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In this paper, the structural, electronic and magnetic properties of the GdSn3, CmSn3 and Gd,Cmj_,Sn3
compounds (x = 0.25, 0.5 and 0.75) were studied using the full-potential linearized augmented plane wave
method, within the generalized gradient approximation+U. The ground-state properties are determined for the
bulk materials GdSn3, CmSn3 and GdxCm1_, Sn3 crystallized in AuCu3z-type structure. The calculated structural,
electronic and magnetic properties of GdSn3 compound are in good agreement with the existing experimental
and theoretical data. It is found that the most stable magnetic configurations of both compounds CmSn3 and
GdSnj are anti-ferromagnetic type A (AFM-A) and have a metallic behavior. The magnetic moment found de-
creases with increasing the Cm composition in GdxCmj_,.Sn3 compounds. The results show that the GdSn3,
CmSn3 and GdxCmj_,.Sn3 compounds share some properties, and may well be useful for spintronic applica-
tions.
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1. Introduction

In the last few years, rare earth intermetallic compounds and their alloys have attracted a great
deal of attention being among the most important material systems used in many fields, including
optoelectronic, electronic and magnetic applications [1H6]. These materials are usually found in several
electronic products (cell phones, laptops, cameras, plasma screen TVs, solar panels...) because of their
magnetic properties [/]]. These materials have many interesting technological applications such as high-
density magnetic recording and magnetic refrigeration. The intermetallic compounds based on rare
earth and transition metals, show many interesting properties. Among their main properties, we find the
presence of different magnetic structures, valence instabilities and magnetic moment formation [8, |9].
The interactions between the “f” states, which are highly correlated and greatly localized in the rare
earth elements, and the “d” states of transition metal atoms have a direct effect on the above-mentioned
properties. The lanthanide and the actinide series transition metals belong to the f-block, where the 4f and
5f states have a direct and prominent effect on the physical properties of both compounds, respectively
[10]. For lanthanide series transition metals, the 4f states are confined deeply in the core and are generally
considered to be localized. Being the electronic wave functions in actinides, they are more extensive than
in lanthanide series transition metals [[L1]].
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Knowledge of the basic properties of the gadolinium tin alloy system (GdSn3) and the curium tin alloy
system (CmSnj3) and their alloys like other materials are of great technological interest. These properties
help us to produce new materials, which are used more in high-tech applications. Due to the importance
of these materials, several scientific researches have been done; e.g., Abraham et al. [[12] have used the
FP-LAPW to study the structural and electronic properties of GdSnjz and YbSnj3 intermetallic compounds.
Shafiq et al. [[13] also used the FP-LAPW to study this rare-earth intermetallic compounds, SmlInz, Eulns,
GdInsz, SmSnj3, EuSnz and GdSnj3. In 2015, Benidris et al. [[14] used the same method (FP-LAPW) based
on both GGA and GGA+U approaches to study the structural and magnetic properties of RESn3 (RE:
rare-earth elements). Abraham et al. reported that the GdSn3 compound is ductile and metallic in nature.
Shafiq et al. reported that the gadolinium tin compound is anisotropic and elastically stable. Among
the results, found by Benidris et al., is the statement that the GdSn3 compound is anti-ferromagnetic of
type A (AFM-A).

As far as we know, there is no scientific research available on the structural, electronic and magnetic
properties of CmSn3 and Gd,Cm;_,Snj3 alloys. In order to make full use of the properties of the bulk
GdSnz and CmSnj3 and their Gd,Cm;_,Sn3 alloys, a theoretical study of the structural, electronic and
magnetic properties is obligatory. For this purpose, we study the ground state properties of GdSnj
and CmSnj3 bulk and of the Gd,Cm;_,Sn3z compounds in AuCus-type structure at zero pressure, using
the FP-LAPW method, within the GGA+U approximation within the density functional theory (DFT).
The WIEN2K code software is used in this study [[15]. The presentation of the paper is as follows: in
section 2, we described the employed method and the details of the calculations; results and discussions
of the structural, electronic and magnetic properties of GdSn3, CmSn3 and Gd,Cm;_,Sn3 compounds
are presented in section 3; finally, conclusions and remarks are made in section 4.

2. Computational method

In this study, the structural, electronic and magnetic properties of the GdSn3, CmSn3 and Gd,,Cm;_,Sn3
compounds are investigated using the FP-LAPW simulation program approach based on the density func-
tional theory; where we have used, as an approximation for the calculation of exchange-correlation energy
functional, the well-known generalized gradient approximation (GGA) [16] and the GGA+U. This sim-
ulation is implemented in the WIEN2k code. In the FP-LAPW calculations, each unit cell is partitioned
into non-overlapping muffin-tin spheres around the atomic sites. Basis functions are expanded in com-
binations of spherical harmonic functions inside the non-overlapping spheres. Core states are treated
within a multi-configuration relativistic Dirac-Fock approach [[17]], while valence states are treated in a
relativistic scalar approach [[18]]. In the interstitial region, a plane wave basis is used and the expansion
is limited with a cut-off parameter, Ryt - Kmax = 9 for all the compounds. Ryt is the minimum radius
(MF) of the sphere in the unit cell; Kpax is the magnitude of the largest K vector used in the plane
wave expansion. The MT radii are adopted to be 2.85, 2.96 and 2.87 Bohr for Gd, Sn, and Cm atoms.
To model Gd,,Cm;_,Sn3, we take the 64-atom Gd,,Cmg_,Snag supercell, which corresponds to 2 X 2 x 2
supercell. Geometry of Gdgy 75Cmg 25513, Gdy.sCmg 5Sn3, and Gdg 25Cmg 75503 compounds are shown
in fiqures[I} However, it may be noted that the addition of Cm elements will necessitate the formation of
a larger supercell, and hence calculations become intensive.

3. Results and discussion

3.1. Magnetic phase stability and equilibrium structural properties

The ground-state structural parameters have been obtained by minimizing the total energy with respect
to the volume, by fitting this total energy versus the volume data on the nonlinear Murnaghan equation
of state [19]. Firstly, we computed the magnetic phase stability of the GdSnz and CmSn3 bulk and
Gd,Cm;_,Sn3 compounds (x = 0.25, 0.5 and 0.75) in their cubic structure, AuCus structure, with the
space group Pm3m (no. 221). We have several possible magnetic configurations that can be established,
comprising four states: (a: FM) Ferromagnetic state, (b: AFM-A state) Anti-Ferromagnetic type A, (c:
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Figure 1. (Colour online) Geometry of Gdg75Cmg 25Sn3, Gdg 50Cmg s50Sn3, and Gdg 25Cmg 75Sn3
compounds.

Figure 2. (Colour online) The possible magnetic configurations of GdSn3 and CmSn3 compounds.

Table 1. Magnetic phase stability as a function of the ective Coulomb interaction of GdSnz, CmSn3,
Gd 75Cmg »5Sn3, Gdy 5Cmg 5Sn3, and Gd) 25Cmy 75Sn3 compounds compared with available experi-
mental and/or theoretical data.

GGA+U U=0 ] U=2 | U=4 | U=6 | U=38 Exp. |  Other |
GdSn; AFM-A || AFM-A | AFM-A | AFM-A | AFM-A | AFM [20] | AFM-A
CmSn; AFM-A || AFM-A | AFM-A | AFM-A | AFM-A

Gdy 75Cmg 25Sn; | AEM-A | AFM-A | AFM-A | AFM-A | AFM-A
Gdy soCmo 50Sn; | AEM-A | AFM-A | AFM-A | AFM-A | AFM-A
Gdy 25Cmg 75Sn; | AEM-A | AFM-A | AFM-A | AFM-A | AFM-A

AFM-C state) Anti-Ferromagnetic type C and (d: AFM-G state) Anti-Ferromagnetic type G, figure[2] In
order to estimate the magnetic phase stability of the GdSns and CmSn3 bulk, we plotted in figure [3| the
total energies as a function of the Hubbard potential using the GGA+U approach, while the ferromagnetic
state is taken as reference. It is very clear from figure [3] that the most stable magnetic configurations of
both compounds GdSn3 and CmSnj3 are anti-ferromagnetic type A (AFM-A). Therefore, we can predict
the most stable magnetic configurations of these compounds: Gdg 75Cmg 25513, Gdg s0Cmg 50Sn3 and
Gdp.25Cmg 75Sn3, which are anti-ferromagnetic type A (AFM-A). In table E[, we listed the magnetic
stability for the investigated of the systems and compared the results with the available experimental and
theoretical data [[14} 20]. This result is in excellent agreement with the experimental and theoretical data
for GdSnj3. To our knowledge, there is no other research for CmSn3, Gdg 75Cmg 25Sn3, Gdg.50Cmg_50Sn3
and Gd.»5Cmg 75Sn3 compounds to make comparison, that is why our results remain purely predictive.
We can assert that the local magnetic 4f moments of the GdSn3 and 5f moments of the CmSn3 are mainly
responsible for their magnetism.

In table |Z[, we summarized the calculated lattice constants, and the bulk module and its pressure
derivative of GdSn3 and CmSn3 compounds together with the available experimental and theoretical
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Figure 3. (Colour online) The magnetic stability as a function of the effective Coulomb interaction of
GdSn3 and CmSn3 compounds using GGA+U approach. The ferromagnetic state is taken as reference.

data. As can be seen, the obtained lattice constant for GdSns is in reasonable agreement with the
theoretical data [[14]], and is 1.47% higher than the experimental value, which ensures the reliability of
the present first-principles computations. For CmSn3, we have no theoretical or experimental data to
make comparison. The calculated lattice parameters of GdSn3 and CmSn3 compounds increase with an
increase of the Hubbard potential. This increase is due to the effect of the GGA approximation and the
repellent effect of the Coulomb potential [21]]. We also notice that the two calculated lattice parameters
of GdSn3 and CmSn3 have almost the same values. It is very clear from table 2] that the calculated bulk
modulus and its pressure derivative for both compounds varies non-linearly with an increasing Hubbard

potential.

Table 2. Calculated structural properties: lattice parameter a and bulk modulus B and its pressure deriva-
tive B’ for of GdSn3 and CmSn3 compounds compared with available experimental and/or theoretical

data.
GGA+U U=0 U=2 U=4 U=6 \ U=8 \
GdSnj3 a Pre. cal. 4.74 4.74 4.74 4.75 4.75
Other cal. | 4.74 [21] 4.74[21]] 4.74 [21]] 475 [21]] | 4.75[21]
4.681 [12]
exp. 4.67 [20] - - - -
B(GPa) Pre. cal. 56.09 57.79 57.13 57.19 57.10
Other cal. | 56.01 [21] | 56.58[21] | 56.98 [21] | 56.82 [21] | 5.72[21]
58.03[12] - - - -
exp. - - - - -
B’ Pre. cal. 4.460 4.326 4.571 4411 4.491
Other cal. | 4.64 [12] - - - -
exp. - - - - -
CmSnj a Pre. cal. 4.73 4.75 4.76 4.77 4.78
Other cal. - - - - -
exp. - - - - -
B(GPa) Pre. cal. 55.83 56.06 56.15 56.35 56.77
Other cal. - - - - -
exp. - - - - -
B’ Pre. cal. 4.445 4.479 4415 4.31 4.38
Other cal. - - - - -
exp. - - - - -
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3.2. Electronic and magnetic properties
3.2.1. Band structure

A good knowledge of electronic band structure in materials provides a valuable information con-
cerning their potential utility in producing multi-electronic devices. In this context, we calculated the
electronic band structure properties of GdSn3 and CmSnj3 in the cubic structure at these equilibrium lat-
tice constants using the GGA+U formalism. GGA+U (U = 4 eV) approximation with and without spin
orbit coupling (SOC) is used to treat the exchange-correlation effects in these systems in their magnetic
phases. The calculated band structures of GdSn3 and CmSn3 compounds using GGA+U (U = 4 eV)
approach with and without the spin orbit (SO) are illustrated in figure 4] a and figure [4] b, respectively.
It is apparent from figure [ a and figure ] b that the GdSn3 and CmSn3 are of a metallic nature. From
figure b, it is very difficult to identify the effect of spin orbit, except for a small shift in energy levels in
the energy band. Calculations yield similar band structures for GdSnz and CmSn3, and this reflects their
similar properties.

3.2.2. Total and partial densities of states

To have a deeper look at the electronic structure, we displayed in figure [5] and in figure [§] the total
and the partial atomic site-decomposed density of states (TDOS and PDOS) for GdSn3 and CmSns,
respectively, in order to analyze the contributions from the different states of Gd, Cm and Sn atoms.
GGA+U (U = 4 eV) approximation with and without the spin orbit (SO) is used to treat the exchange-
correlation effects in these systems in their magnetic phases. At the beginning, we have observed that
GdSn3z and CmSnj3 exhibit a metallic behavior. The calculations of the total and partial density of states
of GdSn3 and CmSn3 compounds using GGA+U (U = 4 eV) approach without spin orbit (SO) are
illustrated in figure 5] a and figure [3] b, respectively. We should emphasize that there are two distinct
structures in the density of electronic states. The first structure (from —9.97 to —5.40 eV) in the lower-
lying energy side of the DOS for CmSnj3 consists of one important peak centered at around —7.38 eV,

Gdsa [/ [ Jn 7 RV EX i (@) [cmsa,f 0T
3 \ i\ 4 L GGA+L N 4 !

Energy (eV)
o

Energy (eV)
)
T

Figure 4. (Colour online) The calculated band structures of GdSnz and CmSn3 using GGA+U approach
with and without spin-orbit coupling.
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where this peak is due to Cm 5f states and with a small contribution from Sn 5s states. For GdSns,
we notice a simple peak, centered at around —8.07 eV, in the first structure (from —9.59 to —4.91 eV),
where this peak is due to Gd 4f states. The second structure [from —4.45 to 10 eV for CmSn3 and from
—3.95 to 10 eV for GdSn3] shows a great resemblance in the distribution of electrons in this region for
both compounds, and consists of a strong peak above the Fermi level centered at around 1.34 eV and
2.37 eV for GdSn3 and CmSns3, respectively. This peak is due to “f” states. We observed that GdSn3
and CmSn;3 exhibit an intra-band gap in the region between —4.91 ¢V and —3.95 eV and between —5.40
eV and —4.45 eV, with widths of 0.96 eV and 0.95 eV, respectively. On the other hand, figure |§| a and
figure [5] b, respectively, show the total and partial density of states of GdSn3 and CmSn3 compounds
using GGA+U (U = 4 eV) approach with spin orbit (SO). Considering the spin orbit effect, using the
GGA+U + SO approach, some changes are seen in the lower-lying energy side of the DOS. We notice
the appearance of other peaks, where these peaks are due to “f” states of lanthanide and actinide atoms
in GdSn3 and CmSn3, respectively. - In order to estimate the effect of Cm incorporation into GdSnj3,
wepbﬂaﬁnﬁgmeﬂﬂwtmmandmepmﬁmdmmﬂyonM%(TDOSandPDOS)&erQnCmQ%Sna
Gdp.s0Cmg 50Sn3 and Gdy.25Cmg 75Sn3, respectively, so that we can analyze the contributions of the
different states of Gd, Cm and Sn atoms. GGA+U (U = 4 eV) approximation without spin orbit (SO) is
used to treat the exchange-correlation effects in these systems in their magnetic phases. We also observed
that Gdg 75Cmg »5Sn3, Gdg_50Cmg 50Sn3 and Gdg »5Cmg 75Sn3 exhibit a metallic behavior as GdSn3 and
CmSn3, determined by the Gd-d, Sn-p, and Sn-s hybrid states that cross the Fermi level. We notice that
the incorporation of Cm atoms makes the appearance of two new peaks: the first below the Fermi level
centered at around —6.25 €V, and the second above the Fermi level centered at around 3.5 €V. However,
those peaks intensities are seen to be increasing with an increase of Cm composition. The presence of “f”
states of Cm atoms at —6 eV is important and strongly localized, indicating their important contribution
to the magnetic moment of Cm atoms. The different “f”” occupancies (4f for Gd and 5f for Cm) result in
different magnetic properties of these compounds. These different “f”” occupancies are clearly observed
in the valence electronic structure. The interactions between the “f” states [Gd (4f ) and Cm (5f)], being
highly correlated and highly localized, and the “d” states of Sn have a direct effect on the previous
properties. We point out that the “d” states contribute to the chemical bonding.
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Figure 5. (Colour online) Total and partial densities of states of GdSn3z and CmSn3 using GGA+U
approach without spin-orbit coupling.
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3.2.3. Charge densities and magnetic properties

The ionic and/or the covalent character of any compound can be related to the charge transfer between
the cationic and the anionic sites; for this reason, we calculated the total electron density of our systems
GdSn3 and CmSnj3 in the (110) plane containing Gd, Cm and Sn atoms as shown in figure 8] GGA+U
(U = 4 eV) approximation without spin orbit coupling (SO) is used to treat the exchange-correlation
effects in these systems. We observed that covalent character is predominant in the chemical bond
established between Sn and Gd. The binding in CmSnj is partially covalent and ionic, since the charge
density is polarized toward the Sn. These may be due to the (Pauling’s) electronegativity differences
between Gd and Sn atoms (yGd— ySn = 0.56), on the one hand, and Cm and Sn atoms (yCm— ySn =
0.66), on the other hand. The charge transfer corresponding to the covalent character of GdSn3 is similar
to that found in other researches regarding the RESn3 compounds.

The magnetic moment per atom of GdSn3 and CmSn3 compounds is shown in figure [0} It is very
clear from figure [9] that the magnetic moments increase with an increasing Hubbard potential. The
calculated magnetic moments for GdSns are underestimated compared with experimental data, but
are in good agreement with the other theoretical data. The magnetic moments for Gdg.75Cmg 25Sns,
Gdp.5s0Cmyg 50Sn3 and Gdg.25Cmyg 75Sn3 compounds calculated with GGA+U (U = 4 eV) approximation
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Figure 6. (Colour online) Total and partial densities of states of GdSn3 using GGA+U approach with
spin-orbit coupling.
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Figure 8. (Colour online) Contour plots of the valence charge distribution in the plane (110) of GdSn3
and CmSn3 compounds using GGA+U approach.
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Figure 9. (Colour online) Magnetic moments per atom as a function of the effective Coulomb interaction
of GdSn3z and CmSn3 compounds using GGA+U approach.

are 6.941,6.940 and 6.940 up, respectively. We notice that the magnetic moment decreases with increasing
the Cm composition. To our knowledge, there are not available experimental or theoretical results for the

magnetic moment for the studied compounds to be compared to our theoretical results; therefore, our
study can serve as a prediction for future investigations.

4. Conclusion

The structural, electronic and magnetic properties of the GdSn3, CmSn3; and Gd,Cm;_,Sn3 com-
pounds are investigated using the FP-LAPW simulation program approach based on the density functional
theory, where we have used, as an approximation for the calculation of exchange-correlation energy func-
tional, the well-known generalized gradient approximation GGA and the GGA+U. From the results
calculated, it is first shown that the most stable magnetic configurations of these compounds are anti-
ferromagnetic type-A (AFM-A). The lattice constant for GdSn;3 is in reasonable agreement with the
theoretical data, and is 1.47% higher than the experimental value. The lattice parameters of GdSn3 and
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CmSn3 compounds increase with increase Hubbard potential, and their bulk modulus and its pressure
derivative vary non-linearly with an increasing Hubbard potential. The band structures with and without
spin orbit coupling of both compounds consistently show a metallic nature. On the whole, the GdSn3
and CmSn compounds and their alloys show many interesting properties, including many similarities
such as the presence of magnetic structures. Finally, one can point out that these compounds are of great
importance and might be useful for the design of magnetic devices, frequently in high-tech applications.
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MepwoNPUHLNNHI A0CAIAKEHHS CTPYKTYPHUX, €N1eKTPOHHUX i
MarHiTHUX BRacTmeocTten cnoayk Xsnsz (X = Gd, Cm) i

M. AAHaI—FD, . ,D,xy,qu, M. Mapa6em, M.Eymapeq)m, o. ,D,axman—P‘, C. EeHanbﬂm,
M. Moxtapi 22, 2. PawweT

L JNlabopaTopist MarHiTHMX MaTepianis, YHiBepcuteT [xinnani fliabe ge Ciai benb-A6bec, Amxup
2 IHCTUTYT NPUPOAHMYMNX HayK | TEXHONOTIN, YHiBepcUTeTCbKMIA LeHTp M. TiccemcinT, 38000 TiccemcinT, Anmxmp
3 OpaHCbKUiA IHCTUTYT NPUPOAHNYMX HayK | TexHonoril iM. Moxamega byanada, 31000 OpaH, Amxup

Y cTaTTi AOCAIAXKYHOTLCA CTPYKTYPHI, €1eKTPOHHI i MarHiTHI BnactnsocTi cnonyk GdSnz, CmSn3 i GdxCmy_,Sn3
(x = 0.25, 0.5 0.75) 3 gonomMoroto NOBHO-NOTEHLiaIbHOFO MeTOAY NPUEAHAHUX NAOCKUX XBUb, Y paMKax
y3arajlbHeHOro rpagieHTHoOro HabanxeHHs+U. BnacTnBOCTi 0CHOBHOTO CTaHy BM3HaYeHO A1 06'€MHUX CoyK
GdSn3, CmSn3 i GdyCmy_,Sn3, KpucTanizoBaHnx y cTpykTypy Trny AuCuz. O6uncieHi CTPYKTYpHi, eNeKTpOoHHi
Ta MarHiTHi BnactmeocTi cnonyk GASn3 Aobpe y3rofxytoTbCs 3 iCHYHOUUMY eKCnepyMeHTalbHUMN | TeopeTy-
YHUMU AaHVMW. BcTaHOBNEHO, LU0 HACTIlKiLWi MarHiTHI KoH$irypadii 06ox cnonyk CmSn3 i GdSn3 € aHTudepo-
MarHiTHoro Tuny A (AFM-A) i nposaBaAoTb MeTaniuHy noseAiHKy. OTPMMaHWI MarHiTHUIA MOMEHT 3MeHLLYETLCA
3i 36inbWweHHAM cknagy Cm y cnonykax GdxCmi_,Sn3. PesynbTaTv nokasytoTb, Lo cnoaykm GdSnz, CmSn3 i
GdxCm1_,Sn3 MatoTb AesKi CRifbHI BAGCTUBOCTI i MOXYTb 6YTW AyXe KOPUCHUMU Y 3aCTOCYBaHHSX.

KntouvoBi cnoBa: nepLuonpyuHUYnnHi JOCAIAKEHHS, iHTepMeTanidHi crionyku, CTPYKTYpHI BAaCTUBOCTI,
e/1eKTPOHHI BAacTUBOCTI, MarHiTHi BAaCTUBOCTI
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