1 is presented in Fig. 3.

The short distance makes Mg12 and Mg4 diagonally displaced. The distance is ~  2.5  Å. In contrast, the 
nearest neighbor distance between Mg atoms in Zn‒Mg alloys such as Zn2Mg and Zn11Mg7 is approximately 
3.0–3.2  Å28. There are reports that bonds are shorter than usual29. The short Mg‒Mg bond is not the result 
of the elimination of mixed sites. As shown in Table  1, the simultaneous presence of Mg4 and Mg12 must 
occur when the total occupancy by Mg is greater than 1. Zn15 atoms fully occupy the vertices of soccerball in 
B1. Those atoms are displaced from soccerball vertices because they need to avoid their periodic copies. After 
displacement, the distance between Zn15 atoms is ~ 2.5 Å, which is standard. In T1, the Zn15 atoms shown in 
Fig. 3 are outside of the soccerball polyhedron. The distance from Zn15 to the present Zn14 atom is equal to 
2.61 Å. The last observation is the radial displacement of Mg12 caused by the relaxed Zn atom from the inner 
dodecahedron in B-RTH. The Zn atoms in the 8i Wyckoff sites, called Dod1, are radially displaced from the 
center. The distance between the nearest Zn atoms in the inner dodecahedron is approximately 2.4 Å, which is 
reasonable. Dod1 atoms form a cube, whereas Dod2 atoms are mostly inner atoms arranged in an icosahedron.
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Total energy and DOS
The total energy for B1 is higher than that for T1 by 10.9 meV per unit cell. It is highly expected that the atom 
from the Zn15 site will phason flip30 to Zn14, and vice versa, even at low temperatures. The energy required for 
such a flip is in the range of optical phonon modes. On the basis of simulations and measurements performed 
on Zn-Mg-Sc quasicrystals and periodic approximant crystals, the energy of the optical modes can reach 25 
meV31,32. Even though the energy range available in Zn-Mg-Hf can be smaller because of the higher mass of Hf, 
it should still be above the required energy difference. Another example of localized atomic jumps is observed 
in Zn- and Cd-based crystals and involves symmetry-breaking tetrahedrons33. This agrees with the observation 
that in Zn-Mg-Sc 1/1 cubic approximant crystals, the p orbitals of Zn4 are tetrahedrally hybridized without the 
addition of orbitals from neighboring atoms near the Fermi energy13.

In Fig. 4f, the relationship between the total electron energy E and the Fermi energy EF  is shown against 
the value of the Hubbard coefficient U . Both energies monotonically increase up to U = 8 eV, which is the 
highest considered value. The interpretation of this behavior is related to how Hubbard correction treats electron-
electron interactions by increasing localization. First, the increase in the Fermi energy suggests that the density 
of states (DOS) in the conduction band increases making less available states in the valance band. It is well 
represented in Fig. 4a and d), where the highest peak for unoccupied states is shifted to a higher energy range 
and the peak below a pseudogap disappears. As is known from previous electronic structure calculations34–36 
and experimental work37, hybridization is an important phenomenon in quasicrystals. With more localized d 
orbitals due to Hubbard correction, the hybridization is weaker, resulting in higher energies. The same reasoning 
is applicable for the total electron energy. With weaker hybridization, the formation of bonding molecular 
orbitals is hindered, resulting in higher total energy. A more detailed analysis of the band structure resulting 
from the addition of Hubbard correction is performed in Supplementary Sect. 1. In Supplementary Fig. S1 the 
band structure for the B1 model with U = 8 eV and no Hubbard correction is shown. The impact of the orbital 
bonding/antibonding configuration on the dispersion relation is determined on the basis of of the decomposition 
of two Kohn-Sham states into atomic orbitals as shown in Supplementary Fig. S2.

In Fig. 4c, the DOS was calculated on a higher density mesh of k-points. The mesh was 9 × 9 × 9 for the 
SCF step and 18 × 18 × 18 for the NSCF step. The difference is qualitatively small.

The role of Mg in stabilizing the structure remains unclear. From DOS plots, Mg states play a marginal role in 
bond formation, as the DOS is uniform across a wide range of energies, excluding deep states at approximately 
− 8 eV, with EF  being a reference energy (Fig. 4b). They do not participate in the formation of the pseudogap 

Fig. 2.  Model of B1 after variable-cell relaxation. The colors are the same as those in Fig. 1.
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that is considered crucial for quasicrystal stabilization. Upon closer examination, it can even be seen that the 
Mg-3s states have a dip in the DOS at approximantely − 1 eV. The DOS increases in the span of the pseudogap, 
reaching a maximum at the Fermi level that remains unchanged until the end of the pseudogap. In the context 
of 1/1 Zn-Mg-Sc, similar conclusions could be drawn regarding the role of Mg in the pseudogap formation13.

The introduction of spin‒orbit coupling does not result in a substantial change in the DOS. The shape of 
the DOS in Fig.  4e is qualitatively the same as that in Fig.  4a. The higher energy states are cut out to limit 
the memory requirement. The detailed structural analysis will therefore be executed with U = 0 eV and no 
spin‒orbit coupling. However, spin‒orbit coupling will be invoked when the formation enthalpy is considered.

LDOS
In this section, we investigate the difference in the local density of states (LDOS) resulting from the insertion 
of the Zn14 atom into the structure. Figure 5 shows the local structure of 1/1 Zn-Mg-Hf around Zn14. The 
coordinates of the Zn7 and Zn8 atoms move slightly inward and outward of Zn14. The most significant change 
concerns the Zn15 atoms. For B1, the top Zn15 atoms come from the periodic copy of the unit cell. In T1, Zn15 
atoms are located exactly at the unit cell face. The distance between Zn15 located on the soccerball shell and 
Zn10 from the triacontahedron decreased from 3.2435 Å to 2.8573 Å. On the other hand, the distance between 
Zn7 and Zn15 increases from 2.5125 Å to 3.2163 Å. The nearest distance of the Zn14 atom to neighboring Zn 
is equal to 2.5056 Å, which is still chemically acceptable. The Zn‒Zn bond length in Zn11Mg2 is approximately 
2.56 Å, whereas it can be even smaller in molecular crystals38. The distance between Zn15 and Hf1 decreases 
from 3.3408 Å to 3.2772 Å. The impact of hybridization can therefore be expected to increase.

Let us first discuss the impact on Hf-5d states. There is only a subtle change around the Fermi level (Fig. 6). 
The local peak around the Fermi energy is smeared out for T1, and the LDOS formes a continuous slope up to 
the peak at 2 eV. The increase in the LDOS of Hf-5d states at −7.7 eV correlated with the increase in the LDOS 
for Zn-4p states for the same energy visible for all presented Zn atoms (Figs. 7 and 8). It is possible that the 
hybridization of Zn-3d states with Hf-5d plays a role as it is in the same energy range. However, the greatest 
change concerns Zn15 atoms, which confirms the increase in hybridization between the Zn15-4p and Hf1-5d 
orbitals.

A subtle change in the LDOS occurs for Zn6 and Zn7 (Fig. 7). The peak at the Fermi level is still present 
in both cases, although the width of the peak increases for T1. The width of the pseudogap is the same, and 
the heights of the peaks around the Fermi level for the occupied and unoccupied states are slightly modified. 
The same trends are observed for both the p and s orbitals. It can be concluded that there is a weak interaction 
between Zn14 and those atoms.

The story is different for Zn15 (Fig. 8). Apart from the previously mentioned peak increase for deeper states 
around the d orbitals of Zn, a peak at the Fermi level appears. Its height is as large as the depth of the pseudogap. 
It solely concerns p states, and it is not related to transfer from s to p orbitals, as the LDOS for s states also 

Fig. 3.  Cluster shells of model T1 after variable-cell relaxation. The colors are the same as those in Fig. 1.
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increases. The increase in the peak height at the Fermi level is related to the decrease in the LDOS of unoccupied 
states, in particularl, more bonding Zn15 py-Zn15 py σ  bonds are formedz as discussed in Supplementary 
Sect. 2. Additionally, weaker bonds between pz orbitals occur due to the absence of periodic copies of Zn15. The 
shift in the LDOS for a particular orbital is shown in Supplementary Fig. S3.

The qualitative difference is also evident for the LDOS of Zn8. The deep, narrow pseudogap visible in B1 is 
absent in T1 (Fig. 8). Instead, it appears to be a broad valley with a mild slope for unoccupied states. A detailed 
analysis of the projected DOS, as presented in Supplementary Sect. 2, indicates that px orbitals play a crucial 
role as Zn14 interrupts the formation of σ  bonds between Zn8 atoms.

The general conclusion coming from DOS analysis is that the stability of a specific formation is governd by p 
orbitals whereas d orbitals of Hf form a stable backbone of the structure.

Fig. 4.  (a–e) DOS calculated for B1 (a–e); (f) dependence of the total energy E and Fermi energy EF  with 
respect to the Hubbard coefficient U . The plot for (c) has the same parameters as a) except for the denser 
k-point grids for the SCF ( 9 × 9 × 9) and NSCF ( 18 × 18 × 18) steps. (b) Magnified Mg and Hf states of 
(a) are shown.
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Charge distribution analysis
In our analysis of the charge distribution, we use Löwdin population analysis39. The method is more resilient 
than the popular Mülliken analysis40 because of the use of an orthogonalized basis set. Löwdin partial charges 
are compared to Bader charges41. The Bader population analysis is executed with the software developed by 
Henkelman et al.42,43.

The bonding characteristics of metallic alloys can be complex with topological features44,45. The analysis 
of charge transfer in the Zn-Mg-Al-Li system revealed preferential site occupancy by electropositive and 
electronegative elements46. Site preference was also detected in Zn-Mg-Sc13 and Ag-Cd47 systems, which are 
closely related to quasicrystals. Even though quasicrystals and approximants are not Zintl phases48,49 and all the 
experimental evidence suggests that they are Hume-Rothery phases50, the local charge transfer and formation of 
nonmetallic bonds help stabilize the complex structure.

The visualization of partial charges is presented in Fig. 9, where the electronegative sites are plotted in blue 
and the electropositive sites are plotted in red. Only the asymmetric unit is shown for clarity. The radius of a 
sphere is proportional to the partial charge. The specific values of the charges can be found in Supplementary 
Table 1. The electrons occupying the s, p and d orbitals for Löwdin charges are separated.

The leading role in charge transfer is played by the Zn-4p, Zn-4s, Mg-4s and Hf-5d bands. The highest charge 
transfer occurs for Mg atoms, resulting in a positive charge in the range of (+ 1.43, + 1.57) in terms of the Löwdin 
charge. The Bader charges for Mg12 and Mg4 are relatively low, at approximately + 1. The difference between 
the charge analysis results indicates the presence of localized electrons that are attributed to the p states of Zn. 
The highest charge is observed for Mg2, which is not in direct contact with another Mg atom. No localization 
for Mg2 is indicated by the Bader charge, as the values are similar for both computational methods. The charge 
for Mg12 and Mg14 is high even though their interatomic distance is small. For Mg29 − xPt4 + y, agglomeration 

Fig. 6.  LDOSs of Hf1 atoms for the B1 and T1 models. The peak near − 7.7 eV is more prominent for T1.

 

Fig. 5.  Local atomic environment around the Zn14 site.
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of electropositive atoms in one region can lead to an unfavorable distribution of charge, resulting in Mg atoms 
being even negatively charged51. In terms of the negative charge, the highest charge is placed on Zn1, and the 
second highest charge occurs for Zn13, independent of whether the B1 or T1 model is considered. Both are 
atoms belonging to V-RTH shells. A fractional or even positive charge is observed for the Zn atoms of the 
B-RTH cluster. The positive charge for Zn7 was confirmed for both population analyses. The transfer of electrons 
can therefore be linked with the increased stability of the V-RTH cluster. Compared with other atoms, the charge 
surplus for Zn1 and Zn13 concerns both the s and p orbitals. The highest charge on the p orbitals for Zn outside 
of the mentioned two is −1.7428 for Zn3 in T1, whereas for Zn13 and Zn1, it is −1.9064 and − 2.0555, respectively.

The greatest change in the electric charge between B1 and T1 occurs for Zn15 and Zn8 because of the 
introduction of the Zn14 atom. The charge for all of them is small, which is a sign of too high agglomeration of 
electronegative atoms in the sense of Pauling’s second structural principle52. In a real structure, the variation in 
electronegativity is provided by the inclusion of Mg in Zn10 and Zn8. Notably, in the electronic structure of 1/1 
Zn-Mg-Sc, the position of Zn14 could be occupied by an electropositive atom balancing the charge distribution13.

The Madelung energies for both models are computed as a measure of Coulomb interactions. This method was 
useful for predicting the valance band of bismuth-containing layered structures51 or the stability of Ag34Te21

53. 
It is also a measure of the lattice energy for ionic compounds with a linear dependency relationship54. The 
calculations for both models were performed in VESTA v.4.6.055. Each Löwdin partial charge was assigned to 
the corresponding atom. The ionic sphere radius was chosen as 1.1 Å (less than half of the smallest interatomic 
distance), and the reciprocal space range was set to 5 Å-1. The calculated Madelung energy is −10.903 eV for 
T1 and − 10.429 eV for B1. Different choices of ionic sphere radius do not change the conclusion. The lowest 
Madelung energy is calculated for T1, which is consistent with the total electron energy being lower. Our models 
have the same stoichiometry; therefore, the total electron energy for both of models is the same as that for the 
formation enthalpy. For formality, we calculated the formation enthalpies for B1 to be 5.271 kJ/mol and 5.265 kJ/

Fig. 7.  LDOSs for Zn6 and Zn7 atoms for the B1 and T1 models.
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mol for T1. We used a standard formula for the formation enthalpy, which is valid at the limit of pressure being 
close to zero. The formula for the formation enthalpy is as follows:

	
∆ H = E −

∑
N
i=1NiEi,� (1)

where E is the total electron energy, Ni is the number of i atoms, N  is the number of atomic species in the 
structure and Ei is the total energy per atom calculated for the elemental reference state. All the structures 
of individual atoms were hexagonal structures with P 63/mmc space groups and two atoms per unit cell56. 
The structures were relaxed prior to the SCF calculations. The specific parameters for the formation enthalpy 
calculations are given in Table  2. The formation enthalpy is positive, indicating that 1/1 ZnMgHf is an 
endothermic compound. Only the inclusion of spin‒orbit coupling determined the structure to be exothermic. 
It is therefore important for predicting phase stability.

The necessity of introducing spin-orbit coupling to correctly predict phase stability apparently contradicts 
our earlier statement that it can be omitted in subsequent experiments oriented toward revealing the nature of 
electron bonds. We would like to emphasize that the scalar-relativistic approach in terms of chemical bonds 
and DOS was shown to be accurate enough to make the results meaningful. The DOS does not change with 
the addition of spin-orbit coupling, as shown in Fig.  4a, e. In Sect.  4. Figure  18 shows that the calculated 
conductivities for both the scalar and fully-relativistic approaches overlaps, indicating that the band structure is 
not altered. The spin-orbit coupling can therefore be omitted for bonding analysis but is important for correctly 
predicting the phase stability, especially because the formation enthalpy is small.

Fig. 8.  LDOSs for Zn8 and Zn15 atoms in the B1 and T1 models. The primary feature is the disappearance of 
the pseudogap for Zn8 due to the smaller DOS for the s orbitals. In the case of Zn15, the peak for the Fermi 
energy arises.
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Electron localization function
Bond analysis can be performed via an electron localization function (ELF), which is a measure of the electron 
localization in a picture of the pair probability density57,58. The topological aspects of ELF are helpful for 
analyzing the complexity of bonds in metallic solids (e.g.59–61). The distribution of attractors in interstitial 
regions is particularly promising for predicting the structure even under pressure61.

In Fig. 10, we present the first noncore attractor to develop for ELF = 0.53 in B1. Three attractors are positioned 
between the Mg4 and Mg12 atoms in the plane perpendicular to the bond. Starting from ELF = 0.5, subsequent 
attractors are visible in the plane of the hexagonal ring formed by the Zn6 and Zn3 atoms. Another attractor 
arises in the geometric center of the tetrahedron formed by Mg4 and three Zn1 atoms. In the combined domain 
presented in Fig. 10, the integrated charge is approximately 0.2e. The analysis of ELF correlates with the disparity 

B1 T1 Zn Mg Hf

Lattice parameters [Å] a = 14.31847 a = 14.30042 a = 2.7371
c = 4.48653

a = 3.17207
c = 5.16350

a = 3.19390
c = 5.00546

Energy [Ry] -42256.709166
-42309.486014* -42256.709969 -487.443294

-487.811672* -282.790067 -1392.438756
-1401.077653*

∆ H  [kJ/mol]
T1 5.2653 kJ/mol

B1 5.2713 kJ/mol
-2.8298 kJ/mol*

Table 2.  Computed total energy for B1 and T1 with the given elemental crystal structures. *Energy with 
spin‒orbit coupling.

 

Fig. 9.  Löwdin and Bader partial charges plotted in the asymmetric part of the unit cell for models B1 and 
T1. The positive charge is plotted in red, and the negative charge is plotted in blue. The size of the sphere is 
proportional to the partial charge.
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between the computed Bader and Löwdin charges of Mg4 and Mg12. The existence of a polysynaptic basin with 
a low basin population is a clear indicator of multicenter metallic bonding62. The highest valance attractors are 
located inside the V-RTH cluster, which shows the least positional disorder, emphasizing the role of the local 
concentration of electric charge in structural stability. The isosurface for T1 is identical to that for B1.

The presence of the attractor in the tetrahedral site raises the question of more multicenter bonds in the 
structure. In Fig. 11, we present two sections through the ELF containing Hf1 atoms. Attractors above ELF = 0.4 
are shown with silver spheres. Tetrahedral polysynaptic basins are quite common in the structure. They are 
homoatomic with Zn atoms and heteroatomic with three Zn atoms and Hf or Mg as the fourth atom. The 
addition of Zn14 changes the orientation of the bonding tetrahedron, as indicated by the V(Zn8, Zn15, Zn15, 
Hf1) and V(Zn8, Zn15, Zn6, Hf1) basins. In addition to attractors at tetrahedral sites, there are numerous 
trisynaptic basins. The addition of Zn14 increases the number of three-center bonds. As indicated by Fig. 10, 
numerous local maxima of ELF occur around Mg atoms. Multiple maxima are found around Hf atoms due to 
the strong delocalization of electrons.

We also performed the analysis of noncovalent bonds on the basis of the paper by E. R. Johnson et al.63. This 
result indicated the repulstive behavior in the center of B-RTH and the Zn14 site, which is empty in B1. More 
details can be found in Supplementary Sect. 4. In Supplementary Fig. 4 the region of repulsive force due to steric 
conditions is presented.

Maximally localized Wannier functions
MLWFs can be used to derive the nature of chemical bonds64. In the context of quasicrystals and their periodic 
approximant MLWF, several Al-TM compounds have been analyzed65,66. In this picture, the existence of three-
center bonds explains the semiconductive nature of the 1/1 Al-Pd-Co67 modeled according to Katz-Gratias-
Boudard68–70.

The initial localized orbitals for Wannierization are found via the SCDM-k method23. The only parameters 
required for the SCDM-k method applied for entangled valance and conduction bands are µ SCDM  and 
σ SCDM  associated with the complementary error function

Fig. 10.  The local environment of the highest valance attractors of ELF. The strongest localizations occur in the 
neighborhood of Mg12 and Mg4 in the plane of the soccerball polyhedron face.
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According to the paper by Vitale et al.71, the parameters of the function f (ϵ ) can be fitted on the basis of 
the projectability of the Kohn–Sham states. The parameters for the SCDM-k procedure are then taken as 
µ SCDM = µ − 3σ  and σ SCDM = σ . The fitted function of the projectability of the Kohn–Sham states 
with respect to energy is shown in Fig. 12. The Wannierized band structures plotted with red crosses, as shown 
in Fig. 12 (right), are in perfect match with those computed with QUANTUM ESPRESSO. Wannierization is 
therefore successful.

The final spread parameters of the Wannierization are shown in Table 3. The dominant part of the total spread 
is the gauge-invariant part, Ω I . The off-diagonal gauge dependence, Ω OD , is also significant, expressing the 
overlap between neighboring functions. The spread of atom-localized Wannier functions is less than 1 Å2. The 
higher contribution comes from off-atomic centered functions that are spread in between 5.69 − 25.69 Å2 . 
The histogram of individual Wannier function spreads is shown as an inset in Fig. 12. Since the lattice size is 
approximately 14.3 Å and the spread does not cross the intercell boundary, it is acceptable in the metallic system.

Figures 13 and 14 present Wannier center neighborhoods in the B1 and T1 models, respectively. The types of 
centers are divided into two centers, three centers and tetrahedra, each of which is marked with a different color. 
The MLWF analysis confirms the presence of multicenter bonds, including tetrahedral sites. For T1, Hf atoms 
participate in the formation of tetrahedral bonds, as seen in the ELF function. Model B1 has bonds that can be 
classified as two-center polarized bonds between Zn and Hf.

Multicenter bonds are more prevalent in the V-RTH cluster, especially soccerball polyhedron. The rhombic 
triacontahedron of B-RTH in T1 also has a tetrahedral center, but it is shared with V-RTH because of c-linkage. 
The existence of numerous multicenter bonds correlates with the apparent greater stabilization of the V-RTH 
cluster than the B-RTH cluster. The classification of Wannier centers, although prone to error due to high spread, 
confirms the existence of multicenter bonds.

In Fig.  15 (left) we present two local configurations of the MLWF centers around the Zn14 atom in T1. 
Three-center bonds are created between Zn14 and neighboring Zn atoms. Additionally, two-center bonds are 
identified. The local configuration can be compared with the ELF function, where three-center, polysynaptic 
basins are identified. The local maxima of ELF were found in a triangle with Zn7, whereas the Wannier center 
has accompanying Zn8 atoms. This could indicate that the two-center bond should be classified as three-center. 
However, the inclusion of Zn14 clearly increases the number of multicenter bonds, which can be linked with the 
increased stability of the structural model.

The righthand side of Fig. 15 presents archetypes of Wannier centers. Tetrahedral centers occur in multiple 
variants. The center with two Zn atoms can be polarized toward Zn‒Zn bonds or Mg‒Mg bonds. Three center 
bonds also occur in the variants, including three and two Zn atoms. Whenever there is a Zn‒Mg bond, the 
center of the Wannier function is polarized toward Zn, which is a result of charge transfer. Two types of Zn‒Zn 
bonds occur. One is polarized toward the third atom perpendicularly to the bond, and the other is an ideal, 
unpolarized bond. An unpolarized bond is found between Dod1 atoms in the center of B-RTH. Mg‒Mg bonds 
are rare but occur between Mg4 and Mg12. One additional Mg2‒Mg2 bond is found in the V-RTH of B1. There 
is one characteristic difference between the bonding characteristics of Hf atoms in the two considered models. 
The tetrahedral Wannier center is found along the edge of the rhombic triacontahedron and includes Zn3 and 

Fig. 11.  Two sections through the unit cell of B1 and T1. The planes of the sections are z = 7.3 Å  and 
x = 4.3 Å . Valance basin attractors are marked with silver spheres. Three-center and four-center bonds are 
highlighted.
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Zn5 atoms. This is only found for T1. The two-center bond of Zn–Hf is directed toward individual atoms from 
soccerball polyhedrons such as Zn3 or Zn6. The change in the bonding character is caused by Zn14, as each Hf 
atom is in close proximity to Zn14. The distance is equal to 3.71 Å but is equal to the size of the MLWF spread.

Fermi surface
The electronic structure resilience to perturbations is related to the dynamical susceptibility, which can show 
singularities for values of the perturbation wavevector q. In particular, a singularity appears in the case of a 
nested Fermi surface and is recognized as the primary cause of charge density wave formation72. The coexistence 
of a periodic approximant phase and a quasicrystal raises the question of whether Fermi surface nesting is 
responsible for quasicrystal formation. The Fermi surface was previously obtained for several Al-based periodic 
approximant crystals, but it was never analyzed with respect to the nesting effect73,74.

In Fig. 16, we present the shape of the calculated Fermi surface. Plots were obtained with FermiSurfer v.2.4.0 
software75 (URL: https://mitsuaki1987.github.io/fermisurfer/). The shape of the Fermi surface is overly complex, 
as 10 and 9 bands cross the Fermi level for B1 and T1, respectively. On the left-hand side of Fig. 16, the entire 

Ω I Ω D Ω OD Ω T otal Nbands NNA

B1 2234.3884 0.5835 894.6469 3129.6189 884 192

T1 2260.1774 0.7337 896.0361 3156.9472 883 191

Table 3.  The parameters after Wannierization with the Wannier90 code. The total number of bands below or 
crossing the fermi level is equal to Nbands, among which NNA are not centered at atoms.

 

Fig. 12.  (left) The projectability vs. energy plot for B1 and T1 for determination of the coefficient for the 
SCDM-k procedure. The distribution of individual MLWFs is shown in the inset. (right) Band structure plot 
for the original data (black) and after Wannierization (red). The ideal agreement is shown.
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Fermi surface (top part) is presented with the part where significant nesting occurs (bottom part). The nesting 
is better visible in the 2D sections presented for Planes 100 and 101. Large parts of the Fermi surface are ideally 
parallel along the Γ − X and Γ − M  directions of B1. A change in nesting is observed for the T1 model. It 
does not occur along the direction of high symmetry but occurs along the line at ∼ 15◦  with respect to the 
Γ − X  direction. Nesting occurs between bands with high-mobility electrons, as indicated by the maximal 

value of the Fermi velocity. The combined effect of the low energy barrier between B1 and T1 and the high 
mobility of electrons impacts the ease of structural transition. In addition to nesting, multiple electron and hole 
pockets are visible, e.g., hole pockets in the Γ − X  direction in 100 cuts of B1.

It is still unclear whether the observed feature of Fermi surface nesting is linked to quasicrystal formation. 
The effect of bare nesting is speculated to be insufficient for the phase transition to charge density wave 
structure76. Importantly, the momentum dependence of electron‒phonon coupling77 might be important, as 
electron‒phonon coupling was shown to be enhanced in the quasicrystalline plane78. More research is necessary.

Electrical conductivity and magnetoresistance
Measurements were conducted on the icosahedral F-ZnMgHf phase. Magnetic measurements were performed 
with a Quantum Design MPMS3 magnetometer equipped with a 7 T magnet and operating at temperatures 
between 1.8 and 400 K. Only diamagnetic behavior was detected. Electrical resistivity and magnetoresistance 
measurements were carried out via a Quantum Design Physical Property Measurement System (QD PPMS 9T) 
equipped with a 9 T magnet operating at temperatures between 1.8 and 400 K. A rectangular bar sample with 
dimensions of 1 × 0.8 × 6 mm3 was used. The sample was grown according to a protocol published in Buganski 
et al. 20196. A brief description of the experimental setup is given in Supplementary Sect. 5 with the sample 
mounted to the electric circuit shown in Supplementary Fig. 5.

In Fig. 17. The resistivity against temperature is plotted for selected magnetic fields. Metallic behavior with 
positive magnetoresistance is observed. It has been reported that icosahedral Al62.5Cu25Fe12.5 and Al62.5Cu25.5Fe12 
have resistivities of 10,000 µ Ω · cm and 4,500 µ Ω · cm, respectively, at approximately 2 K79. The resistivity 
at 300  K of the Al-W-Pd-Fe 3/2 approximants and quasicrystals is approximately 5,000 µ Ω · cm80. The 
resistivity of Zn59Mg29Y12 has a minimum at 20 K, with a value of 208 µ Ω · cm81. The minimum value was 
also found for the Zn-Mg-Ho quasicrystal and was attributed to the Kondo effect82. This is not the case here, as 
the Kondo effect should cause the resistivity to decrease with increasing magnetic field. The low resistivity of our 
sample, which is approximately 46 µ Ω · cm, can be attributed to the high DOS at the Fermi level. The peak 

Fig. 13.  The centers of the Wannier functions are divided into six types in B1. The colors of the atoms are the 
same as those in Fig. 1.
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Fig. 15.  (Left) Local configuration of Wannier centers around Zn14 at T1. (Right) Archetypes of MLWF 
centers in both models. The colors are the same as those in Fig. 17.

 

Fig. 14.  The centers of the Wannier functions are divided into six types at T1. The colors of the atoms are the 
same as those in Fig. 1. The centers in the inner dodecahedral shell are classified as tetrahedral, although in 
B1, there are three centers. The distance between the centers of different classifications is approximately 0.8 Å, 
which is smaller than the function spread.
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in the DOS at the position of the Fermi energy increases the number of charge carriers. Al-based Mackay-type 
quasicrystals are known to have a deep pseudogap at the Fermi energy83, therefore, their resistivity is higher. 
Fits of magnetoresistance with quantum interference effects such as weak localization or electron‒electron 
interactions are not successful, as they are small in magnitude compared with the observed characteristics. 
At high temperatures (> 150  K), electron‒phonon scattering should dominate the resistivity. The quadratic 
resistivity dependence, ρ (T ) = A + BT + CT 2, reproduces the shape of the experimental curve. The fitted 
values of the parameters weakly depend on the magnetic field. The greatest difference in the data measured at 
1 T is that the resistivity was measured only at 200 K, whereas for the other data with a nonzero magnetic field, 
the maximal temperature was 300 K.

We analyzed the data with the theory of Boltzman transport via BoltzTraP software25. Figure 18 shows the 
conductivity and Hall coefficient for different k-meshes in the NSCF step. The difference between 253 and 303 
mesh is already small, therefore, we decided to use 303 mesh for further studies. It was already computationally 
expensive to further increase the grid density. For sparser meshes, the conductivity was calculated for spin‒orbit 
coupling with no change in curve shape. This confirms that spin‒orbit coupling could be omitted in our 
electronic structure study. Convergence tests were only performed for the B1 model. For T1, we already use the 
highest-density mesh. The conductivity slightly increases with increasing temperature, except for a sudden drop 
at the onset of the data. The decrease in conductivity is attributed to the peak density of states at the Fermi level. 
For higher temperatures, states with lower DOSs contribute to conductivity. On the basis of the Hall coefficient, 
the conductivity is dominated by hole carriers. The theoretical observations require experimental verification.

The theoretical resistivity curve ρ · τ (T ) obtained from BoltzTraP was fitted to the experimental data 
(Fig. 19). The region of high temperature was selected. The only unknown factor is the temperature dependence 
of the relaxation time, which is approximated by a second-order polynomial. Both fits are identical. In the 
units of 10−15 s, for B1, the parameters are α ≈ 16.82 (8) , β = −2.58 (6) · 10−2, γ = 3.1 (1) · 10−5. 
The corresponding values for T1 are α ≈ 15.6 (1) , β ≈ −2.46 (8) · 10−2, γ ≈ 3.08 (13) · 10−5. This 
results in the relaxation time being equal to 1.2 · 10−14 s for B1 and 1.1 · 10−14 s for T1 at 300 K, which is 

Fig. 16.  The Fermi surface is 3D and presented as 2D sections in the (100) and (101) planes. The 3D Fermi 
surface with a nesting part is shown as the bottom part for each model. For guidance, the nesting part of the 
Fermi surface is connected with arrows.
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a typical range for metals and semimetals84. The quadratic dependence of the resistivity is not the result of the 
temperature dependence of the carrier concentration but rather of the scattering mechanism.

The magnetoresistance was measured in the magnetic field up to 9 T. No sign of saturation is present, as 
shown in Fig. 20a. The shape of the magnetoresistance curve is linear. To confirm this, we fitted a power formula 
∆ ρ /ρ 0 = α MR(µ 0H)δ + c. The range of the magnetic field was upper bound by four selected values. In 
all the cases, as shown in Fig. 20c, the exponent is subquadratic, ranging from 1.07 to 1.23 at 10 K. Semiclassical 

Fig. 18.  Convergence of the electrical conductivity and Hall coefficient with respect to the k-mesh. Spin‒orbit 
coupling was used for the B1 model with 103 mesh. The converged mesh 303 was used for further fitting for 
both T1 and B1.

 

Fig. 17.  The resistivity was measured at five magnetic field strengths. Above 150 K, the quadratic form 
of resistivity as a function of temperature was fitted. The parameters weakly depend on the magnetic field 
except for the measurement made at 1 T. However, the resistivity in this case was measured only up to 200 K, 
therefore, the fit does not capture the temperature dependence of the data well.

 

Scientific Reports |        (2025) 15:28609 17| https://doi.org/10.1038/s41598-025-13835-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 20.  (a) The magnetoresistance for selected temperatures. The fitted power law dependence of the 
magnetoresistance shows subquadratic behavior. The fit parameters are presented in (c,d). The fit is performed 
in regions where the magnetic field is upper-bound limited. In (b), the Kohler plot is shown, confirming the 
nonuniform scattering mechanism, as the curves are not superimposed.

 

Fig. 19.  (left) The fitted relaxation time formula based on theoretical data obtained from BoltzTraP and 
experimental data measured without a magnetic field. (right) Relaxation time as a function of temperature.

 

Scientific Reports |        (2025) 15:28609 18| https://doi.org/10.1038/s41598-025-13835-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


theory of magnetoresistance predicts that when all the electron orbits are closed, the magnetoresistance increases 
in the form of (µ 0H)285. Linear magnetoresistance is observed in many charge density wave systems. On the 
basis of the model by Sinchenko et al.86, linear magnetoresistance arises because of electron scattering on so-
called “hot spots” of the Fermi surface, where the Fermi surface reconstruction due to the charge density wave is 
the strongest. The number of scattering “hot spots” in a quasicrystal is substantial because the periodic symmetry 
is broken. The effect is pronounced at low temperatures where electron‒phonon scattering is low, as observed 
in our case. The temperature dependence of α MR has a local peak at 10 K (Fig. 20d), which corresponds to 
the highest value of magnetoresistance. The peaks correlate with the lowest resistivity value observed in the 
resistivity data. Second, the highest value of the Hall coefficient calculated on the basis of B1 and T1 occurs 
above 0 K. In the classical theory of magnetoresistance, α MR is proportional to the mobility of carriers. The 
mobility of carriers can be expressed as µ = |RH | /ρ , therefore, the lowest resistivity and the highest Hall 
coefficient result in a peak of α MR. In Fig. 20b, deviation from Kohler scaling is observed87. In no region do the 
curves overlap, indicating nonuniform scattering mechanisms and the presence of multiple types of carriers. The 
nonuniform scattering mechanism helps explain the linear magnetoresistance due to the complexity of electron 
dispersion.

Summary
The electronic structure of the 1/1 periodic approximant crystal in the Zn-Mg-Hf Bergman-type system 
with P m

−
3 was analyzed in detail via DFT methods. Two models were considered: B1, with an empty site 

corresponding to the position above the edge of the icosahedral shell, Zn14, and T1, where the site is fully 
occupied. Models are designed to mimic ideal Tsai and Bergman clusters. The center of the disordered body-
centered cluster is filled with a fully occupied dodecahedral shell.

The T1 model was shown to be more stable with a scalar-relativistic approach, and the energy difference was 
calculated to be 10.9 meV per unit cell. This small energy difference justifies the observation that the atomic 
structure is positionally disordered, with fractional occupancies being balanced between those two models. The 
atomic structure of the approximant was shown to be stable at 0 K, but spin‒orbit coupling must have been 
included in the calculations.

The introduction of atoms in Zn14 stie changes the local character of the orbitals, promoting the formation 
of bonding σ  orbitals between Zn8 and Zn14. The interaction between Zn15 atoms changes to form a p-state 
peak at the Fermi level. The impact of atom introduction is marginal for atoms not in direct contact with Zn14. 
On the basis of the LDOS of Hf, the introduction of Zn14 makes the pseudogap narrower where the right edge 
of the pseudogap connects with the local peak at the Fermi level.

On the basis of partial charge population analysis via the Bader and Löwdin formalism, substantial charge 
transfer occurs between electronegative Zn and electropositive Mg and Hf atoms. The calculated Madelung 
energy follows the trend of formation enthalpy, indicating that the T1 model is more stable. This observation 
signifies the role of Coulomb interactions in the stabilization of the phase. The highest charge transfer between 
models occurs for atoms in a direct neighborhood to Zn14, i.e., Zn8 and Zn15. The higher positional stability of 
the vertex-centered cluster is also linked with increased charge transfer.

As indicated by reduced density gradient analysis, the introduction of atoms to the centers of clusters 
and the Zn14 site without changing the structure is not feasible because of steric conditions. The electron 
localization function indicates the presence of three-center and tetrahedral basins. The presence of three-enter 
and tetrahedral bonds is confirmed by Maximally Localized Wannier Function analysis. Three-center bonds 
are particularly formed in the vicinity of the Zn14 atom. Multicenter bonds are also predominant in the vertex-
centered Bergman cluster, signifying the more pronounced stability of this configuration. The SCDM-k method 
was proven to work well in the complex structure of the periodic approximant of the quasicrystal.

Fermi surface analysis indicated the presence of nesting. The direction of the nesting vector is different for 
both models. Nesting occurs between surfaces with the highest electron velocity, resulting in both stable and 
conductive properties. Even though bare nesting is not enough for charge density formation, it might play a 
role in the formation of quasicrystals by considering strong electron‒phonon coupling and the existence of 
phasons. Further studies might focus on the role of various factors in electronic structure modification. The pure 
Mott‒Jones type of stabilization based on the Fermi-surface and Brillouin-zone interactions is unsatisfactory. 
Even though quasicrystals were found to obey the Hume–Rothery rule, the width and depth of the pseudogap 
significantly vary between phases. Additionally, hybridization cannot be the sole solution, as this is a local 
effect. The role of Fermi surface nesting and electron‒phonon coupling, especially considering phonon‒phason 
coupling, is an interesting direction of research toward revealing the stabilization mechanism of quasicrystals.

Electronic transport measurements performed on icosahedral F-type Zn-Mg-Hf ceramics revealled metallic 
resistivity behavior, with a minimum resistivity at approximately 10 K for measurements in a zero magnetic 
field. The high-temperature resistivity dependence is nonlinear, indicating complex scattering mechanisms. 
Theoretical calculations with Boltzmann transport in the relaxation time approximation confirm that the 
relaxation time has both linear and quadratic components. The magnetoresistance is subquadratic (almost 
linear) as a function of the magnetic field. No saturation is perceived. The best explanation is provided by the 
scattering of electrons on local bifurcations of the Fermi surface introduced by the nonperiodic potential. A 
similar model was proposed for charge density wave systems where linear magnetoresistance is frequently 
observed. The nontrivial scattering mechanism is confirmed but is a violation of Kohler scaling. Unlike other 
quasicrystals such as Al‒Cu‒Fe, quantum interference effects such as weak-localization and electron‒electron 
interactions cannot be used to explain this phenomenon, as the magnitude of those effects is marginal compared 
with the observations. The fact that the resistivity of Zn-Mg-Hf is even two hundred times lower than that of 
Al-based quasicrystals is crucial.
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The present conductive properties of quasicrystals have not been compared with those of the periodic 
approximant phase. It would be interesting to observe whether a nonlinear relaxation time and linear 
magnetoresistance are confirmed for the periodic phase.

Data availability
Data available upon request. Please contact Ireneusz Buganski (ireneusz.buganski@fis.agh.edu.pl).
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