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Temperature-dependent spin polarization of Heusler Co,MnSi from the disordered local-moment
approach: Effects of atomic disordering and nonstoichiometry
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Half-metallic ferromagnets have been widely investigated by first-principles density-functional theory (DFT)
calculations, but extending such studies to investigate spin-polarization at finite temperatures is still challenging
due to the difficulty of incorporating temperature effects appropriately. We present DFT calculations, based on a
Green’s function formulation, which include thermal effects via the disordered local-moment method to address
this issue. The calculations are carried out for Heusler Co,MnSi alloys in order to investigate the temperature
dependence of spin polarization, where atomic-disordering and nonstoichiometric effects are taken into account.
Our results show that the spin polarization strongly depends on temperature and that a Co d-orbital effect plays
a key role in this effect. Furthermore, we find that the temperature-dependent spin polarization of Co,MnSi can
be improved by reducing the Co content and incorporating extra Mn.
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I. INTRODUCTION

Magnetoresistive devices that show a different resistance
depending on the relative magnetization direction of two fer-
romagnetic electrodes can be applied to nonvolatile magnetic
random access memories [1,2] and highly sensitive magnetic
sensors [3]. Half-metallic ferromagnets (HMFs) having 100%
spin polarization (P) at the Fermi level [4—7] are key materials
as sources of highly spin-polarized current in magnetore-
sistive devices. Among the HMFs, Co-based Heusler alloys
Co,YZ—where Y is a transition metal and Z is a main-group
element—are promising due to their high Curie temperatures
above room temperature (RT) [7] and robustness of high P
against atomic disordering [8,9]. Many experiments on mag-
netoresistive effects have been performed for magnetic de-
vices containing Co,YZ [10-23]. For current-perpendicular-
to-plane giant magnetoresistive (CPP-GMR) devices, large
magnetoresistance (MR) ratios over 57% at RT and 183% at
10 K have been observed using epitaxial Co,Fe(Gag s, Gegs)
(CFGQG) layers [15]. These MR ratios were enhanced to 82%
at RT and to 285% at 10 K by inserting a NiAl layer into the
CFGG/Ag interface [16]. For magnetic tunneling junctions
(MTlJs), Yamamoto and coworkers have made systematic
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studies of the tunneling magnetoresistance (TMR) ratio and
demonstrated high values of 2010% at 4.2 K and 335% at RT
in a Co,MnSi (CMS)/MgO/CMS MTIJ with Mn-rich compo-
sition for the electrodes [23] and values of 2610% at 4.2 K
and 429% at RT in a Coy(Mn,Fe)Si/MgO/Co,(Mn,Fe)Si
MT]J [24].

While large TMR ratios have been observed in MTJ with
half-metallic Co,Y Z, these TMR ratios significantly decrease
with increasing temperature (7"). One possible factor for the
reduction of TMR ratio is the T dependence of bulk electronic
states of Co,YZ around the Fermi level in the minority-spin
half-metallic gap. Chioncel et al. discussed the 7" dependence
of the density of states (DOS) of bulk CMS on the basis
of density-functional theory (DFT) combined with dynamical
mean-field theory (DMFT) to provide a local self-energy to
describe nonquasiparticle states [25]. They found that the
T dependence of the total DOS in the bulk region can be
attributed to the appearance of nonquasiparticle states around
the half-metallic gap at finite temperatures. The total DOS
they calculated depended on T, leading to a significant reduc-
tion of the spin polarization P with increasing temperature.
On the other hand, valence-band electronic structures of bulk
CMS have been investigated by hard x-ray photoelectron
spectroscopy (HAXPES) by Miyamoto et al. [26]. In that
experiment, the valence band photoemission spectra at 30 K
were in good agreement with the DFT band structure calcu-
lation results at zero temperature. Furthermore, no distinct T
dependence has been observed for the valence band spectra,
which, in DMFT calculations, appears in the total DOS below
the Fermi level. These results indicate that the 7 dependence
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of the DOS of bulk CMS is rather small and cannot explain
the reduction of the TMR ratio at RT.

The other possible cause for the low TMR ratio at RT
is an effect of spin-flip scattering through the interface
states promoted by magnetic excitations at finite temperature.
Mavropoulos et al. argued that if there are the interface states
in a MTJ, they can contribute to the conductance for antipar-
allel magnetization because of the spin-flip scattering [27].
In fact, in our previous work, we have showed that the
CMS/MgO interface is not half-metallic and has interface
states in the half-metallic gap of the minority-spin states
originating from the nonbonding 3d orbitals of interfacial
atoms [28]. Furthermore, Sakuma et al. showed from first-
principles calculations that the exchange coupling of inter-
facial Co spins at the CMS/MgO(001) interface is relatively
small compared to that of bulk CMS [29], leading to fluctua-
tion of the interfacial Co spin moments at finite temperatures.
The effect of spin fluctuations on TMR was investigated in
our previous work, where the spin-flip scattering by interface
noncollinear magnetic structures due to fluctuations of the
Co spin moments significantly reduces the TMR ratios of
CMS-based MTJs with MgO barrier [30].

Hu et al. investigated the T dependence of tunneling con-
ductance with parallel and antiparallel magnetizations, Gp(T')
and Gap(T'), of MTJs with CMS/MgO/CMS to elucidate the
origin of the T dependence of TMR [31]. They found that
Gp(T) shows a characteristic feature, where it first decreases
with increasing T before growing larger with further increase
of T, while Gap(T) simply increases as T is increased. To
understand the characteristic 7 dependence of Gp(T'), they de-
veloped a model that took into account both spin-conserving
elastic tunneling by Shang [32] and spin-flip inelastic tunnel-
ing via magnons by extending the original Zhang model [33].
The Zhang model accounts for the T dependencies of Gp(T)
and Gap(T') by including spin-flip inelastic tunneling via
thermally excited magnons and an assumed 7 -independent
spin polarization of ferromagnetic electrodes, while the Shang
model accounts for the spin-conserving elastic tunneling and
reduction of the spin polarization of ferromagnetic electrodes
with increasing T'. However, at the present stage, the T depen-
dence of the spin-polarization of bulk Co,Y Z is still unknown
from the viewpoint of first principles modeling. Therefore
in order to understand the origin of the 7 dependence of
Gp(T), Gap(T), and TMR ratio, it is important to elucidate
the electronic structure of bulk Co,Y Z at finite temperature.

Calculation of electronic structures based on DMFT [25]
is one of the powerful methods to investigate the magnetism
at finite temperature. However, because Co,Y Z exhibits itin-
erant electron magnetism, the strongly correlated electronic
picture of DMFT may not be necessarily required to de-
scribe magnetic properties. The combination of DFT and
classical statistical physics of “local moments” can often give
an appropriate description of the finite temperature behavior
of itinerant electron systems. The disordered local-moment
(DLM) method which treats spin fluctuations modelled as
local moments within a mean-field approximation, has been
developed [34—43] and successfully applied to describe finite-
temperature magnetic anisotropy in L1y-FePt [35,36] and in
rare-earth-Cos permanent magnets [37-39] and the magne-
tocaloric properties of FeRh alloys [40,41].
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FIG. 1. The DOS for CMS in (a) L2; and (b) B2 structures at
T = 0 K. The total DOS is shown as filled area and the local DOS is
projected on Co (yellow), Mn (blue), and Si (green), respectively.
The upper and lower areas show the majority- and minority-spin
states and the top-right insets focus on around the Fermi level. The
local DOS of Co is multiplied by 2 because two Co atoms exist in
the unit cell. The L2, and B2 crystal structures are illustrated in the
bottom right of (a) and (b), respectively, where yellow, blue, green,
and blue-green bicolor circles indicate Co, Mn, Si, and intermixed-
Mn/Si atoms, respectively.

The DLM method is a proven approach for calculating
T-dependent spin-polarized electronic structures in magnetic
materials whose dominant thermally induced spin fluctuations
can be modelled in terms of significant local spin moments.
In Co,Y Z alarge local-spin moment establishes on the Y sites
and so the DLM can be used to describe the 7" dependence of
its spin polarization. To date, DLM-based studies have been
applied to possible HMFs. A half-Heusler NiMnSb was the
subject of the first attempt which was carried out by Lezaié
et al. in 2006 [44]. A cubic MnSb phase was later investigated
and it was clarified that its spin polarization reduction at RT
is much smaller than that of NiMnSb. The cubic-phase crystal
growth, of namely c-MnSb, was demonstrated by molecular
beam epitaxy [45].

In the present work, we focus on the full Heusler CMS
alloy, which is one of the putative HMF materials which
is closest to industrial applications, to investigate the spin
polarization at finite temperature via first-principles DFT
calculations combined with the DLM method, where effects
of atomic disordering and nonstoichiometry are taken into
account. Our calculations demonstrate that the spin polar-
ization strongly depends on the temperature, where the Co
d orbital associated with the nominal X site in the X,YZ
formula plays a key role. This suggests that the temperature
dependence will be varied by changing the Co content in
CMS. Thus, we investigate the temperature dependence of
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TABLE I. The number of valence electrons, N4, the employed lattice constant a (A), and results of spin magnetic moments mgpi, (ttp) and
spin polarization P (%) at T = 0 K for the L2, and B2 structures. The a for the L2, system is taken from Ref. [46] and that for B2 is half of

this. P is evaluated from Eq. (1).

Mipin (MB)
Nyal a(A) Co Mn Si Total P (%)
L2, 29.000 5.645 1.016 3.042 —0.073 5.000 91.6
B2 14.500 2.822 1.007 3.059 —0.074 2.499 84.9

spin polarization of Mn-rich and Mn-poor CMS alloys. In
addition, we illustrate how the T-dependent spin polarization
can be described well by Bloch’s T2 law, P o (1 — T3/?),
especially for the itinerant electrons that contribute to the
tunneling conductance in the MTJ devices.

II. MODEL AND METHOD

A model of the L2 Heusler structure, which has four atoms
arranged on interpenetrating fcc sublattices, i.e., (in units of
the lattice constant) a basis of two Co atoms at (1/4, 1/4, 1/4)
and (3/4,3/4,3/4), one Mn atom at (0, 0, 0) and one Si
atom at (1/2, 1/2, 1/2) as illustrated in inset of Fig. 1(a). The
lattice constant is assumed to be the experimental value [46],
as listed in Table I. In the B2 structure the Mn and Si atoms
are intermixed randomly at ¥ and Z sites in Co,YZ, hence
the lattice can be given by the CsCl crystal structure with
the lattice constant at half of the L2; structure [see inset
in Fig. 1(b)]. The details for nonstoichiometric structures
which are identified by the site-specific formula unit (SSFU)
composition model [47,48] are given in Sec. Il C. All models
treated in present work are assumed to have cubic structures
and lattice distortion is excluded.

The computational procedures in our work are divided into
two steps. First, the spin-polarized ground-state electronic
structures, where the local magnetic moments are ferromag-
netically ordered in a collinear configuration, are obtained
(T =0 K). The DFT calculations are performed by means
of the multiple-scattering Green’s function formalism of the
Koringa-Kohn-Rostoker (KKR) method [49,50] as imple-
mented in the HUTSEPOT code [51] using the local-spin den-
sity approximation (LSDA) of Perdew and Wang [52] for the
exchange-correlation term. The atomic-sphere approximation
(ASA) is used to determine the Kohn-Sham potential with the
equilibrium ASA radius of 2.31 ap for all atoms. Both the core
and valence electrons are treated within the scalar-relativistic
approximation and the maximum value of the orbital angular
momentum £,,,x = 3 is used to expand the scattering matrices
in a basis of spherical harmonics.

Second, the effects of finite temperature are introduced
using the DLM method [34]. The finite temperature effects are
captured in terms of fluctuations of local moments, which are
assigned to each transition metal site in the given unit cell and
whose timescale of stabilization is slower than the electron
motion [34]. Using the ground-state potential generated in the
first step as the “frozen” potential, the fully relativistic Kohn-
Sham-Dirac equation is solved non-self-consistently within
the ASA. We give a brief review of the DLM approach in the

Appendix since details including technical aspects have been
given in previous works [34—43].

Atomic disorder is described by the coherent potential
approximation (CPA) [53-55]. Numerical Brillouin zone (BZ)
integrations are performed by using special k-point meshes
of 20 x 20 x 20 for self-consistent field calculations and
50 x 50 x 50 for DOS calculations. Note that the latter k-
point mesh is found to be sufficient to suppress numerical
fluctuation in evaluating the spin polarization P given by

_ D'(Ep) — D*(Er)
~ DY(Er) + DY(EF)

x 100 (%), 1

where D? (Er) indicates the DOS at the Fermi energy for spin
channel ¢ (o =1 or ).

In the discussions below of finite temperature spin-
polarized electronic structure we show figures of the site-
resolved (local) DOS. The positive (negative) values in the
figures show + (—) the average of the DOS spin-polarized
parallel (antiparallel) to an overall magnetization direction. In
the paramagnetic states (m; = 0) the majority and minority
spin DOS are identical reflecting the zero overall spin polar-
ization of their electronic structures. In the ferromagnetically

TABLE II. The comparison of the Curie temperature, ¢ (in units
of K), between theories and experiment for L2, and B2 Co,MnSi. In
the literature values, the experimental lattice constant is used except
for Refs. [63—65], where the equilibrium value is determined from
the calculations.

Method?* Tc (K)
L2, DLM 1103
MFA 857°,1011¢, 11624, 1170°
RPA 740°, 990
MC 7808, 8378, 916", 980
Experiment 985
B2 DLM 898

2MFA: mean-field approximation; RPA: random-phase approxima-

tion; MC: Monte Carlo method.

bReference [60].
‘Reference [61].
dReference [57].
¢Reference [65].
fReference [62].
gReference [63].
hReference [64].
iReference [58].
iReference [59].
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FIG. 2. The T-dependent P for L2,;-type CMS: (a) Total P evaluated from all orbitals, and atom-resolved P is further decomposed into s
(green), p (blue), and d (yellow) orbitals for (b) Co, (c) Mn, and (d) Si, respectively. [(e)—(h)] The same for B2-type CMS.

ordered states (m; # 0) the local moments have orientational
bias towards the overall magnetization direction which pro-
duces internal magnetic fields, i.e., finite Weiss fields. This
bias varies as a function of temperature. As a consequence
the electronic structures show a temperature-dependent spin-
polarization. From values from these densities of states at the
Fermi energy, D° (Er ), which are found by averaging over the
local moment orientations with weightings set by the Weiss
fields determined by the scheme detailed in the Appendix for a
range of temperatures, we are able to describe the temperature
dependent spin polarization P from Eq. (1).

III. RESULTS AND DISCUSSION
A. Perfectly ordered L2, structure

We start with results for the ideal bulk CMS alloy with
the perfectly ordered L2, structure. At T = 0 K, our calcu-
lations give spin magnetic moments (mgpi,) of 1.016, 3.042,
and —0.073 up for Co, Mn, and Si, respectively, and total
Mgpin Of 5.000 wp, as listed in Table I. These data are in
good agreement with previous LSDA and generalized gradient
approximation (GGA) calculations [6,9]. The P evaluated
from Eq. (1) is 91.6%, which indicates an almost half-metallic
state. Figure 1(a) presents total and local DOS for the L2,
CMS. The total DOS shows the Fermi energy to be located at
the edge of the minority-spin conduction bands [see inset in
Fig. 1(a)], which as discussed below leads to a value of P less
than 100%. Importantly, the minority-spin valence top and
conduction bottom bands are governed by the Co d orbitals
as previous DFT studies have reported [6,56]. The Si shows
very tiny DOS around the Fermi level.

From the integer total myp,, one might expect that we
should observe a complete spin polarization of P = 100%,
rather than 91.6%. We have confirmed that this discrepancy is
not due to the truncation of the angular momentum basis [6]

but rather derives from the numerical details of computing
the DOS. Here we obtain the DOS from the Green’s function
calculated at energies including a small, finite imaginary part;
a small (large) value of this imaginary part affects the DOS
with sharp (broad) peaks. In the present calculations, Im(E)
of 5x 10~* Ry was employed and this left a tail of the
conduction-bottom bands at the Fermi level. We confirmed
that using a smaller value of Im(E), ~1073 Ry, increases the P
to almost 100% due to the DOS showing significantly sharper
features. However, the computational effort in performing
such calculations increases dramatically due to the very dense
k-point mesh required to obtain a well-described DOS. Since
our primary focus is on the T-dependent behavior of spin
polarization in this study, we here discuss the results obtained
from Im(E) = 5 x 10~* Ry in the DOS calculation.

The Curie temperature, T¢, is determined within the DLM
framework [38]. The potential energy (2o)7 in Eq. (A9) is
expanded in terms of the order parameters of local moment at
each transition metal sublattices. Around the T¢- (m; — 0), the
potential is truncated at second order as

%JMnanmlz\/[n .
(2)

Performing derivatives of (€2p)7y with respect to the order
parameter m; [Eq. (A9)], we get the Weiss field in matrix form

(hC0> _ (%JCO—CO %JCO—Mn) (mC0> A3)
vy Jco—Mn JMn—mn My )’

where the denominator of two accounts for the multiplicity of
two equivalent Co atoms. The exchange constant J;; parame-
ters can be obtained by fitting the {4;} values calculated from a
training set of {m;} using a least-squares method. Equation (3)
is then solved as an eigenvalue problem by assuming m; —
0 limit; i.e., m; = L(A;) = L(Bh;) — Bh;/3, and the T is

~ 1 2
<QO)T ~ _EJC07CumC0 - -]CoanmComMn -
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FIG. 3. The T-dependent DOS for L2,-type CMS: (a) Total DOS and local DOS of (b) Co and (c) Mn. [(d)—(f)] The same for B2-type
CMS. The upper and lower areas in each panel are the majority- and minority-spin states, and the insets focus on the Fermi level; both majority
and minority states for total DOS and only minority states for local DOS of Co and Mn.

estimated from the smallest 8 value. In principle 7 might also
be calculated from iteration procedures as done for 7 < T¢.
The calculated exchange constants of Jco—cos Jco—mn, and
Jvin—mn are found to be 9.57, 25.40, and 1.03 mRy, respec-
tively. These calculations exhibit a trend in good agreement
with the J values obtained using Liechtenstein’s approach,
Ref. [57]. The T¢ of 1103 K for L2; CMS, evaluated by the
DLM calculations, is an overestimate on comparison with ex-
periment (7T = 985 K). Different theoretical approaches have
reported T¢ for L2; CMS as compared in Table II; mean-field
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FIG. 4. The T dependence of total P for different chemical-
potential shifts Au for (a) L2, and (b) B2 Co,MnSi. The shifts of
chemical potential Ay are given in eV: —0.20 (dark red), —0.15
(red), —0.10 (magenta), —0.05 eV (yellow), and +0.05 eV (blue),
respectively, where negative (positive) Au from the Fermi energy
corresponds to hole (electron) doping (Aup = 0.00 eV; gray) in the
rigid band model.

approximation (MFA) [60,61], random-phase approximation
(RPA) [60,62], and Monte Carlo (MC) simulation [63,64].
Among the MFA studies, reported results vary from 857 to
1162 K [57,60,61,65]. This may be caused by differences
in computing exchange interactions, whose summation is
required to calculate the ¢, and/or in the DFT implemen-
tation. For example, in Ref. [60] the interatomic exchange
interactions were calculated by the frozen-magnon approach
with noncollinear spin-spiral alignment of the system [66,67].
On the other hand, in Ref. [61] these were evaluated from the
ground-state electronic structure calculation by a real-space
approach in which the energy change of rotation of magneti-
zation is obtained from the magnetic-force theorem [68,69].
The exchange correlation functional can also affect 7, the
former calculation employed the GGA functional on the basis
of augmented spherical wave method with ASA potential
but the latter used the LSDA+U method in the full-potential
KKR scheme. The GGA and GGA+U methods were used
in Refs. [65] and [57], respectively. Despite the differences
in the T of MFA results, we can see that the 7- obtained
from our DLM method shows the same magnitude and agrees
well in particular with Ref. [61] (T = 1011 K), which is also
implemented in an all-electron KKR method. Similarly to the
above, discrepancies in reported 7¢ values can also be seen
in the RPA and MC results because of the differences of the
computational methods.

We plot T dependence of P in Figs. 2(a)-2(d). In Fig. 2(a)
the total P reduces as T increases and it becomes P = 66.3%
at T = 300 K. Remarkably, a huge reduction in the P is found
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TABLE III. The N,, (electrons), a (/OX), Mypin (L), and P (%) at T = 0 K for Mn-rich Co,Mn,,Sig defined by the SSFU expression (8 =
1.0) with its corresponding general expression. Notations of Mnc, and Mng; indicate the Mn antisite atoms, where excess Mn atoms replace
some Co and Si atoms at nominal X and Y site of X,YZ. The a is taken from Ref. [48].

Mpin (/'LB)
SSFU General expression Nyal a (A) Co Mnc, Mn Si Mng; Total P (%)
COzMH].lssiLo (C01,93Mn0,07)Mn(Sio,%Mno.m) 28.976 5.670 1.009 —0.652 3.026 —0.074 3.020 4.975 94.3
CooMn; 2Si; g (CojgeMng14)Mn(Sigo3sMngo;) 28938  5.672  1.013 —-0.687 2999 —0.071 2989 4.936 94.8
CooMn; 48119 (CopgoMngoo)Mn(SiggoMng o) 28904  5.676 1.020 —-0.715 2972 —0.069 2960 4.902 94.7

only for the Co d states. The Co d-P decreases from 86.8%
at 0 K to 51.7% at 300 K [Fig. 2(b)], whereas only a small
reduction is confirmed in the spin polarization associated
with other orbitals including Mn d (over ~70% even at RT)
[Figs. 2(c) and 2(d)]. Figures 3(a)-3(c) show the changes of
the total and local DOS plots with elevating T'. In Fig. 3(a), the
profile of the total DOS becomes smoother when T increases,
and only the minority-spin states are sensitive to the tem-
perature around the Fermi level, although the majority-spin
DOS is hardly changed. This fact lets us focus only on the
minority-spin states for the discussion hereafter. A remarkable
increase in the minority DOS at the Fermi level appears only
in the Co local DOS [Fig. 3(b)] since the band gap between
the valence and conduction states in Co is narrower than
in Mn. The results for Si are not presented in Fig. 3 since
the Si DOS is not dominant as mentioned above. One may
expect the changes of the DOS to be relatively modest, as
observed here, since the investigated temperatures are much
lower than 7¢. Further increasing the temperature leads to
an increasingly smooth DOS profile, approaching a non-spin-
polarized electronic structure at 7¢.

Experimentally, the spin polarization can be estimated by
the Julliére model where the TMR is determined by the
“bulk” spin polarization of the total DOS of the ferromagnetic
electrodes at the Fermi level [70]. A spin polarization of 89%
is observed at 2 K but it drastically reduces by almost half
at RT [17,71]. The experimentally observed reduction in spin
polarization from low temperature to RT is quite significant
compared to that found by our calculations. This difference
likely derives from the magnetic impurities present at the
Heusler/insulator interface which cause spin-flip inelastic
tunneling [32,72], which are missing from our calculations.

Our T-dependent total DOS [Fig. 3(a)] shows a high peak
in the majority-spin states at around 0.9 eV below the Fermi
level and, very importantly, the peak-shift width is quite
narrow in energy by ~0.1 eV even when the temperature is
raised to 500 K. This result is reasonably consistent with the
HAXPES observation [26], where the valence band structures
at T = 30 and 300 K are almost identical, which was not
observed in the DFT4+DMFT calculation results. [25]

Figure 4(a) presents the temperature dependencies of the
total P for different chemical potentials Ap within a rigid
band model. For a negative shift of the chemical potential
from the Fermi energy, Au < 0, P becomes higher in value
as Ap decreases. On the other hand, a positive shift, Ay >
0, lowers P significantly. Thus, Fermi-level tuning by hole-
doping is advantageous to suppress the P reduction at finite
T as found in the stoichiometric L2, material. We note that,
however, even for A < 0, enhancement of P might not be
realized for a negative shift of over ~0.5 eV due to the
Fermi-level position touching the minority spin valence bands
[results are not shown in Fig. 4(a) for simplicity]. These
facts agree with experiment, in which the spin polarization is
improved by doping a certain quantity of holes by partial Al
substitution with Si in CMS in the combinatorial sputtering
technique [73].

B. Disordered B2 structure

The total magnetization, mgpy,, is obtained as 2.499 pp
for the B2-type CMS at T =0 K, and the results for the
atomic-decomposed mgpi, are summarized in Table I. Since
the Mn and Si are intermixed by 50:50 composition in the B2
structure with half the lattice constant of L2, the mpi, values
are multiplied by their compositions for each Mn and Si, so
that the summation of local moments corresponds to the total
Mgpin. The DOS calculated by the CPA-KKR scheme is pre-
sented in Fig. 1(b). Clearly, the DOS profile is widely smeared
compared to the L2; alloy, in which crystal momentum /k
is no longer the good quantum number and Bloch spectral
function is broadened in energy due to the lifetime effect.
Although the half-metallic gap in the minority-spin states is
preserved in the B2 structure as in L2, the absolute value of
minority-spin DOS at the Fermi energy is larger than the L2,
due to the conduction edges touching the Fermi energy. As
a result, a rather small P is estimated, P = 84.9%. However,
the fact that only a small reduction in P is induced by B2-
type atomic disorder at zero temperature is consistent with a
previous study carried out for Co,CrAl [8]. We emphasize that

TABLE IV. The same as Table III but for Mn-poor Co,Mn,Sig (8 = 1.0). Notations of Coy, and Siy, indicate the Co and Si antisite
atoms, where the deficiencies in Mn atoms are made up by Co and Si atoms at Y’ site, respectively.

Mspin (/’LB)
SSFU General expression Ny a (A) Co Mn Comn Siyn Si Total P (%)
CoyMnyg5Si; Co,(Mng g3 C0y 03 Sig 04 )Si 29.039 5.658 1.030 2.978 1.426 —0.065 —0.059 4.740 27.3
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the feature shared with the L2, structure is that Co d states are
dominant in the minority-spin gap around Fermi energy.

A rather monotonic decrease in the total P is observed
in the B2 structure and the value becomes less than 40%
above RT, as shown in Fig. 2(e). The spin polarizations for
each orbital component show that only the Co d-P rapidly
decreases and the value is 17.4% at 300 K, as compared in
Figs. 2(f), 2(g) and 2(h) for Co, Mn, and Si, respectively.
We plot in Figs. 3(d)-3(f) the T-dependent DOS. Figure 3(e)
shows that the minority-spin DOS of Co is drastically in-
creased at the Fermi energy, although the change in minority
DOS is less in Mn as shown in Fig. 3(f). Consequently, from
the results of L2, and B2 structures, the Co d electrons always
play a key role in determining the spin polarization in the
system at finite temperature because these minority states
are located at the valence top and conduction bottom bands.
However, importantly, the P reduction at finite temperature
is significant in the B2 structure compared to the L2,. For
example, the L21 system shows P = 44.1% at T = 500 K but
the B2-P is only 15.8%. This is reflected by the difference of
the Fermi level position as discussed for the zero-temperature
results. The minority-spin DOS is intrinsically larger and is
more sensitive to the temperature in the B2 structure than
in L2, at the Fermi energy, while the majority DOS has
almost the same magnitude and is not changed much as T
increases in both, as shown in insets of Figs. 3(a) and 3(d).
Similar to the L2, system, a negative chemical-potential shift,
corresponding to A < 0, increases P, while a positive shift,
Ap > 0, decreases P [Fig. 4(b)].

For T¢ estimation in compositionally disordered B2 struc-

tures, Eq. (3) is modified as

(hC0> _ (JCO—CO CMn-’Co—Mn) (mC0> %)

th JCO—Mn CMnJMn—Mn MMn ’

where ¢y, indicates the composition of Mn (e, = 0.5). The
multiplicity factor does not appear compared to Eq. (3), since
the B2 is a simple cubic lattice including one Co occupied
sublattice, whereas L2 has rwo fcc sublattices occupied by
Co. The T¢ of 898 K is obtained from the B2 structure, as
summarized in Table II. We speculate that the large reduction
of T¢ from that of the L2, structure originates from the inter-
mixing of Mn with much Si (50%), which indicates that the
Si p electrons might induce an instability of spin polarization
of Mn d electrons at the same atomic site in the alloy. This
inference is based on the comparison of L2 (T¢ = 1103 K),
where no intermixing is included, and the nonstoichiometric
systems (T ~ 1000 K), where the intermixing is incorporated
but the composition ratio is quite small compared to the B2
structure (the latter system is discussed in detail in Sec. III C).

C. Nonstoichiometric disordered L2, structure

The SSFU composition model, namely Co,Mn,Sig, is
proposed in Refs. [47] and [48] in order to describe the
nonstoichiometry in the thin film assumed in MTJ devices. In
detail, the SSFU model accommodates only antisite structural
defects but not vacancy defects, and is based on the formation
energy analyses by the DFT [9,74]. The Mn¢, and Mng;
antisites, where excess Mn atoms replace some Co and Si
atoms at nominal X and Z site of X,YZ, are energetically
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FIG. 5. The same as in Fig. 1 but for (a) Mn-rich Co,Mn, 15Si; o
and (b) Mn-poor Co,Mng g5Si; o in SSFU.

favorable compared to either vacancy defects at the Co or Si
sites. Similarly, Cop, and Siyg, antisites, where the Y -site Mn
is replaced with Co and Si, have lower formation energies than
for Mn vacancies. The former results in a Mn-rich thin film
system (o« > 1) and the latter in a Mn-poor (¢ < 1) one. In ad-
dition, although theories [9,74] have clarified that Si-deficient
nonstoichiometry (8 < 1) can be inferred from energetics,
we fixed B = 1.0 for simplicity throughout the present work.
Note that since atomic-vacancy defects are not included in
the SSFU model, the site-occupation ratio of 2:1:1 in the
given L2, structure X,YZ is preserved to be stoichiometric
although the atomic ratio of Co:Mn:Si is nonstoichiometric.
The nonstoichiometric systems we treat follow the above
SSFU model. The SSFU expressions for Mn-rich and Mn-
poor Co,Mn,Sig_; o are summarized in Tables III and IV,
respectively, with the corresponding general expressions. The
lattice constants are set to the experimentally measured values
in the epitaxially grown thin films of Co,Mn,Si;y on a
MgO(001) substrate [48].

We firstly present the results at 7 = 0 K. For the Mn-rich
case, the calculated results are summarized in Table III and
confirm that the spins of excess Mn atoms couple with those
of Co and Si at respective X and Z sites antiferromagnetically.
The mygpyi, of Y-site Mn becomes slightly smaller compared
to that in the ideal CMS as the degree of o composition
increases. We also find that the evaluated P is greater than
the ideal case’s value by ~3%. This is attributed to the Fermi-
level shifting to a lower energy induced by Mn antisites from
the stoichiometric L2, structure. This results in a reduction of
the number of occupied valence electrons, Ny, (see Table III).
Figure 5(a) shows the DOS for o = 1.15 as an example.
The tendency discussed above is consistent with previous
calculated results by the all-electron full-potential linearized
augmented plane wave method within the GGA [9]. The DOS

054424-7



KENIJI NAWA et al.

PHYSICAL REVIEW B 102, 054424 (2020)

Mn-rich Co,Mn, 45Si; o

~ T T T T T T ]
12, T 500
S B or 1] <
r e 1 400 =
% N /\j\\/\A ii \ 5 | g
- -06 0 06 300 2
s °f 3
a 4af 1l 200 2
8 sf 1H 100 ©
- (a) Total
12 b f ! ! ! L L 3 0
T T T T T T
6 I 0 [T ™ 500
— 4 N 0.6 | =l —
s | 2 \ E 400 €
B 2y Iy Y e
Q h =1
2 o e 060 06 300 2
2 ! 8
o 2F 1 200 g
o
o 4r 1H 100 ©
o [ (b) Co (x2) i
| | | | | | 0
T T T \0 T T
Al 7 {8 500
- | 06| E _
% o L 12| i 400 X
@ Ee o L o
£ I 06 0 o8 300 ,2
z ° 5
* 200 2
o 2r ] 5
e N 100 +
4 (c) Mn §
| | | | | | 0
— T T T T o T
0.08 - F 14 500
— L 06 7 =
%) 0.04 | 12| Bl 400 \Kl
g . | 8. (. i<
g o =0 0.8 300 2
2 8
200 &
8 0.04 . E
o F [
100
008 | (d) Mng, g
| | | | | |
0

-4 -3 -2 -1 0 1 2 3 4
Energy (eV)

Mn—poor Co,Mng gSi; g

25 g; “\.‘Wi 500
N ) of 1] 3
® I E 400 <
RISV
= 6 _0 O 300 2
©
B OF 2
o 4L 200 2
o @
o 8 100 +
12 0
6 500
s 4 400 <
g 2
< 300 2
©
3 © %
o 2 200 £
o 5
o 4 100 F
6
0
4 500
3 5 400 <
? g
= 300 2
©
z ° %
2 o
Q@ 5 00 £
a 100 F
4
0
0.4 500
N <
400 <
%0.2 o
= 300 2
©
g ° g
200 £
8oz £
a 100 +
0.4
0

-4 -3 -2 -1 0 1 2 3 4
Energy (eV)

FIG. 6. The same as in Fig. 3 but for [(a)—(d)] Mn-rich Co,Mn, ;5Si; ¢ and [(e)—(h)] Mn-poor Co,Mny g5Si; . The insets focus on the Fermi
level; both majority and minority states for total DOS and only minority spin local DOS of Co, Mn, and antisite Mnc, and Coyy,.

for o« = 1.29 and 1.44 are not presented in this paper since
significant differences from o = 1.15 do not appear.

On the other hand, Mn deficiency is detrimental to half-
metallicity. We only present the alloy with composition of
a = 0.85. The Mn mygy, on the Y site is reduced compared
to that of the stoichiometric L2, case, and a smaller total
Mgpin is obtained, 4.740 up (see Table IV). The P value is
as small as 27.3% at 0 K. From the local DOS plot given in
Fig. 5(b), the low P arises from the additional occupied Co
d minority-spin states associated with the X site. The Copp,-
antisite defect-induced pseudogap states that appear for the
minority states around the Fermi energy also reduce the spin
polarization [9]. These lead to Ny, = 29.039 being greater
than the stoichiometric L2; system (Table IV).

At finite temperature, features similar to those in the
stoichiometric L2; and B2 structures are found in Mn-rich
Co,Mn,, Si| o. The minority-spin Co local DOS plays a dom-
inant role in the spin polarization and sensitively increases at
the Fermi level, as shown in Fig. 6(b). The change of the Mn-
local DOS is smaller than Co’s [see Fig. 6(c)]. Additionally,
Fig. 6(d) shows that the antisite Mnc, atom does not affect
the electronic structure so much around the Fermi energy.
The same situation is evident with respect to the Mnyg; site

(DOS results are not presented). However, the T dependence
of P is indeed improved by adding excess Mn atoms. In
Fig. 7(a), the P for Mn-rich CMS is higher than for the
perfectly stoichiometric system over the whole temperature
range up to 500 K and the reduction of P with increasing
temperature becomes less than that for the stoichiometric case
owing to the Fermi-level shifting discussed above.

In actual MTJ devices with MgO barriers, it is expected
that most of the tunneling of electrons is dominated by the co-
herent tunneling of itinerant electrons in s and p orbitals [48].
Motivated by this fact, we evaluate the spin polarization using
only the sp orbitals, P,, which we plot in Fig. 7(b). The
Py, becomes smaller compared to that of the stoichiometric
system as the composition parameter « increases for every
temperature up to 500 K. However, we stress that the atomic
disorder induced by the Mn-rich composition is superior to
B2-type Mn-Si disorder for keeping a high spin polarization
of the itinerant sp electrons. We point out that the direct com-
parison with experimental measurements of spin polarization
is difficult even qualitatively. Experimental measurements of
the T dependence of TMR in Co,MnSig/MgO/Co,MnSig
MTJ, where the Mn composition varies, are available in
Refs. [31] and [48]. However, because secondary magnetic
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o = 1.44 (red), 1.29 (magenta), and 1.15 (yellow), and Mn-poor Co,Mn,Si; o with & = 0.85 (blue) in SSFU. Solid lines indicate the fitted
curves. The results of stoichiometrically ordered L2, (black) and disordered B2 (green) structures are also plotted for reference.

phases such as nonmagnetic or antiferromagnetic structures
may appear when there are excess Mn atoms, the behavior of
spin polarization at finite temperature is unclear in terms of
the effect of the Mn composition in experiments [48].

Since the X-site Co d electrons and the defect-induced
pseudogap states associated with the Copyy, antisite dis-
rupts the half-metallic-like electronic structure, the Mn-poor
Co,Mny 35Si; g is incapable of preserving the high spin polar-
ization at finite temperatures. In Figs. 6(e)-6(h), the minority-
spin local DOS for Mn and Cop, do not change much at the

J

Fermi level when T is increased, on the other hand, the Co d
DOS become larger. As a result, P decreases to zero around
300 K and becomes negative afterwards, as shown in Fig. 7(a).
The T-dependent P;, is plotted in Fig. 7(b). It can be seen
that the Mn-poor alloy also has highly spin-polarized itinerant
sp electrons. The comparison of our results with published
theoretical values can only be made for T = 0 K [48], where
we find good agreement.
To get Tr, we solve the eigenvalue problems

heo %CCOJC()fCO %CMnc(,JC07MnC“ %JC()an %CMns;]Coansi Mco
hnng, LecolMnco—Co  3CMncoIMnco—Micy 3 Inco—Mn 3 CMngItnco—Mng; | | MMne, )
hinin ¢codMn—co CMnco/Mn—Mne, JMn—Mn CMng;/Mn—Mng; My |’
Pt CCoMng;—Co CMncoMng—Mnc, IMingi—Mn CMng; /Mg, —Mns; Mins;
hCo %JCO—CO %CMHJCO—MH %CCOMnJCO—COM,, Mmco
th = JMn—Co CMnJMn—Mn CCowmp JMI‘I—COM" Mnn ’ (6)
hcoy, Jcoyw—Co  MnJCoy,—Mn  CCoyICop—Cop/ \I"CoMn

for Mn-rich and Mn-poor alloys, respectively. The concentra-
tions c¢; are given in the second column in Tables III and IV
(i = Co, Mn¢,, and Mng; for the Mn-rich case and i = Mn and
Comy for the Mn-poor case). The Ty values are summarized
in Table V. We find the T¢ is slightly lowered from that of the
stoichiometric system (7c = 1103 K), and gradually reduces

TABLE V. The calculated T¢ for nonstoichiometric Co,Mn,,Si; ¢
in the SSFU expression.

SSFU Tc (K)

Mn rich COzMIl] .1ssi| 0 1050
COzMﬂ]_zgSil_o 1023
Conn1,44Sillo 1000

Mn poor CoyMny g5Si; 1051

(

as the composition « is increased for the Mn-rich case. The
Mn-poor system also shows a lower T¢ than the stoichiometric
one. A similar trend was reported in Co,FeSi from KKR
calculations, in which a reduction in 7 was observed when
the Fe composition was varied [75].

Figure 8 presents the calculated exchange-energy constants
Jij for nonstoichiometric alloys with the comparison of the
stoichiometric L2; alloy. The atomic compositions of antisites
are somewhat smaller than those of nominal sites, thus, we
focus on the effective J;; between atoms only at the nominal
sites, namely interactions of Co-Co, Co-Mn, and Mn-Mn.
The values in Fig. 8 are multiplied according to the atomic
compositions. It is clear, for Mn-rich models, that the Jco—mn
showing the largest value in each model becomes small as
the « increases. This trend reflects the decrease of the T¢
with increasing «. A similar reduction in Jco—mn from the
stoichiometric system is also found in Mn-poor Cog gsMnSi;
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FIG. 8. The calculated J;; of nominal-site Co-Co, Co-Mn,
and Mn-Mn interactions for nonstoichiometric alloys; Mn-rich
Co,Mn, Si; o with ¢ = 1.15 (yellow), 1.29 (magenta), and 1.44 (red),
and Mn-poor Co,Mn,Si;o with o = 0.85 (blue) in SSFU. The
results for stoichiometric L2; alloy is also presented as a reference
(gray).

which also lowers the 7¢. Our calculations thus demonstrate
that a mixture of the two transition metals on X or Y leads to
a decrease in the T¢.

D. Temperature-dependent spin polarization from the DLM
method and Bloch’s T3/ law

Finally, we mention verifications of the Bloch 732 law
for spin polarization. In the extended Zhang model [31], the
T-dependent spin polarization was taken into account using
Bloch’s law formalism as the Shang model had done [32], i.e.,
P(T) = Py(1 — nyT??), where P, is the spin polarization at
T = 0 K and 5y, is a material-dependent interface parameter
that determines the spin-polarization reduction with elevating
temperature for parallel (M = P) and antiparallel (M = AP)
magnetizations in an MTJ device. This formula has been
proposed as an extension from Bloch spin-wave theory that
describes magnetization excitation due to low-energy long-
range spin waves at the temperatures far below T [76]. So
far, however, there has been no report for an evidence related
to the Bloch-type spin polarization at nonzero temperature
from first-principles calculations although the T-dependent
behavior of spin polarization is of importance in understand-
ing, especially, tunneling conductance for MTJ in M = P. The
formalism of the tunneling phenomenon for M = P discussed
here corresponds to Eq. (7) in Ref. [31].

The T-dependent spin polarizations are fitted to

P(T) = Py(1 —nT"). @)

For the 1 parameter, here, we ignore a difference between
the M = P and AP cases, i.e., n = np = nap, since the values
fitted from the experiments are same in magnitude, typically
~1073 [31,77]. The fitting analyses are carried out for both
total (spd)- and itinerant (sp)-orbital spin polarizations; the
fitting curves are plotted with solid lines in Fig. 7 and the
coefficients 1 and « are given in Tables VI and VII for
stoichiometric and nonstoichiometric systems, respectively.
For stoichiometric alloys, from Table VI, our results indicate
that the T dependencies of P;, can be characterized well by the
Bloch’s law rather than those of total P with the parameters
Kk ~3/2and n ~ 107>, From the total P, the fitted « values
are found to be small especially in the B2 alloy, indicating
a monotonic P reduction (x ~ 1). In the nonstoichiometric
alloys, similar to above, the « parameters from itinerant Py,
become closer to 3/2 than those from total P. The Mn-poor
Co,Mny g5Si; ¢ shows quite a small value x = 0.59422 from
P but this is drastically improved to x = 1.35739 for P;,. This
is because the reduced total P is attributed mainly to the Co d
state around Fermi level, as discussed in earlier sections.

Considering the fact that the major contribution to the
electron tunneling is not for the localized d states but for
the itinerant sp states and that the T-dependent tunneling
conductance of M = P magnetization has been successfully
demonstrated by the extended Zhang model which employs
the Bloch-based spin polarization even in the Mn-poor al-
loy [31], precise calculations of the thermal dependence of the
itinerant spin polarization is crucial to understand the TMR
at finite temperature ab initio. However, our DLM method
does not adhere to Bloch’s T%/? law in terms of the parameter
k, owing to the classical model it uses for the fluctuation
of single-site local moments, whereas Bloch’s law describes
the low temperature thermal excitations due to the many-body
spin waves.

IV. SUMMARY

In summary, first-principles KKR calculations combined
with the CPA and DLM methods have been performed to clar-
ify the spin polarization at finite temperature in the Heusler
Co,MnSi, where effects of atomic disorder and nonstoichiom-
etry have been considered. We have found that all the systems
show significant reduction of the spin polarization when the
temperature is increased. The mechanism was understood to
be connected to the behavior of Co d states because these
states are located around the minority-spin gap around the
Fermi energy. The differences in the decay of the spin polar-
ization with regard to temperature in the stoichiometric L2,
and B2 structures are governed by the DOS of minority-spin
states near the Fermi energy. We also considered nonsto-

TABLE VI. Parameters of n and x obtained from fitting to Eq. (7) using the spin polarizations of total (spd) and itinerant (sp) orbitals in
stoichiometric L2, and B2 structures. 1 has a unit of Kelvin to the minus «.

Itinerant (sp)

Total (spd)
n (K™) K
L2, 3.74478 x 10~* 1.16069
B2 1.51584 x 1073 1.01670

n (K™) K
4.38096 x 107> 1.34124
5.82093 x 1073 1.40488
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TABLE VII. The same as Table VI but for nonstoichiometric Mn-rich and -poor Co,Mn, Si, o in the SSFU expression.

SSFU Total (spd) Itinerant (sp)
n (K™) K n (K™) K
Mn rich Co,Mny 15Si; 6.48535 x 10~ 1.04912 1.10423 x 10~ 1.21517
Co,Mn »9Si; ¢ 6.56393 x 107* 1.04806 1.29593 x 107* 1.21041
Co,Mn 44Sip o 6.59337 x 10~ 1.04707 1.71988 x 107 1.18055
Mn poor Co,Mny g5Siy 3.17618 x 1072 0.59422 6.73572 x 107> 1.35739

ichiometric CooMn,Sig in the SSFU model, in which the
composition parameter « varies from 0.85 to 1.44 and B
was fixed at 1. Our calculations clarified that the alloys with
Mn-rich composition possess high spin polarization at finite
temperatures owing to the Fermi-level shifting to lower energy
compared to that of the stoichiometric L2; system, whereas
the Mn-poor alloy shows low spin polarization owing to the
finite DOS at Fermi level that originates from nominal X -site
Co and antisite Coyg, states. We found that the temperature
dependence of the total P can be improved in Mn-rich CMS
because of the reduction in Co content. Moreover, we dis-
cussed Bloch’s 7%/2 law from fitting the T dependence of the
spin polarization. The decrease of the spin polarization with
T increase can be described well by this relation, especially,
for the itinerant sp electrons, although there is a small discrep-
ancy between our MFA-based DLM approach and many-body
Bloch’s law.
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APPENDIX: DLM CALCULATIONS FOR
FINITE TEMPERATURE

We here provide a brief review of the DLM approach,
with further details provided in previous works [34—43].
A system, which has N local moments at corresponding
magnetic sublattices, is specified as {é;} = {é1, é», ..., ey},
where the magnetization direction is given by &; =
(sin 6; cos ¢;, sin §; sin ¢;, cos §;) at each site i. For the ther-
modynamic grand potential 2({é;}) of the orientations {é;},
the probability distribution function is given by

1
P(e:}) = - exp[—pQ({e:})] (AD)

with the partition function

Z({éi}):/"‘/exp[_ﬁsz({éi})]dél"'déN- (A2)

Here 1/8 = kgT and kg is the Boltzmann constant. The grand
potential 2({é;}) could, in principle, be determined by finite-
temperature constrained DFT calculations treating a large
number of local moments in a supercell [34] but attempting
to use such an approach to construct a partition function is not
feasible. Instead, a mean-field approximation (MFA) is made
using a “reference” grand potential,

Qe =—) hi-e, (A3)

where the vectors {h;} correspond to the set of Weiss fields.
The probability distribution can be written as a product of
single-site probabilities Py;(é;):

1 N
Po({ei}) = Z exp[—BSo({e:H)] = HPOi(éi)» (A4)

with Zy = ]_[fv Zoi, where

1
Poi(é;) = 7 explBh; - &;]. (A5)

0
The partition function is also rewritten in terms of the Weiss
field,

Zy = / explBh; - elde; = ;—Z sinh(Bh;).  (A6)

The free energy is, thus, given as

F(T) = (Q)or =TS, (A7)

1« . o
= (@or + 5 S f Pyi(e;) log Py(8:)de;,  (A8)
i=1

where (2)o 7 is the DFT grand potential at temperature T

calculated with respect to the model probability Py({é;}) and

S the magnetic entropy. The Weiss field at site i is given by
h; =

— Vi (2)o,7, (A9)

3 R e ga
= - ei(Q)():Tdei,

e (A10)

where <Q)f)i,T denotes the thermal average and integrates over
all the orientations except that at the site of interest, &; [42].
These averages are performed within the coherent potential
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approximation. The local order parameters at different sublat-
tices are defined as

m(T) = (&)or

_ /déiéi exp[Bh; - &;] l—[/d@jexp[ﬂhj n
ZOi i Z()j

= MLV, (A11)

where dimensionless quantities A; = Sh; and unit vec-
tors ):i = A;/A; (A; = |A;]) are introduced and L(A;) is the
Langevin function, L(X;) = coth (};) — 1/A;.

In numerical calculations, an adaptive algorithm [78] is
employed for the BZ integration and a grid of 240 x 40 is
used for the integration with respect to the angles of 6; and ¢;
of the magnetic local moment, respectively. The Weiss field
obtained from Eq. (A10) is solved with an iterative scheme
for every local-moment site in the unit cell [37,38]. Starting
from uniform values at each site; i.e., the zeroth round, the
values of the Weiss fields are updated by using results of the
previous round, i.e.,

prev
= A e

(A12)

where the Weiss field at site j in previous round, A", is
normalized by that at site i, 4} . Then the temperature is
evaluated from the relationship between input A'™ and output

h°"t which is satisfied at self-consistency, Sh°"t = A", thus,

1 hout

- kg A0 :

We consider self-consistency to have been achieved if the

iterative temperature difference becomes less than the conver-

gence criterion of 1 K. In all models, for temperatures within

the range of 0-500 K self-consistency in the Weiss fields is
achieved within five or six rounds.

An adjustment of the Fermi energy between the scalar-
relativistic ferromagnetic calculation at zero temperature and
the chemical potential for the fully relativistic DLM calcu-
lation at a finite temperature is needed so that the density
of states integrates to the number of occupied electronic
states. It is important that the chemical potential is accurately
determined when estimating the spin polarization because of
its sensitivity to the band filling near the Fermi energy. We
achieve this aim by tuning the chemical potential

(A13)

val

D(EF)

within the above iterative procedure as done in Refs. [37]
and [43]. Here finext (Uprev) is the chemical potential for the
next (previous) round, NS;Sired is desired number of valence
electrons, szﬁmeric is numerically calculated number of va-

lence electrons from the integrated DOS, and D(EF) is the
total DOS at Fermi energy.

desired numeric
N — N, val

Mnext = Mprev + (Al14)
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