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  Spin  e]ectronic  states  of  wurtzite  GaN
nanostructres  were  studied  by  using  ab  initio
molecular  orbital  calculations.  [("ro models  of

pyramidal GaN  clusters were  constructed  with the
cluster  axes  parallel to the crystallographic  c  axis  in
the wurtzite.  The atom  at  the apex  of  the  c]uster  is
nitrogen or  gallium. We  computed  the lowest energy
spin  electronic  state$  spin  densities, static electric

fields, highest occupied  molecular  orbitals  and  lowest
unoccupiedmolecularorbitalsforbothclusters.  The
spin  multiplicities  of  the clusters  were  found to be 13
and  3, depending  on  whether  the atom  at  the apex
was  nitpDgen  or  gallium, respectively  The GaN
clusters  were  spontaneeusly  spin-polarized  in the
lowest.eneTgy states. Mghly  spin-polarized  states

were  induced  by the unpaired  electrons  on  the
sumbces  of  the nanostructures.

Key  words:  spin  polarization, nanostructure,  GaN,  ab
initio molecular  orbital  calculation,  spin  multiplicity)

magnetization

1. Introduction

  [ibnomura observed  magnetic  fields in cobalt

microclusters')  while,  at  a  much  smailer  scale, matpx

Roawgn8mtiCaiPi:IPoee:lehSehii;egnbeetei:PmraedteirCitbusibteMwO:eenCYty'
show  ferromagnetic properties? There is a  difference
in the definitioms of  magnetization  between condensed
matter  and  molecules

  in case  of  ferromagnetic  materials  the magnetic

properties are  due  to spin-pelarization  of the d-
electrt)ns. The magnetic  moment  is the criterion  of

the strength  of  magnetization.

  Molecular  magnets,  howeveg  often  have no  d-
electrons.  Both the spin  dhections and  the atomic

coordinates  can  be optimized  simultaneously in
relatively  smal1  mo]ecules  by newly  deyeloped
generalized Car-Parrine]lo procedure') while  their
magnetic  properties were  often  validated  when  they
have  stable  high spin  states  since  their magnetic

moments  are  considered  to be suiall.

  RecentiM magnetic  properties have  been

kh::ereritrCsaLvl..!}Lp,.P:hdeiCtetydpicainsizeMoafnYthesenOmn'aMtearlalstil･sC
smaller  than  [[bnomura's  microclusters  and  langer
than  magnetic  molecules.  in our  previous studies  it
was  shown  that zincblende GaN  tip structures  were

spontaneously  spin･polarized  with tbe rate  ranging

ffom 11.34 %SL

  Eventual!pa wurtzite  GaN  pyramidal microstructure
was  createdU  In this short  article, we  will first show

the peculiar spin  electrvnic  states  of  pyramidal

nanostructures  of  wurtzite  GaN  and  their spontaneous
spin  polarization at the leyel ef  unrestricted-HartTee-

Fock (UHF) method.

2. CalculationsofSpinElectronicStates

2.1 Modeling Wurtzite  GaN  Nanostructure
  Wb  constructed  two  cluster  models  for GaN  in the
wurtzhe  structute (see Fig  1). The  axes  of  tbe
cluster  models  are  along  the crystallographic  c  axis.

There  are  two  possible clusber  models  for the wurtzite
pyramidal  structure  depending on  the sort  of  the
atom  on  the apex.  The atomic  distances in the

clusters  fo1]ow the bulk atomic  distanoes'e'. The
dangling  bonds aTNe terminated  by  hydrogen  atoms.

Both cluster  models  are  comprised  of  six  layers. in
Fig. 1, only  the cluster  with  a  nitrQgen  atom  on  the
apex  is shown.  The  models  are  carefully  constructed

so  that the whele  atoms  are  within  a  sphere  with  a

constant  radius  that is measllred  ftom the apex  atom.

The  geometry optimization  is not  included since  the
atomic  distances in these small  clusters  vary  only

within 1 %  fiom the bulk structtire  under  an

optimizationprocedure.

{/la

Fig. 1. C]uster medel:  )arge, medium,  and  smalt

(white) spherNes  signify  gallium, nitrogen, and

hydrogen  atom$  respectively

  The  stoichiometry,  axis  and  type of  atom  at  the
apex  for each  mode]  are  summarized  in [fhble 1.

Ihble1  StructureoftheGaNprobemodels.

Name Stoichiome Atomattheax
ClusterA GaNH N
ClusterB GaNH Ga

2.2 Calculational method

  Wb  used  unrestricted  Hartree-Foek  (UHF)
calculations  with STO-3G  basis se"o  determine spin
electronic  states for the GaN  clusters. UHF  and
STO-3G  are  explained  in detail in the typical

quantum  chemistry  textbooks"'. Only the valence

electTvns  are  considered  in calculations  and  the core
electrons  and  nuclei  are  treated as  effective  core

potentials.
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  Ctuster models  A  and  B  have a  3-fold axis  around

the  c  axis.  We  could  take advantage  ofthe  symmetry

of  the clusters  in eomputation.  During  the electronic

calculaitons,  howeve"  the symmetry  was  ignored  since
the symrnetric  electronic  structures  do  not  necessarily

reveal  the lowest energy.
  UHF  method  and  Sro-3G  basis set  have  limitations.

UHF  cannot  create  exact  eigenfunctions.  Thus, our
computational  results  will  be  rather  a  hypothetical
than  a  rigorous  quantum  chemical  discussion.
Larger  computation,  howeve"  will be necessary  for
more  precise calculations.  Only the combination  of

UHF  and  S [O-3G  allows us  to calculate  the present
c]uster  models  with  reliab]e  rigon  The  feasibility of

UHF  and  STO-3G  are  discussed elsewhereS'.

  We  used  Gaussian94 and  Spartan  version  S for
Hartree-Fockcalculations.

2.4 Spin  Electronic States

  The  electron  densities, static  electric  fields, spin

densitie$ highest occupied  molecular  orbitals

(HOMOs)  and  lowest unoccupied  molecular  orbitals

<LUMOs) at  the  lowest energies  are  computed  and  the
results  are  shown  in Fig. 3.

(a)

fi.1 -pa1/ 1

tbJ

2.3 Calculations of  Spin Polarization
  We  conducted  tota1 energy  calculations  for each

cluster  with  specification  of  the ztomponents  of  the

spin.  The ztomponent  in the UHF  method  implies
difference of  the numbers  of  the majority  and

minority  spins.  Ali our  calculations  were  done only

at  the ground states
  The  details of  

'Calculations
 of  spin  polarization can

be found in eur  preyious workS).
  VVe performed  the calculations  for the possibte spin

multiplicities  ranging  from  one  (singlet spin  state)  to

19 or  21 (see Figs. 2). The  total energies  of  the

clusters  are  measured  ftom the total energies  at

singlet  in Figs. 2. In case  of  Cluster A  with  a

nitrogen  atom  on  the apex,  the spin  multiplicity  with

the value  13 gives the lowest total energy.  On  the

contrary,  the  cluster  with  a  gallium atom  on  the  apex

indicates relatively  low  spin  multiplicity  with  the

yalue  three (triotet).
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Fig. 2 Tbta1 energy  and  spin  multiplicity  of  wurtzite

GaN.  Tbtal energies  of  GaN  clusters  (a) with  a

nitrogen atom  at  the apex  (Cluster A in [[bble 1), and

(b) with  a  gallium atom  at  the  apex  (Ctuster B in
fable 1). Energies in the slnglet spin  states  are  E,=-
8479os.as994MO  eV  and  q  =  -747439.35498720 eV.
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Fig. 3 (a), (b) titatic electric  fields on  equi-electron

density surfaces  of  GaN  clusters  with N  and  Ga  at  the

apice$  respectively  The gradation ftom bright to

dark indicates the electric  fields: the dakr regions  are

electron-rich  and  the bright regions  are  eiectron-poon

(c), (d) Spin  densities of  GaN  clusters  with N  and  Ga

at  the apice$  respectiyely  The dark and  bright

regions  are  rich  in the majority  and  the minority

spins,  respectively  (e), (D lbp views of  HOMOs  and

LUMOs  of  GaN  clusters  with N  and  Ga  on  the apice$

respectively.  HOMOs  are  shown  in the mesh.  LUMOs

are  transparenL  (g), (h) Side yiews  of  (e) and  (O.
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  The  top  views  of  the static electric  fields are  shown

on  the sudece  of  equi-electron  density in Figs. 3 (a)
and  (b). The  color  gradation changes  from  dark  to
bright along  the static electric  fie]ds. The  dark

regions  are  electron  rich  and  the bright regions  are

electron  poon
  In Fig 3 (a), Cluster A  with  a  nitrogen  atom  on  the

apex  is presented. The  areas  about  the  nitrogen

atoms  are  darig that is electron  rich,  which  indicates
the high electronegativity  of  nitrogen.  Such  an

electronic  property  was  obseryed  in our  previous
calculationsS'. The gallium atoms  on  the second  [ayer
(three large atoms  around  the  apex  nitrogen  in the top
view)  are  electron  richer  than  the gallium atoms  on

the fourth layer (the green  regions  on  both sides  of  the

dark nitrogen  atoms).  The coordination  numbers  of

the galIium atoms  on  the second  layer and  on  the

fourth layer are  two  and  thme,  respectively  The

former gallium atoms  have more  dangling  bonds  with

unpaired  electrons  than  the latter ones  haye.

  The static  etectric  fields on  the equi-electren  density
plot of  Cluster B  are  shown  in Fig. 3 (b). The

nitrogen  atoms  on  the second  layer are  eleetron  rich,

similarly  as  in C[uster A.

  (c) and  (d) show  the spin  densities of  Ctusters A  and

B, respectiyely  The  dark  and  bright regions  are  rich
in the majority  and  the minority  spins, respectively.

  In case  of  Cluster A,  spin  potarization is c}early

seen  in the spin  density calculations  (Fig. 3 (c)). The

nitrogen  atoms  on  the third layer posses the majority

spin  while  the ga1]ium atoms  on  the fourth layer are

covered  by the minority  spins.  The  atoms  on  the

first and  the second  layers are  quite neutral  in the

spin  density ptot As  can  be seen  in (e) and  (g), the
HOMOs  are  lecalized on  the third and  the fourth

]ayers while  the LUMOs  are  on  the  first and  the

second  layers, which  do  not  centribute  to the spin

polarization. It is observed  that only  the  electrons  in
the HOMOs  are  spin-polarized  in ClusterA.
  Spin  polarization is not  so  obvious  in Cluster B
since  the net  spin  po[arization is loNM In Fig. 3 (d),
the spin  density is plotted for the clusten  The spin

multiplicity  is triplet It is shown,  howeveB that the
nitrogen  atoms  on  the  second  layer are  slightly  spin-

polarized with  the majority  spin. The  HOMOs  and

the LUMOs  are  1ocated mainly  on  the fifth and  the
sixth  layers (see Figs. 3 (D and  (g)). The HOMOs  in
Cluster B do not  contribute  to the spin  polarization.
It is slmply due to that only  two  electrons  are

polarized in Cluster B in our  calculations.

  The computational  results  in Figs. 3 for both  cluster

modeis  implies that the electronic  structure  is

symmetric  when  the system  has the lowest energy  spin

multiplicity,  which  was  hypothetically suggested  in

our  previous work  for zincb]ende  GaN
nanostructuresSL
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2.5 Spin-Polarized Electrons

  Cluster A  with  a  nitrogen atom  on  the apex  in Fig. 3
(c) clearly  shows  the spin  polarization and  (e) and  (g)
reveal  the electrons  in the HOMOs  are  spin-po]arized.

We  will show  the top view  of  the Cluster A with the
spin-pelarized  orbitals  more  explicitly  in Fig. 4 {a).
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Fig. 4 (a> [[bp yiew  of  Cluster A  with  a  nitrogen atom

at  the apex.  The  orbitals  are  occupied  by spin-

polarized electrons.  (b) Tbp view  of  Cluster B  with  a

gallium atom  at  the apex.  The distribution of  spin-

polarized electrons  is not  clean

  Oniy the orbita]s  with spin-pelarized  electrons  are
shown  in Fig. 4. Fig. 4(a) reveals  that the orbitals  on

the surface  of  the cluster  have  spin-polarized

electrons.  The  atoms  on  the cluster  surface  haye
unpaired  electrons  in their dang]ing bonds.  The
clear  contrast  is observed:  the atoms  which  are

1ocated in the  inner part of  the c[uster  are  not  spin-

polarized where  they  have no  unpaired  electrons.

Non-spin-polarized  orbitals  appear  as  an  empty

space.

  Such  a  spin  electronic  state  was  not  observed  in
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Cluster B  with  a  gallium atom  on  the apex  of  the

pyramidal  structure  since  the spin  polarization is low

(See Fig. 4 (b)). The  distribution of  the spin-

polarized electrons  is not  so  c}ear  as  in Fig. 4 (a).

3. Conclusions

  Spin electronic  str'uctures  of  wurtzite  GaN

nanostructures  were  obtained  through  UHF
moiecular  orbital  calculations.  The pyramidal
structures  of  wurtzite  GaN  are  found to be spin-

polarized. Especially, the cluster  with a  nitrogen

atom  on  the apex  has large spin  polarizatien. The
spin-polarized  electrons  are  1ecalized in the HOMOs
that are  sibed on  the surface  of  the nanostructure.

The  atoms  on  the outer  part of  the cluster  have

unpaired  electrons  and  contribute  to spin  polarization.
On  the contrarvi  the spin  polarization of  the cluster

with  a  gallium atom  on  the apex  was  at a  low leyel.

  In the heavily spin-pelarized  structure$

magnetizationTnaybeinducedi  OurpyramidalGaN
clusters  may  be one  of  the candidates  that posses
magnetic  moment  among  nanoscale  non-magnetic

materials.  Inclusion ofthe  magnetic  moments  in the

calculations  is our  future task.
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