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In this work, the electronic structure and magnetic properties of GdNiSi have been investigated within the
framework of theoretical DFT + U method. The antiferromagnetic ordering of the Gd moments was obtained
as the ground state, whereas Ni and Si have negligible magnetic moments. An antiferromagnetic-to-ferro-
magnetic transition was found when GdNiSi is doped with Al in our theoretical calculations. The antiferro-
magnetic-to-ferromagnetic transition takes place in the Gd sublattice, the magnetic moments at the Gd ions
remain the same but the type of magnetic ordering changes. It was found that even at concentrations as low
as x = 0.1, the ferromagnetic ordering in the Gd sublattice is more favorable in total energy as the ground
state which can be ascribed to the shortening of Gd—Gd distances and the oscillating behavior of the Ruder-
man—Kittel—Kasuya—Yosida interaction in the Al-doped compositions. The electronic structure demon-
strates significant changes in the vicinity of the localized Gd 4f'states that confirms the presence of the anti-
ferromagnetic-to-ferromagnetic transition using our theoretical results for Al x > 0.1 in good agreement with

the previous experimental magnetic results.

DOI: 10.1134/S50021364024600757

In recent years, interest in ternary intermetallics
RTX based on rare earth metals has increased signifi-
cantly. RTX compounds are composed of R is a rare-
earth metal and T, X are different d or p elements [1].
This is due to the presence of many interesting proper-
ties, such as: giant and large magnetocaloric effect
(MCE) and magnetoresistance (MR), metamagnetic
transitions, magneto-structural coupling, spin glass
state, heavy fermion behavior, superconductivity [2—
4]. This is accompanied by the structural diversity of
this group [5, 6]. There are many RTX compounds
with magnetic ordering temperatures above room
temperature and reaching 510 K [2]. One of the inter-
esting and well-studied compounds of this class is
HoNiAl. This ternary compound was found to have
two phase transitions [7], the doping of HoNiAl with
copper is also interesting. HoNi, ¢Cu,,;Al shows two
phase transitions near 5.7 and 11.8 K, which are
explained by the coexistence of ferromagnetic (FM)
and antiferromagnetic (AFM) ordering components,
and shows a “table-like” change in magnetic entropy
with small field changes, with a large refrigerant
capacity and without loss of hysteresis [8]. And when
the copper concentration is greater than 0.8, the mag-
netic ordering changes from AFM to FM with a possi-
ble cause being the AFM magnetic component reori-

entation [9]. In ErNiSi, a high value of magnetoca-
loric effect and MR were found at temperatures up to
20 K [10, 11]. HoNiSi undergoes an AFM—FM tran-
sition under the influence of magnetic field, and dis-
plays a giant reversible magnetocaloric effect at a rela-
tively low field [12, 13]. An AFM-—paramagnetic
(PM) transition was observed in HoNiGa near Néel
temperature 10 K or under the influence of a field and
with large MCE and perfect reversibility [14].

Among other ternary RTX compounds, gadolin-
ium-based compounds GdTX are of particular interest
not only due to the magnetocaloric properties charac-
teristic of this group, but also due to the variety of pos-
sible structures and magnetic properties [15, 16].
Experimentally and theoretically, it was found that
doping most GdTX compounds can improve their
magnetic and other properties [1, 17]. Thus, Curie
temperature can vary in a wide range from 20 to 98 K
in the Gd, _ ,Ho,Niln compounds, and also achieve
high refrigerant capacity (RC) with the highest value
of 443 J/kg [18]. This compound also exhibits a para-
FM phase transition at low temperatures 5 and 20 K.
In addition to the transitions caused by temperature or
external field, there are also those that depend on
changes in composition. It was recently discovered in
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Table 1. Crystal structure parameters in angstroms, cell volume in cubic angstroms, and interatomic distances d in A for the
GdNiSi; _ Al (x = 0—0.3) compositions for the structural data [21]

Composition/characteristics GdNiSi GdNiSij gAly GdNiSij gAly 5 GdNiSig ;Aly 3
a,A 6.9934 6.9682 6.9512 7.0267
b,A 4.1809 4.2030 4.2068 4.2695
c, A 7.2224 7.1968 7.1890 7.2894
Cell volume, A3 211.1739 210.7755 210.2233 218.6859
d(Gd1-Gd2) vy, A 3.57 3.56 3.53 3.59
d(Gd2—Gd2) yyn» A 4.82 4.79 4.72 4.89
d(Gd1-Gd2) yyn» A 5.44 5.42 5.37 5.41
d(Gd1-Gd1) yyy, A 7.84 7.81 7.77 7.78
d(Ni—Ni) vy , A 4.30 4.31 4.26 4.24
d(Si—Si) vy, A 4.08 4.07 4.13 4.14

GdFe, _ Ni,Si [19] that for x > 0.3, an AFM ordering
becomes energetically preferable rather than FM, as at
the lower concentrations of Ni and in pure GdFeSi.
Another composition-induced magnetic transition
was proposed in GdMn, _ ,TiSi for x = 0-1 [20].
Recently, the Al-doped GdNiSi, _,Al, system was first
synthesized and experimentally studied in order to
improve its magnetocaloric properties, it was found to
almost double the values of the relative cooling power
for x = 0.2 [21]. It was reported that an increase in the
aluminum concentration leads to a transition from an
AFM to FM ordering because GdNiAl possesses a
hexagonal ZrNiAl-type structure and FM ground
state [21]. No such magnetic transitions were found in,
e.g., GdFeAl, _ Si, [16]. Some RNiSi compounds are
reported to have giant or large MCE [2, 10, 12, 13],
then doping with p elements might be a mechanism for
boosting MCE to the higher values. In our work, we
performed theoretical calculations of the electronic
structure and magnetic properties for the modelled
GdNiSi, _,Al, compositions for x = 0—0.3 to advance
understanding of the electronic structure and changes
of the magnetic orderings.

The electronic structure, magnetic moments and
types of magnetic orderings were investigated using
the DFT + Umethod in Quantum ESPRESSO pack-
age [22, 23] for exchange-correlation functional as
generalized gradient approximation (GGA-PBE)
[24]. For convergence, 60 Ry was taken as an energy
cutoff for plane waves. A grid of 12 X 12 X 12 k-points
was set in reciprocal space. Projected augmented wave
dataset for Gd [25] and standard PAW pseudo-poten-
tials of the other elements were chosen from library of
Quantum ESPRESSO [26]. Strong electron correla-
tions in the Gd 4 f shell were taken into account in the
GGA + U approach for the Coulomb parameter as
6.7 eV and Hund parameter as 0.7 eV, the same values
as usually used in different Gd non-oxide compounds

[1, 3, 19, 20]. Structural data for our calculations were
taken from [21], which are close to GdNiSi from [27],
for a supercell of GANiSi with 4 formula units. GANiSi
crystallizes into orthorhombic structure Pnma, space
group (SG) no. 62 [21], this structure was also used for
our calculations of the Al-doped compounds.

Our calculations were made for the experimental
crystal structure parameters for three Al concentra-
tions of 10, 20, and 30% [21]. However, the supercell
with 12 atoms, i.e., nominal 25% was modelled for the
experimental crystal structure parameters of all com-
positions. Table 1 shows the crystal structure parame-
ters, cell volumes and the distances between atoms,
both the nearest neighbors and the next nearest neigh-
bors, based on structural data for all compounds under
consideration. Also, experimental atomic coordinates
from [21] for different Al concentrations of 10, 20, and
30% were used in our calculations, not shown in
Table 1. It can be seen that the cell volume decreases
with the addition of aluminum, except for an increase
in GdNiSi, ;Al ; is most likely due to the presence of
another impurity phase that is strongly manifested in
the higher Al content alloys [21], therefore these
results may not correspond to the general trend. The
distances between the nearest gadolinium atoms grad-
ually decrease when modeling an increase in the con-
centration of aluminum in the system.

The densities of states NV for GdNiSi are plotted in
Figs. 1a, 1b for two spin projections (majority and
minority). The Fermi energy is drawn as a vertical
dashed orange line at zero energy (Figs. la, 1b). The
total DOS and the 4f states of two types of the Gd
ions forming the AFM ordering in GdNiSi are in
Fig. 1a. These states indicated as Gd1 in red and Gd2
in green and their most intense peaks are in the energy
ranges from —8 to —7 eV in the valence band and
from 4.5 to 5.5 eV in the conduction band, symmetri-
cally for both spin projections. Below the Fermi level,
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Fig. 1. (Color online) Total (a) and partial (b) densities of electronic states of GdNiSi; the crystal structure (c) of GdNiSi with
the AFM ordering. Gd1 atoms are shown in red, Gd2 in green, Ni in orange, Si in magenta.

from —3 to 0 eV, there are highly intense, symmetrical
peaks of the 3d states of nickel, indicated in orange.
The contribution to the Fermi-level states is almost
equally distributed between the 3d states of nickel and
the 3p states of silicon. The crystal structure of
GdNiSi in a supercell comprising 12 atoms, which was
used for our calculations, is presented in Fig. 1¢ with
the same colors as in Figs. 1a, 1b. The crystal structure
is represented by an orthorhombic structure of the
TiNiSi-type SG no. 62. Figure 1 clearly shows the rel-
ative arrangement of the antiferromagnetically
ordered gadolinium atoms.

The electronic structure of GdNiSi, _,Al, for

x = 0.25 is plotted in Fig. 2. In comparison with the
pure GdNiSi (Fig. 1), it has only 2 pronounced highly
polarized peaks of gadolinium (red) states in Fig. 2a
due to the Gd FM ordering and one type of the Gd
ions. The gadolinium peaks are located in the same
energy ranges as in Fig. 1a, but they are present in dif-
ferent spin projections for the occupied and empty 4 f
states. Figure 2b shows the states of nickel and p ele-
ments. As in GdNiSi, the nickel 3d states are repre-
sented by almost symmetrical peaks below the Fermi
level. The 3p states of silicon and aluminum have low
intensity peaks and are represented by a widely distrib-
uted band of states from —5 eV and above.

Also, in Fig. 2b one can see a slight decrease in the
intensity of nickel states associated with the appear-
ance of aluminum in the composition. The states of
aluminum themselves are represented by the lowest
intensity among all in this figure, almost evenly dis-
tributed over the entire energy range. To take doping
into account, one silicon atom was replaced by alumi-
num in all compounds, as shown in Fig. 2c of the crys-
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tal structure parameters of GdNiSi, ;Al, ;. Also, from
this figure one can see the similarity of all gadolinium
atoms and the absence of AFM ordering, respectively.

In our self-consistent DFT + U calculations, the
theoretical total magnetic moment of GdNiSi, _ Al
was found to be solely formed by the Gd ion, and Ni,
Si, Al are either non-magnetic or have very small mag-
netic moments, see Table 2. Changing the doping
parameters has little effect on the magnetic moments,
and the total magnetic moment of all FM compounds
does not change. The DFT + U calculations con-
firmed that the pure intermetallic GdANiSi compound
has an AFM state in the Gd sublattice as its ground
state. The ordering of the Gd moments being aligned
antiferromagnetically oriented between nearby atoms,
which corresponds to G-type AFM. This type of AFM
is more stable in GdNiSi than the ferromagnetic one
with the differences in total energy equal to
1.03 meV/f.u., see Table 2. For the total energy differ-

ences, the estimated self-consistent accuracy AE,.,
which is provided in Quantum Espresso program
for each total energy value as an estimate of the total
energy error and is modified to account for magnetic
calculations and U correction, was included in

Table 2.

Doping of GdNiSi even with small amounts of Al
dramatically changes the magnetic ordering type. It
was found that, starting with the modelled
GdNiSi, 4Aly; compound, the most energy-favorable
ordering in the Gd sublattice becomes FM. We
checked different types of the AFM orderings of the
Gd moments. Data on the differences in energy
between the FM and G-type AFM states, which was
the most favorable among all other types, as well as lat-
tice volumes for all studied compounds are presented
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Fig. 2. (Color online) Total (a) and partial (b) densities of electronic states of modelled GdNiSij, 75Al ,5; the crystal structure
(c) of GdNiSij 75Alj 55 with the FM ordering. Gd atoms are shown in red, Ni in orange, Si in magenta, Al in cyan.

in Tables 1 and 2. The ferromagnetic state remains the
most stable in total energy in all modelled Al-doped
compounds, see Tables 2 and 3. The energy difference
in these cases ranges from 2.32 (GdNiSi,-Al,;) to
4.02 (GdNiSij gAly,) meV/f.u. From Fig. 3, one can
estimate the transition point for the Al concentration
x equal to 0.024, i.e., 2.4% Al, which is very close to
x = 0. All calculated energy differences are above the
estimated self-consistent accuracy in the calculations,
see Table 2. Such energy differences are characteristic
for the Gd intermetallic compounds, e.g., for GdFeSi,
the FM-AFM energy difference was calculated as 43 K
(3.7 meV) in [28] or 7.9 meV [29]. Nevertheless, for
gadolinium metal this energy difference was calcu-
lated as high as 30.935 meV/Gd [30] that is expected
for the stable FM ordering.

As a result of replacing a small part of silicon atoms
with aluminum, see Table 1, there is a decrease in
the distances between Gd atoms and the lattice vol-
ume as a whole. The decrease of the Gd—Gd distance
can be clearly traced for the next-nearest neighbors

d(Gd1-Gd2) yyy and d(Gd1-Gdl),,,y for all x =
0—0.3 structural data. However, for the nearest neigh-

bors d(Gd1-Gd2),, and the next-nearest neighbors
d(Gd2—Gd2) yyy are decreasing for x = 0—0.2, then

grows for x = 0.3 which we discuss below. The
changes of the Gd—Gd distances are accompanied by
with exchange coupling changes. As it is well known,
the Ruderman—Kittel—Kasuya—Yosida (RKKY)
interaction oscillates with the distance [31] and domi-
nates the exchange coupling between the Gd—Gd ions
[32, 33]. Then it can govern a transition from AFM to
FM ordering for the Al-doped compounds, but the

Table 2. Total energy difference AE = |Ery — Eapm| in meV/fou. relative to the lowest type of magnetic ordering of the
Gd moments, estimated self-consistent accuracy AE,.. of AE, total and partial magnetic moments M for the modelled

GdNiSi, _ Al (x = 0—0.3) compositions

Composition/Characteristics GdNiSi GdNiSij gAly | GdNiSi gAl) » GdNiSi, ;Al 3
AE (AFM), meV/fu. 0 3.26 4.02 2.32
AE (FM), meV/f.u. 1.03 0 0 0
AE,.., meV/fu. 0.003 0.002 0.003 0.002
MGa1/Gaz»> UB -7.07/7.07 7.07 7.07 7.08
Myii/Nin> Up —-0.01/0.01 —0.03 —0.03 —0.04
Mgi/als Mg 0 —-0.01/0.02 —-0.01/0.02 —-0.01/0.02
Mo > Up 0 7.03 7.03 7.03
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Fig. 3. (Color online) Total energy difference AE from
Table 2 relative to the Al compositionx =0, 0.1, 0.2, 0.3 for
GdNiSi; _ Al,.

presence of Al is also significant for the FM formation,
asat x = 0.3, the FM ordering is preserved despite the
increase of some Gd—Gd distances. The short Gd—
Gd distances were previously found in the other FM
Gd-based ternary compounds, for example, in
GdRuSi [20]. Also, from Table 1, one can see that in
the GdNiSi,,Al;; composition the lattice volume
increases by 3.7% compared to GdNiSi. This result
might be caused by an impurity phase, which is sup-
ported by a rapid cell volume increase and affected the
results of experimental measurements for the higher Al
content [21] but require additional experimental stud-
ies including neutron diffraction.

Thus, in our work, the magnetic properties and
electronic structure of GdNiSi, _ ,Al, were modeled
theoretically for the experimental crystal structure
parameters for the Al content equal to 10, 20, and
30%. In the calculations, strong electron correlations
of Gd 4f were taken into account within GGA + U.
The AFM—FM transition was estimated for the Al-
concentration as low as x = 0.024 within the range
x = 0-0.1. It occurs in the Gd sublattice with the
same values of Gd moments in good agreement with
the previous experimental magnetic results. The AFM
ordering in GdNiSi is more energetically favorable,
while in GdNiSi, _ ,Al, the FM ordering is found as
the ground state which can be due to the presence of
Al and shortening of the Gd—Gd distances. The local-
ized Gd 4f electronic states are also modified in the
AFM—FM transition for Al x > 0.1. The concentra-
tion-driven magnetic transition is promising for the
Gd-based compounds and will motivate further
research. Therefore, further study of their properties
may be useful for various environmentally sustainable
applications.
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