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Abstract  

Controlling interfacial atomic structure via epitaxial growth is essential for the spin polarization 

in half-metal/semiconductor heterostructures. Here, we use density functional theory to analyze 

a ‘rotated’ epitaxial relationship at the Co2FeAl0.5Si0.5/Ge(111) interface, experimentally realized 

on films grown by molecular beam epitaxy. The calculations indicate that a 180o-rotated epitaxy 

exhibits the lowest formation energy due to the bonding configuration of the initial Co layer. In 

this configuration, interfacial Ge atoms occupy positions corresponding to Si and Al sites in the 

extended Co2FeAl0.5Si0.5 lattice. The lowest-energy atomic interface structure results in a bond 

angle change of the interfacial Ge dumbbell layer, which is confirmed by atomic-resolution 

electron microscopy. We also show that the interface structure of the observed 180o-rotated 

epitaxy reduces the formation energy and considerably increases the interfacial spin polarization, 

which is further enhanced by an energetically favorable Fe–Ge interface intermixing and selective 

Ge out-diffusion into the film. Furthermore, we demonstrate that the rotated epitaxy is 

preserved when Co2FeAl0.5Si0.5 is grown on Si, despite the significant interdiffusion, and that such 

epitaxy should be preserved at the Co2FeAl0.5Si0.5/GaAs(111) interface, confirming the structural 

origin of the rotated epitaxy between Co-based Heusler alloys and Ge, Si, and GaAs substrates.  

 

Keywords: Heusler alloy, Co2FeAl0.5Si0.5, interface, density functional theory, scanning 

transmission electron microscopy 

 

1. Introduction  

Co-based full Heusler alloys have been extensively investigated for the development of spintronic 

devices owing to their desirable spin-electronic properties [1–5]. Among them, Co2FeAl0.5Si0.5 

(CFAS) [6–9] garners increasing interest for the fabrication of high-performance electronic and 

spintronic devices owing to its density functional theory (DFT)-predicted spin polarization of 

100% at the Fermi level, high Curie temperature (⁓1000 K), abundant constituent elements (Co, 

Fe, Al, Si), and Fermi level in the middle of the band gap of the spin-down electrons, ensuring a 

more robust structure against the inevitable temperature effects. In addition, its 100% spin-

polarized structure is crucial to overcome the conductivity mismatch issue [10] between the 

ferromagnet film and semiconductor substrate for an efficient spin injection, a problem that 

occurs if a standard ferromagnetic electrode such as Fe, Co, or CoFe is used.  

The interface of the half-metallic CFAS with the conventional semiconductor Si suffers from a 

considerable lattice constant mismatch between CFAS and Si (⁓4.5%), strong out-diffusion of Si 

from the substrate into the film, and formation of secondary phases (Co and Fe silicides) in an 

⁓3 nm thick region [11–13]. These issues can be overcome to a good extent by using Ge as a 

substrate [14–17], which ensures a negligible lattice mismatch (only 0.2%), largely reduced 

diffusion of substrate atoms into the film, and absence of undesirable secondary interfacial 



phases. Therefore, the CFAS/Ge heterostructure is a promising platform for fabrication of 

spintronic devices with high performances.  

Disorder, strain, and structural defects are among the factors responsible for lower measured 

performances of devices based on thin films composed of Heusler alloys including CFAS than 

those expected for ideal bulk-like structures [18–21]. The device properties can also be affected 

by effects originating from the interfaces between the thin films and between the thin films and 

substrate in the electronic devices [22–24]. Therefore, atomic control at the device interfaces is 

crucial to tailor electronic properties such as the spin polarization (SP), interface conductivity, 

and interfacial magnetism.  

Electron microscopy measurements showed that both CFAS/Ge [14] and CFAS/Si(111) [12] 

interfaces exhibit a characteristic rotated epitaxial relationship of CFAS with Ge and Si. In other 

words, the [1-10] crystallographic direction of CFAS is parallel to the [-110] crystallographic 

direction of Ge or Si, in contrast to the expected simple nonrotated orientation of CFAS [1-10] 

and Ge/Si [1-10]. The aim of this study was to investigate the origin of the epitaxy rotation at the 

technologically important CFAS/Ge interface, and evaluate the effects of this rotation on the 

electronic properties at the interface, including the SP. Through DFT calculations, we show that 

the epitaxial rotation induced by the driving force of Ge to incorporate at Si, Al sites in the CFAS 

reduces the interface formation energy and notably increases the SP of the interface. In addition, 

as in the case of the [001]-oriented CFAS/Ge interface, the likely Fe–Ge intermixing and observed 

selective Ge out-diffusion into the film unexpectedly provide even higher interfacial SPs. 

Therefore, these naturally induced synergetic effects of epitaxy rotation and interdiffusion 

improve the properties of CFAS/Ge, and provide a promising heterostructural platform for spin 

injection applications.      

 

2. Methods 

We employed the CASTEP [25] software package for DFT calculations using supercells with 

dimensions of approximately 4.0 × 6.9 × 45 Å3, composed of two CFAS and two Ge unit cells 

interfaced on a (111) plane, with a vacuum region of approximately 14 Å along the [111] film 

growth direction. The vacuum region with such dimensions was introduced to ensure that the 

surface effects do not interfere with the interfacial properties [16]. In addition, these supercell 

dimensions ensure recovery of the bulk CFAS and Ge electronic structures in the interior parts of 

the film and substrate, respectively, i.e., enable a realistic analysis of the electronic structure of 

the CFAS/Ge interface. All constructed supercells are periodic in the in-plane directions. These 

supercell dimensions are sufficient for modelling of the interface properties, as further increase 

in the supercell size does not change the interfacial PDOS, as shown in Supplementary Figure S1. 

In all DFT calculations, we employed the Perdew–Burke–Ernzerhof (PBE) + U exchange–
correlation functional with a Hubbard U of 2.1 eV for both d-block elements, Co and Fe [26], to 

open up the minority band gap, and approximately correct for the delocalization effect of self-



interaction [27]. We used ultrasoft PBE pseudopotentials with a plane wave cut-off energy of 500 

eV. For visualization of the atomic structures, we employed the program VESTA [28]. Partial 

densities of states (PDOSs) were calculated with the OPTADOS software package with fixed 

Gaussian broadening [29]. 

Approximately 20 nm thick CFAS samples were prepared by codeposition of Co, Fe, Si, and Al on 

both Ge and Si substrates by low-temperature molecular beam epitaxy (MBE) using Knudsen cells 

[12,14]. After chemical cleaning of the Ge(111) surface with ultrasonic cleaning for 3 min in 

acetone, 3 min in ethanol, and 2 min in deionized water, followed by immersion for 5 min in an ∼1 % diluted hydrofluoric acid solution, the Ge(111) surface was blow-dried with N2. 

Subsequently, the substrate was loaded into an MBE chamber. A heat treatment at 550 °C for 20 

min was then conducted in an ultrahigh vacuum (UHV) environment (∼10−7 Pa) [30]. By in-situ 

reflection high-energy electron diffraction (RHEED) observations (Supplementary Figure S2), we 

confirmed a Ge(111)-(1 × 1) surface. Similarly, the Si(111) surface was chemically cleaned with 

ultrasonic cleaning for 3 min in acetone, 3 min in ethanol, 2 min in an NH3:H2O2 solution, and 2 

min in deionized water, followed by immersion for 5 min in an ∼1 % diluted hydrofluoric acid 

solution [31]. After blow-drying the Si(111) surface, a heat treatment at 450 °C for 20 min was 

conducted in the UHV environment. The in-situ RHEED pattern (Supplementary Figure S2) after 

the annealing demonstrates the Si(111)-(1×1) surface.  

To achieve stoichiometric Co2FeSi0.5Al0.5 films, a nonstoichiometric deposition technique was 

employed to suppress Si substrate diffusion and compensate for Al loss. We initially optimized 

the Co2FeAl composition by increasing the Al flux and reducing the Co:Fe flux ratio to 1.8:1. 

Consequently, a quaternary Co2FeSi0.5Al0.5 was grown using a specific flux ratio of Co:Fe:Si:Al = 

1.8:1:0.5:1. This approach yielded the desired stoichiometry while maintaining two-dimensional 

epitaxial growth at room temperature [32,33].  

Cross-sectional transmission electron microscopy samples were prepared by focused ion beam. 

Electron microscopy images were acquired using a Nion UltraSTEM 100 microscope, operated at 

100 kV, with a convergence angle of 30 mrad. The inner detector angle for high-angle annular 

dark field (HAADF) scanning transmission electron microscopy (STEM) imaging was 76 mrad. 

HAADF STEM image simulations were performed using the multislice method with the QSTEM 

software package [34]. 

 

3. Results and Discussion 

First, we investigate the possible sharp interface atomic structures of CFAS/Ge(111). Along the 

[111] crystallographic direction, the CFAS unit cell is composed of 12 alternating atomic planes, 

i.e., three structural motifs of –Co–Fe–Co–(Si,Al)–, as illustrated in the right panels in Figure 1. 

The DOS showing the half-metallic nature of this alloy is presented in the left panel in Figure 1. 

CFAS can be represented by the general X2YZ formula unit, with nonmagnetic elements occupying 



the Z sites. It has a cubic crystal structure with a space group of Fm3̅m (no. 225) with a lattice 

parameter of 5.68 Å. It is an intermetallic compound with a lattice that can be considered as four 

interpenetrating face-centred cubic sublattices. Two of these sublattices are populated by Co 

atoms, one by Fe, and the fourth is shared by both Si and Al. The Wyckoff positions of the atoms 

are: Fe at 4a (0, 0, 0), Si/Al at 4b (1/2, 1/2, 1/2), and Co at 8c (1/4, 1/4, 1/4). The two 

interpenetrating face-centered cubic Co sublattices yield a simple cubic Co sublattice. Structural 

models of bulk CFAS and constructed atomically sharp interfaces along different viewing 

directions are presented in Supplementary Figure S3. The combination of Si and Al enables the 

Fermi level to be positioned around the middle of the band gap of the minority spin-down 

electrons, which makes this structure robust upon inevitable structural deviations, strain effects, 

temperature effects, etc., in real application scenarios, as mentioned above. The electronic 

structure of CFAS is robust against Si/Al disorder effects, as shown in Supplementary Figure S4. 

Despite the variations in Si and Al distributions, we obtained identical DOS, lattice constant, and 

magnetic moment of the bulk CFAS cell.  

The lattice constants of the CFAS film and Ge substrate are very similar, with a mismatch of only 

0.2%, which is conducive to a desirable interface with a well-defined epitaxial relationship, and 

minimal interface strain. Hence, it is expected that strain-driven defects such as misfit 

dislocations, diffusion, and disorder are minimal.  

We consider the possible atomically sharp interfaces between CFAS and Ge. Besides Si and Al as 

nonmagnetic elements in the Co-based Heusler alloy, Ge is used as a substrate, which fits well at 

the Z sites of the L21 structure of CFAS. Hence, an interface that follows the atomic stacking where 

the top Ge layer is structurally shared by both film and substrate is expected. In other words, the 

interface sites present in both structures would represent a smooth transition within the 

heterostructure, as shown in the right panel in Figure 1. The terminating Ge(111) plane of the 

substrate is placed at the atom positions of the (Si, Al) plane, as the (Si, Al) atomic Z-sites are the 

expected sites of Ge in the CFAS Heusler alloy. The CFAS/Ge interface is formed on the (111) 

plane, as illustrated in Figure 1, showing models along the [-110] orientation of Ge.  

The (111)-terminated CFAS and Ge allow two distinctive interfaces, rotated by 180° with respect 

to each other, as shown in the right panels in Figure 1. We denote them as rotated and 

nonrotated (111) interfaces. For the nonrotated interface (NRI), the epitaxial relationship is 

CFAS[-110] || Ge[-110] and CFAS [111] || Ge[111], while, for the rotated interface (RI), the 

epitaxial relationship is CFAS[1-10] || Ge[-110] and CFAS[111] || Ge[111].  



 

Figure 1. Calculated DOS of bulk CFAS and geometrically optimized structural models of Co-

terminated CFAS/Ge NRI and RI. The Fermi level is indicated by the dashed line. The top and 

bottom panels show the DOSs for the spin-up and spin-down electrons, respectively. The color 

coding of the atoms is presented in the legend. The [111] growth direction is indicated by the 

arrow. The viewing directions of both CFAS and Ge in both models are also indicated.    

 

We geometrically optimized the two interface structural models (NRI and RI) and calculated their 

total energies to analyze their stability, i.e., their likeliness to form at the CFAS–Ge interface. After 

the geometry optimization (Figure 1, right panels), the energy difference between the two 

models is 0.41 eV/supercell in favor of formation of RI, which agrees with the experimentally 

observed epitaxial relationship between CFAS and Ge (Figure 2) [14].  

To provide insights into the initial stage of growth, we also performed calculations for supercells 

with only one structural motif of –Co–Fe–Co–(Si, Al)–, i.e., one third of the CFAS unit cell 

(Supplementary Figure S5). We obtained an energy difference between RI and NRI of 0.13 

eV/supercell, again in favor of formation of RI at the interface. In the first set of calculations with 

the larger supercells, there are no significant influences of the surface effects (CFAS/vacuum 

interface) on the CFAS–Ge interface, as those effects vanish after several atomic planes [16], 

while, in the second set of calculations, due to surface effects, a different energy difference 

between RI and NRI is obtained, as expected. However, the trend is consistent, i.e., RI is more 

likely to form in both cases. 

Furthermore, we evaluated the energies of only the first Co atomic plane on Ge in both NRI and 

RI cases, as shown in Supplementary Figure S6. When we place the Co atomic plane at the sites 

that correspond to the RI, we obtained a stable interface, with a lower energy than that when 

the Co plane is placed at sites corresponding to the NRI before the interdiffusion of Co in the 

substrate during the geometry optimization, which occurred only in the NRI case. Although all 



atomic species should be simultaneously considered in the simulations as the growth is 

performed by MBE codeposition, the lower initial energy of the single Co atomic plane in the RI 

case than that in the NRI case further indicates that the epitaxy rotation is guided by the first 

interface layers. 

The experimentally observed interface atomic structure determined with a Co terminating plane 

ensures structural continuity and local symmetry preservation across the interface between CFAS 

and Ge. As the repeating stacking sequence of CFAS along the [111] growth direction is -Co-Fe-

Co-Si/Al-, and, considering that the Si/Al sites are lowest-energy substitution sites for Ge in the 

CFAS structure, we “merge” the Ge substrate at a Si/Al (111) plane of CFAS, which yields a -Co-

Fe-Co-Ge (substrate) atomic structure across the interface, with the interfacial Ge shared 

between the film and substrate. This structural continuity minimizes the formation energy of the 

interface, in comparison to the other considered configurations between CFAS and Ge.  

To illustrate these energy-based considerations, we constructed a laterally shifted nonrotated 

model (Supplementary Figure S7), where the interfacial Ge occupies a site that would be 

populated by Co in the bulk CFAS. This model has a higher formation energy by 0.21 eV/supercell 

compared to the corresponding nonshifted model. We attribute the formation energy increase 

to the high energy of Ge-Co atomic swaps in the Heusler alloy, as discussed below.  

Further, Supplementary Figure S8 shows a model where the Ge substrate is merged on an Fe 

(111) plane, so that the first (111) plane above Co is occupied by Si/Al. For completeness, we 

calculated the energy difference between the rotated and nonrotated models for such interface 

structure, and obtained that the rotated model has a lower energy by 0.41 eV/supercell, which 

is in line with the previous results.      

Although the structural continuity is not realized with Fe and Si/Al terminations at the interface, 

for completeness, besides the above supercells with the Co termination plane, we also 

constructed supercells with Si/Al and Fe terminations of the CFAS Heusler alloy film, shown in 

Supplementary Figure S9 after the geometry optimization for both rotated and nonrotated 

epitaxy cases.  

In the case of a Si/Al termination plane, we obtained an energy difference of 0.81 eV/supercell 

in favor of formation of the rotated epitaxy, as for the case with the Co termination. In the cases 

with the Fe termination plane, the energy difference between the rotated and nonrotated 

epitaxy supercells was very small, within 0.1 eV. However, in the case of the nonrotated Fe-

terminated interface, the interfacial Fe atoms after the geometry optimization are largely 

displaced to sites that do not follow the CFAS lattice. This is not consistent with the experimental 

results, where the CFAS interface plane follows the Ge lattice, as indicated in Figure 2a, and 

discussed below. Therefore, the formation of such interface is unlikely. The low formation 

probability of an Fe-terminated interface is also expected from the energy-based structural 

continuity considerations. In this case, the interfacial Ge would occupy sites that would be 



populated by Co in bulk CFAS. Such Ge-Co substitutions have a very high energy, as discussed 

below.  

Although we rule out Fe and Si/Al terminations at the CFAS/Ge interface based on the above 

arguments, the rotated models in these cases exhibit lower energies than their NRI counterparts. 

This demonstrates that the epitaxy rotation would not depend on the type of termination plane. 

However, considering the HAADF STEM experimental results showing the Co termination of the 

CFAS/Ge interface, our further analysis is focused only on Co-terminated models.       

This calculation prediction is in line with the results of our electron microscopy imaging of cross-

sectioned film/substrate interfaces. A measured HAADF STEM image of CFAS grown on Ge is 

presented in Figure 2a, while Figures 2(b, c) show simulated HAADF STEM images for the NRI and 

RI models of CFAS/Ge. According to these images, the RI model corresponds to the observed 

epitaxial relationship of CFAS with Ge, as indicated by the (001) Co atomic planes, outlined with 

the white dashed rectangles. The RI epitaxial relationship is further confirmed by the presented 

fast Fourier transform (FFT) patterns for regions selected in the Ge substrate and CFAS film in 

both experimental and simulated images. Therefore, the HAADF STEM imaging demonstrates the 

rotated epitaxial relationship of CFAS and Ge. 

 



 

Figure 2. a) Experimental HAADF STEM image of the CFAS/Ge heterostructure, with an overlaid 

schematic showing the positions of several Co (blue) and Ge (red) atoms (scale bar: 1 nm). 

Simulated HAADF STEM images of CFAS/Ge with the b) nonrotated and c) rotated epitaxial 

relation between the film and substrate (scale bars: 0.5 nm). The dashed rectangles indicate a 

(001) Co plane to demonstrate the orientation matching in the RI case between the measured 

and simulated images. (d, e) FFT patterns of the CFAS film obtained by the simulated images in 

(b) and (c), respectively. FFT patterns of f) CFAS and g) Ge obtained from the experimental image 

in (a). The main crystallographic reflections for both CFAS and Ge are indicated.  

 

 



 

Figure 3. Structural models for the a) NRI and b) RI before and after geometry optimization at the 

interface region showing the displacements of the interfacial Ge atoms during the optimization 

from their bulk-like positions, as indicated by the arrows. The dashed rectangle in b) shows that 

the interfacial Ge atoms align in the Fe-Si/Al plane of CFAS after the geometry optimization. c) 

Tilting of the Ge dumbbells at the RI from 37° in the bulk-like interior of the substrate to 51° at 

the interface with respect to the interface plane. The dumbbell angles are defined with respect 

to the Ge (111) atomic plane. d) Magnified view of the experimental STEM image at the interface 

region of CFAS/Ge, with measured Ge dumbbell angles of 37° ± 1° and 51° ± 1° in the Ge 

substrate and at the interface, respectively, showing the excellent matching with the optimized 

RI model (scale bar: 0.5 nm). 

 

Further, we investigate the origin of the epitaxy rotation from NRI to RI. In Figures 3(a, b), we 

show the structural models for NRI and RI, respectively, before and after the geometry 

optimization. As discussed above, the terminating Ge plane matches with a (Si, Al) atomic plane 

of CFAS, for both models. With this setting, for NRI, as shown in Figure 3a, the second-nearest Ge 

at the interface is positioned around a site that would be populated by Co in the CFAS structure. 

However, such Co–Ge swaps are very unlikely due to their high swapping energy [14]. In this 

regard, the CFAS structure “chooses” a different epitaxial relationship (RI) with the substrate to 

minimize the formation energy of the interface, which may be guided even by the first CFAS Co 

atomic plane, as discussed above.  

In contrast, in the RI case, the second-nearest Ge is positioned around a site that would be 

occupied by an Fe atom of CFAS, and therefore only a slight displacement to such site occurs 

during the geometry optimization. Such Fe–Ge swaps are considerably more likely to occur than 



Ge–Co swaps owing to their lower swapping energies [14]. The displacement of the second-

nearest Ge from its initial substrate bulk-like position to the Fe site of CFAS results in a change in 

the [1-10]-projected bond angle between the nearest Ge and second-nearest Ge from 37° to 51° 

with respect to the interface plane, as shown in Figure 3c, in agreement with the experimental 

STEM image shown in Figure 3d.  

Such repositioning of the Ge “dumbbell” pair was experimentally observed [14], and is further 

illustrated in Figure 2a and Figure 3d. The above analysis indicates that the Ge substrate guides 

the epitaxy of the CFAS film by positioning at the lower-energy Si/Al sites during the initial stage 

of growth. This agreement between the simulation and experiment on the fine structural changes 

at the interface region confirm the validity of our modelling of this heterostructure, and show 

that the epitaxial rotation results in a structural ordering at the interface.  

To further demonstrate the structural ordering-induced origin of the epitaxy rotation, we grew 

and analyzed a CFAS film on a Si substrate. The formation of the same rotated epitaxy is also 

observed at the CFAS/Si interface (Figure 4a), where Si shares the same structural lattice as that 

of Ge. Therefore, the observation of the same epitaxy further confirms the structural lattice-

origin of the epitaxy rotation.  

In addition, we computed the energy difference between geometrically optimized CFAS(111) 

films on a GaAs(111) substrate with nonrotated and rotated epitaxial relationships. We obtained 

that the energy difference between the rotated and nonrotated models is 0.75 eV/supercell, in 

favor of epitaxy rotation (Figure 4b), in line with the epitaxial relationships observed for both Ge 

and Si substrates. The geometry optimization shows that the GaAs dumbbell pairs at the interface 

also tilt to fit in the Heusler lattice, as observed and discussed above when CFAS is grown on Ge. 

 

Figure 4. a) Experimental HAADF STEM image of a CFAS/Si heterostructure showing the same 

rotated epitaxial relation between the film and substrate, as indicated by the Co plane outlined 

by the dashed rectangle (scale bar: 1 nm). b) Geometrically optimized CFAS/GaAs interface with 

a rotated epitaxial relationship between the film and substrate.  

 



Further, we investigate the electronic structures of RI and NRI on Ge. Figure 5 presents PDOSs for 

a relatively thin interface region (the dimensions of this region are specified in the caption) and 

those of the nearest Co and Fe atomic planes for both models, RI (dotted lines) and NRI (solid 

lines). The electronic structures are modified for both models, compared to those in the bulk 

CFAS (Figure 1). Both structures preserve the metallic state for the majority spin up electrons. 

However, the band gap of the minority spin down electrons present in the bulk CFAS is destroyed, 

due to the introduction of states at the spin-down channel around the Fermi level, as shown in 

Figure 5.  

 

Figure 5. Calculated PDOSs for (left panel) a relatively thin interface region covering all element 

species (three nearest Co (111) planes, first nearest Fe (111) plane, first nearest (Al, Si) (111) 

plane, and nearest two Ge (111) planes), (middle panel) first nearest Co (111) plane, and (right 

panel) first nearest Fe (111) plane. The solid red and dotted black lines represent the results for 

the NRI and RI, respectively. The top and bottom panels show the PDOSs for the spin-up and spin-

down electrons, respectively.  

 

The extent of destruction of the band gap can be expressed by the SP, defined as SP = (PDOSu – 

PDOSd)/(PDOSu + PDOSd), where PDOSu and PDOSd are the PDOSs for the majority spin-up and 

minority spin-down electrons at the Fermi level, respectively. The calculated SPs for NRI and RI 

for the interface region as well as those for the nearest single Co and Fe atomic planes are 

presented in Table 1.   

 

Table 1. Calculated SPs of the nearest Co plane, nearest Fe plane, and interface region (Figure 5) 

for the NRI and RI. 

Model Co Fe Interface 
Rotated  -24% -46% 0% 



Nonrotated -43% -57% -14% 
 

As shown in Table 1, NRI consistently exhibits lower SPs than RI. The interface region for RI is 

depolarized, while that of NRI is inversely polarized (-14%). Regarding the single Co plane, the SP 

of RI is almost twice better than that of NRI. Although the SP change for the single Fe nearest 

plane is smaller, the trend that RI is better than NRI in terms of interfacial SP is still observed. 

These results suggest that the CFAS/Ge orders with a RI orientation, rather than with the 

“expected” NRI orientation, and that this epitaxial relationship improves the interfacial electronic 

structure and SP. This natural “reorganization” of the CFAS/Ge toward a better SP further 
confirms its high potential for spintronic applications.   

Further, we consider the intermixing effect on both models by Ge–Fe and Ge–Co atomic swaps 

within the interface region of the supercells, as well as the effects of a selective Ge out-diffusion 

along Fe-Si/Al columns, observed previously by energy-dispersive spectroscopy [14].  

Our set of calculations for RI show that the model with a Ge–Fe swap (model M3 in Figure 6) has 

a lower energy than the bulk-like-terminated CFAS/Ge RI (by 0.29 eV). This shows that Fe–Ge 

interdiffusion is likely to occur at the interface. Such behavior has also been demonstrated for 

the CFAS/Ge interface along the [001] growth direction [16]. As in the [001]-oriented growth 

case, for the [111] growth direction considered in this study, this likely interdiffusion 

unexpectedly improves the electronic structure at the interface, as shown in Figure 6 (model M3), 

with a positive interfacial SP of 15%. In contrast, for RI, the Ge–Co swapping energy is 0.78 eV, 

showing that such swaps are very unlikely to occur, which is desirable, as any changes in the Co 

sublattice could largely reduce the interfacial SP of the CFAS [21]. In the case of NRI, both Ge–Fe 

and Ge–Co swaps are favored, with swapping energies of 0.15 and 0.05 eV, respectively. This 

suggests that, even if this interface is formed, it would suffer from a considerable interdiffusion 

affecting both Co and Fe sublattices, and thus yielding reduced performances of such interface.  

The models denoted as M1 and M2 in Figure 6 are obtained by substituting the first and first two 

Fe-Si/Al planes of CFAS with Ge in the energetically more favored RI model, respectively, 

according to the previously observed selective out-diffusion of Ge [14]. Their interfacial SPs are 

32% and 19%, respectively. Therefore, all three considered models M1–M3 involving Ge diffusion 

across the energetically favored RI demonstrate an unexpected beneficial effect of the diffusion 

on the interfacial SP. 

 



 

Figure 6. Calculated PDOSs for an interface region with the same dimensions as that in Figure 5 

for RI models with a local Ge diffusion (illustrated in the left panels). Models M1 and M2 are 

obtained by substituting the first and first two Fe-Si/Al planes of CFAS with Ge, respectively, 

according to the observed selective out-diffusion of Ge. Model M3 is obtained by swapping Fe 

and Ge across the interface. The Fermi level is indicated by the dashed line. 

 

 

4. Conclusions 

The half-metal/semiconductor interfaces are crucial for hybrid spintronic devices. The epitaxial 

growth approach enables control of atomic structure and ultimately provides desired electronic 

properties including an improved SP. We investigated the origin of the rotated epitaxial 

relationship at the interface between the half-metallic CFAS grown by MBE and Ge, and effects 

of the epitaxy rotation on the interfacial spin-electronic properties. The DFT calculations 

demonstrated that the 180°-rotated epitaxy has a lower formation energy, due to the initial 

bonding configuration of the Co layer, which results in a significant change in the bond angle of 

the interfacial Ge dumbbell layer, in an excellent agreement with experimental data. In addition, 

we showed that the interfacial layer of Ge is incorporated to fit the atomic stacking of Si, Al sites 



in the CFAS film. This atomic arrangement decreases the interface formation energy and 

considerably increases the interfacial SP. Furthermore, we showed that the low-energy Fe–Ge 

intermixing and observed selective Ge out-diffusion into the film could provide even higher 

interfacial SPs. The rotated epitaxy is preserved when CFAS is grown on Si even in the presence 

of the significant interface intermixing. These findings suggest that the CFAS/Ge interface 

achieves a largely improved electronic structure through epitaxial rotation and interdiffusion, 

which could guide the design of novel optimized spintronic heterostructures through interfacial 

atomic structure control.   
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