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Magnetic properties of transition-metal impurities in silicon quantum dots
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First-principles calculations have been conducted to investigate the magnetic properties of 3d and 4d
transitional-metal (TM) atoms doped in hydrogen-passivated silicon quantum dots. The TM impurities exhibit
almost identical magnetic behavior in the quantum dots of different sizes. The magnetic moments for most 3d
and 4d TM atoms are completely quenched by the silicon hosts, while the magnitudes of the remaining
moments for V, Cr, Mn, Nb, Mo, and Tc impurities are significantly reduced from those of free atoms. The
moments of these 3d atoms are higher than those of the 4d atoms of the same family. Doping of TM atoms in
different sites of lattice and the dopants of more than one atom are also considered. The structural and bonding
properties of the TM-doped silicon quantum dots are discussed. The finding of magnetic properties makes them
attractive for developing nanoscale magnetic species for spintronics.
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I. INTRODUCTION

Doping—the intentional introduction of impurities into a
material—is a fundamental approach for controlling the
properties of bulk semiconductors. It is well known that re-
ducing the dimension of a semiconductor solid into nanom-
eter scale would lead to fundamental changes in its physical
properties.! This has stimulated similar efforts to dope semi-
conductor nanocrystals.2 However, little is known about the
magnetic properties of silicon quantum dots doped with tran-
sitional metal (TM) atoms from a theoretical point of view.
Since silicon is the backbone of modern microelectronic in-
dustry, it is desirable to develop silicon-based spintronics
that can be directly integrated with existing silicon
technologies.?

Over the last decade, hydrogen passivated Si,H,, clusters
as a prototype of semiconductor quantum dots have become
the subjects of intensive experimental*> and theoretical®!!
studies. Most of these works focused on electronic and opti-
cal properties’!%!! of pristine Si,H,, quantum dots. However,
what is the magnetic behavior of a transition-metal atom
when it is doped in Si,H,, quantum dots? The answer to this
question and the relevant investigations on the dilute
magnetic semiconductor nanostructures are of obvious
importance to the emerging fields of spintronics and
nanoelectronics.

It is well known that the 3d transition metal atoms Sc, Ti,
V, Cr, Mn, Fe, Co, and Ni possess magnetic moments of
1 g, 2ups 3ug, Oug, Sup, 4up, 3up, and 2ug, respectively.
When they are deposited on the metal substrates, such as
Ag(001), Cu(001), Pd(001), and Pt(001), the local magnetic
moment of the adsorbed atom raises from Sc to Cr and de-
clines from Mn to Ni, irrespective of the metal host.'> Al-
though the variation in the magnetic moments of the ab-
sorbed TM atoms follows the same trend in the free atoms,
the magnitudes of their magnetic moments are significantly
lower than their free-atom values.!? For the 4d TM metal
clusters on a Ag(001) surface, the moments of the early tran-
sition elements are quenched and the maximum of moment is
shifted to higher valences.'? For bulk ZnO solid doped by 3d
or 4d transition metals (TM,,5Zn,750), the computed mag-
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netic moments of Ti, Cr, Mn, Fe, Co, Ni, Ru, Pd, and Ag
impurities in the systems were 1.24ug, 3.78ug, 4.93ug,
4.24up, 3.00up, 2.00up, 0.74up, 1.00ug, and 0.00ug,
respectively.'> When supported on an organic molecule such
as benzene,'* the magnetic moments for Sc, Ti, and V atoms
are enhanced by 2up, while those of Mn, Fe, Co, and Ni
atoms are reduced by 2ug from their free-atom values; espe-
cially, the magnetic moment of Ni is completely quenched.
The magnetic moment of Cr atom remains unchanged when
it is supported on benzene, namely at 6 ug, whereas the mag-
netic moment of Cr atom is completely quenched when it is
encapsulated in silicon cages.!> Our recent first-principles
calculations on the Fe-doped silicon FeSi, clusters showed
that the magnetic moment on the Fe atom is completely
quenched as the cluster size exceed n=9-10.'° All of these
results indicate that the magnetic behavior of a TM atom
sensitively depends on the interaction between the TM atom
and the host. In this work, we report a computational study
of the magnetic properties of Si,H,, quantum dots doped by
a series of 3d and 4d TM atoms.

II. THEORETICAL METHODS

The initial configurations of spherical-like Si,H,, clusters
were constructed by symmetrically cutting the bulk diamond
structure of silicon. Si,H,, clusters of different sizes and
Shapes, such as Sisle, Si17H36, Si29H36, Si35H36, Si59H60,
SizsHqg, and Sijo3H; g0, have been considered. The dangling
bonds of the surface Si atoms of the nanocrystallines were
fully passivated by hydrogen atoms. For most of the systems
studied, a transition-metal atom was substitutionally doped
in the central Si site of the Si,H,, clusters, whereas the
Si,_1H,, clusters with a central vacancy were also investi-
gated for comparison. For some selected cases, we consid-
ered different doping sites other than the cluster center and
investigated the magnetic behavior of quantum dots with
more than one TM dopant.

After the initial configurations were constructed, geom-
etry optimizations were performed using spin-polarized den-
sity functional theory (DFT) implemented in a DMOL
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package.'” In the DFT calculations, all-electron treatment
and double numeric basis set including p-polarization func-
tion (DNP) (Ref. 17) were chosen. The exchange-correlation
interaction was treated by the generalized gradient approxi-
mation (GGA) with the functional parameterized by Perdew,
Burke, and Enzerhof (PBE).!® Spin-polarized self-consistent
field calculations were done with a convergence criterion of
1076 hartree on the total energy. All the structures were fully
optimized without any symmetry constraint with a conver-
gence criterion of 0.002 hartree/A for the forces and
0.005 A for the displacement. The equilibrium structures of
Si,_;MH,, (M=3d, 4d transition metals) clusters are shown
in Fig. 1.
III. RESULTS AND DISCUSSION

A. Magnetic properties of individual TM impurity
in the center site

As the simplest case, we first consider the substitutional
doping of an individual in the center site of a silicon quan-
tum. To investigate the trend of the transition-metal elements
across the periodic table, we computed the magnetic proper-
ties of the 3d and 4d TM impurities inside two representative
quantum dots, i.e., SiygHzq and SisoHg,. The local magnetic
moments on the TM atoms in the center of silicon quantum
dots from our calculations are summarized in Table I and
Fig. 2. Most interestingly, we found that the magnetic mo-
ments of the impurity atoms of 3d (Sc, Ti, Fe, Co, Ni) and 4d
(Y, Zr, Ru, Rh, Pd) transition metals are completely

quenched in the silicon quantum dots. Meanwhile, other 3d
and 4d transition-metal atoms such as V, Cr, Mn, Nb, Mo,
and Tc doped inside silicon quantum dots remain magnetic,
whereas the magnitudes of the magnetic moment are sub-
stantially reduced with regard to their atomic values. To con-
firm the present theoretical finding and to further investigate
the magnetic behavior of these 3d and 4d impurities (V, Cr,
Mn, Nb, Mo, Tc) inside silicon quantum dots, we also con-
sidered the clusters of different sizes (SisH,, Sij7Hse,
SizsHzg, SizsHyg, and Sijp3H; (o) doped with these TM atoms,
and the details of those results will be discussed later.
Figure 2 shows the computed local moments for all of 3d
and 4d TM atoms in SipgMHs, and SisgMHg, (M =3d, 4d
transition metals) quantum dots. Across the periodic table,
atoms of 3d and 4d TM elements belonging to the same
family in the periodic table exhibit similar trends of magnetic
behaviors, regardless the size of the silicon quantum dot
hosts. For all the cases, the magnetic moments of the TM
atoms are either totally quenched or significantly reduced
due to the silicon host. Among the 3d (4d) elements,
Cr (Mo) has the largest free-atom magnetic moment, i.e.,
6up. After being doped in Si,H,, clusters, they still possess
the largest magnetic moments among the 3d (4d) elements,
about 2.8 up and 2.0up, respectively. For the 3d atoms, the
moment of V (3ug) is less than that of Mn (Sup) by 2ug in
free atom. The same trend remains in TM-doped silicon
quantum dots, but the difference of their magnetic moments
reduces to only 0.3 ug. Dramatic changes of magnetic behav-
ior were observed for the doped Fe and Co atoms. In the
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TABLE 1. Heat of formation, local magnetic moment on TM
atom, atomic charges on central TM site, and bond length between
centered atom and the nearest Si atoms of 3d and 4d atoms in
Si,_iMH,, clusters.

Magnetic
Heat of moment Bond )
Cluster formation (eV) (up) Charge length (A)
SiyeScHag -6.318 0 0.569 2706
SiygTiHsg ~7.394 0 0454  2.553
SirgVHzg -6.433 1.346 0.296 2.474
SiyeCrHag ~5.449 2820 0.151 2.439
SiygMnHsg ~5.417 1715 0042 2354
SiygFeHsq ~6.954 0 0.033 2.298
SipeCoHag 7271 ~0.001 0149 2281
SiygNiHz¢ -6.540 0028  -0.035  2.305
SipsCuHag -4.651 0 -0.081 2387
SipsZnHag -3.035 0 0.069 2.483
SiygYHzs -6.384 0 0692  2.839
SiyeZrHzg ~7.987 0 0.583 2.676
SigNbHs ~7.463 1074 0.353 2565
SiygMoHsg -6.924 2105 0.176 2494
SirgTcHyg -8.142 0900  0.005 2.408
SipgRuHz4 -9.253 -0.108  2.358
SipgRhHjs -7.971 0 —0.142 2371
SiygPdHs -5.126 0 ~0.058 2441
SiygAgHzs ~3.225 0 009  2.580
SingCdHys ~2.529 0 0.180 2675
SisgScHeo -6.327 0 0.793 2.659
SisgTiHgo ~7.388 0 0.608 2538
SisgVHgg ~6.474 1365 0415 2.469
SisgCrHy, ~5.489 2886  0.260 2.441
SisgMnHy -5.339 1671  0.125 2.365
SisgFeH, ~6.964 0 0.107 2318
SisgCoHgg -7.319 0.001 -0.072 2.303
SisgNiHgo ~6.668 0 0.039 2325
SisgCuHgg —4.842 0 0.005 2395
SisgXnHg, -3.191 0 0.165 2471
SisgYHgo ~6.241 0 1.099 2.775
SisgZrHg, ~7.911 0 0.838 2.641
SisgNbHg ~7.391 1080 0.554 2.548
SisgMoHg -6.983 2083 0331 2.487
SisgTcHqp -8.103 0978  0.126 2412
SisgRuHyg -9.305 0 ~0011 2368
SisgRhHyg ~8.090 0 ~0.040 2379
SisgPdHg ~5317 0 0056 2441
SisgAgHeo -3.391 0 0.251 2.553
SisgCdHgp -2.574 0 0.352 2.625
Si,VH,, -6.276 1367 0.286 2.478
SiyCrH, -5.283 2.858 0.134 2.443
Si,MnH,, -5.257 1571 0102 2.365
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TABLE 1. (Continued.)
Magnetic
Heat of moment Bond )
Cluster formation (eV) (up) Charge length (A)
SiyNbH,, -7.215 1.138 0.336 2.572
Si;MoH, -6.714 2260 0.164 2513
SiyTcH, -7.858 1.087 0.013 2.428
Si|¢VHjzq —-6.278 1.467 0.266 2.475
Si ¢CrHszq -5.312 2.983 0.143 2.437
Si;eMnH3¢ -5.296 1.704 0.039 2.351
Si;NbH;34 -7.358 1.158 0.335 2.578
Si;sMoH3¢ -6.821 2.231 0.168 2.502
Si6TcHzg -7.899 0.929 0.021 2.439
SiyVHzs -6.280 1341 0320 2471
Siy,CrHag -5.293 2805  0.172 2.435
Si3sMnHj3q -5.269 1.690 0.065 2.349
SizyNbHj4 -7.322 1.068 0.374 2.565
SizyMoHj34 -6.772 2.102 0.197 2.493
Si34TcH;zq —-7.990 0.893 0.029 2.406
Si;4VHy4 —6.425 1.360 0.399 2.464
Si;4CrHyg —5.448 2.858 0.240 2.432
Siz,MnHy -5.343 1.654  0.101 2.354
Si;NbH7, ~7.384 1039 0.540 2.531
Si;4MoH;¢ —-6.986 1.988 0.175 2.461
Siz4TcHy -8.222 0.807 0.105 2.400
Si;2,VH g9 —6.435 1.347 0.368 2.456
Si12,CrH -5.281 2.614 0.058 2.408
Sij2,MnH; -5.259 1.615 -0.110 2.334
Si;2,NbH g -7.314 0.974 0.295 2.509
Sij2MoH, oo ~7.045 2033 0.269 2.464
Sij2,TcH g -8.102 0.738 -0.025 2.387

cases of free atoms, the moments of Fe and Co are as high as
4up and 3up, comparable to 3ug of V atom, while both of
them are totally quenched in Si,H,,. The magnetic moments
of the rest of the 3d free atoms (Sc, Ti, and Ni) are less than
those of above-mentioned atoms and all of them are also
quenched in Si,H,,. Those 4d elements exhibit slightly dif-
ferent behavior from that of 3d elements in the same family.
Free Nb and Tc atoms have the same magnetic moments
(5up). After being doped in Si,H,,, the moment of Nb is
slightly larger than that of Tc by 0.1up to 0.2ug. The mo-
ments of other free atoms of 4d elements are less than the
above-mentioned three atoms of Mo, Nb, and Tc, whereas
the magnetic moments of them are all totally quenched in
Si,H,,.

Careful examinations show that the residual magnetic mo-
ments for 3d elements in silicon quantum dots are higher
than those of the 4d elements belonging to the same family.
This effect can be attributed to the fact that the 3d wave
function is more localized.'” For the other sized quantum
dots studied (SisMH,,, Si;sMHsg, SizuMHsg, SizyMHy6, and
Si;5»MH ), the TM atoms (V, Cr, Mn, Nb, Mo, Tc) with
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residual magnetic moments exhibit magnetic behaviors that
are similar to the results discussed above. As shown in Table
I, Cr (Mo) still has the largest moment. The moment of V (
~1.3ug) is slightly less than that of Mn (~1.6ug) and the
moment of Nb (~1.0ug) is slightly larger than that of Tc (
~0.8up). Thus, our calculations suggest that the size and
shape of the structural models used for the quantum dots
have little effect on the magnetic properties of the TM im-
purity.

B. TM impurities at different sites in silicon quantum dots

In addition to doping at the center site of clusters, we
considered the possibility for the TM dopants located at
other substitutional sites. Due to the tremendous computa-
tional cost, we only studied Fe and Mn atoms as representa-

¥ Zr Mb Mo Tc Ru Rh Pd Ag Cd
Transition Metal

tives of all 3d and 4d transition metal elements. They are
substitutionally doped in different lattice sites of SigFeHsg,
Si)gMnHs4, and SisgMnHg, respectively, from the center to
the outermost site. Figure 3 presents the relative energy E
—Eenier (given by the total energy of the dot with TM dopant
at any site substrate the total energy of the quantum dot with
TM dopant in the center) as function of the substitutional
site. It can be clearly seen that TM atom prefers to stay in the
central site. At all the doping sites, the magnetic moment of
Fe atom is zero. For Mn dopant, the computed local moment
is larger in the center than in other sites.

Besides the substitutional sites, it is also possible to dope
the TM atoms in the interstitial positions. In Ref. 3, it was
shown that Mn ions prefer tetrahedral interstitial positions in
bulk Si solid. Here, we also consider the tetrahedral intersti-
tial positions (Si,gMHsg) for Mn and Fe doping. The heat of
formation of a TM-doped cluster can be calculated from the
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TABLE II. Total energy relative to that of the lowest energy
structure, spin of TM atom, and HOMO-LUMO gap for two Mn
and two Fe atoms doping in Si,;M,Hje.

E,; Spin Gap

SiyzMHz6 (eV) (8) (eV)

Mn-Mn (a) 0.800 3.085 0.342
-1.581

Mn-Mn (b) 0.422 3.902 0.712
0.195

Mn-Mn (c) 0 3.295 0.624
0.873

Fe-Fe (a) 0 2.199 0.629
2.116

Fe-Fe (b) 0.587 0 1.284

Fe-Fe (c) 0.917 0 1.588

difference between the total energy of the doped cluster and
the sum of the total energies of the corresponding pristine
cluster and an isolated TM atom (negative value of heat of
formation means exothermal and positive one denotes endot-
hermal). The heats of formation for interstitial doping of Mn
or Fe atom in the SiygHss cluster are —1.320eV and
—-2.703 eV, respectively, compared to the heat of formation
for a Mn or Fe impurity (—5.417 eV and —6.954 eV, respec-
tively) in the Si,gHs¢ cluster with a central vacancy (Table I).
In other words, the tetrahedral interstitial doping is less en-
ergetically preferred than the doping in vacancy site. From
the above calculations, we argue that the center substitutional
site is the most energetically preferred for TM doping.

We have also considered the silicon quantum dots with
more than one dopant by calculating the magnetic properties
of a representative quantum dot (Siy;M,H;4) doped with two
Mn or Fe atoms (Fig. 1). One TM dopant was placed in the
center site, and the other one replaces one silicon atom in
another lattice site. The results are listed in Table II. With
one TM atom doped in the center site, there are three differ-
ent doping sites for another TM atom. The distance to the
center from near to far are denoted as (a), (b), and (c¢) in
Table II. From the relative energies listed in Table II, it can
be seen that the most stable doping site for the second Mn
atom is at the outmost of quantum dot and the local moments
on Mn-Mn exhibit ferromagnetic (FM) alignment. When the
second Mn atom is placed nearby the central Mn atom, the
moments of Mn-Mn exhibit antiferromagnetic (AFM) align-
ment. In the case of Fe doping, the second Fe atom prefers to
the core region of the cluster. The two Fe dopants stay close
and the alignment of the Fe-Fe spins is ferromagnetic. When
the second Fe atom is placed in other sites, the spins of both
Fe atoms become zero.

In previous works, the magnetic properties of group-IV
semiconductors with dilute magnetic impurities have been
investigated.'®-?! Using ab initio full-potential augmented
plane wave method within the framework of DFT, Stroppa et
al. studied Mn,Ge,_, and Mn,Si,_, systems.!* They consid-
ered various concentrations (i.e., x=0.5, 0.25, 0.125, 0.0625,
and 0.03125). Trrespective of the content, Mn was found to
be a source of holes and the localized magnetic moment is
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about 3 up per atom. Moreover, the FM alignment is favored
compared to the AFM one, while the stability generally in-
creases with Mn content. Weng and Dong?® studied a number
of TM-doped group-IV semiconductors, R.Y,_, (R=Cr, Mn,
Fe; Y=Si, Ge) by first-principles calculations. For different
doping concentrations, each type of TM atoms has almost the
identical magnetic moments. The computed magnetic mo-
ments are about 2.3ug/atom for Cr, 2.7-2.8ug/atom for
Mn. For Fe-doped Si at both concentrations of 3.125% and
6.25%, the FM states can exist only in a short R-R range.
Except for very short R-R distance, all the configurations for
Fe doped in the Si host matrix favor the nonmagnetic inde-
pendence of the initial magnetic state. While for the Mn-
doped Si, the short-range AFM interaction competes with the
long-range FM interaction. These results are qualitatively
consistent with our present finding. Experimentally, it was
found that Mn,Ge,_, (Ref. 22) and Fe,Ge,_, (Ref. 21) are
ferromagnetic semiconductors, while the magnetic behavior
for Mn and Fe doped in Si still needs further experimental
investigations.?’

C. Interaction between TM dopants and silicon quantum dots

Overall speaking, there is a remarkable reduction of the
magnetic moments for the 3d and 4d transitional-metal at-
oms when they are doped inside the silicon quantum dots
(see Fig. 2). This effect is due to strong hybridization be-
tween the 4s and 3d (55 and 4d) states of central transitional-
metal atom and 3s and 3p states of Si atoms. The on-site
charges of 3d (4d) atoms from Mulliken analysis are listed in
Table I and plotted in Fig. 5. In different quantum dots, simi-
lar trends were found. Across the periodic table, the amount
of charge transfer from 3d (4d) atoms to Si host decreases
and the direction of charge transfer reverses at Co (Rh). The
amount of charges transfer from Si atoms to Co (Rh) atoms
is very small (about 0.1), and then the direction of charge
transfer becomes from 3d (4d) atoms to Si atoms and the
amount of charge transfer increases again. The behavior of
charges transfer in silicon quantum dot is different from that
of metal atoms in bare silicon cages without hydrogen pas-
sivation, where charges transfer occurs from Si host to the
metal atom.?3

To further discuss the interaction between transition metal
dopants and silicon quantum dots, Fig. 4 plots the deforma-
tion densities of SisgHg, SisgCrHgg, and SisgFeHg, as repre-
sentatives. The deformation density is calculated from the
total electron density subtracted from the corresponding den-
sity of the isolated atoms, which can reflect the characteris-
tics of chemical bonding. The blue regions in the deforma-
tion density plot indicate the formation of chemical bonds.
To discern the difference, the center regions are magnified in
the right panel of Fig. 4. It can be seen that in SisoHg, the
central Si atom forms covalent bonds with the nearest neigh-
boring four Si atoms and the blue region of high deformation
density located in the center of Si-Si bonds. When the central
Si atom in the SisoHg cluster is substituted by a Cr atom, in
addition to the formation of Cr-Si bonds characterized by the
blue region in the center, some small fragments of deforma-
tion density were observed around the Cr atom. Different
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from that in SisgCrHg, the blue region around the Fe atom in
SisgFeHgy is very clear and large, and some parts of the den-
sity distributed around the Fe atom nearly touch, with the
density belonging to the Fe-Si bonds. Indeed, the deforma-
tion density plotted in the enlarged figure of the central re-
gion would be too dense with the isovalue of 0.09. Instead,
we plotted the deformation density using the isovalue of 0.3
in Fig. 4 (cy) and (cg,,). With this higher isovalue, the blue
regions are reduced greatly. However, around the Fe atom,
the distribution of deformation density remains very dense
and shows excellent symmetry. To elucidate the reason of the
difference in Fig. 4, we analyze the orbital charges transfer in
Cr and Fe atoms. The valence electrons in free atom are
3d°4s' for Cr and 3d%s” for Fe. After doped in SisoH, the
charges of 3d, 4s, and 4p orbits in Cr atom are 4.911, 0.345,
and 0.491, respectively; while in Fe atom they are 6.980,
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FIG. 4. (Color online) Deformation density of
SisgHgg, SisgCrHgg, and SisgFeHg. The center re-
gions are magnified in plots on the right side.
Isovalue: specifies the field value at which the
isosurface is drawn.

0.546, and 0.361, respectively. There is almost no change of
charge distribution for 3d orbit of Cr. However, the 3d orbit
of Fe gains 0.98 electrons, much higher than that of Cr. Such
a charge transfer mainly comes from Fe 4s state, namely the
internal electron transfer occurs for Fe. The different behav-
ior of charges transfer in d orbits between Fe and Cr is ob-
viously related to the difference of deformation density in
Fig. 4, which also results in the different magnetic behavior
of the transitional-metal atoms in silicon quantum dots.

D. Structures and bonding of TM-doped silicon
quantum dots

We also discussed the structures and stability of quantum
dots with transition-metal doping. From our calculations, the
binding energies of all Si,_;MH,, clusters are larger than
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FIG. 5. (Color online) Heat of formation and on-site charges of
3d and 4d atoms in Si,_;MH,, clusters.

those of Si,_;H,,, but less than those of Si,H,,. This indicates
that the doped metal atom can form chemical bond with
surrounding Si atoms and stabilize the quantum dots with
vacancy. However, due to the mismatch of atomic radius and
different nature of Si-Si and Si-M bond, doping the Si quan-
tum dots by transition-metal atoms is endothermal.

The heat of formation for a vacancy in the center of sili-
con quantum dot is also calculated. For the quantum dots of
different sizes, the calculated heats of vacancy formation
range from 9.1 eV to 9.5 eV. Similar to the definition used in
Sec. III B, we also calculated the heat of formation of the 3d
and 4d impurity in the Si quantum dots with a central va-
cancy. The theoretical results are given in Table I and are
plotted in Fig. 5. From Fig. 5, it can be seen that the size of
the quantum dots has little effect on the heat of formation.
Across the periodic table, the heats of formation of 4d im-
purities are less than those of 3d impurities until Co and Rh.
The trend is reversed for the later transition elements, that is,
the heat of formation of 3d atoms is less than that of 4d
atoms for the last three TM elements.

Combining the heat of formation for the central vacancy
in silicon quantum dot with the heat of formation of a TM
impurity doped in a silicon quantum dot with a central va-
cancy, one can derive the substitution energy for forming
Si,_yMH,, from Si,H,,. For all quantum dots and all TM
elements studied, we found the substitution energies are al-
ways positive. Again, this shows that doping the Si quantum
dots by transition metal atoms is endothermal.

Figure 6 plots the bond lengths between the central tran-
sition metal atom and the nearest neighboring Si atoms,
along with the Si-Si bond lengths in the center of pristine Si
quantum dots. From our DFT calculation, the Si-Si bond
length in bulk Si is 2.369 A, while in Si quantum dot it is
slightly stretched. For example, the Si-Si bond between the
central Si atom and its nearest neighbors are 2.371 A and
2.382 A in SiyHs and SisoHg, respectively. As shown in
Fig. 6, the M-Si bond length decreases from ~2.7 A at Sc to
~2.3 A at Co for 3d transition metals and decreases from
~2.8 A atYto~2.4 A at Rh for 4d transition metals; after-
wards, it increases. Except for Mn, Fe, Co, Ni, Ru, and Rh,
most M-Si bonds are longer than the central Si-Si bonds in
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FIG. 6. (Color online) Bond lengths between centered atom and
the nearest Si atoms, comparing with the centered Si-Si bond
lengths for bare Si,H,, clusters (dashed lines).

the pristine Si quantum dots. The Mn-Si bond lengths (about
2.35 A) are closest to the bulk Si-Si bond length and the
deviation is only about 0.7%. In the Mn-doped Si and Ge
ordered alloys, the variations of bond length are at most
1.7%,?° rather close to present results. The M-Si bonds for
all the 4d elements are longer than those of the 3d elements
belonging to the same family in the periodic table, due to the
larger atomic radius. On the surface of Si quantum dots, the
Si-H bonds are nearly 1.5 A in all the cases, close to the
experimental Si-H bond length of 1.48 A for the SiH,. Ku-
mar and Kawazoe?* investigated the H interaction on metal-
encapsulated silicon clusters. They found that the adsorption
of H weakens the interaction between Si cage and the encap-
sulated metal atom and leads to distortions in the cages. At
present, the geometries of quantum dots remain the 7; sym-
metry from initial construction after DFT relaxation without
symmetry constraint.

IV. CONCLUSIONS

In summary, we have presented first-principles calcula-
tions for 3d and 4d transitional-metal atoms doped in
hydrogen-passivated silicon quantum dots. We find the mag-
netic behavior of the TM impurities is almost independent of
the size and shape of the host quantum dots. After being
doped inside the Si,_;H,,, the magnetic moments of Sc, Ti,
Fe, Co, and Ni atoms and their counterpart in 4d transition
metals, i.e., Y, Zr, Ru, Rh, and Pd, atoms are completely
quenched. On the other hand, V, Cr, Mn, Nb, Mo, and Tc
impurities inside Si,_;H,, remain magnetic, but the magni-
tudes of their moments are significantly reduced from those
of free atoms. The moments of these 3d atoms are higher
than those of their 4d. The significant reduction or complete
quenching of magnetism can be understood by the hybridiza-
tion between the doped TM atom and its neighboring Si at-
oms. Doping of TM atoms in different sites of lattice is also
considered. It is found that the substitutional center site is
most energetically preferred for TM doping. With more than
one TM dopant, the most stable doping sites for both
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Mn-Mn and Fe-Fe cases exhibit ferromagnetic alignment.
When doped with transition-metal atoms, most of the M-Si
bonds are longer than the Si-Si bond in the pristine quantum
dots. Analysis of the heat of formation reveals that substitu-
tional doping the Si quantum dots by transition metal atoms
is endothermal. The present calculations provide an interest-
ing way to develop other magnetic species using semicon-
ductor nanostructures.
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