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M-doped CoSbs and related compound thin films (M = Sc, Ti, V, and Mn) have been calculated in
order to investigate their electronic and magnetic properties by using the total energy calculation method.
All calculated thin films are free-standing in the supercell and their internal structures are fully relaxed. A
vacuum region and slab as a thin film were periodically repeated in the supercell. We considered symmetric
and unusual slab structures. Various dopants (Sc, Ti, V, and Mn) are considered in order to search novel
electronic and magnetic properties and to compare them with each other. We have found various magnetic
properties. Although V and Mn dopants have large magnetic moments, those of Sc and Ti dopants are
quite small with the exception of one Ti doped case. One of the magnetic states in the Ti-doped unusual
thin films is antiferromagnetic. As a result of calculations, total magnetic moments of thin films and the
magnetic moment of Mn dopant are enhanced in the unusual thin film case. Most thin films calculated
in the present work have ferromagnetic properties. The total energies of the ferromagnetic thin films are
lower than those of the nonmagnetic thin films with the exception of Sc- and Ti-doped cases. The magnetic

properties generated by the dopants depend on their atomic kinds and positions.
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1. Introduction

CoSbs (bulk) is a famous skutterudite compound and its thin films have been investi-
gated both theoretically and experimentally.' ') Bulk CoSbs (Im3 crystal symmetry) is
a semiconductor and its magnetic property is nonmagnetic. In the previous work, Si- and
Te-doped CoSbs (skutterudite) compounds under high pressure? and Cr-doped CoSbs
thin films'? have been extensively investigated in detail. In addition to above studies, a
large number of experimental and theoretical studies'? 37 of CoSbs bulk and thin films
have been devoted to elucidate and control their electronic properties. CoSbs thin films

have been studied for potential and useful thermoelectric materials. 3 15> 19728,30733,36)

Furthermore, the electronic states of CoSby thin films!? 28 3033,36)

are nonmagnetic.
Therefore, there is a general lack of studies on magnetic CoSbs thin films.

We focus on the CoSbs thin films with transition metal dopants in this work. A thin
film is one of the typical nanostructures. It is expected to realize novel electronic and
magnetic properties of transition metal atom doped CoSbjs thin films to enhance the
thermoelectric properties. M-doped CoSbs and related compound thin films (M = Sc, Ti,
V, and Mn) have been considered and their electronic, lattice, and magnetic properties
were obtained and investigated vigorously in this work. Previously, we have already
studied the magnetic properties of Cr-doped CoSbs thin films.'® The purpose of this
work is to find the new and novel feature of electronic and magnetic properties of CoSbs
thin films with dopants (Sc, Ti, V, and Mn). These dopants (Sc, Ti, V, Cr,'® and Mn)
have been investigated systematically owing to the various numbers of valence electrons
as Sc (3d'4s%), Ti (3d?4s%), V (3d45?), Cr'? (3d°4s'), and Mn (3d°45?) to compare their
electronic and magnetic properties with each other. We have found various magnetic
properties and they are expected to control and tune the electronic properties around
the Fermi level. This will lead to enhancing the thermoelectric properties.®®)

We considered two slab structures as symmetric and unusual in this work. They
have been used in the previous work.!?) Total magnetic moments of the “unusual” slab
structures are remarkably enhanced. This trend is consistent with the previous results. ')

39743) for magnetic properties of most thin films have

An analysis of Stoner’s criterion
been investigated in this work. The total and partial densities of states (TDOSs and
PDOSs) at the Fermi level in the nonmagnetic states are fairly important to analyze

the stability of magnetic properties using Stoner’s criterion.



2. Calculation Method
Our code*® %) was used in this work. It is the electronic structure calculation code using

the optimized pseudopotential,®6-47)

which is based on the local density approximation
(LDA) in density functional (DF) theory.*®4) The exchange-correlation formula by
Perdew and Zunger®®") was considered. Pseudopotentials*®*?) of Sc, Ti, V, Mn, Co,
and Sb were used. Their nonlocal parts were tuned into Kleinman-Bylander separable

%) were considered in Sc, Ti,

forms®? without ghost bands. Nonlinear core corrections
V, and Mn pseudopotentials. The wave functions were expanded in plane waves and the
cutoff energy for them was set at 81 Ry. The number of k-points for sampling (Ny) was
16 (= 4x4x1) in the whole Brillouin zone. The magnetic moments were obtained from
the electron density differences between majority and minority spin states. The TDOSs

%) We have assumed

and PDOSs were obtained from the electronic band structures.
a periodically repeated slab model, where slab and vacuum regions were periodically
repeated and the slab is free-standing in the supercell. The internal atoms in the slab

55,56) These repeated slabs correspond to

were governed by Hellmann-Feynman forces.
thin films and their internal atoms were structurally optimized where the maximum
force acting on each atom is less than 2.0 x 10~® Ry/Bohr.

We considered two slab structures in the present work. One is constructed from
the crystal structure of bulk skutterudite. The calculated equilibrium lattice constant
of bulk CoSbs (skutterudite) are 8.953 A (9.036 A[Experiment]®) and the number of
atoms in the primitive unit cell is 16. This slab consists of the cubic unit cell (= 2
primitive unit cells) and one Sb layer (= 4 atoms) and its number of atoms is 36 (see
Fig. 1 (a)). Its composition is Co7M;Sbeg (M-doped atoms as M = Sc, Ti, V, and Mn)
and slab structure is symmetric. The other which corresponds to the related compound
was constructed accidentally in the process of constructing the CoSby slab.'?) Its com-
position as Coz M;Sbsy (M-doped atoms as M = Sc, Ti, V, and Mn) was considered. Its
slab structure is asymmetric and unusual and its atom number in the supercell is 32.
Figures 1 (a) and (b) show above two slab structures without dopants in the supercell
where some atoms are duplicated due to periodicity in depicting the slab structures
hereafter. Co atoms are numbered as shown in Figs. 1 (a) and (b). The M-doped site
corresponds to that of the Co atom (“1”). We denote Co atom (“1”) as Co (1), Co atom
(“27) as Co (2), etc. hereafter. These symmetric and unusual slab structures are the

same as previous work.'” We denote these slabs as M-doped CoSbs (symmetric) and



M-doped CoSbs (unusual) (M = Sc, Ti, V, and Mn) hereafter. Cutoff energy, number

of k-points, and number of atoms are listed in Table I.

3. Results and Discussion

3.1 Stability

We calculated nonmagnetic (NM) and ferromagnetic (FM) cases where T = 0 K in
the DFT-LDA calculation. Slab structures in the supercell are fully relaxed. Figures
2 and 3 are bird’s eye views of Sc-doped and Ti-doped CoSb; (unusual) thin films in
nonmagnetic and ferromagnetic states, respectively. Those of Sc- and Ti-doped CoSbs
(symmetric) thin films in nonmagnetic and ferromagnetic states are shown in Fig. 4.
The total energy differences (AFEwy_num) and average atomic position differences per
atom (ADpy_nm) between the nonmagnetic and ferromagnetic cases are listed in Ta-
ble I. Their total magnetic moments are also shown in Table I. A Fpy_nv values of
CoSbs (symmetric),'?) Sc-doped CoSbs (symmetric), and Ti-doped CoSbs (symmetric)
thin films are fairly small within 0.03 eV. Therefore, their total magnetic moments
in the ferromagnetic cases are also small within approximately 0.04 pp and they are
substantially equal to nonmagnetic. ug is the Bohr magneton. AFEpy_nv values of
the unusual thin films are energetically lower than those of the symmetric thin films.
A Dpy-nu values of the unusual thin films are fairly larger than those of the symmetric
thin films. Larger A Dgy_num values lead to more stable slab structures in the ferromag-
netic unusual thin films. In unusual cases, ferromagnetic states are more favorable than
nonmagnetic states with the exception of Sc doped case. The nonmagnetic Sc-doped
CoSbs (unusual) thin film is energetically more stable by 3.61 eV than the ferromagnetic
case. The relaxed structure of the nonmagnetic Sc-doped CoSbs (unusual) thin film is
remarkably different from other unusual cases as shown in Figs. 2 (a) and 3 (a). It leads
to more stable structure in the relaxation since the unusual thin film has high degrees of
structural freedom. This is inconsistent with the relaxed structure of the ferromagnetic
Sc-doped CoSbs (unusual) thin film. Further consideration is necessary to obtain more
suitable relaxed structure of the nonmagnetic Sc-doped CoSbs (unusual) thin film.
The relaxed symmetric thin films with dopants are structurally similar to each other
as shown in Fig. 4. This trend is consistent with other dopant cases (Ti [see Figs. 4
(c) and (d)], V, and Mn [see Fig. S1 in supplementary data] ). Although the relaxed
unusual thin films with dopants (Ti, V, and Mn) are also structurally similar to each

other, the relaxed structures of nonmagnetic unusual thin films are slightly different



from those of ferromagnetic thin films as shown in Figs. 3 (a) and (b). The evidently
different atomic positions between Figs. 3 (a) and (b) are labeled by red numbers and
those between Figs. 3 (b) and (c) are labeled by red (1 and 6) and black numbers
(11). The ADpy_num between Figs. 3 (a) and (b) is 0.571 A (see Table I) and that of
the Ti-doped CoSbs (symmetric) thin film is 0.006 A. The relaxed unusual thin films
with dopants (V and Mn) are shown in Fig. S2 (see supplementary data) and evidently
different atomic positions between NM and FM cases are labeled by red numbers. These

differences are independent of the atomic kind of dopant.

3.2 Magnetic moments

All the calculated thin films in this work are metallic regardless of their magnetic and
lattice structures. The total magnetic moments and magnetic moments of dopants (Sc,
Ti, V, Cr,'® and Mn) are shown in Table II. The magnetic moments of V and Mn are
large and those of Sc and Ti are fairly small within approximately 0.1 g in all cases
with the exception of the replaced case. A detailed description of the replaced case will
be mentioned in the later. Total magnetic moments of the ferromagnetic unusual thin
films are large. The magnetic moments of Cr'® and Mn dopants are enhanced in the
unusual thin film cases from Table II although that of V dopant decreases slightly in
the unusual thin film. Although the magnetic moments of V and Mn dopants in the
symmetric cases are large, those of Co and Sb are small and less than 0.16 up (absolute
value).

To confirm these magnetic properties, the magnetic moment of each atom in the
V- and Mn-doped CoSbs (unusual) thin films is shown in Figs. 5 and 6. From Figs. 5
and 6, the V and Mn dopants in the CoSbs (unusual) thin films have large magnetic
moments. A dopant is substituted for Co (1) in Co (“17, “4”, “6”, and “7”) atoms as
“lower” (see Fig. 1 and insets of Figs. 5 and 6, see Fig. 3 for numbered Sb atoms).
The figures 5 and 6 clearly show that the magnetic moments of V and Mn dopants and
Co (“27, “37, “5”, and “8") as “upper” (see Fig. 1) are large. Those of other three Co
atoms as “Co (lower)” and Sb atoms are fairly small and negligible in all cases.

The magnetic moments of V, Cr,'? and Mn dopants in the unusual cases are large
although their positions correspond to those of Co (1) and the unusual thin films are
energetically quite unfavorable.'® The magnetic moments of Sc and Ti dopants whose
positions correspond to Co (1) are small regardless of their thin film structures. There-

fore, we focus on structurally relaxed ferromagnetic Sc- and Ti-doped CoSbs (unusual)



thin films as initial structures. We replace the Sc (1) and Ti (1) dopants with Co (2)
in ferromagnetic unusual cases to analysis the variation of their magnetic properties as
shown in Fig. 1 (c), respectively. The thin film structures with the replacements are
structurally relaxed. The magnetic moment of Co (2) is large before replacing. From
table II, the magnetic moments of the replaced Co atoms (= Co (1)) without relaxation
are large and those are fairly decreased with less than 0.15 up after relaxation. The
magnetic moments of the replaced Sc atom with and without relaxation are small with
less than 0.1 up (absolute value) as shown in Fig. S3 (see supplementary data). In con-
trast, the magnetic moments of the replaced Ti atom without and with relaxation are
antiferromagnetic and their absolute values are large as shown in Fig. 7 and table II.
Therefore, the total magnetic moment of the unusual thin film replaced Ti (1) with Co
(2) after structural relaxation is smallest in the unusual thin films. The antiferromag-
netic behavior in this work is induced by the Ti dopant. The total energies of unusual
thin films with the replacement of Sc (1) - Co (2) and Ti (1) - Co (2) are lower by 0.93
eV and 0.30 eV than those of Sc- and Ti-doped unusual thin films without replacement,
respectively. This replacement is almost equal to the substitution of Co (2) for dopant
in the CoSbs thin film. It is revealed that the magnetic properties of dopants are varied
by their atomic kinds and positions. In particular, the magnetic state of the replaced
Ti dopant indicates antiferromagnetic behavior. As for magnetic properties, there is a
distinctly difference among Sc, Ti, V, Cr,'» and Mn. Their numbers of valence electrons
may play a important role. Therefore, further investigations will be necessary to clarify
the mechanism of the antiferromagnetic behavior in the Ti doped case and other various

magnetic properties.

3.3 TDOS and PDOS

We calculated the total and partial densities of states (TDOSs and PDOSs) of the
structurally relaxed thin films in this work. The TDOSs and PDOSs for the Mn-doped
CoSbs (symmetric) and (unusual) thin films are plotted in Fig. 8. The TDOSs and
PDOSs of Sc- and Ti-doped CoSbs (unusual) thin films in nonmagnetic cases are shown
in Figs. S4 and S5, respectively (see supplementary data). The TDOSs and PDOSs of
Sc-, Ti-, and V-doped CoSbs (symmetric) thin films in ferromagnetic cases are shown
in Figs. S6, S7, and S8, respectively (see supplementary data). The TDOS and PDOSs
of V-doped CoSbs (unusual) thin films in the ferromagnetic case are shown in Fig. S9

(see supplementary data). The features of TDOSs and PDOSs in each symmetric (see



Figs. 8 (b), S6, S7, and S8) or unusual (see Figs. 8 (d), 9 (a), 10 (a), and S9) thin
film are similar to each other. This is consistent with the similarity between relaxed
thin film structures. The PDOS of Mn is remarkably spin polarized in the symmetric
case although the PDOSs of Co and Sb are almost unpolarized as shown in Fig. 8
(b). In contrast, the PDOSs of Mn and Co are fairly polarized in the unusual thin
film as shown in Fig. 8 (d). These trends are the same for V-doped and Cr-doped!'?
CoSbs (symmetric) and (unusual) thin films. The TDOSs and PDOSs of Sc- and Ti-
doped CoSbs (unusual) thin films in ferromagnetic cases are shown in Figs. 9 and 10,
respectively. The replacement cases are also plotted in Figs. 9 (b) and 10 (b). The
PDOSs of Sc and Ti are almost unpolarized in all cases (see Figs. 9 (a), 9 (b), 10 (a),
S6, and S7) with the exception of the replacement of Ti (1) -Co (2). The PDOS of Ti
(2) in the thin film with the replacement of Ti (1) - Co (2) is antiferromagnetically
polarized in Fig. 10 (b).

The PDOSs of Sb at the Fermi level in the nonmagnetic Mn-doped CoSbs (symmet-
ric) thin films are larger than those of Co as shown in Fig. 8 (a) (see inset). In contrast,
the contribution of both PDOSs of Co and Sb at the Fermi level in nonmagnetic unusual
and ferromagnetic (minority spin) unusual thin films are large and nearly equal to each
other as shown in Figs. 8 (¢) and (d) (see insets). This trend is consistent with other
doped cases (Sc, Ti, V [see Fig. S9], and Cr'?) and inconsistent with the Fe, VAL thin

film cases® where Fe states are dominated at the Fermi level.

3.4 Stoner’s criterion

We analyze the stability of the ferromagnetic states using the Stoner’s criterion® 43)
as a rough estimate. In this criterion, the DOS per spin at the Fermi level (D(E¢)) is
an important factor. We calculated the D(E;) values of thin films with dopants (Sc, Ti,
V, Cr,'% Mn, and Co'?) to clarify the stability of the ferromagnetism. We calculated
ID(E;), where I is the exchange parameter,’?) to determine if Stoner’s criterion is satis-
fied. The I D(E¢) value greater than one (I D(Ef) > 1) is favorable for ferromagnetism.
We used the values*® of exchange parameters (I, see Table III) of Sc, Ti, V, Cr, Mn, and

t41

Co. They are insensitive to the chemical environment*") because they depend primarily

on intra-atom interactions. The calculated ID(E¢) values are tabulated in Table III.
The ID(Eg¢) values of bulk Sc (bcc), Sc (fec), Sc (hep), Ti (hep), V (bee), Cr (bee), Mn
(fee), Co (fee), and Co (hep) are obtained and most of them are consistent with the cal-

culated magnetic properties with the exception of Co (fcc) and Sc (bec). The magnetic



states of Sc (bec) is ferromagnetic although Sc (bec) is energetically more unfavorable
than Sc (fcc) and Sc (hep). In the previous work,'?) I D(Ey) value of Co (hep) was 0.9,
that is 1.2 in the present work as a result of recalculation. The ferromagnetic states of
bulk Sc (fcc), Sc (hep), Ti (hep), V (bee), and Cr (bee)'® are unstable and they are
consistent with the I D(E¢) value smaller than one.

From Table III, the I D(E¢) values in the nonmagnetic cases are 0.1 ~ 0.7 and they
are smaller than those (0.8 ~ 1.2) in the ferromagnetic cases with the exception of
the Mn dopant in the symmetric thin film (I D(Ef) = 0.5). The smallest I D(E¢) value
(0.1) of Sc dopant in the Sc-doped CoSbsz (unusual) thin film may be invalid because
its relaxed structure is quite different from that of the ferromagnetic case as mentioned
above. The magnetic moments of V, Cr,'?) and Mn dopants are large and ferromagnetic
in all thin film cases. The I D(E;) values of V, Cr,'® and Mn dopants (symmetric) and
Cr'® and Mn dopants (unusual), and Sc (bee) and Co (fec) bulk in Table 11T do not
satisfy Stoner’s criterion. However, their I D(E¢) values (0.8 ~ 0.9) are so close to one
that they imply ferromagnetic states are stable. This inconsistency leads to beyond the
Stoner theory. Some values of Cr, Co, CoSbs and Cr-doped CoSbs, which are listed in
Tables I, II, and III, are improved and slightly different from the previous work'® as
the results of recalculation using denser energy meshes for all cases and denser k-point
meshes for bulk metals. The differences of recalculations are fairly small within 0.08 ug

(or within 10 %) in the magnetic moments.

4. Summary

In this work, the electronic and magnetic properties of M-doped CoSbs thin films (M
= Sc, Ti, V, and Mn) have been calculated. Various magnetic properties have been
presented in this work. It is found that the ferromagnetic states for most thin films
are energetically more stable. It is revealed that the total magnetic moments of thin
films and the magnetic moments of the Mn dopant are enhanced in the unusual thin
films. This trend is consistent with previous Cr-doped case.'® It may be significant to
break the symmetry of the thin films for varying the magnetic properties. The magnetic
moments of Sc and Ti dopants and Co (lower) and Sb atoms are fairly small with the
exception of the Ti (1) - Co (2) replacement case. The replacement of Ti (1) - Co (2)
with structural relaxation induces the antiferromagnetic state of Ti dopant although
the magnetic moments of Sc in the replacement of Sc (1) - Co (2) with and without

relaxation are fairly small. Various magnetic behavior is remarkable and it is expected



to control and tune the electronic and magnetic properties around the Fermi level. In
particular, TDOS shapes at the Fermi level are very important for the thermoelectric
properties. This will be enhanced the thermoelectric properties.3®

The stability of the ferromagnetic states for dopants in the thin films is analyzed
using Stoner’s criterion® %3 as a rough estimate. It is not sufficient to describe the
ferromagnetic states using Stoner’s criterion although their I D(E¢) values (0.8 ~ 1.2)
are larger than those (0.1 ~ 0.7) in the nonmagnetic cases with the exception of the
Mn-doped case. The analysis of Stoner’s criterion in this work is possible to describe
the magnetic properties qualitatively to a certain extent, whereas it is still insufficient.
Therefore, it is necessary to further investigation to clarify the mechanism of the large
magnetic moments in the ferromagnetic cases.

More extensive calculations of various slab structures, defects, dopants, co-

11,36,37) and introducing disorder are needed to tune and enhance the magnetic

doping,
moments in the thin films. The slabs were terminated by Sb atom layers in all thin films
and a layer number of each slab was not varied in the present calculations. Although
other asymmetric slab cases have been investigated in the previous work,'? they are not
considered in this work. It is necessary to consider Co-terminated and/or other various
thickness of slab cases in order to investigate the stability of the thin films in the future
next task.

It is not clear and needs further consideration to the origin of antiferromagnetic be-
havior of the Ti dopant (Ti (2)) in the Ti (1) - Co (2) replacement case. It is necessary
to replace V, Cr, and Mn dopants with Co atoms to investigate and compare with the
present results of Sc (1) - Co (2) and Ti (1) - Co (2) replacements. In addition, it is
expected that the experimental synthesis and observation of thin films with transition
metal dopants calculated in this work will be realized. Their thermoelectric proper-

ties (thermal conductivity, Seebeck coefficient, and power factor, etc.) will be obtained

theoretically in the future task.
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Fig. 1. Bird’s eye views of (a) the CoSbs (symmetric) thin film, (b) the CoSbs
(unusual) thin film, and (c) the CoSbs (unusual) thin film with the replacement of Co
(1) - Co (2) indicated by the red arrow. Co and Sb are depicted in blue and green,
respectively. Co atoms are numbered as “1”7 ~ “8”. “Lower” and “Upper” indicate the
sites of “1, 4, 6, and 77 and “2, 3, 5, and 8”, respectively.

Fig. 2. Bird’s eye views of the (a) nonmagnetic, (b) ferromagnetic, and (c) replace-
ment of Sc (1) - Co (2) in Sc-doped CoSbz (unusual) thin films. Se, Co, and Sb are
depicted in pink, blue, and green, respectively.

Fig. 3. Bird’s eye views of the (a) nonmagnetic, (b) ferromagnetic, and (c) replace-
ment of Ti (1) - Co (2) in Ti-doped CoSbs (unusual) thin films. Ti, Co, and Sb are
depicted in grey, blue, and green, respectively. The evidently different atomic positions
between (a) and (b) are labeled by red numbers and those between (b) and (c) are
labeled by red (1 and 6) and black numbers (11).

Fig. 4. Bird’s eye views of the (a) nonmagnetic Sc-, (b) ferromagnetic Sc-, (¢) non-
magnetic Ti-, and (d) ferromagnetic Ti-doped CoSbs (symmetric) thin films. Sc, Ti,
Co, and Sbh are depicted in pink, grey, blue, and green, respectively.

Fig. 5. Magnetic moment of each atom in the V-doped CoSbs (unusual) thin film. V,
Co, and Sb atoms are denoted by 1, 2-8, and 9-32 on the horizontal axis, respectively.
The inset shows the bird’s eye view of the V-doped CoSbs (unusual) thin film where
V and Co atoms are numbered. V, Co, and Sb are depicted in red, blue and green,
respectively.

Fig. 6. Magnetic moment of each atom in the Mn-doped CoSb;z (unusual) thin
film. Mn, Co, and Sb atoms are denoted by 1, 2-8, and 9-32 on the horizontal axis,
respectively. The inset shows the bird’s eye view of the Mn-doped CoSb; (unusual) thin
film where Mn and Co atoms are numbered. Mn, Co, and Sb are depicted in magenta,
blue and green, respectively.

Fig. 7. Magnetic moment of each atom in the Ti-doped CoSbs (unusual) thin film
with the replacement. The Ti dopant is denoted by 2 on the horizontal axis. Co atoms
are denoted by 1 and 3-8 on the horizontal axis. Sb atoms are denoted by 9-32 on the
horizontal axis. The inset shows the bird’s eye view of the Ti-doped CoSbs (unusual)
thin film with the replacement where Ti and Co atoms are numbered. Ti, Co, and Sb
are depicted in grey, blue and green, respectively.

Fig. 8. Total and partial DOSs (states/eV cell) of (a) nonmagnetic and (b) ferro-
magnetic Mn-doped CoSbs (symmetric) thin films. Total and partial DOSs (states/eV
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cell) of (c) nonmagnetic and (d) ferromagnetic Mn-doped CoSbs (unusual) thin films.
The DOS curves of Total, Mn, Co, and Sb are plotted by magenta, red, blue, and green,
respectively. The vertical scale is “states/eV cell” and linear. The Fermi level (E¢) is
indicated by “0” on the horizontal axis. The insets show the expanded DOS around the
Fermi level.

Fig. 9. Total and partial DOSs (states/eV cell) of (a) ferromagnetic and (b) replace-
ment of Sc (1) - Co (2) in Sc-doped CoSbs (unusual) thin films. The DOS curves of
Total, Sc, Co, and Sb are plotted by magenta, red, blue, and green, respectively. The
vertical scale is “states/eV cell” and linear. The Fermi level (E¢) is indicated by “0” on
the horizontal axis.

Fig. 10. Total and partial DOSs (states/eV cell) of (a) ferromagnetic and (b) re-
placement of Ti (1) - Co (2) in Ti-doped CoSbs (unusual) thin films. The DOS curves
of Total, Ti, Co, and Sb are plotted by magenta, red, blue, and green, respectively. The
vertical scale is “states/eV cell” and linear. The Fermi level (E¢) is indicated by “0” on

the horizontal axis.
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Table 1. Total energy differences, average atomic position differences, and total magnetic moments.
Thin films, cutoff energy [Ry] (Cutoff), number of k-points (Ni), number of atoms (N,) in the
supercell, magnetic states (“MS”; NM: Nonmagnetic, FM: Ferromagnetic), total energy differences
per the supercell (= cell) (eV/cell) as AErpM—NM, average atomic position differences per atom (A)
between the nonmagnetic and ferromagnetic cases as A Dpyv_nu, and total magnetic moment values

(up) as “Total”. Negative (positive) values of AFEpy—nm indicate more stable (more unstable).

Thin film Cutoff Ny N, MS AFEpm-~m  ADpm-nm Total (up)
CoSbs (symmetric)'?) 81 16 36 NM 0.0 - -
CoSbs (symmetric)'?) 81 16 36 FM 0.001 0.002 0.033
Sc-doped CoSbs (symmetric) 81 16 36 NM 0.0 - -
Sc-doped CoSbs (symmetric) 81 16 36 FM -0.03 0.120 0.021
Ti-doped CoSbs (symmetric) 81 16 36 NM 0.0 - -
Ti-doped CoSbs (symmetric) 81 16 36 FM 0.005 0.006 0.042
V-doped CoSbg (symmetric) 81 16 36 NM 0.0 - -
V-doped CoSbs (symmetric) 81 16 36 FM -0.35 0.028 2.000
Cr-doped CoSby (symmetric)'®) 81 16 36 NM 0.0 - -
Cr-doped CoSbs (symmetric)'® 81 16 36 FM -0.52 0.049 2.940
Mn-doped CoSbs (symmetric) 81 16 36 NM 0.0 - -
Mn-doped CoSbs (symmetric) 81 16 36 FM -0.27 0.042 2.449
CoSbs (unusual)'®) 81 16 32 NM 0.0 - -
CoSbs (unusual)'?) 81 16 32 FM -2.40 0.205 8.291
Sc-doped CoSbs (unusual) 81 16 32 NM 0.0 - -
Sc-doped CoSbs (unusual) 81 16 32 FM 361 1.168 8.485
Ti-doped CoSbs (unusual) 81 16 32 NM 0.0 - -
Ti-doped CoSbs (unusual) 81 16 32 FM -1.87 0.571 8.639
V-doped CoSbg (unusual) 81 16 32 NM 0.0 - -
V-doped CoSbs (unusual) 81 16 32 FM -1.94 0.511 10.001
Cr-doped CoSbz (unusual)'®) 81 16 32 NM 0.0 - -
Cr-doped CoSbs (unusual)'® 81 16 32 FM -2.04 0.442 11.100
Mn-doped CoSbs (unusual) 81 16 32 NM 0.0 - -
Mn-doped CoSbs (unusual) 81 16 32 FM -1.80 0.448 11.655
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Table II.

moment values (up) of thin films as “Total”, magnetic moment values (up/atom) of dopants as

Total magnetic moments and magnetic moments of dopants. Thin films, total magnetic

“Dopant”, and magnetic moment values (up/atom) of replaced Co atoms as “Replaced Co atom”.

Thin film Total  Dopant Replaced Co atom
CoSbs (symmetric)'?) 0.033 - -
Sc-doped CoSbg (symmetric) 0.021  0.0006 -
Ti-doped CoSbs (symmetric) 0.042 -0.041 -
V-doped CoSbs (symmetric) 2.000  2.163 -
Cr-doped CoSbz (symmetric)!?) 2.940  3.071 -
Mn-doped CoSbg (symmetric) 2.449  3.005 -
CoSbs (unusual)'®) 8.291 - -
Sc-doped CoSbs (unusual) 8.485  0.006 -
Ti-doped CoSbs (unusual) 8.639  0.102 -
V-doped CoSbs (unusual) 10.001  1.970 -
Cr-doped CoSbs (unusual)'®) 11.100 3.328 -
Mn-doped CoSbs (unusual) 11.655  3.601 -
Sc-Co replaced (unusual, nonrelaxed) 6.704  -0.090 2.179
Sc-Co replaced (unusual, relaxed) 5711  -0.059  0.097
Ti-Co replaced (unusual, nonrelaxed) 5.015  -1.636  1.424
Ti-Co replaced (unusual, relaxed) 3.685 -1.969  0.133
(a) (b) (€) Replacement of 1 -2
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Fig. 1. Bird’s eye views of (a) the CoSbsz (symmetric) thin film, (b) the CoSbs (unusual) thin film,

and (c) the CoSbs (unusual) thin film with the replacement of Co (1) - Co (2) indicated by the red
arrow. Co and Sb are depicted in blue and green, respectively. Co atoms are numbered as “1” ~ “8”.

“Lower” and “Upper” indicate the sites of “1, 4, 6, and 77 and “2, 3, 5, and 8”, respectively.
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Table I1l.  Stoner’s criterion. Atom, exchange parameters (I, eV), density of states per spin at the
Fermi level (D(E¢), states/eV atom spin), the values of ID(E¢), “SC”, and “calc.”. “SC” indicates
whether Stoner’s criterion is satisfied (ferromagnetic, FM) or not satisfied (nonmagnetic, NM).
“calc.” indicates the calculated magnetic moment (up/atom) of bulk and dopants. “(FM)” indicates

the ferromagnetic behavior where the calculated magnetic moment is greater than 0.7.

Atom I(eV) D(Es) ID(E;) SC calc.
Co(fec)'®) 0.9792 0.9 0.9 NM  1.97 (FM)
Co(hcp)'? 0.9792 1.2 1.2 FM 1.88 (FM)
Sc(bee) 068 1.2 08 NM  0.72 (FM)
Sc(fec) 0.68 1.0 0.7 NM -

Sc(hep) 0.68 1.0 0.7 NM -

Ti(hep) 0.68 05 03 NM -

V(bcc) 0.7072 0.9 0.6 NM 0.0003
Cr(bcc)'?) 0.7616 0.7 0.5 NM -

Mn(fec) 0.816 0.7 0.6 NM -

Doped Sc atom (symmetric) 0.68 0.2 0.1 NM  0.0006
Doped Ti atom (symmetric) 0.68 0.6 04 NM  -0.041
Doped V atom (symmetric) 0.7072 1.3 0.9 NM 2.163 (FM)
Doped Cr atom (symmetric)'®  0.7616 1.2 0.9 NM  3.071 (FM)
Doped Mn atom (symmetric) 0.816 0.6 0.5 NM  3.005 (FM)
Doped Sc atom (unusual) 0.68 0.2 0.1 NM  0.006
Doped Ti atom (unusual) 0.68 1.0 0.7 NM 0.102
Doped V atom (unusual) 0.7072 1.5 1.1 FM 1.970 (FM)
Doped Cr atom (unusual)'®) 0.7616 1.2 0.9 NM 3.328 (FM)
Doped Mn atom (unusual) 0.816 1.0 0.8 NM 3.601 (FM)
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Fig. 2. Bird’s eye views of the (a) nonmagnetic, (b) ferromagnetic, and (c) replacement of Sc (1) -

Co (2) in Sc-doped CoSbs (unusual) thin films. Se, Co, and Sb are depicted in pink, blue, and green,

respectively.
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Fig. 3. Bird’s eye views of the (a) nonmagnetic, (b) ferromagnetic, and (c) replacement of Ti (1) -
Co (2) in Ti-doped CoSbs (unusual) thin films. Ti, Co, and Sb are depicted in grey, blue, and green,
respectively. The evidently different atomic positions between (a) and (b) are labeled by red numbers

and those between (b) and (c) are labeled by red (1 and 6) and black numbers (11).
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Fig. 4. Bird’s eye views of the (a) nonmagnetic Sc-, (b) ferromagnetic Sc-, (¢) nonmagnetic Ti-,
and (d) ferromagnetic Ti-doped CoSbs (symmetric) thin films. Sc, Ti, Co, and Sb are depicted in

pink, grey, blue, and green, respectively.

Magnetic Moment of each atom (C07V 1sz 4 Unusual Thin Film)
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Fig. 5. Magnetic moment of each atom in the V-doped CoSbs (unusual) thin film. V, Co, and Sb
atoms are denoted by 1, 2-8, and 9-32 on the horizontal axis, respectively. The inset shows the bird’s
eye view of the V-doped CoSbs (unusual) thin film where V and Co atoms are numbered. V, Co, and

Sb are depicted in red, blue and green, respectively.
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Magnetic Moment of each atom (C07Mn 1sz 4 Unusual Thin Film)
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Fig. 6. Magnetic moment of each atom in the Mn-doped CoSbs (unusual) thin film. Mn, Co, and
Sb atoms are denoted by 1, 2-8, and 9-32 on the horizontal axis, respectively. The inset shows the
bird’s eye view of the Mn-doped CoSbs (unusual) thin film where Mn and Co atoms are numbered.

Mn, Co, and Sb are depicted in magenta, blue and green, respectively.
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Magnetic Moment of each atom (C()_/TiISb2 4 Unusual Thin Film) Replaced
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Fig. 7. Magnetic moment of each atom in the Ti-doped CoSbs (unusual) thin film with the
replacement. The Ti dopant is denoted by 2 on the horizontal axis. Co atoms are denoted by 1 and
3-8 on the horizontal axis. Sb atoms are denoted by 9-32 on the horizontal axis. The inset shows the
bird’s eye view of the Ti-doped CoSbs (unusual) thin film with the replacement where Ti and Co

atoms are numbered. Ti, Co, and Sb are depicted in grey, blue and green, respectively.
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Fig. 8. Total and partial DOSs (states/eV cell) of (a) nonmagnetic and (b) ferromagnetic
Mn-doped CoSbs (symmetric) thin films. Total and partial DOSs (states/eV cell) of (¢) nonmagnetic
and (d) ferromagnetic Mn-doped CoSbs (unusual) thin films. The DOS curves of Total, Mn, Co, and
Sb are plotted by magenta, red, blue, and green, respectively. The vertical scale is “states/eV cell”
and linear. The Fermi level (E¢) is indicated by “0” on the horizontal axis. The insets show the

expanded DOS around the Fermi level.
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( a) Total and Partial DOSs of CO7SCISb2 4 Unusual Thin Film (Ferromagnetic)
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(b) Total and Partial DOSs of Co7Sc 1sz 4 Unusual Thin Film (FM, replaced)
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Fig. 9. Total and partial DOSs (states/eV cell) of (a) ferromagnetic and (b) replacement of Sc (1)
- Co (2) in Sc-doped CoSbs (unusual) thin films. The DOS curves of Total, Sc, Co, and Sb are
plotted by magenta, red, blue, and green, respectively. The vertical scale is “states/eV cell” and

linear. The Fermi level (Ef) is indicated by “0” on the horizontal axis.
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(a) Total and Partial DOSs of C07Tile2 4 Unusual Thin Film (Ferromagnetic)
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Fig. 10. Total and partial DOSs (states/eV cell) of (a) ferromagnetic, and (b) replacement of Ti
(1) - Co (2) in Ti-doped CoSbs (unusual) thin films. The DOS curves of Total, Ti, Co, and Sb are
plotted by magenta, red, blue, and green, respectively. The vertical scale is “states/eV cell” and

linear. The Fermi level (Ey) is indicated by “0” on the horizontal axis.
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