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Abstract: Magnetic intermetallic compounds based on rare earth elements and 3d transition metals
are widely investigated due to the functionality of their physical properties and their variety of
possible applications. In this work, we investigated the features of the electronic structure and
magnetic properties of ternary intermetallic compounds based on gadolinium GdMn1-x Tix Si, in
the framework of the DFT + U method. Analysis of the densities of electronic states and magnetic
moments of ions in Ti-doped GdMnSi showed a significant change in the magnetic properties
depending on the contents of Mn and Ti. Together with the magnetic moment, an increase in the
density of electronic states at the Fermi energy was found in almost all GdMn1-x Tix Si compositions,
which may indicate a significant change in the transport properties of intermetallic compounds.
Together with the expected Curie temperatures above 300 K, the revealed changes in the magnetic
characteristics and electronic structure make the GdMn1-x Tix Si intermetallic system promising for
use in microelectronic applications.
Keywords: phase transition; magnetic transition; electronic structure; physical properties; DFT + U;
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1. Introduction
Recently, researchers have paid much attention to magnetic cooling based on the
magnetocaloric effect of solid-state working substances [1]. RTX ternary compounds
(R = rare earth elements, T = 3d/4d/5d transition metals, and X = p elements) are a
huge family of intermetallic compounds [2,3]. Most of these compounds crystallize into
hexagonal, orthorhombic, and tetragonal crystal structures [2,4]. Due to the various
crystal structures, unusual magnetic and electrical properties have been found in these
compounds, such as complex magnetic orderings, valence fluctuations, unusual types of
superconductivity, heavy fermion behavior, metamagnetism, spin glass, memory effect,
magnetoresistance, magnetocaloric effect, etc. [5–8]. Although these compounds have been
known for a long time, they have recently attracted greater interest, since they exhibit
enormous magnitudes of the magnetocaloric effect and magnetoresistance [7,9,10]. The
magnetic ordering temperatures in RTX range from very low temperatures to temperatures
well above room temperature, for example, reaching 510 K in TbMnGe [11].
This allows the RTX series to cover a very large temperature range for a variety of functional applications [6]. RMnSi compounds, where R is a rare earth element, are intermetallic
compounds with two magnetic sublattices R and Mn, in which the magnetic atoms are
located in layers separated by silicon layers in the order R–Si–Mn2 –Si–R. The manganese
sublattice is characterized by a significant localized magnetic moment of Mn ions [12].
Magnetic ordering in RMnSi compounds is formed due to different types of exchange interactions: R–R, R–Mn, and Mn–Mn. A change in interactions with decreasing temperature
can lead to magnetic phase transition ferromagnetism—antiferromagnetism [13].
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Several magnetic transitions were found in the GdMnSi compound at temperatures
of 50, 275, and 310–325 K [13,14]. The lowest temperature corresponds to the antiparallel ordering of the magnetic moments of gadolinium ions relative to the moments of
manganese ions; higher temperatures characterize the ferri- and ferromagnetic orderings
of the moments of Mn ions [14]. At sufficiently high temperatures, large values of the
magnetocaloric effect were found in GdMnSi [13]; it should be noted that in other ternary
intermetallic compounds of the GdTX series, the magnetocaloric effect was also found [15].
The low-temperature saturation magnetization in GdMnSi, according to experimental
data [16], is 5 µB , and in strong magnetic fields it increases to 8.8 µB [17]. The Curie
temperature TC = 294 K was experimentally determined in GdTiSi [18]. The high Curie
temperatures of the intermetallic compounds GdTiSi and GdMnSi suggest that alloys of the
intermediate composition GdMn1-x Tix Si should have high ordering temperatures too. In
the literature, there is only one article [19] with data on the crystal structure of synthesized
samples in a wide range of Mn concentrations. Results of experimental measurements of
the magnetic or spectral properties of these compositions have not been published in the
literature, except for data for several samples with x = 0–0.3, which showed an increase in
the Curie temperature to 387 K (in GdMn0.7 Ti0.3 Si) with increasing Ti content [20]. In [19],
in almost all intermediate compositions of GdMn1-x Tix Si compounds, in addition to the
tetragonal phase of the CeFeSi-type, another secondary phase was found.
The data available in the literature show the relevance and timeliness of studying
the GdMn1-x Tix Si system. The representatives of this series may have a number of interesting properties that make them promising for functional applications. Theoretical
studies of the electronic structure and magnetic properties of GdMn1-x Tix Si have not been
performed previously.
2. Materials and Methods
In this work, we investigated GdMn1-x Tix Si compounds with a tetragonal crystal
structure of the CeFeSi-type (space group P4/nmm, SG 129) with 2 formula units per
unit cell. Gadolinium ions occupy 2c positions (0.25, 0.25, ZGd ), manganese and titanium
ions occupy 2a positions (0.75, 0.25, 0), and silicon ions occupy 2c positions (0.25, 0.25,
ZSi ). The coordinates for gadolinium are ZGd = 0.6044, and the coordinates for silicon are
ZSi = 0.3922 [19]. In Figure 1, the crystal structure of GdMnSi is plotted using the VESTA
package [21]. To model the doped compositions, we used a supercell with 24 atoms. We
checked possible configurations of Mn and Ti in the 3d sublattice and took into account
only those with the lowest total energy in the doped cases. Gadolinium atoms are marked
with large pink spheres, manganese atoms are dark purple, and silicon atoms are blue.
Both compounds with a tetragonal structure are natural multilayer magnetic systems in
which atoms of the rare earth element Gd, Mn or Ti atoms, and Si atoms are located in
layers in the direction of the c-axis in the sequence Gd–Si–Mn2 or Ti2 –Si–Gd.
The lattice parameters for pure and doped compounds according to the data of [19]
are shown in Figure 2 for the CeFeSi-type phase only. One should note that in [19], for some
samples (with x = 0.4–0.6; 0.9), the secondary phase Ti5 Ga4 -type (Gd3 Ti2 MnSi3 ) admixture
to the basic CeFeSi-type tetragonal phase was identified. In [20], which reports only x = 0–
0.3 concentrations of this series, only the CeFeSi-type tetragonal phase was reported. In our
theoretical investigation, we solely concentrate on the CeFeSi-type tetragonal phase, as it
can provide a clear picture of the magnetic transition in the GdMn1-x Tix Si family. Further
synthesis of this family is required. It can be seen that for high titanium (low manganese)
concentrations above 0.3, the lattice parameters a and c increase significantly; for titanium
concentrations below 0.3, an increase in the c parameter is observed. Thus, the volume of
the cell increases. Apart from in [19,20], there are no experimental data on the structural
and magnetic properties of this system, which is associated with the multiphase nature of
the samples obtained [22].
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Figure 1. Crystal structure of the GdMnSi intermetallic compound, plotted with VESTA [21].
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some samples (with x = 0.4–0.6; 0.9), the secondary phase Ti5Ga4-type (Gd3Ti2MnSi3)
admixture to the basic CeFeSi-type tetragonal phase was identified. In [20], which reports
only x = 0–0.3 concentrations of this series, only the CeFeSi-type tetragonal phase was
reported. In our theoretical investigation, we solely concentrate on the CeFeSi-type
tetragonal phase, as it can provide a clear picture of the magnetic transition in the GdMn1xTixSi family. Further synthesis of this family is required. It can be seen that for high
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In this work, the electronic structure and magnetic properties of intermetallic
compounds were calculated within the DFT + U method [23] in the Quantum ESPRESSO
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3. Results
3.1. Magnetic Ordering and Moments
In our DFT + U calculations, the ferromagnetic (FM) ordering of the magnetic moments
of manganese ions relative to each other was simulated. In the calculations, titanium
and silicon ions remain nonmagnetic (up to 0.06 µB ). For Gd ions, the values of spin
polarization obtained as a result of self-consistent calculations correspond to a magnetic
moment of 7.21 µB per Gd ion (see Table 1) in good agreement with the experimental value
of 7.47 µB in GdTiSi [18]. The total energy in the calculation for GdTiSi with ferromagnetic
ordering of the magnetic moments of gadolinium ions was –2119.4517 Ry, and for GdMnSi
–2033.9852 Ry. Additionally, simulations were performed with antiferromagnetic ordering
of the magnetic moments of Gd. The total energy of GdMnSi in the calculation with the
antiferromagnetic ordering of the magnetic moments of Gd was –2033.9713 Ry, which
is higher than in the FM calculation by 0.0139 Ry (189 meV). The total energy of GdTiSi
calculated with the antiferromagnetic ordering of the magnetic moments of gadolinium
ions was −2119.4420 Ry, which is 0.0097 Ry (131 meV) higher than in the FM calculation.
Thus, for the compounds GdMnSi and GdTiSi, the lowest total energy value was obtained
for ordering of the FM type, in agreement with the experimental data [18,20].
Table 1. The values of the total and partial spin densities of electronic states at the Fermi energy in
GdMn1-x Tix Si for x = 0–1.
Compound

Total
Magnetic
Moment, µB

Gd Magnetic
Moment, µB

Mn
Magnetic
Moment, µB

Ti Magnetic
Moment, µB

Si Magnetic
Moment, µB

GdMnSi
GdMn0.8 Ti0.2 Si
GdMn0.6 Ti0.4 Si
GdMn0.5 Ti0.5 Si
GdMn0.4 Ti0.6 Si
GdMn0.2 Ti0.8 Si
GdTiSi

4.86
4.66
5.51
6.09
6.34
7.09
7.19

7.21
7.16
7.19
7.21
7.21
7.21
7.21

−2.41
−3.28
−3.24
−3.03
−3.13
−3.17
-

0.59
0.63
0.80
0.67
0.68
0.01

0.06
0.01
0.01
−0.01
−0.02
−0.03
−0.03

3.2. Electronic Structure
The calculated densities of electronic states and band structure of the intermetallic
compound GdMnSi are shown in Figures 3 and 4, respectively. The data are given per
formula unit for two opposite directions of majority and minority spin in the case of FM
ordering. The Fermi energy (EF ) is located at zero energy. Intense peaks in DOS of this
compound (Figure 3) are formed by several localized bands of different intensities. In
the energy range from −5 to 6 eV, there is a broad band of the density of electronic states
formed due to the 3d states of manganese and 3p states of silicon. In the valence band
from –7.5 to –7 eV for the majority spin and in the conduction band from 4 to 5 eV for the
minority spin, there are narrow peaks of the 4f states of Gd. These peaks can be found in
the band structure of GdMnSi in Figure 4 as tight packages of bands in the energy ranges
discussed above. At the Fermi energy, there are a number of bands crossing EF from a
number of electronic states of all ions in GdMnSi.
The calculated densities of electronic states and band structure of GdTiSi are shown in
Figures 5 and 6. Similar sharp peaks can be traced near −7 and 5 eV in Figure 6, stemming
from the spin-polarized Gd-4f electronic states. The densities of states in the GdMnSi and
GdTiSi compounds are different for two opposite spin directions, since the resulting state is
ferromagnetic both in the Gd lattice and in the sublattice of 3d metals. The density of states
of manganese has a high intensity below EF for minority spin, and an intense broad peak
for majority spin (1.25 eV) located above EF . The X-ray photoemission spectrum shows
filled electronic states corresponding to the total density of states in the calculations. The
main features of the experimental spectrum of GdTiSi, namely, a peak at about 2 eV and a
shoulder at about 0.7 eV, are present in the total density of states of GdTiSi in Figure 5 [18].
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resulting state is ferromagnetic both in the Gd lattice and in the sublattice of 3d metals.
The density of states of manganese has a high intensity below EF for minority spin, and an
intense broad peak for majority spin (1.25 eV) located above EF. The X-ray photoemission
spectrum shows filled electronic states corresponding to the total density of states in the
of 11
calculations. The main features of the experimental spectrum of GdTiSi, namely, a6 peak
at about 2 eV and a shoulder at about 0.7 eV, are present in the total density of states of
GdTiSi in Figure 5 [18].

Figure 5. The density of states of GdTiSi per formula unit. (a) Total and partial Gd-4f densities of
Figure 5. The density of states of GdTiSi per formula unit. (a) Total and partial Gd-4f densities of
states; (b) partial density of states for Ti-3d; (c) partial density of states for Si-3p. The Fermi level is a
a dashed vertical line.
dashed vertical line.
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states of gadolinium practically do not change upon substitution of titanium for manganese;
therefore, below we consider in detail the changes occurring in the 3d sublattice of Mn and
Ti. In Figure 7, the densities of states of GdMn1-x Tix Si compounds for x = 0.2 (a), 0.4 (b),
0.5 (c), 0.6 (d), and 0.8 (e) are shown with two opposite directions of majority (up) and
minority (down) spin projections. A significant contribution to the density is made by a
broad band formed by the 3d states of manganese and titanium, which lies near EF in8the
Metals 2021, 11, x FOR PEER REVIEW
of 12
energy range from −5 to 8 eV.
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of all states of manganese decreased in proportion to the decrease in the concentration
of manganese.
When 50% of manganese ions were replaced by titanium ions (GdMn0.5 Ti0.5 Si,
Figure 7c), new peaks of titanium states appeared: a redistribution of the electron density
took place, resulting in the formation of two maxima at the ends of the valence and conduction bands. For the minority spin above EF , the peaks of the titanium states split, as a result
of which two implicit maxima appeared at 1 eV, the peak at 2 eV increased significantly,
and one more peak of titanium states appeared, which was higher in energy. The intensity
of the manganese states increased in comparison with the compound GdMn0.6 Ti0.4 Si. Also,
two separate maxima merged into one peak at 1.5 eV with the majority spin orientation.
When 60% of manganese ions were replaced by titanium ions (GdMn0.4 Ti0.6 Si,
Figure 7d), a redistribution of the electron density occurred in the conduction band. The
titanium states, separated into several distinct peaks, in the GdMn0.5 Ti0.5 Si compound
formed a density with one intense peak in the range from 1.5 to 2.1 eV and one broad band
in the range from 0 to 1.5 eV. The states of titanium above EF began to prevail over the
states of manganese. All manganese states decreased: intense peaks with the minority spin
in the range from –4 to –1.5 eV decreased by almost two times. The intense peak of the
manganese states in the range from 1 to 2 eV split into two less intense peaks. At −1.8 eV
for the minority spin, an intense peak was formed, which corresponds to a similar peak
with the majority spin.
When 80% of the manganese ions were replaced by titanium ions (GdMn0.2 Ti0.8 Si,
Figure 7e), a small peak was observed at the −1.1 eV level for the minority spin. The
states of manganese decreased, on average, by two times. Compared with the pure
compound GdTiSi (Figure 5), the states of titanium in GdMn0.2 Ti0.8 Si are not symmetric,
there are no intense peaks at EF , and there are peaks lying lower in energy from –0.9 to
–0.2 eV. In the GdMn0.2 Ti0.8 Si compound, the intensity of the minority spin peak lying
from −2.1 to −1.2 eV is 50% less than in the GdTiSi compound. In GdTiSi, the titanium
states for opposite spins are similar (see Figure 5b). In the GdMn0.2 Ti0.8 Si compound (see
Figure 7e), the minority spin states of titanium below EF begin to be partially replaced by
the manganese states.
For all considered compounds, the values of the total densities of electronic states at EF
are presented in Table 2. In GdMnSi, these values are lower, since Mn 3d states are highly
polarized, as a result of which the minority states are almost completely filled, and EF
passes through a pseudogap in the minority spin. On the contrary, in GdTiSi the Ti 3d states
are unpolarized and give a much higher density of states at EF . An increase in the density
of electronic states at EF for the majority spin of more than 50% is observed. Intermediate
compositions are characterized by an increase in the density of electronic states at EF for the
minority spin with an increase in the titanium concentration. The smallest value is found in
GdMn0.5 Ti0.5 Si, which is associated with the same contribution from the Ti and Mn states to
EF . The high Curie temperatures of the intermetallic compounds GdTiSi and GdMnSi and
the high values of the electron density of states at EF for intermediate compositions suggest
that alloys of the intermediate composition GdMn1-x Tix Si will have similar properties.
Table 1 above shows the values of the total and partial magnetic moments of all ions
in the Ti-doped GdMnSi compound. The magnetic moment of the gadolinium ion remains
practically unchanged. The silicon magnetic moment remains close to zero (see the last
column of Table 1). The total magnetic moment of 4.86 µB in GdMnSi is in excellent agreement with the data for a low-temperature saturation magnetization of 5 µB in GdMnSi [16].
With an increase in the titanium concentration, a decrease in the magnetic moment in the
Mn and Ti sublattices is observed, since the magnetic Mn ions are replaced by nonmagnetic
Ti ions. The total magnetic moment of GdTiSi is increased by more than 60% compared
with GdMnSi. Close values of the magnetic moments of manganese ions in the range of
3.3–3.6 µB were experimentally determined in the compounds GdMnGa and GdMnGe [12].
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Table 2. The values of the total and partial spin densities of electronic states at the Fermi energy in
GdMn1-x Tix Si for x = 0–1.
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time, the
value of the magnetic moment of Gd in GdMn1-xTixSi practically does not change. At the
same time, in almost all GdMn1-xTixSi compositions, an increase in the total density of
electronic states at the Fermi energy was found in comparison with the extreme
compounds, which may indicate a significant change in the transport properties of
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moment of Gd in GdMn1-x Tix Si practically does not change. At the same time, in almost
all GdMn1-x Tix Si compositions, an increase in the total density of electronic states at the
Fermi energy was found in comparison with the extreme compounds, which may indicate
a significant change in the transport properties of intermetallic compounds. Together with
the expected high Curie temperatures, the revealed changes in the magnetic characteristics
and electronic structure make the GdMn1-x Tix Si intermetallic system promising for use in
practical applications, e.g., for ferromagnetic layers in multilayer structures for spin and
microelectronics [29].
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