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The ternary rare-earth compounds exhibit interesting physical and structural properties. These structures

changing composition and stoichiometry change drastically their magnetic properties.

Some of them, based

on chromium germanides were studied experimentally concerning their magnetic properties and up to our knowledge
they were never studied theoretically explaining nature of their magnetic behaviour. In the presented work the na-
ture and mechanism of the magnetic and electronic properties of rare-earth chromium germanides is presented.
The magnetic and electronic properties of RCrGes and RCro.3Gez (R = Tb, Dy, Ho or Er) were investigated theoret-
ically applying plane-wave density functional theory /Perdew—Burke—Ernzerhof methodology. The computational
investigations were performed for the stoichiometric and nonstoichiometric crystal structure with the space group
Cmcm. The stoichiometry of the rare-earth chromium germanides compounds has significant effect on the mag-

netic properties of the investigated material.
obtained results.
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1. Introduction

The rare-earth chromium germanides RCrg3Ges
(R = Tbh, Dy, Ho or Er) were studied experimentally con-
cerning their magnetic properties [1]. There presented
results confirm the orthorhombic CeNiSis-type crystal
structure (space group Cmem) and the antiferromag-
netic ordering at low temperatures. The change of their
magnetic type structure from the collinear commensurate
for R = Tb, Dy and Ho to the modulated incommensu-
rate for R = Er is observed. In general, the magnetic
ordering in the studied compounds originates from in-
terplay of exchange interactions between the magnetic
moments localized on the rare-earth atoms, which are
arranged in double-layer slabs stacked along the b-axis.
The R-R distances within the slabs are near to 4.0 A,
whereas those between the slabs are ~5.5 A. The rare-
earth moments couple indirectly by spin polarization
of conduction electrons (the Ruderman—Kittel-Kasuya—
Yosida (RKKY) mechanism). The quantum chemical
calculations may be helpful to explain structural depend-
ing changes appearing at the magnetic properties of men-
tioned materials. The chromium germanides structures
by changing composition and stoichiometry change dras-
tically their magnetic properties [2, 3].

In presented work the magnetic and electronic prop-
erties of rare-earth chromium germanides like RCrGes
and RCrg3Gey (R = Tb, Dy, Ho or Er) will be inves-
tigated theoretically applying plane-wave density func-
tional theory/Perdew—Burke-Ernzerhof (DFT/PBE)
methodology. The theoretical predictions will be com-
pared to the experimentally obtained results. The sto-
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The theoretical predictions are compared to the experimentally

ichiometry of the rare-earth chromium germanides
compounds has significant effect on the magnetic
properties of compounds.

2. Details of quantum chemical calculations
To compute the magnetic properties of selected

chromium germanides first of all their crystal struc-
ture was built. As the starting single crystal the sto-
ichiometric RCrGey composition was chosen. All the
investigated structures are orthorhombic with space
group Cmem [1,4]. Their crystal parameters as well
as the atomic positions were defined as it is presented
in Ref. [1] and the crystal structures of studied materi-
als were built using Materials Studio package [5]. Such
formed unit cells of the DyCrGes is presented in Fig. 1.
The other investigated structures based on Th, Ho and Er
have very similar look. Instead dysprosium they possess
Th, Ho or Er atoms, respectively. Also the volume of in-
vestigated structures are similar as presented in Ref. [1].

Opy @cr @Ge

Fig. 1.

Before to start quantum chemical calculations of mag-
netic properties of the bulk crystals their geometry
was optimised. The procedure was performed applying
DFT via the CASTEP program [6] based on total en-
ergy plane-wave pseudopotential methodology. The ge-
ometries of all investigated structures were optimised

The unit cell of DyCrGes crystal structure.
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with respect to the total energy minimization applying
the Broyden-Fletcher-Goldfarb—Shanno (BFGS) algo-
rithm [7]. The unit cell size and the symmetry of crystals
were conserved during the geometry optimisation proce-
dure. The convergence criteria for optimization were cho-
sen as follows: the convergence of total energy during ge-
ometry optimization procedure equal to 10~° eV /atom,
force on the atom was less than 0.03 eV /A, the stress
on the atom was not more than 0.05 GPa, the maxi-
mal atomic displacement was equal to 1073 A. The elec-
tronic exchange-correlation energy was treated within
the frame of the GGA approximation using PBE [8] po-
tentials. The relativistic effect was included in the per-
former calculations at the level of the scalar-relativistic
zeroth-order regular approximation (ZORA) [9]. In or-
der to allow performance of calculations with the low-
est possible cut-off energy for the plane-wave ba-
sis set, norm-conserving pseudopotentials have been
used in the calculations [10]. Pseudoatomic calcu-
lations were performed for Cr 3d°4s', Ge 4s24p?,
Tb 4f°5525p%6s2, Dy 4f1°5525p%652, Ho 4f'15525p%652,
and Er 4f125525p%652 configurations. The cut-off energy
of the plane-wave basis set was chosen equal to 310 eV.
The special points numerical sampling integration over
the Brillouin zone are carried out using the Monkhorst—
Pack method with a 7 x 2 x 7 special k-point mesh.
The total energy is assumed to be converged when
the SCF tolerance is 107> eV /atom. The calculations
were performed for a primitive unit cell of each structure
with spin-unrestricted regime. The initial spin for the un-
paired electrons for each atom was taken from the formal
spin specified for each atom then the starting value was
subsequently optimized during the calculation.

The nonstoichiometric RCrg 3Gesy structures were con-
structed starting from stoichiometric unit cell. Conse-
quently subsequent chromium atoms were removed keep-
ing the nonstoichiometry of structure as RCrg3Ges.
In each step of removing of chromium atom the ge-
ometry of new obtained structure was optimised. For
all obtained structures their total energy was calculated
and they were compared one to the other. The non-
stoichiometric structure with the lowest total energy was
chosen as the one which was taken for the essential calcu-
lations. The quantum chemical parameters were chosen
as described above. The magnetic properties were com-
puted for both stoichiometric as well as nonstoichiometric
crystal structures.

3. Results and discussion

The rare-earth chromium germanides do not crystallise
in stoichiometric structure but to start computer simulations
the well defined geometry is necessary. This is way, first of all
the stoichiometric crystals were investigated and then Cr va-
cancies were created. The position of vacancies was chosen
according to the total energy minimum.

Following the geometry optimization, the theoretically ob-
tained structural parameters are in good agreement with
the data contained in work of Bie et al. [4]. The param-
eters of all investigated structures are very similar. Com-

paring the results from Table I, Ref. [1] to the simulated
data, one may see that the biggest volume has the unit

cell of TbCrGes structure and the smallest one possesses
HoCrGez and ErCrGes. It is according to the “crystal” ra-
dius of rare-earth atoms. The “crystal” radius of Tb is equal
to 1.18 A, for the Ho and Er they are 1.04 A and 1.03 A,
respectively [11].

Performed simulations confirm that the rare-earth atoms
are arranged in double-layer slabs and they have essential im-
pact on the magnetic properties of investigated compounds.

In Fig. 2 the spin density isosurfaces calculated
by DFT/PBE are presented. One may see that the most
high spin density is located at the rare-earth atoms.
In the case of DyCrGez, HoCrGez and ErCrGes structures
the two surfaces of rare-earth atoms located at double-layered
atomic part have antiparallel spin. Omne layer of atoms
has spin against the surface of figure and the other one
at the surface. The situation is completely different for
the TbCrGegstructure. At very low temperature of simu-
lations this material has ferromagnetic nature because two
layers of Th atoms possess parallel spin. The same small con-
tribution to the magnetism of all investigated structure comes

from the Cr atoms.
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Fig. 2. The spin-density distribution calculated
by DFT/PBE methodology for the ThCrGez, DyCrGes,
HoCrGez, and ErCrGes.
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In Fig. 3 one may see the most important electron pop-
ulation located at the rare-earth atoms. It is also observed
that for the stoichiometric structure the important charge is
located at the Cr atoms (see Fig. 3, DyCrGes — orange part).
In the case of stoichiometric structure the rare-earth atoms
and Cr possess spin-unpaired electrons which is seen in Fig. 2.
It gives conclusion that in RCrGes stoichiometric crystals
the Ge-electrons are shifted to the Cr atoms. Concerning elec-
tron localization the DyCrGes and HoCrGez material are very
similar. For these two structures the localization of electron
wave functions is seen between two layers of Dy or Ho atoms.
For the TbCrGes and ErCrGes structure the electrons be-
longing to the rare-earth atoms are localised at these atoms
without so fare splitting as it is observed in the case of Dy
and Ho. In case of the ErCrGesstructure the electrons lo-
calization is more pronounced for the Ge than for Cr atoms
but the electron located at Ge atom are paired. The elec-
trons of Th atoms in stoichiometric crystal are not affected
by the neighbour layer of Cr and Ge atoms. The Tb elec-
trons are closely related to the core of atom while the spins
are parallel for two neighbouring layers.
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Fig. 3.

Electron localization calculated by DFT/PBE
methodology for stoichiometric RCrGes and nonstoi-
chiometric RCrg.3Ges structures.

In the case of the nonstoichiometric structures the elec-
trons are localized at rare-earth atoms as well as at the Ge
but the omes located at rare-earth atoms are unpaired
and the Ge electrons are paired. All nonstoichiomet-
ric structures possess the same electrons diffused between
the layers of rare-earth atoms. It is very significant for
the TbhCrg.3Geastructure. Probably, through interatomic in-
teraction the electrons from Cr and Ge atoms are delocalised
and shifted more in the area of Th. It may be reason of the an-
tiparallel orientation of spin located at the Th. The magnetic
behaviour of the nonstoichiometric RCrg.3Ges structures is
caused by the geometrical changes according to the total en-
ergy minimization of the crystal. The creation of nonstoi-
chiometric RCro.sGez crystals change the distances between
atoms comparing to the stoichiometric material. The rare-
earth atoms located in double-layer slices are closer one
to the other than it was for stoichiometric structure and si-
multaneously the R atoms are more far from the Cr atoms.
Thus, for the nonstoichiometric compounds their magnetism
originates from the magnetic moments of f electrons localized
on the R atoms and the d electrons of Cr do not contribute
to the magnetic properties of the crystals as it was for the sto-
ichiometric structure.

In Fig. 4 the calculated spin density of the nonsto-
ichiometric structure is presented. One may see that
for the DyCrg.3Ges structure the spin density localized
at Dy atoms did not change. Again the rare-earth atoms
play the main role in magnetism of the investigated material.
Any spin density is not seen at the Cr atoms. The mag-
netic properties of Cr uncompleted systems are different than
for stoichiometric crystal structures. Analysing Fig. 4 one
may see that the spin density at the Tb atoms was changed.
The magnetism of non-stoichiometric ThCrg.3Gez structure
has the same nature like to behaviour of other crystals.
The spin located at the neighbouring layers of Tb has op-
posite direction.

4. Conclusions
In the presented work the nature and mechanism
of the magnetic and electronic properties of RCrGez and
RCrp.3Ges were investigated theoretically applying plane-
wave DFT/PBE method. The results lead to the follow-
ing conclusions: the diverse magnetic behaviour originates
from the competition of interactions between the R atoms,

calculated

distribution
by DFT/PBE methodology for the DyCro.3Ge2 (left)
and ThCrg.3Gez(right) structures.

Fig. 4. The spin-density

which are arranged in double-layer slabs stacked perpendic-
ular to the b axis. In the Cr reached structures the d elec-
trons on the Cr atoms provide little to the magnetic proper-
ties of crystals. The stoichiometry of the rare-earth chromium
germanides compounds has significant effect on the electronic
properties of compounds. These findings correlate well with
the experimentally obtained results.
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