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Origin of ferromagnetism of MnSi; ; nanoparticles in Si: First-principles calculations
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The origin of the magnetism of MnSi; ; nanoparticles in Si is investigated using the first-principles calcu-
lations: bulk and interface effects are considered. The bulk magnetic property is expected to be affected by
stoichiometry, strain, and charge accumulation. Stoichiometry and charge accumulation induce a ferromagnetic
state, and strain stabilizes the ferromagnetic state. Another factor, the MnSi; 7/Si interface formation, is seen as
triggering ferromagnetism strongly localized at the interface. These two mechanisms are shown to be related to
the experimentally determined hard and soft components, respectively.
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I. INTRODUCTION

Controlling the spin degrees of freedom is a challenging
topic in physics as well as in engineering.”? In particular,
silicon (Si)-based spintronics is of great importance because
it is expected to open a new field in physics with its
combination with highly advanced silicon electronics
technologies.>™

Recently, room-temperature ferromagnetism was reported
for manganese (Mn)-ion implanted Si (Ref. 6). The Curie
temperature has been evaluated to be over 400 K. The ferro-
magnetic properties are reported to be affected by the Mn
concentration, the thermal annealing process, and the carrier
type of the Si substrate. The diluted magnetic semiconductor
is suggested to be the origin of the magnetic property be-
cause the carriers seem to mediate the ferromagnetism. How-
ever, the transition metals, such as Mn, are known to have
very low solubility in Si and easily react with Si to form
silicides.” It has been reported that the manganese-silicide
MnSi,; ; nanoparticles in Si exhibit ferromagnetism with a
relatively large magnetic moment.'?

We have experimentally investigated the temperature-
dependent magnetic properties of manganese-silicide
MnSi, ; nanoparticles in Si by controlling the particle diam-
eter from 3 to 26 nm (Ref. 11). We have demonstrated that
the saturation magnetization and the coercivity change with
the temperature and particle size. From a deep analysis that
included the switching field distribution technique, we con-
cluded that the ferromagnetism is consists of two compo-
nents, hard and soft, and that the hard component offers co-
ercivity values as high as 2500 Oe.

It is not clear, however, what the origins of the ferromag-
netism are. MnSi, ; belongs to a family of compounds known
as Nowotny chimney-ladder phases.!>!> MnSi, - is known to
have many phases such as MnySi;, Mn;;Sijg, Mn5Siy,
MnySiys, and Mn,;Siys. !4 Previous experimental or com-
putational studies of bulk (not nanoscaled) MnSi;; (Refs.
20-24) do not give a sufficient explanation for the ferromag-
netism of the MnSi; 7 nanoparticles/Si system. This suggests
the importance of strain, charge transfer, etc. that could be
induced in the nanoparticles. The particle size and/or the
interface formation could also play an important role in de-
termining the magnetism.
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This work rectifies this omission by introducing a system-
atic study based on the first-principles calculations that ad-
dresses the physical origin of the ferromagnetism of MnSi, ;
nanoparticle/Si system. We focus on the effects of strain,
charge transfer, and interface formation on the magnetic
properties of MnSi, ;.

II. METHOD

The calculation method used in this work follows the
work used in the previous report.?>6 The first-principles cal-
culations performed are based on the density-functional
theory within the generalized gradient approximation (GGA)
and the local spin-density (LSD) (Ref. 27) approximation.
We use the Vanderbilt ultrasoft pseudopotential®®?® for Mn
and the Troullier-Martins pseudopotential®® for Si. The
pseudopotential of Mn is built with the electronic configura-
tions of 3d°, 4s', 4p0, and the cut-off radius of r.=2.5 a.u.
We also apply the plane-wave basis setup to the cutoff of 25
Ry and fully optimize the atomic configurations before
evaluating their magnetic moments. The k-point sampling is
4 X4 X4 for Mn,Si; and 4 X4 X2 for Mn,;Si;9 in the first
Brillouin zone. All calculations are done with TAPP (Tokyo
Ab-initio Program Package), which we developed.’!~33

We first examine bulk Si and cubic MnSi in order to
check the accuracy of the pseudopotentials used in the cal-
culation. For bulk Si, the calculated lattice constant is
5.46 A, which is well consistent with the experimental value
of 5.43 A (0.6% error). For bulk MnSi, the calculated lattice
constant is 4.58 1&, which is also well consistent with the
experimental value of 4.558 A (Ref. 34) (0.5% error). The
calculated magnetic moment for bulk MnSi is 0.9 wp, which
closely matches the previous calculated value of 0.4 wy at
the lattice constant of 4.44 A (Ref. 35).

Mn,Si; has a tetragonal space group P4c2 with lattice
constants a=5.5259 A and ¢=17.5156 A (Ref. 20) as
shown in Fig. 1(a). It is consists of the subcells of Mn [Fig.
1(d)] and a helical arrangement of Si [Fig. 1(e)]. Considering
symmetry, the 16 Mn atoms in the unit cell are classified into
five groups, which are placed at position Mnl (0,0,0), Mn2
(1/2,0,0.06508), Mn3  (1/2,1/2,0.12939), Mn4 (0,1/
2,0.19137), and Mn5 (0,0,1/4) as shown in Fig. 1(b). The
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FIG. 1. Atomic images of (a) unit cell, (b) side view, (c) top
view, (d) Mn subcell, and (e) Si arrangement, of Mn,Si; crystal.
The large and small circles are Mn and Si atoms, respectively. The
numbers shown in (b) indicate the symmetry type of Mn atoms. Is,
indicates one of the (001) planes.

plane perpendicular to the ¢ axis that includes Mn atoms can
be defined as I, where x and y are the indices of the Mn
atom as shown in Fig. 1(b). For bulk Mn,Si;, the calculated
lattice constant a is 5.55 A, which agrees well with the ex-
perimental value (0.5% error). The estimated bulk modulus
of Mn,Si; is 1.87 Mbar.

Mn,;Si;o has a tetragonal space group P4n2 with lattice
constants a=5.52 A and ¢=482 A (Ref. 19). Its crystal
structure resembles with that of Mn,Siy except for the peri-
odicity along the ¢ axis. For bulk Mn;;Si;9, the calculated
lattice constant a is 5.54 10%, which agrees well with the ex-
perimental value. The estimated bulk modulus of Mn;;Sig is
1.88 Mbar, which coincides with that of Mn,Si.

III. BULK MAGNETIC PROPERTIES

We first calculate the band structures and the DOS of bulk
Mn,Si; and the Mn;;Si;q. For Mn,Si;, the Fermi energy is
located in the band gap. The gap width is 0.8 eV [Fig. 2(a)].
These results are consistent with the previous theoretical
reports.>!>> We then take account of the spin polarization to
investigate the magnetic properties, but magnetism does not
appear due to its semiconductorlike band structure. Mn,Si; is
thus an intrinsic semiconductor and is a nonmagnetic mate-
rial.

For Mn;;Si;o, the Fermi energy is located just below the
valence-band top [Figs. 2(b)-2(d)]. It should be noted that
the calculated band structures of MnySi; and Mn;;Si;g are
quite similar except for the Fermi energy position. These
results are also consistent with the previous theoretical
reports.”!?> Next, we take account of the spin polarization
but again magnetism does not appear.

As shown in Fig. 2(d), the DOS is very large just below
and above the band gap because the bands around here are
mainly due to the d orbitals of the Mn atoms. Such a char-
acteristic is also seen in Mn,Si;. The large DOS around the
Fermi energy could cause the ferromagnetic ordering. We
therefore calculate the relationship between the total energy
and the spin polarization to evaluate the stability of the fer-
romagnetic ordering.

The filled circles in Fig. 3 show the total energy differ-
ence as a function of the occupancy difference between the
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FIG. 2. Calculated band dispersion relations of (a) bulk Mn,Si;
and (b)—(c) bulk Mn,;Si;g. (d) Calculated density of states (DOS) of
bulk Mn;Si 9. The region near the Fermi energy is closed up in (a)
and (b). Energy zero corresponds to the Fermi energy in all figures.

up-spin and the down-spin states, Ny,—Ngown- As shown in
the figure, Mn;;Si ¢ is assuredly a nonmagnetic material be-
cause the nonmagnetic state, Ny,—Ngown=0, is the most
stable arrangement. However, a metastable ferromagnetic
state appears at |Ny,—Ngow,|=4. The calculated band struc-
ture of the metastable ferromagnetic state indicates that the
Fermi energy is located in the band gap for the up-spin state
while it is located in the valence band below the band gap for
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FIG. 3. The strain effects on the total energy difference of

Mn,;Sijg as a function of the occupation difference between the
up-spin and the down-spin states, Ny,—Ngown-
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FIG. 4. Schematic picture of (a) DOS for nonmagnetic MnSi; 7,
(b) the partial DOS of the up- and down-spin states for nonmagnetic
MnSi, 7, and (c) the partial DOS of the up-spin and down-spin
states for ferromagnetic (half metallic) MnSi; 7. The horizontal lines
indicate the Fermi energy positions.

the down-spin state. All Mn atoms are slightly polarized and
have some magnetic moment, while each Mn atom has a
different polarized electron density. The value of the aver-
aged magnetic moment is very weak, only 0.09 wp/Mn.
This means that Mn,;Si;9 could be half metallic in its meta-
stable ferromagnetic state and that its magnetism can be
classed as itinerant ferromagnetism.

These results suggest that magnetic properties of MnSi, ;
are easily affected by changes in stoichiometry. Such a de-
pendency can be explained by the theory for chimney-ladder
compounds, usually referred to as the valence electron con-
centration (VEC), the number of valence electrons per tran-
sition metal atom.?*-3® The theory is also referred to as the
14-electron rule. VEC can be calculated as VEC=7+4
X ylx for Mn-silicide Mn,Si,, since Mn and Si have seven
and four valence electrons, respectively. The validity of this
VEC theory for Mn,Si; and Mn;,Siq has already verified??
and is also supported by our results. The VEC theory predicts
that compounds with the VEC of 14 are semiconductors and
that the valence-band occupation of those compounds is de-
termined by just VEC. Figure 4 shows schematics of the
relationship between the DOS of MnSi, ; and electron occu-
pation.

The VEC theory thus predicts the magnetic properties of
this material. The mechanism of magnetism is considered to
be similar to that of transition metals such as Ni or Pd, where
a part of the electrons in the localized d band transfers to the
free-electronlike s-band and holes are doped in the d band. A
consideration of the classical Stoner theory with regard to the
itinerant magnetism of such transition metals suggests that
ferromagnetism will occur when the Stoner criterion D(ER)
X I>1 is satisfied, where [ is the exchange integral and
D(Ey) is the DOS at the Fermi energy.?® According to the
more sophisticated Kanamori theory, which considers mul-
tiple scattering, the Stoner criterion should be modified to
D(Eg) X Ugy>1, where U is the effective exchange
energy.*? In both cases, a large DOS at the Fermi energy is
necessary for ferromagnetism.

When VEC decreases from 14, the system becomes hole-
doped semiconductorlike and the DOS at the Fermi energy
increases rapidly. The increase in the DOS enhances the cor-

PHYSICAL REVIEW B 78, 045307 (2008)

TABLE I. Relation of crystal phase of the MnSi, 5, correspond-
ing c-axis lattice constant, value of valence electron concentration
(VEC), and maximum magnetic moment estimated from the VEC
theory.

. VEC
¢ axis (nm)® VEC Mo
Mn,Si, 175 14 0
Mn;,Sijo 4.82 13.91 0.09
M, sSiag 6.53 13.93 0.07
MpgSiss 11.34 13.92 0.08
Mny;Siy; 11.79 13.96 0.04

4Reference 19.

relation between the carriers, and the ferromagnetic ordering
should become more stable. Among the various phases of
MnSi, 7, Mn;;Si¢ has the lowest VEC, 13.91, and the largest
DOS at the Fermi energy, suggesting that it could be the
dominant cause of the appearance of ferromagnetism. The
averaged magnetic moment of our metastable ferromagnetic
Mn,Sijg, 4/44=0.09 up/Mn, agrees well with the differ-
ence between 14 and VEC, 14— VEC=0.09, which corre-
sponds to the unit density of the doped carriers in the d
orbital originated valence band per Mn atom (Table I). These
discussions suggest that the magnetism of the MnSi, ; nano-
particles in Si would also strongly depend on the stoichiom-
etry of the particle and the ferromagnetism is expected to be
strongest when the particle is Mn;;Si;9 but note that the sta-
bility of the ferromagnetism does not seem to be sufficient.

IV. STRAIN AND CHARGING EFFECTS

In the experiments, nanoparticles are buried in the host
silicon. This suggests that the strain and/or the charge trans-
fer is induced in the particles and causes the ferromagnetism.
First we examine the strain effect. For Mn,Si;, isotropic ten-
sile (compressive) strain narrows (widens) the band gap. No
ferromagnetism appears in the range between 4% tensile
strain and 4% compressive strain. On the other hand, for
Mn,;Siyg, isotropic tensile strain can stabilize the ferromag-
netic state. Figure 3 shows the total energy difference as a
function of the occupancy difference between the up-spin
and the down-spin states at each strain for Mn;;Sijg. As
shown in the figure, isotropic tensile strain stabilizes the
metastable ferromagnetic state. Finally the ferromagnetic
state becomes most stable when the applied tensile strain is
5.6%. Here we note that the magnetic moment of the ferro-
magnetic state, Nup—Ndown|=4, is independent of the tensile
strain.

Next we investigate the impact of charge accumulation on
the magnetism of Mn,Si;. Figure 5 shows the total energy
difference as a function of the occupancy difference between
the up-spin and the down-spin states at each charging case.
In the neutral case, no metastable state appears. When charge
is accumulated, the metastable ferromagnetic state appears
and becomes stable at large absolute values of the accumu-
lated charge regardless of the polarity of the charge. The
figure also indicates that the magnetic moment of the ferro-
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FIG. 5. Total energy difference of MnySi; as a function of the
occupation difference of the up-spin and the down-spin states. Open
circles, open diamonds, and open squares indicate hole-doped cases
with the density of +4/cell, +3/cell, and +1/cell, respectively.
Closed circles and closed diamonds indicate electron-doped cases
with the density of —7/cell and —2/cell, respectively. Closed tri-
angle indicates neutral case.
magnetic state, My =|Ny,—Ngownl/16, increases with the
absolute value of the accumulated charge.

The VEC theory is useful in discussing these results. It is
expected that applying strain would change only the DOS
but not the Fermi energy position. Since Mn,Si; has semi-
conductor nature, strain should not induce any ferromag-
netism. On the other hand, since Mn;;Si;¢ has hole-doped
semiconductor nature and the Fermi energy is located in the
d orbital originated valence band, the application of tensile
strain could more strongly localize the d orbitals, enhance
the DOS at the Fermi energy, and stabilize the ferromagnetic
states.

The shift of the Fermi energy position due to charge ac-
cumulation can be interpreted as a change in VEC. VEC
decreases with hole accumulation and increases with electron
accumulation. In both cases, the DOS at the Fermi energy
should increase and ferromagnetism should be induced [Fig.
4(c)] with the magnetic moment of MYEC=|14-VEC|. The
relationship between the accumulated charge and effective
VEC is shown in Table II. As shown in the table, the mag-
netic moments yielded by the first-principles calculation well
match those obtained from VEC. This also means that all
accumulated additional charges are, in total, the source of the
ferromagnetism.

These calculated results clearly indicate that the tensile
strain can certainly enhance the stability of the ferromag-
netism and that the charge accumulation can enhance the
magnetic moments of the ferromagnetism. The ferromag-
netism induced by these effects is, however, considered as
the itinerant magnetism with the magnetic moment just
around 0.01-0.1 wp/Mn, if we consider the realistic stoichi-
ometry changes or charge accumulation. Since either the
strain or the charge accumulation does not change the elec-
tronic state with the hole-doped d band, they cannot change
the origin of the ferromagnetism of the MnSi, 5, either. To
explain the two component ferromagnetism found in the
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TABLE II. Relation of accumulated charges, magnetic moment
estimated from the calculated occupation difference of the ferro-
magnetic state, M =|Nyp—Ngownl/ 16, the stability of the calcu-
lated ferromagnetic states, effective VEC estimated from accumu-
lated charge, and maximum magnetic moment evaluated from the
VEC theory. Bulk Mn,Si; case shown in Fig. 5.

Charge/cell MM Stabilility VEC MYEE
=7 0.44 stable 14.44 0.44
-2 0.13 metastable 14.13 0.13
0 0.00 stable 14.00 0.00
1 0.06 metastable 13.94 0.06
4 0.25 stable 13.75 0.25

nanoparticle experiments, another cause of the ferromag-
netism is necessary.

V. INTERFACE EFFECT

When the MnSi, ; nanoparticles are formed in Si, an in-
terface with the host Si matrix is created and may play an
important role in the magnetic properties. This can be ex-
pected as another cause of the nanoparticle ferromagnetism.
Thus, we investigate the magnetism of MnSi; 5/Si interfaces
by the first-principles calculation.

We prepare the interface models as follows: As shown in
Sec. II, Mn atoms in Mn,Si; can be classified into five
groups and the (001) plane is into eight groups according to
crystal symmetry (Fig. 1). Therefore, the interfaces can be
denoted as I, (I, I3, etc.), where the index of the Mn layer
closest to the interface is x and that of the second closest is y.
We first cut Mn,Si; crystal at the 145 plane and simply put a
Si(001) slab on the resulting surface. Then we introduced Mn
atoms into the interface to grow the Mn,Si;(001) slab and we
formed seven different interfaces from Is, to I54. The initial
Si slab has eight Si atomic layers and the initial Mn,Si, slab
has four Mn atomic layers. We employed the superslab ge-
ometry with a sufficiently thick vacuum layer and hydrogen-
terminated surfaces. Among the various interface arrange-
ments possible between Si(001) and Mn,Si;(001), we found
that magnetism appears on particular metallic interfaces,
while semiconducting interfaces and other metallic interfaces
were nonmagnetism (Fig. 6).

Figure 7 shows the cross-sectional atomic configuration
of one of the magnetic interface Is,, its spin polarized elec-
tron densities and the difference in electron density. The
electron density is polarized only around the interfacial Mn
atoms as shown in Fig. 7(d). The thickness of the spin po-
larized region is about 0.3-0.5 nm. The electron density is
not polarized around the Mn atoms further from the inter-
face. Thus, the magnetic moment of the interfacial Mn is
~1up/Mn, which is larger than that for the bulk MnSi, -
(see previous sections).

In bulk Mn,Sis, all the 3d orbitals of a Mn atom contrib-
ute to the chemical bonds with Si, which results in the semi-
conducting and nonmagnetic nature. However, the atomic
density and the coordination number of Mn at the interface
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FIG. 6. Total magnetic moment as a function of the number of
Mn atoms in a MnySi; slab for the calculated Mn,Si;/Si(100) in-
terface models. The corresponding index of the interface is also
shown.

are smaller than those in the bulk. Thus, the d orbitals are
localized and ferromagnetism appears. The calculated strong
magnetic moment of the interfacial Mn, ~1ug/Mn, is rather
consistent with that of the interstitial Mn in Si, 3 wz/Mn
(Refs. 25 and 26). These results clearly indicate that the ori-
gin of the ferromagnetism of the interface is different from
that of the bulk. Therefore, it is expected that the interface is
another origin of the ferromagnetism of the nanoparticle ma-
terials.

VI. DISCUSSION OF EXPERIMENT RESULTS

We have found that there are two different mechanisms
underlying  the ferromagnetism of the MnSi;;
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FIG. 7. (a) Atomic structure of the calculated Mn,Si;/Si(100)
interface model, (b) cross-sectional view of the up-spin state density
distribution, (c) cross-sectional view of the down-spin state density
distribution, and (d) the difference between the up-spin and the
down-spin density distributions. The light and dark circles indicate
Mn and Si atoms, respectively. The surface light circles denoted as
hydrogen indicate H atoms.
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FIG. 8. Experimentally obtained mean particle size dependence
of the saturation magnetization and the theoretical curves for (a) the
soft and (b) the hard magnetic components. MR and MY, are the
experimental saturation magnetization plots (Ref. 11) and the solid
lines are the theoretical ones. The derivation of the theoretical
curves is detailed in the paper.

nanoparticles/Si system: One is the VEC change effect due to
the stoichiometry change or the charge accumulation assisted
by the strain, and the other is the interface effect created by
the formation of the interface with the host Si. In this section,
we compare our calculated results with our previous experi-
mental results'! to consider the origin of the ferromagnetism
of nanoparticles in Si. We previously reported that the mag-
netism of nanoparticles/Si system consists of two kinds of
ferromagnetisms, the hard and soft magnetic components,
and that the hard component offers coercivity values as high
as 2500 Oe. First, we discuss the soft component.

Figure 8(a) shows the experimentally obtained mean par-
ticle size dependence of the saturation magnetization of the
soft component and the theoretical curves obtained by the
following approach. If we assume that homogeneous magne-
tization appears in the surface shell region of the nanopar-
ticles, the saturation magnetization M} should depend on
particle radius, r, and surface shell thickness, d, as Miffl’{
=M[1-(1-d/r)’], where M, is the magnetization per unit
area. The thick solid line in Fig. 8(a) is the theoretical curve
given when we assume that the surface shell with d
=0.4 nm contributes to the magnetism. The thin solid lines
correspond to the cases of d=0.3 and 0.5 nm. The figure
clearly shows the consistency between the experiment and
the theory. These values for the shell thickness are well
consistent with the thickness of the spin polarized interface
region, 0.3-0.5 nm, shown in Sec. V. Therefore, it is sug-
gested that the soft component comes from the nanoparticles
surface.

Next, we discuss the hard component. As mentioned in
Secs. III and IV, the VEC change could cause the ferromag-
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netic ordering of MnSi, ;. The stoichiometry and the crystal
structures of MnSi, ; nanoparticles are, therefore, very im-
portant. It is reported that the phase transformation of the
TiSi, film depends on the film thickness.*! It follows that the
crystal phase of MnSi; ; could also depend on the mean par-
ticle size. Figure 8(b) shows the mean particle size depen-
dence of the saturation magnetization of the hard component,

SPw- based on the randomly oriented Stoner-Wohlfarth
single domain theory with a single coercivity.*’ The figure
also shows the maximum magnetic moment, M., depen-
dence on the c-axis lengths of the five different phases:
Mn4Si7 (C=175 nm), Mnllsilg (C=481 nm), Mn155i26 (C
=6.53 nm), MnySiss (c=11.34 nm), and Mn,;Siy; (c
=11.79 nm). Both M__gy and MYEC have a peak at ~5 nm
as shown in the figure.

Let us assume that the nanoparticle takes one of the
MnSi, ; phases when the particle size is similar to the c-axis
length of the phase. This means that, for example, the non-
magnetic Mn,Si; nanoparticle should be dominant and the
other phases are rare when the mean particle size is close to
the c-axis length of Mn,Si;. When the mean particle size
increases and Mn;;Si;9 nanoparticles are formed, the satura-
tion magnetization should increase. When the mean particle
size increases further and Mn,;Siy; nanoparticles are formed,
the saturation magnetization might decrease. These relation-
ships can consistently explain the change in saturation mag-
netization with particle size. In addition, the maximum value
of the magnetic moment, MYy, [Fig. 8(b)], which corre-
sponds to ~0.1 ug/Mn, is well consistent with that of the
magnetic moment for MnSi, ; and MYES derived from the
VEC theory.

We note that the phase change cannot, by itself, suffi-
ciently stabilize the ferromagnetism as discussed in Secs. III
and IV. That requires strain or charge accumulation. Al-
though we could not experimentally estimate the strength of
the strain or the stoichometry change in the nanoparticles,
strain should be present due to the lattice mismatch between
MnSi, ; and the host Si matrix. Even if extra Mn is doped
into the Si as interstitials and MnSi, ; crystals are grown, the
tensile strain of ~3-5% should be induced because the vol-
ume of MnSi; 5 crystal is 0.95-0.97 times that of Si crystal
for the same number of Si atoms. It has been also reported
that the magnetic properties of MnSi, which is known to be
an itinerant magnetic materials, is changed by strain.*3

The charge accumulation effect is thought to play a simi-
lar role. According to Sec. IV, the accumulated charges
around 102'-=10%2 cm™ is necessary to induce ferromag-
netism in MnSi, ; if only the charge accumulation is consid-
ered. Charge transfer between the silicide nanoparticles and
the host Si matrix might be much smaller. Therefore, the
charge accumulation could only modify the value of VEC
slightly and is thought to assist the stoichiometry change in
the appearance of the ferromagnetism as well as the strain.
This implies that the magnetic properties of MnSi; ; nano-
particles could be controlled by the polarity of the host Si
matrix, which is consistent with experimental results indicat-
ing that n-type or p-type Si wafers yield different ferromag-
netic properties.

We discuss here the coercivities of the soft and the hard
components. According to the randomly oriented Stoner-
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Wohlfarth model, employed in the above discussion,*? coer-

civity H, is given by H.=K, /M, where K, is the uniaxial
magnetic anisotropy constant and M, is the saturation mag-
netization. The large measured coercivity H.=2500 Oe is
thus thought to come from the hard component with a small
magnetic moment M. This is supported by the fact that the
VEC change can induce magnetic moment smaller than
0.1 up/Mn depending on the VEC value. On the other hand,
since the interface formation induces the magnetic moment
around 1 up/Mn, the coercivity could not be so large and
the interface formation is thought to be the source of the soft
component.

If we further assume that the effective magnetic aniso-
tropy K of the soft component is similar to that of the hard
component, we can roughly estimate the coercivities using
the equation H.~K/M,. Using the relation Kv=25kzTp
[with the Boltzmann constant kg, the averaged particle vol-
ume of v=2.6X10?* m™, and the blocking temperature of
Ts=100 K (Ref. 11)], the effective anisotropy K of MnSi, 5
nanoparticles is estimated to be K=1X10* J/m*—which is
reasonably consistent with the generally known values for
the uniaxial magnetic anisotropy constant K,. Therefore, the
use of the equation H.=K, /M is thought to be physically
valid enough.

The above discussions are, of course, quite rough and
somewhat simplistic in clarifying the precise physical origin
of the magnetism of MnSi; ; nanoparticles in Si. The mag-
netic properties are also expected to be impacted by the sur-
face anisotropy and/or the interaction between the interface
and the inner moments. The quantized electronic structures
in the nanoparticles could also have some effect. However,
the above two origins, the VEC change assisted by the strain
and the interface formation, can qualitatively well explain
the experimental results. We thus believe that our findings
are fundamental and very illuminating in understanding the
magnetism of MnSi; ; nanoparticles.

VII. CONCLUSION

The first-principles calculations are conducted to examine
the origins of the ferromagnetism of MnSi, ; nanoparticles in
Si. The magnetic property of bulk MnSi; 5 is affected by
stoichiometry, strain, and charge accumulation. Stoichiom-
etry and charge accumulation induce a ferromagnetic state,
and strain stabilizes the ferromagnetic state. Moreover,
MnSi, ;/Si interface formation also causes ferromagnetism,
strongly localized at the interface. A comparison to the ex-
perimental results of MnSi;,; nanoparticles in Si indicates
that these two mechanisms are related to the experimentally
derived hard and soft components, respectively.
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