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Report: 
 
One promising method for the production of semiconductors with a ferromagnetic ordering of spins at room 
temperature consists in the growth of composite structures containing small inclusions of ferromagnetic or 
superparamagnetic inclusions embedded in a diamagnetic semiconductor lattice. In our previous works 
[1,2,3] we have investigated the structure and magnetic properties of Mn-rich inclusions in GeMn epitaxial 
layers containing nominally few atomic percent of Mn. We found that, depending on the deposition 
temperature, either Mn-rich coherent clusters or Mn5Ge3 incoherent precipitates occur. Coherent clusters are 
created at lower growth temperatures (approx. at 60°C) and they exhibit a diamond-type lattice analogous to 
the Ge host lattice, the lattice parameter of which depends on the Mn content. Incoherent precipitates occur at 
higher growth temperatures (above 100°C) and their crystallographic Mn5Ge3 phase is hexagonal (space 
group P63/mcm (193)). 
In our previous work [1] we demonstrated by grazing-incidence x-ray diffraction (GID) that the coherent 
inclusions deform the surrounding lattice in tension (i.e. the intrinsic parameter of the inclusion lattice is 
smaller than the Ge value), while the incoherent precipitates cause a negligible deformation of the 
surrounding lattice. The aim of this beamtime was to follow in situ the structure transformation of the 
coherent inclusions during a post-growth annealing. We expected that the coherent inclusions would 
transform to the Mn5Ge3 precipitates, this transformation should be clearly visible in GID reciprocal space 
maps taken in the qrqa plane parallel to the sample surface. 
We have measured the GID intensity diffracted from a series of GeMn layers with the Mn content ranging 
from 3% to 20% deposited at 60°C. The measurements have been carried out at room temperature and during 
annealing in vacuum at temperatures up to 600°C, using the photon energy of 6.5 keV (just below the MnK 
absorption edge), Figs. 1 (a,b) show representative examples of the intensity qrqa maps measured before 
annealing (a) and during annealing at 400°C (b). The intensity map measured before annealing exhibits a 
typical shape; its asymmetry along the qr-axis indicates that the inclusions deform the surrounding lattice in 
tension. In Fig. 1 (b) however, opposite qr-asymmetry is obvious.  
Possible explanation of this effect is based on the fact that the intensity scattered in a given point q of 
reciprocal space is a coherent superposition of two contributions. One component of the scattered wave is 
caused by the scattering from the deformed Ge lattice in the neighborhood of the inclusion and its amplitude 



is proportional to the Fourier transformation of h.u(r), where h is the diffraction vector and u(r) is the 
displacement vector around the inclusion (the Huang-scattering term). The other component of the scattered 
wave stems from the inclusion volume and it is proportional to ΔFhΩFT(q), where ΔFh  is the difference in the 
structure factors of the inclusion and the surrounding (proportional to the difference in electron densities) and 
ΩFT(q) is the Fourier transformation of the shape function Ω(r) of the inclusion (unity in the inclusion and 
zero elsewhere). The qr-asymmetry of the GID intensity map is then determined by the difference of phases 
of these two contributions. Therefore, the change in the qr-asymmetry during annealing can be explained by 
the change in the sign of the displacement field u(r) or by the change in the sign of the density contrast ΔFh. 
Both explanations can yield good fits and an additional piece of information is necessary to decide which 
explanation is correct. Recently, we are using another independent methods (transmission electron 
microscopy, among others) to solve this problem. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Reciprocal-space map of diffracted intensity taken in grazing-incidence diffraction geometry 
in the qrqa plane parallel to sample surface before annealing (left) and during annealing at 400°C
(right). The Ge(Mn) layer contains nominally 3.4% Mn and it has been deposited at 60°C. The 
intensity distribution in the left panel is characteristic for coherent cubic inclusions. The vertical 
lines in the right panel are Debye rings caused by diffraction in the wall of the Be dome. 
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