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Cation Vacancies in Nitride Semiconductors:
A Possibility of Intrinsic Ferromagnetism

In collaboration with Dr. Yoshihiro Gohda (Univ of Tokyo)

GaN, InN & AIN:
Direct-gap Semiconductors with band gaps,
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Environment-friendly semiconductors for
optoelectronic devices

But that's not all ...
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Ferromagnetic behavior in GaN
doped with magnetic impurity
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GGA (+ U ) Calculations for Atomic Vacancy in
Gd-doped and undoped GaN and other Nitrides
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¢ Atomic structure, electron states and spin
states of mono-, di- and tri-vacancy for
various charge states?

¢ Interaction among vacancies and 6d atom?

> Have found:
¢ Cation mono-vacancy, di-vacancy and tri-

vacancy are spin-polarized. R immatEm

¢ They interact ferromagnetically and thus likely
to be responsible for gigantic magnetic moment.
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Some details of GGA ( + U ) calculations

Ga: (3d), (4s), (4p),N: (2s), (2p)and Gd: (5s), (5p),
(41), (5d), (6s)as valence states

Core states treated in PAW scheme
GGA by Perdew, Burke and Ernzerhof

Hubbard U (6.7 eV) and J (0.7 eV) for 4f states
following the work in the past

Plane-wave basis set with 400 eV cutoff
Supercell model with 96 - 576 atomic sites
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Symmetry-lowering (Jahn-Teller)

distortion makes it stable
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Vacancies in Si

makes it stable

Symmetry-lowering,
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Quantitative agreement:
Sugino& Oshiyama, PRL (1992);
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Vacancy in GaN

Defect levels in GaN

Nitrogen is too small to rebond/!
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Symmetry keeping breathing
relaxation is a principal factor

Possibility of spin polarization
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Spin-Polarized Cation Vacancy in Nitrides
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Structural Bistability in Divacancy:
Exchange Splitting vs
Electron Transfer through Breathing Relaxation
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Which Structure? How much is the Spin?
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Conversion from Type A to Type B

makes £(0/-2) much lower than 1.7 eV,
constituting negative U system
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Trivacancy: Charge-state dependent spin center
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Gd 4f is spin polarized in GaN: p = 7.0
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> 6d 5d electrons contribute to chemical bonding with N
¢ Electronic structure remains semiconducting

> 6d 4f states are half-filled and spin polarized
o u=7.0pg
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Ferromagnetic Coupling between 6d and 2 V,

> N-related defect states in the band
gap as in Vg,

> Outward breathing relaxation for
both V, and &d : No Jahn-Teller
Effect

> Ferromagnetic
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Magnetic Moment Increases with
Increasing Number of V,

oy

=

©

Q)

@ .
e Ferromagnetic
o Configuration is
€ 2} AW most stable
=

O

o . . . . , ) .

@ 0 2 4 6 8 10 71

S Number of Ga vacancies

> Linear increase in p with the number of Vg,
¢ Due to 3 holes arising from Vg, with the minority spin

» Gigantic maghetic moment observed in experiments
¢ Highly attributable to magnetism due to Ga vacancies
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Energetics among Several Spin Configurations

10 vGa in 96 site cell: i.e., GdongGO'ggN
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» Ferromagnetic configuration most stable, even
for the case without 6d: AEapm-rm=1.12 eV

= Indicative of intrinsic ferromagnetism
due to Ga vacancies
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Ferromagnetic vs Antiferromagnetic:
AE = E4pm - Erm

Spin Configuration E (meV) u (ug)
et Vel Vel ° 20 2 6d + 2V, with the
Ga
GdTGdTV5, Vel 272 7.00 .
chcde TVGT - o distances of
Ga Ga °
43 Aand 8.30 A
GdTGd |V, TVeal 233 0.00 6 an
Site arrangement d[A] AE [ meV] Mem [1g] Warm [1g]
V@A - Vi,@B 8.30 9 6.0 0.0 2 Spins at various sites at
Ve @A -V, @C 6.43 -18 6.0 0.0 the distance d
Ve @A -V, @D 4.53 19 6.0 0.0
Ve @A =V, @A, 10.48 2 6.0 0.0
V@A — Ve, @Ay, 11.14 1 6.0 0.0
Vea— Vea (ZincBlende) | 9.09 -33 6.0 0.0
Gd@wA - Gd@B 8.30 0.0 14.0 0.0
Gd@wA -V, @B 8.30 1 10.0 4.0
Gd@wA -V, @C 6.43 38 10.0 4.0 ] ] ]
Gd@A -V, @D 4.53 1 10.0 2.0 Cation sites depicted above
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Possible Origin of Ferromagnetism

> RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction
through carriers, postulated for magnetic
semiconductors in the past, are unlikely. No free
carriers in the present case

> Coupling of Vg, spin in wultzite network through
small covalency is certainly important

27?
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To Conclude,

> GGA calculations have clarified:

¢ Cation mono-vacancy, di-vacancy and ftri-
vacancy in GaN are spin-polarized, depending on
their charge states.

+ Divacancy shows structural bistability caused
from exchange splitting and electron transfer
accompanied with breathing distortion

+ The vacancy spins interact ferromagnetically,
indicating intrinsic ferromagentism in GaN, and
thus likely to be responsible for gigantic
magnetic moment observed

Gohda & Oshiyama: PRB 78, 161201(R) (2008) & unpublished results
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