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t is not asonishing that the Nobel Prize Committee decided to single out in 2000

milestone concepts of Zores I. Alferov, Jack S. Kilby, andHerbert Kroemer. Actudly,

the outcome of the laureate idess is surpassing the speculations of Richard Feynman
about manipulating and controlling things on a smal scde!, regarded as totaly unredistic
in time of his visonary speech 40 years ago. Kilby was among those who put forward the
notion of integrated circuits. By now, semiconductor processors and memories, despite
containing severd hundreds of millions of submicron dements, are both chegp and
redundant.

Semiconductor materids conditute today basic building blocks of emitters and
recaevers in cdlular, sadlite, and fibreglass communication.  Among them, the Il1-nitrides
which are nowadays widdy used by the industry. With respect to “"classcd” IlI-V
semiconductors, the group-I1l nitrides semiconductors have attracted much atention in
recent years to their great potentid for technologica applications. AIN and GaN are
regarded as promising wide bandgaps semiconductors, ranging from the ultraviolet (UV) to
the visble regions of the spectrum. They have a high mdting point, a high themd
conductivity, and a large bulk modulus. These properties, as well as the wide band gaps are
closdy reated to strong (ionic and covaent) bonding. These materids can therefore be
used for short-wavdength light-emitting diodes (LEDs) laser diodes and opticad detectors
as wdl as for high-temperature, high-power and high-frequency eectronic devices. Bright
and highly efficent blue and green LEDs are dready commercidly avalable and diode
lasers have been reported, emitting in the blue-violet range initidly under pulsed
conditions and subsequently under continuous operatior?.

When the nitrides are doped with magnetic dements they give birth to Dilute
magnetic semiconductors (DMS's) which have dtracted consderable attention, because
they hold the promise of using dectron spin, in addition to its charge, for creating a new
class of “‘spintronic’’ semiconductor devices with unprecedented functiondity. It has been
intensvely sudied in order to fabricate a new functiond semiconductor taking advantage
of the spin degree of freedom in DMS's.

L' R.P. Feynman, in: Miniturization, ed H.D. Gilbert (Reynhold, New Y ork, 1960) p. 282 2
2 S, Nakamuraand G. Fasol, The Blue Laser Diode (Berlin: Springer, 1997).



| ntroduction

The suggested applications indude, eg., ‘“‘spin fidd effect transstors’™® which
could dlow for software reprogramming of the microprocessor hardware during run time,
semiconductor-based  “‘spin vaves’’ which would result in high-densty nonvolaile
semiconductor memory chips, and even ‘‘spin qubits’” to be used as the basc building
block for quantum computing’

Owing to the development of the computationd power of recent computers and the
progress in the caculation method for the eectronic structure, it has become to caculate
the dectronic dructure of a crysad with high precison from firg principles without any
empiricd parameters. Today, it is possble not only to explan the dready known
properties of a given materiad but dso to predict what property will be expected for a
hypothetica materid.

Given the complexity of the synthess/characterization procedure, computer-
moddling invedtigation has here been used to determine and to predict their materid
properties. The computationd methods have dready been applied to many, with great
success, provoking a congderable interest in investigating other materias for example AIN
and GaN and doped with Mn.

From crystdlography point of view and under ambient conditions AIN and GalN
ayddlize in the hexagond wurtzite dructure. Recent epitaxy of thin GaN films has been
demondirated to result in the cubic zincblende structure (3C). The remarkable progress in
the syntheds of such 3C-GaN films is rdaed to the plasma-asssted molecular beam
epitaxy on GaAs (001) or 3C-SC (001) subsrates. Due to the reactivity of AIN, high-
purity source materiad and an oxygen-free environment are required to grow AIN crystas
of good quaity. Some problem may arise during the growth process of nitrides layers on
cayddline subdrates like eg. SIC, S or GaAs. This is related to the large latice mismatch
and the difference in the themd expanson coefficients between epitaxid layer and

substrate, which can cause large stresses in the epitaxia layers.

3 G. Prinz, Science, 282, 1660 (1998); 3
“ G. Burkard et a, Phys. Rev. B 59, 2070 (1999).
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In order to help understand and control the materiad and device properties, we
report in this thess numericd invedigations based on a firg-principles sudy of ground
dates properties and comparison between GGA and LDA cdculations of the both
zinchlende and wurtzite AIN and GaN and under high pressure. Electronic properties such
as band dructures, dendty of states and charge densty are detailed for GGA and LDA
cdculaions of the both zinchlende and wurtzite AIN and GaN. In addition, the influence of
hybridization on the chemicd bonding and sability has been discussed in terms of the Ste
projected dendties of dtates as well as the crysta orbita overlap population. Thus, we
Sudy the eadic propeties, as well as their behavior when a hydrodatic pressure is
applied. Principal features of the cdculated band dructures such as energy bandgaps and
ionic character are examined when we apply a hydrodtatic stress. Moreover, we determine
the piezodectric congants and transverse effective charges and their behavior under
pressure. Findly, we sudy the dructurd optimization, eectronic structures and magnetic
properties of the AIN and GaN-based diluted magnetic semiconductors. The results show
the haf-metdlic ferromagnetiam for the AIN:Mn and GaN:Mn.

The present thesis is divided into five chapters. In Chapters 1 and 2, we give a
generd introduction to the domain of the Ill-nitride semiconductors and diluted magnetic
semiconductors and their technologica applications. In particular, Chapter 3 resumes the
basc ideas behind the DFT, while Chapter 4 contains a brief description of the method of
cdculations. Chapter 5 is divided into two pats. In pat |, we report the numerica
investigations of the dructurd, eastic and eectronic properties under hydrostatic pressure.
The study of pressure effect consolidates and leads us to achieve the essentid god of this
pat. In pat I, we report an andyss of the magnetic and dectronic properties of the AIN
and GaN doped with Mn. Findly a genera concluson is presented for each of the
investigated class of systems.



Chapter |

Group I I1-Nitride Semiconductors
- AIN and GaN -

Abstract :

We attempt in this chapter to draw the motivation and aims of our study. This chapter
begins with an introduction to the current interest of the IlI-nitride semiconductors. i the next
section, we will present the some basic physica properties and thermodynamic gtability of
these materids. The last section is devoted to the presentation of the different technologica
gpplications of AIN and GalN.
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|. 1. Current interest

Wide band gap semiconductor materids extend the fidd of semiconductor applications
to the limits where dasscd semiconductors such as S and GaAs fal [L-7]. They can emit
light & shorter wavdengths (blue and ultraviolet). In addition, AIN and GaN have a high
mdting point, a high thema conductivity, a lage bulk modulus [8-10] and chemicd
inertness. These properties, as well as the large bandgaps, are closdy rated to ther strong
(ionic and covdent) bonding.

There have been few periods of semiconductor materias research more simulating and
sidfying then tha currently experienced by the rgpidly growing of 1lI-V researchers who
have taken up the study of group Il nitrides. Not only have some formidable materids
problems been overcome in a remakably <chort time but dso commerddly vidble
goplications are immediatdly dear for dl to see Much progress is yet to be made in
deve oping these materids.

The excitement generated by these recent developments, which is wdl illusrated by
the number of review atides dready written [1,3,4,11-20] sems from the fact that the nitride
semiconductors AIN and GalN are indirect and direct band gap materids, what is more, they
foom a complete serie of tenary dloys which spans the whole of the visble spectrum and
extends wdl into the ultraviolet (UV) region, i.e continuoudy variable from 650 to 200 nm,
for those readers who think more readily in wavdength terms This méakes them ided
candidates for caefully talored optodectronic devices opeaing anywhere within this
wavdength range, but more pedficdly, for vigble light emitters in the previoudy difficult
blue and green parts of the spectrum.

Two important gpplications have been apparent some time, for example, those of short
wavdength laser diodes (LDs) for opticd disk readout and high-fidency light-emitting
diodes (LEDs) for full colour display. Red LEDs with efficiencies grester than 10% have been
commercidly avalable for some years (see, for example, Smith [21]) but the efficdencies of
green and, paticulaly, blue diodes fdl a long way short of this serioudy redricting the

posshilitiesfor LED display pands
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While atempts to improve the dfidency of blue devices usng 1I-VI compounds have
been patidly successful (see, for example, Gunshor & d [22]), the problem of achieving
acceptably long operating lifetimes has yet to be solved, leaving the fiedd open to the III-V
dternative. Much of the current euphoria depends on the recent commercid development of
both green and blue InGaN LEDs with efficdendes in the 5-10% range by The Nichia
Chemicd Company in Jgpan [8,23,24,25]. This led rgpidy to the devdopment of large
outdoor full color displays 26] and opens up many other display posshilities, which are yet to
emerge. In addition, it has simulated work towards the long-sought blue LD, which now
shows congderable promise. Severd reports have gppeared which describe room-temperature
pulsed operation of short wavelength LD’ s based on the same maerids system [15,27-31].

I. 2. 111-Nitride physical properties
I. 2. 1. Some basc material properties

Concerning the phydca and eectronic properties of the nitrides, we present the severd
obvious differences between the nitrides and the better known 111-V  compound
semiconductors, which can be relaed to two badc properties of the N aom, its sSze and the
nature of the chemica bond between it and the rdevant group 111 atom.

The smdl covaent radius of N (0.7 A, compared with 1.10 for P, 1.18 for As, 1.36 for
Sb) [32] results in significantly reduced lattice parameters for the nitrides, (4.37 A for AIN and
450 A for GaN) [32], compared with other 111-V compounds (5.4505 A for GaP, 5.653 A for
GaAs and 6.095 A for GaSh) B2], and the large bond energies (2.28 eV for AIN, 2.2 eV for
GaN) [33] imply high mdting temperatures. Both are criticd in rdation to the growth of bulk
cysds and to epitaxy. Frd, the rdaively smal sze of N compared with the group Ill atoms
appears to play a role in deemining the cydd dructure, the thermodynamicdly deble
dructure for these materids (AIN and GalN) being the hexagond wurtzite (WZ) dructure [13]
which corresponds to that of severd of the wdl known 11-VI compounds, i.e. CdS, ZnS and
CdSe. We should point out that the cubic zincblende (ZB) dructures do exig and Gal, in
paticular, has been dudied in some depth [13], nevethdess by fa the mgority of work
reported so far concerns the hexagond form.
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High mdting temperatures meke for serious difficuity in the growth from the mdt and
the only bulk caydds s far avalaile are rdaivdy smdl GaN cydds grown from gdlium
solution, which again reguires high temperaiures combined with high nitrogen pressures
[34,35]. Such crydds take the form of hexagond platdets with the hexagond Cc-axis normd to
the plane of the plate This is convenient for epitaxid growth but they are not yet widdy
avalable The lack of a ready supply of bulk substrate materid has resulted in epitaxid growth
being peformed largdy on foreign subgrates with dl the problems associated with this form
of depogtion. What is more, the amdl latice parameters make for large mismatch with any of
the wdl-established group IV or 1lI-V semiconductor crystds and have led to the use of
sgpphire subdrates by the mgority of workers However, this aso, implies a large lattice
mignatch and dgnificant differences in the theemd expanson cofficient, both of which cause
serious problems in achieving adequate crystd qudity in the depodted films. The fact that it is
an dectricd insulaor can dso be a disadvantage in certain gpplications. SC has been usad by
some workers because of its much closer lattice maich and the fact that it can be doped both n
and p-type but it is reatively expensve for routine goplications. Two other consequences of
the high bond energies ae noteworthy. It is good to recognize tha high-qudity epitaxy
requires good surface mohbility for the group 111 aom and this, dso, implies a doice of growth
temperaure somewhat higher than usud for other I11-V compounds. On the other hand, it
seems dear tha GalN, a lead, is an unusudly sable compound, which probably has some
bearing on its gpparent immunity to the deleterious effects of extended defects.

The reduced symmetry of the WZ dructure (compared with the ZB dructure of the
mgority of 1lI-V compounds) has immediate consequences for the band dructure (in
particular for the vadence band dructure) of the nitrides. In the ZB compounds the vaence
band maximum a the G point in the Brillouin zone is doubly degenerate, the so-cdled heavy
and light hole bands being coincident & k = 0O, while the ‘split-off’ band is typicdly a few
tenths of an dectron volt lower in energy.



Chapter | Group I11 nitride semiconductors - AIN and GaN —

As it is wdl known from gudies of quantum wel (QW) dructures, in the presence of
an axid component of crydd fidd the degeneracy a the zone centre is lifted, yidding three
separate vaence bands whose rdaive energies are determined by a combination of spin—orbit
coupling and the drength of the axid cydd fidd. This then, is the dtuation found for WZ
semiconductors even in the absence of any atificidly imposad sructurd perturbation (see, for
example, Dimmodk [36]).

I.2.2. Common Crystal Structures

There are three common crystd dructures shared by the group 11-V nitrides : the
wurtzite, zincblende, and rocksadt dructures At ambient conditions, the thermodynamicaly
dable structures are wurtzite for bulk AIN and GaN [37-39]. The zincblende structure for GaN
has been dabilized by epitaxid growth of thin films on the (001) cysd planes of cubic
substrates such as S, 3C-SIC, MgO, and GaAs [40-46]. The remarkable progress in the
gynthess of such cubic AIN layers is rdaed to the plasma-asssed molecular beam epitaxy
[43]. In these cases the innate tendency to form the wurtzite polytypes is overcome by
topologica competibility. The rocksdt sructure can be induced in AIN and GaN a very high
pressures. The wurtzite polytype has a fexagond unit cdl and thus two lattice condants, € and
a. It contains 6 atoms of each type. The space group for the wurtzite structure is P&mc (Cg., ).

The wurtzite dructure congss of two interpenetraing hexagond dose-packed (HCP)
sublatices, eech of which is with one type of aoms offsst dong the € axis by 58 of the cdl
height (5/8 C).

The zinchlende dructure has a cubic unit cdl, contaning four group 111 and four
nitrogen dements. The pace group for the zincblende structure is F-43m (T,). The position

of the aoms within the unit cdl is identicd to the diamond cydd dructure in that both
dructures congst of two interpenetrating face-centered cubic sublaitices, offset by one quarter
of the distance dong a body diagond. Each atom in the Structure may be viewed as Stuated at
the center of a tetrahedron, with its four neares neighbors defining the four corners of the
tetrahedron.
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The zinchlende and wurtzite sructures are Smilar. In both cases, each group Il aom is
coordinated by four nitrogen aoms Conversdy, each nitrogen aom is coordinated by four
group Il atoms. The main difference between these two Sructures is in the stacking sequence
of the closest packed diatomic planes. For the wurtzite Sructure, the stacking sequence of
(0001) planes is ABABAB in the <0001> direction. For the zincblende structure, the stacking
sequence of (111) planesisABCABC in the <111> direction.

I. 2. 3. Phase Diagram

The data on phase diagrams of GaN and AIN are limited and contradictory by reason
of high mdting temperaures (Tm) and high nitrogen dissodidion pressures (PSY).
Dissociation Pressure of MN, where M days for Al and Ga is defined as nitrogen pressure a
the therma equilibrium of the reaction [L8]: MN(s) =M(l) + (/2)N2(g), where s, | and g dtay
for solid, liguid and gas Reported vaues for PS5 for GaN (see Figure 1.1) show lage
discrepancies. Sasski and Matsuoka [47] concluded thet the data of Madar et d. [48] and
Kapinski et d. [49] ae the mog rdiable According to Figure 1.1 the nitrogen dissociation
pressure equals 1 atm. at gpproximately 850 °C, and 10 atm. at 930 °C. At 1250 °C the GaN
decomposed even under pressure of 10.000 bar of N. It should therefore come as no surprise
that; the incorporation of nitrogen is not a trivid problem a high temperatures. For the
pressures beow equilibrium a given temperaiures, the therma dissociaion occurs & a dow
and gpparently congtant rate suggesting a diffusion controlled process of dissociation.

Due to the above mentioned N disodation, the daa on the mdting points are
contradictory. Landolt and Borngtein [50] give Tv of AIN equa to 2400 °C & a pressure of 30
bar, and Tm of GaN >1700 °C a a pressure of 2000 bar. Thus, the nitrogen dissociation
pressure of AIN is orders of magnitude smdler than that of GaN. Massdski [b1] cites ™ o
AIN egua to 2800 °C. There are reports estimating Tw of AIN a 2200 °C [52] and 2450 °C
[53]. Van Vedien [54] determined theoreticaly the T of AIN to be 3487 K. Porowski and
Grzegory [B4] edtimate Tv of AIN to be larger than 3000 K a a dissociation pressure of a few
hundred bar, and Tv of GaN larger than 2500 K at tens of kbar. Moon and Hwang [55] ad

10
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Goumri-Said et d [56] determined theoreticdly the Tm of GaN and AIN in zinchlende phase
to be 2302 K and 2387 K respectively.
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Figurel. 1. Equilibrium pressures of phase as function to the opposite of the temperature
(s=solid, g=gaseous, I= nitrogen dissolved in Galiquid) according to I. Grzegory [35]
(1bar=0,1MPq)

|. 3. Technological applications:
[. 3. 1. Light-emitting diodes (LEDs) :

The LEDs present an important market, with for gpplications the sgnding, the display
with color screens, or again sources of white light with especidly the public lighting [57,58).

The red LEDs based on GaAlAs dloy have been commeddized for a long time
dready, with a luminous dfidency of 20-30 mW* and a high brilliance of 2Cd. snce a
certain time, the green LEDs based on AllInGaP dloy are dso produced but they are green-
ydlowish (564nm) ingead of green pure, and posess a wesk effidency externd quantum
(0,6%) and awesk intengty (0,1Cd). These materids being equaly useful for the sgnding.

1n
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The white LEDs are basad ether on the associaion of three LEDs (red, green, blue) or
on the asociaion of a blue LED or UV and a materid tha, excited, emits lower energy
photons, the combination giving then the white light. The redization of LEDs to basis of GaN
has become a contest Snce the beginning of years 1990, period to which their redization has
been ade to be envissged thanks to a cetan improvement of the cyddline film qudity
epitaxy of GalN. Some LEDS have been conceived and are currently commercidized.

I.3.2. Laser diodes(LDs)

The maket of the laser diodes [Laser Diodes (LDs)] is for hdf atributed to
communications and for hdf to the impresson and to the dorage of the information.
Concerning communications, used opticd fibers being transparent between 1,3 and 1,55um.
The used LDs are manufectured from GaAs and InP. However, an emisson to 1,55um has
been put in obviousness for INGaAsN on GaAs[57].

Concerning the impresson and the storage of the information, the market is for the
moment dominated by red LDs to 780nm for CD and to 635 or 650nm for DVD. Vey
compact LDS emitting a shot wave length (400-600nm) and medium (5mW) or high (35 -
50mwW) power are required to enhance peformances. Indeed, a diminution of the length of
wave dlows a best focusng of the spotlight of a beam, the surface of the spotlight being
proportiond to the square of the length of wave. The qudity of the impresson and the densty
of sorage on opticd disks will be therefore considerably improved by the utilizetion of blue or
violet LDs. Thus, the capacity of storage of a DVD would pass from 2,9Gbyte to 30Gbyte by
decreasing the length of wave from 635-650nm to 410nm. Furthermore, the perusd asks only
apower of 5mwW while the handwriting (engraving) necessitates a power of 35-50mwW [57].

The Blue LDs currently produced are LDs DBR infrared high power associated with
materids nonlinear as LINDO3 cgpable to generae a beam a 425nm (violet-blue). The former
ae poweful enough (15mW), with less noise effects and have a coherent beam. They ae
however very expendve, not compact and necesstae a precise mechanicd dignment. The
LDs based on InGaN are therefore promised to a great future for less expensve and smpler
devices[ 57].
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I.3.3. UV detectors

The sun produces a great quantity of UV, whose a great part is absorbed by the ozone
and ges layer of the amosphere. Alone radigtion whose wave length is large than 280nm get
on eath. Detectors of UV radiation produced on earth, told "solar blind’, have to detect
radigtions between 265nm and 280nm, zone presenting the less paragtic redidion. UV
detection possesses military or avil gpplicaions as the persond dosmeters for UV rich
environments, detection of fires and identification of missles by ther tral, or the guidance of
missles[59].

The photo-detectors currently avallable are basad on thin film of diamond (Eg =5/4eV -
230nm), or of SC (Eg=2,9eV - 430nm). However, they necessitate the usage of filters and do
not present a good UVAisble sdectivity. The nitrides of dements of column Il present a
drong interest for optical detection because the gap of dloy AllnGaN can vary between 1,9V
(650nm) and 6,26V (200nm). Especidly, the UV detection can be redized with the hdp of
AlGaN dloy, GaN having an absorption a 365nm and AIN a 200nm. Moreover the I11-V
nitrides are dable in severe physicd and chemicd environment [60].

13
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Chapter Il

Diluted M agnetic Semiconductors
-DMS-

Abgract :

In this chapter, we are going to present the postion and the interest of a new branch of
the dectronic fidds namdy spin-eectronics. Furthermore we give a historical overview on
the advent of magnetic semiconductors and their interest for gpplication in the technologica
aea Fndly, we present the motivation of our choice of materids and ther novety as

compared to other.
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I1. 1. Spintronics

Soin dectronics (spintronics) is a young interdisciplinary fidd of nanoscience. Its rapid
devdlopment, like that of competing new branches of dectronics — molecular dectronics,
biodectronics, and dectronics of polymers, ...etc, has its roots in the conviction that the
progress that is being achieved by miniaurization of active dements (trangstors and memory
cdls) cannot continue forever. Therefore, the invention of future information technologies
mugt involve new ideas concerning the design of both devices and system architecture.

The main god of spintronics is to gan knowledge on spin-dependent phenomena, and
to exploit them for new functiondities Hopes associated with spintronics gem from the well
known fact that the magnetic fidds present in the ambient world are sgnificantly weeker than
the dectric fidds For this resson magnetic memories are non-voldaile, while memories based
on the accumulated dectric charge (Dynamic Random Access Memory - DRAM) require a
frequent refreshing. At present, one can dready oecify a st of problems to be solved by spin
dectronics One of them is a condruction of effident microsensors of the magnetic fidd,
which would replace devices employing magnetic coils. It is obvious that the increase in
gpatid resolution requires a reduction in sze of the sensor. In the case of the coil, however,
this is accompanied by a decrease in the sengtivity. Intendve research and development work
caried out over lagt fifteen years or S0, resulted in the developing of the appropriate device.
The new genaration sensors are explaiting a giant magnetoresstance effect (GMR) of multiple
layer dructures made of dtending ferromegnetic, antiferromegnetic, and  paramagnetic
metas [1,2]. The GMR reaults from the increase of dectrica conductivity in the presence of
the magnetic fidd that digns the direction of magnetization vectors in neghboring layers. In
contragt to the traditiond sensors containing the Hal probe, the operation of the GMR sensor
depends on the eectron spin, and not on the charge, i.e., the Lorenz force.

The mogt recent ressarch on the fidd sensors focuses on spin-dependent eectron
tunnding between ferromagnetic layers through an isolaor, typicdly thin duminum oxide It
is expected that the tunnding effect will lead to a dgnificant increase of magnetoresistance [3-
5]. A dde issue concarns the phenomenon of the Coulomb blockade that plays an important
role whenever a tunnd junction becomes smdl [5]. One can expect tha the parameters of
tunnding magnetoressance (TMR) sensors will meke them suitable not just for reading
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devices, but ds0 as podtion detectors, for indance, in dectric and gasoline engines, where
Hall-effect sensors dominate today [6].

A much more ambitious spintronic objective is to develop magnetic random access
mamories (MRAM). These devices would combine the advantages of magnetic memories and
those of DRAM. For this purpose, it is necessary to find means of writing and reading the
direction of megnetizetion in given cdls without employing ay moving pats. An important
step would be the daboration of methods of contralling magnetization isothermaly — by light
or dectric fidd, like in samiconductor DRAM, in which informetion writing proceeds via
voltage biasng of the addressed tranggtor. In the magnetic memories presently available, the
magnetizetion switching requires rather large power, as it is triggered ather by the magnetic
fiddld generated by dectric currents or by the lasr heeting above the Curie temperaure.
Obvioudy, ressarch in this direction combines maeids stence, nanotechnology, and
srongly corrdated systems.

Elaboration of “intdligent” methods encbling magnetization control would dso meke
it possble to fabricate spin trandgtors [7,8]. This device condds on two ferromagnetic metds
sepaaed by a nonmagnetic conductor. Smple condderations demondrate that if Spin
polarized cariers injected to the nonmagnetic layer consarve spin orientation, the device
ressgance will depend on the rddive directions of magnetizetion in the two ferromagnetic
layers. Since the switching process does not involve any change in the carier densty, this
tranagtor will be characterized by a favorable vdue of the product of dectric power
consumption and switching time, provided that the spin injection would be efficent and no
mechanisms of Spin relaxation would operate.

Perhgps the most important chdlenge for spintronics is the development of quantum
computation and communication [9]. Particular importance of spin degree of freedom in this
context originaes from the fact tha it can preserve phase coherence for a much longer time
than the orbitd degrees of freedom. Thus the dectron spin is much more promising then the
dectron charge for materidization of the present revolutionary idess on quantum computing,
guantum cryptography, data compresson and tdeportation [9]. Thus, soin quantum devices,
such as quantum dots [10,11], may change not only the principles of devices operation, but
adso the bads of the hdfcentury-old computer architecture. Some researchers suggest that the
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best candidate to cary quantum information would be nudear spins of 3P in isotopically pure
285, where the sin coherence time reaches several hours[12].

However, it has ds0 been shown expeimentdly that the spin polaization lifetime in
doped samiconductors may be severd orders of magnitude longer than the time of momentum
relaxation [13]. One has to mention, dthough, that up to now the research on quantum
computation is theoretical. Any experimenta achievement, independently of the materid used
and the experimentd method gpplied will be regarded as asgnificant breakthrough.

I1. 2. Diluted magnetic semiconductors

Modern information technology utilizes the charge degree of freedom of dectrons in
semiconductors to process the informaion and the pin degree of freedom in magnetic
materids to dore the information. Magnetodectronics is a new fasly deveoping fidd, where
the two degrees of freedom, the charge and the spin of the cariers are utilized Imultaneoudy
to creste new functiondities. In more generd terms, this new fidd is refared to as pin-
electronics or spintronics to indude those spin-utilizing devices that need nether the magnetic
fidd nor megndic maerids The magnetoresgance (MR) sensors made of multilayers
contaning metd faromagnets, showing giat magngoressgance (GMR)  or  tunnding
magnetoresdance (TMR), ae today’s best known successful magnetoeectronics devices
basad on the interplay between the two degrees of freedom [6,14-18].

In semiconductor devices, the spin of cariers has played a minor role o0 far because
the mogt-well established semiconductor devices based on S and GaAs are non-magnetic and
show only negligible effects of soin. On the other hand, from the physicd points of view, the
enhanced spin-related phenomena due to the coexisdence of the magnetism and semiconductor
properties have been recognized in magnetic  semiconductors and  diluted magnetic
semiconductors (DMS) (or semimagnetic semiconductors, SMSC) since the 60s. The family
of magnetic semiconductors encompasses europium and chromium  chacogenides  (rock-salt
type EuSe, EuO and spinds CdCr&;, CdCr,Ses), which show ferromagnetic order a low
temperatures with the Curie temperature Tc = 100 K. They have been extengvdy sudied,
because of their peculiar properties resulting from the exchange interaction between itinerant
eectrons and locdized magnetic spins (sf and sd exchange interactions) [19-21]. Owing to
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these interactions magnetic semiconductors exhibit a rich vaiety of driking opticd and
trangport phenomena, which are drongly affected by the magnetic fidd and the magnetic
order, paticualy near the med-to-insulator trangtion (MIT). However, difficulties in
materid preparation and in fabrication of heterogtructures make this family of compounds less
atrective from the gpplication point of view. Manganites (perovskite (LaS)MnOs and
rdaed maeids), which show colossd magnetoressance (CMR), ae magnetic
semiconductors, whose gudies have been paticulaly active over the recent years. Ther
ferromegnetic order, beginning a ~350 K, originaes from the double-exchange interaction.
Properties of manganites and ther epitaxid heterodructures are currently dudied aggressvely
[22-24]. Thar compatibility to the wdl-established eectronic devices is an open issue because
of the differencesin both crystd sructure and condiituting dements.

DMS are based on nortmagnetic semiconductors, and are obtained by dloying them
with a g9zable amount (a few percents or more) of magnetic dements, such as Mn. The dudies
of DMS and ther heterostructures have offered a wide variety of materias and dructures
making it posshle to explore further the effect of the exchange interaction in semiconductors.
Mog of the work had been centered around II-VI based materids such as (CdMn)Te,
(Zn,Co)S, (HgFe)Se, where the vaence of group Il cations is identical to that of most
megnetic  trangtion meds [25-27]. Although this made them rdaively easy to prepare,
difficulties in doping of 11-VI-based DMS to ether p- or ntype as wel as reaivey wesk
bonds made these materids less atractive for applications. The magnetic properties of 11-VI
DMS ae dominaed by the antiferromagnetic super-exchange interactions among the locdized
oins, which result in paramagnetic, oinglass or antiferromagnetic behavior depending on the
concentration of the magnetic ions and temperaiure. Recent progress in doping of 11-VI
maeids is gradudly changing this dgtudion [28-29], for example hole mediated
ferromagnetiam was found in ptype 11-VI DMSwith Tc < 10 K [30-32]. Undersanding of the
carier-mediated feromegnetism in semiconductors was put forward by a dudy of
feromagnetiam in IV-VI DMS such as (Pb,Sh,Mn)Te [33]. However, 1V-VI DMS and ther
heterogtructures are again rather difficult to prepare.

An gpproach compaible with the present-day dectronic materids is to make non
magnetic  semiconductors  meagnetic, and even feromagnetic, by introducdng a high
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concentration of magnetic ions. 111-V compound semiconductors are widdy used for high
speed eectronic devices as wdl as for optoeectronic devices. Moreover, heterostructures
based on the GaAd/(Al,Ga)As sysems have proven to be a convenient test bench for a new
physics and device concepts. Introduction of magnetic 111-V compounds opens, therefore, up
the posshility of usng a variety of magnetic and/or spin-dependent phenomena, not present in
the conventiond non-magnetic 11I-Vs, in the opticd and dectricd devices dready established
(see Fgure 11.1). The proposd of I1I-V bassd magnetic semiconductors with various sts of
hos materids and trangtion metas was put forward in 1970s [34], and some experimenta
dudies were then initiated. At thet time, however, [11-V materids with a Szable concentration
of uniformly digributed megnetic dements were not obtained due to the low solubility of
trangtion metds in 111-V semiconductors [35]. The gpplication of non-equilibrium methods to
grow |11-V-based DMS was rewarded by successful molecular beam epitaxy (MBE) of
uniform (InMn)As films on GaAs subdraes [36]. Subsequent discovery of the hole-induced
feromagnetic order in p-type (INMn)As [37] encouraged researchers to invedigaie GaAs
based sysem [38] and led to the successful growth of ferromegnetic (GaMn)As [39].
Currently, a number of groups is working on the MBE growth of (GaMn)As and rdaed
heterogtructures to advance the understanding of this new class of materias[40-49].

spin
including
magnetism

spin-electronics

~am

electronics

Figurell.1l: Concept of soin-dectronics (spintronics). In semiconductor spin-
electronics spin properties aswell as eectronic and optica properties are utilized a the same
time
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I1. 3. Ferromagnetic semiconductors

Today's research on spin dectronics involves virtudly dl maerid families the mogt
maure being dudies on magnetic metd multilayers, in which spin-dependent  scettering and
tunndling are beng successfully goplied, as dready mentioned in reading heads of high
dendty hard-discs and in magnetic random access memories (MRAM). However, in the
context of spin dectronics paticularly interesting are ferromagnetic  semiconductors, which
combine complementary functiondities of ferromagnetic and semiconductor materid systems
One of the rdevant quedtions is to what extend the powerful methods developed to control the
carier concentration and spin polarization in semiconductor quantum structures could serve to
talor the magnitude and orientation of magnetization produced by the soins locdized on the
megnetic ions.

Ancther important issue concans the daboration of methods of injecting and
trangporting soin currents. In addition of congding the important ingredient of fiddd sensors
and magnetic trangdors, Soin injection can serve as a tool for fat modulaion of light
polarization in semiconductors lasars [27].

Snce the farication of quantum dructures is most mature in the case of IlI-V
semiconducting compounds, the milestone discovery was the detection of the carrier induced
ferromagnetiam in In.xMnAs and Ga.-xMrnkAs by Ohno and Munekata & IBM [37] and
Tohoku Universty [50] groups, repectively. While the divdent Mn introduces both spins and
hdes in the IlI-V maerids the magnetic ion and carier concentrations can be varied
independently in 11-VI materids, like in the cae of IV-VI maeids in which the hde
controlled ferromagnetiam was put into the evidence in Warsaw University [51].

A sygematic experimentd and theoreticd dudy of the carrier-induced ferromagnetism
in 11-VI semimagnetic semiconductors has been underteken by the Grenoble-Warsaw
collaboration [52]. In agreement with the theoreticdl modd proposed by the team for various
dimensondity 11-VI semimagnetic semiconductors [52], the ferromagnetic order has been
observed aove 1 K in two dimendond modulation-doped p-type CdixMnTe/Cdy.y.
Mg, Zn,TeN heterodructures [53,54]. The obtained results lead to suggest [53] thet it will be
possble to control magnetic properties by methods daborated earlier to tune the carier
concentration in  quantum gructures, such as voltage biasng and light illumination. More
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recently, epitaxid layers of Zm-xMnTeN with the hole concentration above 10%° cm® have
been obtaned. By means of trangport and magnetic messurements, the ferromagnetism weas
found in this three dimensond sysem [31,55], corroborated the theoretical predictions
mentioned above [55]. Ferromagnetic corrdation has been detected dso in Ber.xMnTeN [56]
as wdl as in bulk aysd of ZmMnTeP [5556]. At the same time, in agreement with the
theoretical expectations [52], no ferromagnetism has been detected above 1 K in ntype films
of Zm.xMnO:Al [55]. The dronger ferromagnetism in p-type maeids compaing ntype
compounds gems from a large megnitude of the hole dendty of dates and a drong spin
dependent hybridization between the vdence band p-like saes and the Mn d orbitds. These
two effects conspire to make the hole-mediated ferromagnetic interactions drong enough to
overcome the antiforromegnétic super-exchange, specificto intrisc DMS.

Theoretica dudies undertaken smultaneoudy leed to the daboration of a theoreticd
modd of thermodynamic, magneotodadic and opticad propeties of I[1I-V and [I-VI
ferromagnetic semiconductors [3157,58]. The modd takes into account the k.p and spin-orbit
interactions, biaxid dran and confinement; it applies for both zincbhlende and wurzite
compounds. It has been demondrated that this modd describes, with no adjustable parameters,
the Curie temperaiure, the dependence of meagnetization on temperaure and the magnetic
fidd, and the magnetic anisotropy energies in p-Gay-xMnAs [56,57] as well as the magnetic
creular dichroiam [5859]. The theoreticd and numericd anayss [31,52-54,58,59] made it
possble to dexribe quatitativdy the dominant mechanism accounting for the
ferromagnetism of the sudied sysems as well as for the demondration of the role played by
the space dimensondity, spin-orbit interaction, and interband polarization as wdl as for the
identification of man differences between propeties of [1I-V and [1-VI compounds.
Furthermore, theory of magnetic domains in [lI-V maerids has been developed providing,
among other things the width of domans wdls as wel as the aiticd film dze corregponding
to the trandtion to a dngle doman dructure [60]. Theoreticd sudies [57,58,60] have
demondrated that the spin-orbit coupling in the vadence band, not & the magnetic ion,
accounts for the magnetodadtic properties and magnetic anisotropy in the sysemsin question.
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One has to emphasize that the results described above have been obtained for magnetic
semiconductors in which the highest value of Curie temperature does not exceed 110 K [50].
For this reason, the theoreticd work has been undertaken [57] aming a evauation the
magnitudes of expected Curie temperatures in vaious Il1-V and 11-VI compounds as well asin
eementa group IV semiconductors [57,58]. The results shown in Fgure 11.2 demondrate that
in semiconductors condding of light dements the criticd point may exceed the room
temperature [57,58]. These predictions have encouraged many groups to synthesze such
materids as GaN and ZnO containing Mn or other trangtion metds as wdl as to search of
ferromagnetic dementa semiconductors. Before presenting promising experimentd  results we
have to caution the readers that in some cases the obsarved ferromagnetism might have been
resulted from ferromagnetic or ferrimeagnetic inclusons or precipitates.

éll Lol 1 1

Si |
Ge |
AP |
AlAs |
GaN |
GaP |
Ga |
Gasb |
InP |
InAs |
Zn0 |
ZnSe |
I :
10 100 1000

Curie temperature (K)

FigureIl.2. Computed vaues of the Curie temperature Tc for various p-type semiconductors
containing 5% of Mn per cation (2.5% per aom) and 35~ 10?° holes per cn?. (after [61,62)).
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I1. 4. 111-Nitrides based diluted magnetic semiconductors

From the standpoint of technology, superdoping (here doping beyond 1%) is rdativey
essy only in the case of “*soft’” semiconductors like GaAs, InAs, or CdTe. This is not the case
with ““hard”” semiconductors like GaN or AIN. These materids need rddivey high growth
temperaures to obtan good cayddline qudity. At such high temperatures superdoped
trangtion-metd impurities cause segregation or form a compound with the host semiconductor
dements. In order to obtain an extremdy heavy doping of Mn, a highly nonequilibrium
growth process is necessary. That is why less atention was pad to megneticaly doped GalN:
(3d -trandtionmetd) sysems, dthough this class of DMS has been predicted to be
ferromagnetic a room temperature [57].

Ga\-based DMSs ae quite promisng for vaious spin controlled and photonic
devices because of the wide gap corresponding to visble light. Another aitractive property of
Ga\N:Mn is its hdf-metdlic feromagnetiam, that is, a 100% pin polarization of cariers & the
Fermi enargy. This provides an opportunity to overcome the intrindc difficulty of injecting
oins into a nonmagnetic semiconductor. Recently, a dmilar injection and evidence of spin-
polarized current in 111-V semiconductor has been demondrated and a large 9gnd from hdf-
metalic DMS's was predicted [61]. The growth of superdoped GalN:Mn usng an ultrahigh-
vacuum chemicd vapor description system was reported [62]. In that study superconducting
guantum inteference device (SQUID) magnetizetion messurements showed the magnetic
hyderess a room temperaure, i.e, the exigdence of room temperaiure ferromagnetism in
granular GaN:Mn [63]. Moreover Curie temperatures for the epitaxid wurtzite GaN:Mn films
were dso recently reported as high as 940 K (Ref. 62 (deduced from extrgpolating SQUID
measurements) and around room temperature [63] (from the anomd Hal effect). These
experimenta results give a strong impetus to band sructure studies of superdoped GaN:Mn. A
quatitetive underdanding of the propaties of a maerid, epecidly the dectronic dates
induced by a trandtionrmetd dopant, is a due to the maerid desgn of a dass of magnetic
semiconductors.
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Chapter |11

Density Functional Theory
- DFT -

Abgract :

In solids one often darts with an ided crysd that is studied on the atomic scale at
zero temperaure. The unit cdl may contan severd atoms (at certan podtions) and is
repeated with periodic boundary conditions. Quantum mechanics governs the eectronic
dructure that is respongble for properties such as rdative dability, chemicd bonding,
relaxation of the aoms phase trandtions, dectricad, mechanica, opticd or magnetic
behavior, etc. Corresponding firgt principles cdculations are mainly done within dengty
functiona theory (DFT) which is mapped to a saries of one-éectron equations, the so-
cdled Kohn—Sham (KS) equations.

This chapter is devoted to ded with the current advances in the theoretical
modeling of DFT. The badc principles of this method are more detailed. The exchange-
corrdation pat of this functiond is discussed, including both the locd densty
gpproximation and generalized gradient approximetion.
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[11. 1. Introduction :

The predominant theoreticd picture of solid-date and/or molecular sysems involves
the inhomogeneous dectron gas a st of inteacting point dectrons moving  quantum
mechanicaly in the potentid fidd of a &t of a@omic nude, which are consdered to be datic
(the Born-Oppenhemer agpproximation). Solution of such modds generdly requires the use of
goproximation schemes (the independent dectron goproximation, the Hartree theory, and
Hartree-Fock theory). However, there is another goproach (densty functiond theory (DFT)
[1-5]) which over the last 30 years or SO has become increasingly the method of choice for the
solution of such problems (see Figure I11.1). This method has the double advantage of being
able to treat many problems to a sufficdently high accuracy, as wdl as beng computeationdly
ample (Smpler than even the Hartree scheme).

-
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Figurelll.1l. Oneindicator of the increasing use of DFT is the number of records retrieved from the
INSPEC databases by searching for the keywords *‘ dengity,” **functiond,”” and *‘theory.” Thisis
compared here with asimilar search for keywords ‘*Hartree’” and ‘* Fock,”” which paralelsthe overal
growth of the INSPEC databases for any given year, approximately 0.3% of the records have the
Hartree—Fock keywords [6].
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Condensad mater physcs and maeids stence ae badcdly rdaed to the
underganding and exploiting the properties of sysems of interacting eectrons and aomic
nude. In principle, dl the propeties of materids can be addressed given suitable
computationd tools for solving this quantum mechanics problem. In fact, through the
knowledge of the dectronic properties it is possble to obtan information on gructurd,
mechanicd, dectricd, vibrationd, thermd and opticd properties. However, the dectrons and
nucde that compose maerids conditute a drongly interacting many body sysgems and
unfortunatdly this mekes the direct solution of the Schrodinger's eguation an imprectical
propostion. As stated by Dirac in the far 1929 [7], progress depends mostly on the eaboration
of sufficiently accurate and gpproximete techniques.

The development of dendty functiond theory and the demondration of the tractability
and accuracy of the loca dendty agpproximation (LDA) represents an important milestone in
condensed matter physcs Frg principles quantum mechanica caculaions bassd on the LDA
have become one of the mos frequently used theoretical tools in materids science
Nonetheless, the great contribution of the loca dengty approximation cadculations remained
limited until the late 1970's when saverd works have demondrated the accuracy of the
goproach in determining properties of solids [8-11]. Even though it has been a great ded to
date why the LDA should or should not be adequate for cdculating properties of materids,
there is however no doubt that the most convindng arguments have been derived from the
direct comparison of caculations with experiments

In paticular, despite its smplicity the locd dendty gpproximation has been very
successful in describing materids properties during the last decades. However, it is worth to
note that there are ds0 Stuations where the above gpproach does not leed to aufficiently
accurate results. This can be the case when the differences in the tota energy, which are
usudly reevant in cdculding dructurd propeties and binding, ae to be etimated very
accurately. Asamatter of fact, smdl inaccuracies may have here dramétic effects.
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In generd, LDA suffers from more or less wel-known falures and therefore there
have during the last decade been severd attempts to go beyond this locd approximetion by
induding effects depending on the vaidion of the dectron dendty. Nowadays, improved
theoreticd schemes and the rapid growth in computing fadilities have caussd many types of
sysems and properties to be sudied successfully with dendty functiond methods. In the next
folowing Sections we briefly resume the fundamenta concepts, which are at the kese of this

important and fascinating theory.

I11. 2. The basic principles of the method :

The wdl-established scheme to cdculate dectronic properties of solids is based on the
DFT, for which Wdter Kohn has recaived the Nobd Prize in chemidry in 1998. DFT is a
universal gpproach to the quantum mechanicd many-body problem, where the sysem of
interacting eectrons is mgpped in a unique manner onto an effective norrinteracting system
that has the same totd dendty. Hohenberg and Kohn [5] have shown tat the ground date
eectron dendity r (in aoms, molecules or solids) uniquely defines the totd energy E, mugt be
afunctiond of the density.
E=E(r) (I11-1)

They further showed that the true ground Sate dendty is the dendty that minimises E (r) and
that the other ground deate propertties are dso functionds of the ground date dendty. The
extendon to spinpolaised sysems is ds0 possble where E and the other ground date
properties become functionals of both the up and down spin dengties:

E=E(r ,r-) (11-2)

Thus one does not need to know the many-body wave function. The nonrinteracting particles
of this auxiliay sygem move in an effective locd one-paticle potentid, which condgs of a
dasdcd meen-fidd (Hatree) pat and an exchange-corrdation pat Vi (due to quantum
mechanics) that, in principle, incorporates dl correlation effects exactly.
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In order to do this the unknown functiond E (r) is rewritten as the Hartree totd
enagy plus another smdler unknown functiond cdled exchange-corrdation (xc) functiond,
Exc ().

E(r)=T,(r)+E.(r)+E,(r)+E,(r)+E_(r) (11-3)

In equation 111-3, Ts [r] represents the Sngle particle kinetic energy while Ec [r] denotes the
Coulomb interaction energy between the dectrons and the nudd. The term Eji [r] arises from
the interaction of the nuce with each other and E4 [r] is the Hatree component of the
electron-eectron energy.

e )z%c‘ﬂardsrv%r—) (11-4)

According to the variaiond principle a st of effective one-particle Schrodinger equations, the
so-cdled Kohn-Sham (KS) equations [12], must be solved. Itsformis

[T, +Ve (F)+V, [r P+ Ve [r (F)IIF (F) =& F) (In-5)

when written in Rydberg a@omic units for an a@om with the obvious generdization to
molecules and solids. The four terms represent the kinetic energy operator, Vg is the Hartree
potentid, the Coulomb-, and exchange-corrdation potentid, Ve and Vi The KS egudions
mus be solved iteraivdy until sdf-congstency is reached. The iteraion cycles are needed
because of the interdependence between orbitals and potential.

occ

r()=al @ (I11-6)

From the dectron densty the Vc and Vi potentids for the next iteration can be calculated,
which define the KS orbitds This doses the sdf-conggent loop. The exact functional form of
the potentid V¢ is not known and thus one needs to make gpproximetions.
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Ealy applicaions were done by usng results from quantum Monte Carlo cdculations
for the homogeneous dectron gas, for which the problem of exchange and corrdation can be
solved exactly, leading to the origind locd dengty approximaion (LDA). LDA works
ressonably wdl but has some shortcomings mogtly due to the tendency of overbinding, which
cause eg., too smdl lattice congants.

Modern versons of DFT, espedaly those usng the genedized gradient
goproximation (GGA), improved the LDA by adding gradient terms of the dectron dengty
and reached (dmogt) chemicd accurecy, as for example the verson by Perdew, Burke,
Ernzerhof (PBE) [13).

[11. 3. Thelocal -(pin-) dengty approximation (LDA, LSDA):

In the effective potentid of the Kohn-Sham equation, the only term that cannot be
determined exactly is the exchange-corrdation energy Eyx.. The most commonly used
technique for cdculating Exc is the loca-goin-dendty gpproximation (LSDA) or smply locak
dengty gpproximation (LDA) [14]. We summarize the essence of the LDA below:

The inhomogeneous sydem is divided into a cetan st of smdl regions containing a
homogeneous interacting dectron gas Such a gas is completdy characterized by the
dengty rs(r), where s =- or ~ .
In eech region, the exchange-corrdaion energy per particle of the homogeneous gas,
e (r .r-)oe(r .r-)+e(r ,r-), can be cdoulaed. The andytic expresson for the
exchange energy e, (r_,r-) can be obtaned from the Hartree-Foch approximation [15-17].
For the correlation energy e (r ,r-), we use an andyticl expresson of Volso, Wilk and
Nusar (VWN) [18], which is based on the quantum Monte-Carlo result of the ground-date
energy for the homogenous dectron gas [ 19].
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The totd exchange-corrdaion energy isthe sum of the contribution of dl regions:
ELA(r ,ro)=¢p (r () r-(F)r (F)a (I1-7)
where r (F)° r (F)+r _(F). Theexchange-correlaion potentid is calculated from

VP4 (x) = ddi‘:r) =e,(r .r- )+%‘®r)r (F) (111-8)

The derivation of V:**(x) with the VWN expression is given by Painter [20].

I11. 4. Generalized gradient approximation (GGA):

In the generdized gradient gpproximation, the exchange-corrdaion energy Eyc IS a
functiond of theloca dectron soin dendtiesr s(r) and their gradients:

Es(r_r-)=¢p_(r () r-())r (F)Rir (F)acr (111-9)

From incorporating the additiond information contained in the locad gradient a better
description of the sysem is expected [21-23]. Severd different parameterisations of the GGA
functiond have been proposed [23] and teded on a wide vaiety of materids The GGA
improve ggnificantly the ground date properties of light atoms, molecules and solids and
generdly tends to produce larger equilibrium lattice parameters with respect to the LDA.

[11. 5. Single particle Kohn-Sham equation:

Depending on the representations that are used for dendty, potertiad and KS orbitas,
different DFT based dectronic structure methods can be dassfied. Many different choices are
made in order to minimise the computationd and human cods of cdculdions, while
mantaning suffident accuracy. A brief summary of the many posshiliies to solve the
Schrodinger's equetion is given in FHgure 111.2. In this Thess cdculaions have been modtly
concened with the Linearized / Augmented Plane Wave plus Locd Obitds (L/APW+HO).
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However, this computationd gpproache is usudly rdiadle only when goplied to cayddline
materids with high symmetry and large compactness.

The explict use of a bass can be avoided in condructing the KS orbitds by
numericdly solving the differentid equations on grids However, it is important to note that
nearly al gpproaches that have been proposed for solids, including the L/APW+o0 methods,
do rely on a bads st expandon for the KS orbitds. Because of this, the discusson is here
confined to methods that do use abadsin which the KS orbitds are:

i (F)=4 c.f.(7) (I11-10)

where the j (r) are the bass functions and the Cj5 ae the expanson coeffidents. Given a
choice of bass the codfficents ae the only vaiaddes in the problem, snce the dendty
depends only on the KS orhitals.

All dectrons «Full Potential »
Sdlf-consstent (SCF)——
L All dectrons «M uffin-Tin »

— Generalized Gradient Approximation (GGA)

Non relativistic ——
Reativistic | Local Density Approximation (L DA,L SDA)
M 2 Y Y k k K
|_' Y2N*+V(r)+ exc(r)Jgi =€ g
A 4 A :
Non Periodic___| ——  Gaussan
iodi Atomic
PmOdI.C “orbitals | Slater type
Ymmetric— L Numeric
No Spin —
! Augmented Planes (FP-L/APW+l0)
Spin polarized ——

Figurelll.2 Schematic representation of various DFT-based methods of caculaion
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Snce the totd enargy in DFT is vaidiond, the solution of the sdf-conagent KS
eguations permits to determine the Ci4 for the occupied orbitals thet minimise the total energy.
In order to diminate the unknown functiond T4Jr] the totd energy can be rewritten usng the

gngle patide @genvaues

E(r)=Ei(r)+a e +E.(r)- ¢o'rr (F)§xc(f)+%vH (r‘)g (I11.12)

occ

where the sum is over the occupied orbitds and r, Vi and Vi are given by Egs. 111-4, 111-6 and
[11-8, respectively.

Dendty functiond cdculdions require the optimisstion of the Cig and the
determination of the charge dendty (see Figure 111.3). This procedure is usudly performed
sparady and higarchicadly. Usng sandard matrix techniques it is possble to repeatedly
determine the Cia that solve the angle Eq. 111-5 for a fixed charge dendty. Hence, given the
bass, the Hamiltonian and the overlap natrices, H and S, can be congructed and the following
meatrix eigenvaue eguation,

(H-e9S)C =0 (I1-12)

The equation (I11-12) is solved a each kpoint in the irreducible wedge of the Brillouin zone.
The optimised Cig will yidd the exatt sdf-conggtent solution only if the true occupied KS
orbitals can be expressed as a linear combination of the bads functions. In the case where they
cannot be expressad exactly in term of the bads, an gpproximate optima solution (i.e the one
that gives the lowest possble totd energy for the bads) will be found. Therefore, the qudity
of a bass st can be measured by comparing how much the tota energy evaduaed with the
orbitalsof Eq. I11-10 differsfrom the true KS energy.
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— rm—l

Compute V()

Solve Single Partide
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Figurel11.3 How-chart for sef-condgtent dengty functiond caculaions.
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I11. 6. Thebasis sats

With the generd tem effidency we usudly refer to the number of bads functions
needed to achieve a given level of convergence, wheress with the bias we describe whether or
not a basis could favour certain regions of oace over the others like, for example, being more
flexible near the nude than the interditid regions. By looking a the difficulty in etimaing
the marix dements the amplidty of the beds is ds defined. The bads completeness
indicates whether the bass can be improved by increesng the number of the functions. Plane
wave sts are known to be ineffident in the above sense for a large pat of solids. However,
this is not necessry a defect dnce it only reflects the fact that they are unbiased. Moreover,
plane waves foom a smple and complete bass. Accuracy can be reeched by increesng the
number of plane waves in the basis and the convergence of a cdculation can be monitored by
changing the plane wave cut- off.

Furthermore, due to the smplicity of this basis the implementation of the plane wave
codes is reatively essy and the matrix dements of many operators can be pidly esimated.
Many operators can be made diagond since the plane waves expanded wave functions can be
trandormed efficiently from reciprocd space, i.e. coefficients of the plane wave expanson, to
red space udng Fast Fouries Trandforms (FFT). In m@ticular, it is important to note that the
kinetic energy and momentum operators are diagond in reciprocd space and the operation of
the locd potentids is diagond in red space. Looking a the Eq. 111-10 it is evident that the
mos effident beds st consgts of the KS orbitds themsaves and an exact cdculdion is thus
achieved usng a bads set 9ze equa to the number of occupied orbitals However, despite this
possihility the KS orbitas are, in generd, unknown at the beginning of the caculation.

[11.7. The Saf Consstent Field in DFT

As shown by the theorem of HohenbergKohn the tota energy is variaiond and this
means that the true ground date dendty is that which minimises the energy. When the LDA
goproximation is introduced to the E [r] the true vaidiond prindple does not exids
anymore and there is no guarantee that the energy obtained by minimiang the energy
functiond will be higher than the exact ground date energy. Consequently, the true ground
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dae charge dengty will in generd not minimise the gpproximate energy functiond. However,
the cdculations can be done by knowing that minimisng a good gpproximation to the energy
functiond, a good energy and dengty should be obtained. The procedure is thus exact only for
the true energy functiond. Since we do nat know the form of the sngle patice kinetic energy,
Ts [r], in Eq. 111-3, the minimisation proceeds through the KS eguaions, where the variaion is
with respect to the orbitals, or in a bass set expandon to the coeffidents G,. With a fixed
basis these are the only parameters that can be varied. The problem is to find the coefficients
tha minimise the enagy functiond (Eg. 111-11) paying atention on keeping the orbitds
orthonormd to each other. The direct minimisaion of the total energy with respect to the Cia
was proposed by Bendt and Zunger in 1982 [24] and is the core of the Car-Parindlo (CP)
method [ 25].

In spite of the computationd advantages, this gpproach has not yet become popular for
methods thet use non-plane wave basis sats This is due to the complexity of the optimisation
problem where typicdly hundreds or thousands of parameers ae preset even for amdl
problems Therefore, it is because of this complicaion that hidoricdly the Standard sdf-
conggency cyde shown in FHgure 111.2 has been used to refine iteratively the dendty by
dtenatdy solving the Egs I11-5 and I11-6. For a given charge dendty the Eq. I11-12 is
diagondised (ensuring the orthonormd orbitdls) and an output charge dendty is constructed
from the egenvectors usng Eqg. 111-6. This charge densty is then mixed with the input to yidd
a refined input for the next iteration. The amplest mixing scheme is represented by the draight
mixing:

rit=(1-a)r

in

' +ar| (11-13)

i out

The superstript refers to the iteration number and a is the mixing parameter. In order to avoid
the decreasing of the radius of convergence with the increasing, for example, of the unit cdl
volume a more sophisicated mixing procedure which takes into account the information from
previous iterations is used. The convergence is normdly accderaied by using the Broyden's
method [ 26].
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Chapter 1V

Full Potential Linearized / Augmented
Plane Wave plus Local Orbitals
- FP-L/APW+lo -

Abdgract :

In this chapter, we attempt to present the fundamental concepts of the linearized /
augmented plane wave plus loca orbitas (L/APW+0). We show aso the differents versons of
(L/APW+l0) and thier man developing deps in terms of linearization, full potentid, locd
orbitals and mixed basis seis.



Chapter 1V Full Potential Linearized / Augemented Plane Wave +Local Orbitals

Once the DFT eguations are defined in terms of the functiond, there are severd
techniques to solve them. A naturd bass for caculating the one-eectron wave functions in
periodic solids are plane waves (PWs) corresponding to Bloch functions labeled Ly the k
vector of the firgt Brillouin zone (BZ). PWs are, however, a very inefficient bass st for
describing the rapidly varying wave functions close to the nucld. In order to overcome this
difficulty one can ether diminate these osdllations, due to the presence of the core
electrons, as done in pseudopotential calculations or one can augment the PW bass <.
One example of the latter gpproach has led to the linearized /augmented plane wave plus
locd orbitds (L/APW+lo) method that is now established to be one of the most accurate
schemes and thus will be the focus of the present chapter.

V. 1. The augmented plane wave method (APW):

In 1937 Slater [1,2] introduced augmented plane waves (APW) as basis functions
for solving the one-electron equations, which now correspond to the Kohn—Sham equations
within DFT. In the APW scheme the unit cdl is partitioned into two types of regions (i)
gpheres centered around dl condituent atomic dStes r, with a radius R,, and (ii) the
remaning interditid region, abbreviated as | (see Figure 1V.1). In this case the wave
functions are expanded into PWs each of which is augmented by aomic solutions in the
form of partid waves, i.e a radid function times sphericad harmonics. In particular, radia
solutions of Schrodinger's equation are employed insde non overlgpping aom centered

gpheres and plane waves in the remaining interdtitial zone.
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Interstitial (1)
Sohere(a)

Spohere(a)
Interditial (1)

Figure|V.1: Adaptation of the basis set by dividing the unit cdll into atomic spheres and
interdtitia regions.

The introduction of such a bads st is due to the fact that close to the nucle the

potentid and wave functions are very smilar to those in an aom, while between the atoms
then are smoother. The APWs consist of :

j(F)=

-\I- é aﬁnulam(r’e)Ylm(F)’ r=< Ra
! (IV-1)
|

Im
(W4 C, e<p(i(12+é).r), (1
G

In the above relations j is the wave function, Wis the unit cdl volume, T is the position

indde sphere a with the polar coordinates 7, k is a wave vector in the irreducible
Brillouin zone (IBZ) and ujm is the numericd solution to the radia Schrodinger equation at
theenergy e The KS orbitals y(r ) are expressed as alinear combination of APWSsj ().

a7
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Insde the MT sphere a KS orbita can only be accurately described if ein the APW bass
functions is equd to the egenenergy, @ . Therefore, a different energy-dependent set of

APW bass functions must be found for each egenenergy. Cg and a,, are expandon
coefficients;, E; is a parameter (set equd to the band energy) and V the spherical component
of the potentid in the sphere.

5 d?  1(1+1 ¥
§?+ 04D v (r)- E gun(r)=0 (IV-2)
e ar r a

The use of these functions has been motivated by Sater by noting that plane waves
ae the solutions of the Schrodinger's equation in a condant potentid and radia functions
are olutions in a sphericd potentid. This approximetion to the potentid is caled "muffin-
tin' (MT).

Since the continuity on the spheres boundaries needs to be guaranteed on the dua
representation defined in Eqg. V-1, condraint must be imposed. In the APW method this is
done by defining the u), in terms of Cg in the sphericad harmonic expanson of the plane

waves.

aa' o = =
u,, = ﬁl(l:\’)% C.J, (|k + g|)Y|m(k +G) (IvV-3)

The coefficient of each Im is maiched at the sphere boundary and the origin is taken & the
centre of the sphere (R is the sphere radius). The uy, are determined by the plane wave
coefficients (Cg) and the energy parameters E;, which are the varidiond coefficients in
APW method. The functions labelled G are the augmented plane waves (APWSs) and
condg of dgngle plane waves in the interditid zone, which ae matched to the radid
functionsin the spheres.

A more flexible and accurate band structure caculationd scheme is the LAPW
method where the basis functions and their derivetives are made continuous by matching to
aradid function & fixed E; plusits derivative with respect to E;.
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V. 2. Thelinearized augmented plane wave method (LAPW) :

Severd improvements to solve the energy dependence of the basis set were tried
but the first redly successful one was the linearization scheme introduced by Andersen [3]
leading to the linearized augmented plane wave method. In LAPW the energy dependence
of each radid wave function ingde the aomic sphere is linearized by teking a linear
combination of a solution u a a fixed linearization energy and its energy derivative U

computed at the same energy.

1 [anur, () +br (), (). TR,
j =1 Im

T w23 c, e><p(i(|2+é).r), (il
| G

(IV-4)
where the b, ae codfficients for the energy derivative andogous to the a;,,. The basis
functions ingde the spheres are linear combinations of a redid functions wu, (r) Y (1) and
their energy derivatives (u,(r) Yim (r) and u, () Yim (r) are the augmenting functions). The u
are defined as in the APW method (Eg. 1V-2) and the energy derivative, u,(r) Yy (1),
satidfies the following equation:

d? 1(+1)

g- dr? + 2 +V (r) - EI Efum(r) = ru,m(r) (|V-5)
e ar r U

The LAPWSs provide a sufficiently flexible bass to properly describe egenfunctions with
egenenargies near the linearization energy, which can be kept fixed. This scheme dlows
usto obtain dl eigenenergies with asingle diagondization in contrast to APW.

The LAPWSs are plane waves in the interdiitidl zone of the unit cdl which maich the
numericd radid functions indde the spheres with the requirement tha the basis functions
and their derivatives are continuous a the boundary. In this method no shape
goproximations are made and consequently such a procedure is often caled "full-potentia
LAPW" (FP-LAPW). The much older muffin-tin approximation corresponds to retain only
the| = 0and m = 0 component in Eq. 1V-5. A sphericd average insde the spheres and the
volume average in the interstitid region is thus taken.
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Indde aomic sphere a linear combination of radid functions times sphericd
harmonics, Yim(r), is used. The linear combination of u, (r) and u,(r) conditute the so-

cdled "linearization® of the radid function. u (r) and u,(r) are obtaned by numerica
integration of the radia Schrodinger equation on aradid mesh insde the sphere.

The LAPWs have more vaiationd freedom indde the spheres than APWs. This
greater exibility is due to the presence of two radid functions instead of one; non-spherica
potentids insde spheres can be now treated with no difficulty. There is however, a price to
be paid for the additional exibility of the LAPWSs: the bads functions must have continuous
derivatives and consequently higher plane wave cut-offs are required to achieve a given
level of convergence. Further, the asymptote problem (u, (R) appears in the denominator
of expresson (Eq 1V-3) and if zero leads to a decoupling between planewaves and radid
functions In the vicnity of the asymptote the secular determinant is dronglyvarying)
found in the APW method is now overcome by the presence of the non-zero u, (R) vaue.

The solution of the KS equations are expanded in this combined basis according to the
linear variation method:

Y= é. an kn (IV'G)

and the coefficents c, ae determined by the Raylegh-Ritz vaidaiond principle The
convergence of this basis st is controlled by a cut-off parameter Ry~ Kinax, Where Ry is
the smdlest aomic sphere radius in the unit cal and Ky IS the magnitude of the largest
Kn vector in Eq. (1V-6).

V. 3. The augmented plane wave pluslocal orbitals method (APW+l0):

Recently, an dternative approach was proposed by Sostedt et a. [4], namdy the
APW+lo (locd orbitds) method. Here the augmentation is Smilar to the origind APW
scheme but each radid wave function is computed at a fixed linearization energy to avoid
the non-linear eigenvalue problem that complicated the APW method. Thus only the
condition of continuity can be required and the basis functions may contain a kink a the
gphere boundary.
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The missing variationd freedom of the radid wave functions can be recovered by

adding another type of local orbitals containinga u and u term.

i (F)= i i v, (1) +bf;'°u(r) ulr) =R (v-7)
The locd orbitds are evauated at the same fixed energy as the corresponding APWs. The
two coefficients ae determined by the normdization and the condition that the locd
orbital has zero vaue a the sphere boundary. In this verson, U is independent of the PWs,
gance it is only included for a few locd orbitds and not associated with every plane wave.
Recently it was demondrated that this new scheme can reach the same accuracy as LAPW
but converges faster in terms of number of PWs [B]. The highest efficiency was found for a
mixed bads s in which the “physcdly important” |-quantum numbers are trested by
APW+lo but the higher | by LAPW. It was shown in [B] that quantities such as the tota
energy, forces converge sgnificantly faster with respect to the number of bass functions
than with the pure LAPW procedure but reach the same vaues. In LAPW the force

changes sgn and thus the atom would move in the wrong direction for a too smdl bass
st, whereas in the APW+lo scheme the force converges smoothly and much faster. For

large sysems the matrix Sze N can be about haved and thus the computational cost can be
an order of magnitude less, since the diagonalization scaleswith N°.

The new scheme combines the best features of dl APW-based methods available.
The LAPW converges somewhat more dowly than the APW method as has dready been
pointed out by Koeling and Arbman [6], since the constraint of having differentiable bass
functions makes LAPWSs less optimdly suited to describe the orbitds indgde the sphere.
This judtifies going back to APW but the energy-independent bass introduced in LAPW is
cucid for avoiding the nonlinear eigenvalue problem and thus is kept, too. The locd
orbitals provide the necessary flexibility [7].
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V. 4. The full potential calculation :

The muffin tin goproximation was frequently used in the 1970s and works
ressonable well in highly coordinated (metalic) systems such as face centered cubic (fcc)
metals. However, for covaently bonded solids, open or layered dructures, Muffin tin
gpproximation is a poor gpproximation and leads to serious discrepancies with experiment.
In al these cases a trestment without any shape gpproximetion is essentid. Both, the
potentidl and charge densty, are expanded into lattice harmonics (indde each atomic

gphere) and as a Fourier series (in the interdtitia region).

) indde sphere,

Vil
"“ (IZ ) . (IV-8)

V(r ) outside sphere.

i

I

| o
jaV
I K
Thus their form is completely generd 0 tha such a scheme is termed full-potentia
cdculdion. The choice of sphere radii is not very criticd in full potentid cdculaions in
contrast to muffin tin gpproximation, in which one would obtain different radii as optimum
choice depending on whether one looks at the potentid (maximum between two adjacent
aoms) or the charge dendty (minimum between two adjacent aoms). Therefore in muffin
tin goproximation one must meke a compromise but in full-potentia cadculations one can
effidently handle this problem.
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Chapter V

Results and Discussions

Abdgract :

This cheapter is devoted to the principle results of FP-L/APW-Ho cdculations
performed on AIN and GaN compounds and doped with manganese. In part |, we study the
dructura, eastic and eectronic properties of I111-N compounds (AIN and GaN) at zero
pressure and under hydrostatic pressure. In part 1, we concentrate to study the effect of
manganee (Mn) on AIN and GaN compounds and we determine the principd
characterigtics of diluted magnetic semiconductors AIN:Mn and GaN:Mn in thar

ferromagnetic phase.
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V. Il. 1. Numerical details

Our cdculaions ae peformed usng the scdar rddividic full-potentid linearized /
augmented plane wave plus locd orbitds (FP-L/APW+o0) [1] approach based on the
dendty functiond theory [2] within the LDA and GGA usng the scheme of Perdew,
Brouke and Ernzerhof [3]. We adopt the Ceperley-Alder [4] forms for exchange-
correlation energy as parametrized by Perdew and Wang [5].

In the present caculations we apply the most recently verson of Vienna package
WIEN2Kk 2003 [6,7]. In this new verson, the dternaive base sats (APW+o0) is used indde
the atomic spheres for those chemicdly important |-orbitals (partid waves) that are
difficultly converge (outermost vdence p, d, or fdaes), or for atoms where smal atomic
gpheres must be used [8-10]. For dl the other partial wavesthe LAPW schemeis used.

Moreover, we employ the semirdativisic gpproximation (no spin orbit effects
included) wheress the core levels are treated fully rddivigicdly [11]. In particular, he Ga
is conddered in such as to incude explicitly the semicore d éectrons in the valence bands.
In the following caculations, we distinguish the Al (1s° 25° 2p°), Ga (1s* 25% 2p° 3° 3p°),
and N (1s°) inner-shell dectrons from the valence dectrons d Al (3 3pt), Ga (3d'° 4¢
4pt) and N (28% 2p°) shells,

The remaning core daes ae oHf-condgently reaxed in a sphericd
approximation. Inside the non-overlapping spheres of muffin-tin (MT) radius (Rut) around
each aom, spherica harmonics expansion is used. We choose the plane wave basis set for
the remaining space of the unit cdl. For AIN and GaN we adopt as the MT radius, the
values of 1.82, 1.8 and 1.6 Bohr for Al, Ga and N respectively. The maximum | value for
the wave function expanson inside the atomic spheres was confined to | max= 10. In order to
achieve energy eigenvdues convergence, the wave functions in the intertitid region is
expanded in plane waves with a cutoff of Ryt * Kyax = 8 (Where Kyax is the maximum
modulus for the reciprocal lattice vector, and Ry is the average radius of the MT spheres).
The k integration over the Brillouin zone is performed usng Monkhorst and Pack [12]
mesh, yidding to 10 k points in the irreducible wedge of the Brillouin zone for both
zinchlende and wurtzite dructures. The iteration process is repeated until the calculated
total energy of the crysta convergesto lessthan 0.1 mRyd.
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The ground-date dructures of AIN and GaN ae wurtzite, but these compounds
have aso been reported to dabilize in the zincblende sructure (see Ref. [13]). The
zincblende and wurtzite dructures are schematicaly depicted in Figure V..1. For the
zinchlende dructure, determination of the theoreticd equilibrium geometry is

draightforward since there is just one lattice constant a with two aoms per unit cell, one at
B,2,1%, 5:%,0 ;—a and

(O, 0, 0) and the other at (1 ,E ,1), with unit vectors a = .
4 4 4 e 2 2g e o

ad
C= gz,

NIH

9a For wurtzite there are four atoms per hexagond unit cdl. With the unit
[%]

5
,0fa and C = 8% 0, —a the postions of the atoms,
e ag

vectors a=

RERS:
2

[ IPBO
0P

K

%) of the first type and (0, 0, u) and (%

(.oll—‘

u+ %) for atoms of the second type, where u is the dimensionless internal parameter. The

wurtzite phase experimentaly observed a low pressure in these and related compounds

has u, »g and c/a»1.633, which leads within experimenta accuracy tetrahedra

coordination at the ideal vaues u, =§ andc/a:\/g, al four nearet-neighbor distances

are equal and al bond angles are ided tetrahedrd angles (109.5°).
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FigureV.l. 1(a). Schematic illugtration of the cubic zinchlende structure.

FigureV.l. 1(b). Schematic illugtration of the hexagond wurtzite structure.
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V. 1. 2. Structural properties

V.I.2. 1. Zincblende phase

The dructurd properties in the drain-free case are obtained by a minimization of
the totd energy depending on the volume for AIN and GaN in the zinchlende gtructure (see
Figures V.1.2. We compute the lattice congtants, bulk modulus and the pressure derivetive
of the bulk modulus by fitting the totd energy versus volume according to the
Murnaghan's equation of state [14]:

E(V )= Eo(v )J’E(%EB(L \§)+(V7°)B . 1§ (VI-1)

where E, and V, are the energy and volume at equilibrium. B and B’ are the bulk modulus
and it’ sthe pressure derivative.

In Table V.I.1 and Table V.l.2, our results of dtructure optimization for zincblende
AIN and GaN within LDA and GGA cdculations ae summarized and compared with
some available experimentd data[15,16] and recent published caculations [17-40].

With GGA cdculation for GaN, the lattice congant is found 1.4% larger than LDA
cadculation, whereas for AIN a difference of 2% is observed. Correspondingly, the vaues
of the bulk modulus obtained by GGA are smdler by 8.7% (AIN) and 14% (GaN) than the
LDA results We find that LDA vyields a dightly smdler lattice condant than experiment
(by 0.48% and 0.6%), while that of GGA is 1% and 1.33% larger for AIN and GaN,
respectively. Compared to experiment, the LDA overestimates the bulk modulus, whereas
GGA underestimeting it. The LDA vdues ae therefore in sgnificantly better agreement
with experiment and it gppears that GGA does not bring about significant improvement
over LDA for AIN and GaN.

The cdculated bulk modulus is the same as those found dsewhere [25], manly
with the wdl-converged pseudopotentia calculations. Moreover, it has been shown few
years ago [29] that anharmonic corrections due to phonon vibraiond energy may
consderably reduce the value of the bulk modulus, even a temperaiure T = 0 K. This
confirms the reiability of our obtained vaue of bulk modulus. One should aso notice that
the experimental values of the bulk modulus are somehow uncertain due to the difficulty of
growing high-quality single crystas of 111-V nitrides.
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Figures. V.1.2. Tota energy as afunction of the volume for zinchlende AIN and GalN with
LDA and GGA cdculations.
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Table V.I.1. Lattice constants a, bulk modulus B, and pressure derivations of the bulk

modulus B’ of zincblende AIN.

Thiswork Calculations Experiment
LDA GGA LDA GGA
a(A) 4.349 4.409 4.31-4.376*  4.39-4.42° 4.37°
B (GPa) 21178 193.3 213-216° 191° -
B’ 3.90 3.8 3.2-3.86% 3.81° -

2 Refs. [17-40], ° Refs. [30,33,37], ¢ From wurtzite structure Ref. [15]

TableV.l.2. Lattice constants a, bulk modulus B, and pressure derivations of the bulk

modulus B’ of zincblende GaN.

Thiswork Calculations Experiment
LDA GGA LDA GGA
a (A 4461 455 4446-4537% 455-459° 450°
B (GPa) 202 172.6 191-2022 156° 185°
B’ 4.32 4.3 3.9-4.142 4.25° -

2 Refs. [17-40], ° Refs. [30,33,37], © Ref. [15],
¢ Ref. [16], The Bulk modulus may be derived from the dastic congtants as B = (C11 + 2C12)/3,

these values are obtained from the experimental hexagona elastic constants [15].
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V. 1.2 2. Wurtzte phase

Under normd conditions the AIN and GaN compounds cryddlize in the wurtzite
dructure, dthough it has proved possble to grow a zincblende modification usng epitaxia
techniques [41,42]. The wurtzite form is a hexagond dructure (with two formula units per
unit cel), which can be described by three dructure parameters. a, ¢ and an internd
parameter u. To determine the equilibrium geometry of the wurtzite phase, we optimize the
independent parameters V (volume of the unit cdl), c/a ratio and u as follows: In the first
dep, we assume the ided wurtzite Structure and determine the equilibrium volume by
vaying the lattice constant a. Then, kegping the equilibrium volume fixed and u, the c/a
ratio is varied to find the optimum value. At new c/a réio we lance again vary the lattice
congant a, to determine the new equilibrium volume. Then, having found c/a and V, vary
the internd parameter u to minimize the total energy.

In Figures V.1.3 and V.l.4, we plot the tota energy versus volumes, the c/a ratios
and the internd sructurd parameter. The LDA and GGA vdues of c/a ratios are identicd
and equal to 1.6 for AIN and 1.628 for GaN. This vaue is in an excdlent agreement with
the experimenta data [15] and other theoretical vaues [17-40,43,44]. The optimd vdue
for u, ueq is of 0.38 for AIN and 0375 for GaN, which is identica to the experimentd
results of Ref. [15], and it is dso V-independent. The caculated structural parameters of
wurtzite AIN and GaN areliged in Table V.I.3 and Table V.l 4.

Our lattice congtants as obtained using the GGA are about 1.4% and 2% larger than
the LDA vaues for AIN and GaN respectively. With respect to experiment, LDA lattice
congtants is smaler by 0.58% and 1%, while that of GGA is 0.83% and 1% larger for AIN
and GaN, respectivdy. The bulk modulus are obtained usng GGA ae smdler about
10.3% and 19% for AIN and GaN compared with experimental values. The LDA vaues
ae dw in wurtzite dructure therefore in dgnificantly better agreement with experiment
and it appears that GGA does not bring about significant improvement over LDA for AIN
and GaN.
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Figure V.l.3(a). Tota energy asafunction of the volume, c/a ratio and u for wurtzite AIN

with LDA cdculaion.
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Figure V.1.3(b). Totd energy asafunction of the volume, c/a ratio and u for wurtzite AIN

with GGA cdculation.
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TableV.I.3. Lattice constantsa and c, c/a, internal parameter u, bulk modulus B, and

derivative B’ of wurtzite AIN.

Thiswork Calculations Experiment
LDA GGA LDA GGA
a(h) 3.093 3137  3057-4114%F 31II3-3I3F° 3IIITF
c(A) 4.952 5023  4.943-5046° 5.022-5.041° 4.978°
c/a 1.601 1.601 1.604-1.619* 1.602-1.6193° 1.601°
u 0.3801 0.3801  0.380-0.383% 0.7898-0.381° 0.385°
B (GPa) 21216 19235  195-215% 192° 185-212¢
B’ 3.878 3757  363-382 3.9 5.7-6.3

2 Refs. [21-38,44,49], ° Refs. [30,33], © Refs. [13,15], ° Refs. [13,46]

Table V.l .4. Lattice constants a and c, c/a, internal parameter u, bulk modulus B, and

derivative B’ of wurtzite GaN.

Thiswork Calculations Experiment
LDA GGA LDA GGA

a(A) 3.157 3224  3.095-3193% 3.245° 3.18-3.192°
c(A) 5.14 5.25 5.0-5.2282 5.296 5.166-5.185°
ca 1.628 1.628 1.622-1.639° 1.632 1.624-1.627°
u 0.3756 0.3757  0.375-0.378* 0.3762 0.375-0.377°
B (GPa) 203.96 1712 195-213 172° 188-2201
B’ 4.565 45516  4.2-45° 5.11° 3.2-4.3¢

* Refs. [21-38,43,44,49], ® Refs. [30,33], ¢ Refs. [13,15], ¢ Refs. [13,48,51,52]
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V. I. 2. 3. Rocksalt phase

The dructure of the tetrahedra compounds is determined by the competition
between the energy gain obtained by formation of sp® bonds (as in the zincblende or
wurtzite, rocksalt dructure) and the gain in Maddung energy due to a larger coordination
number. The zincblende (or wurtzite) sructure is four-fold coordinated, and the rocksdt is
gx-fold coordinated. The more ionic compounds will prefer therefore rocksdt to
zinchlende (or wurtzite) structure, and according to the Phillips-Van Vechten theory 5] a
citicd ionicity, f. = 0,785, exists such that compounds with ionicities larger than this
ayddlize in the sx-fold coordinated dtructure, whereas the others are dtable in the
tetrahedraly-bonded structures, zincblende or wurtzite.

In our tota-energy caculations we have examined the high-pressure rocksat
gructure of AIN and GaN compounds. Figures V.I.5 show the fitted totd energy versus
volume curves of AIN and GaN compounds. In Table V.1.5 and Table V.1.6, the reaults for
the caculated dructura parameters within LDA and GGA cdculaions are given and
compared with avalable experimenta data [46-48] and theoretica works [43,49,50]. We
find that our lattice congtants obtained usng GGA are 1.5% and 1.91% larger than those
obtained usng LDA for AIN and GaN, respectively. The bulk modulus obtained using
GGA is aout 8.9% smadler for AIN and 15.33 % gsmaler for GaN. We notice that the
gructural properties determined with LDA and GGA caculations of rocksalt AIN and GaN
exhibit a smilar conclusion mentioned in the case of zinchlende and wurtzite phase.
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TableV.l.5. Lattice constants a, bulk modulus B, and pressure derivations of the bulk

modulus B’ of rocksalt AIN.

Thiswork Calculations Experiment
LDA GGA LDA GGA
a(h) 4.014 4.074 3.978% - 4.045°
B (GPa) 276.6 252 2722 - 221°
B’ 3.998 3.901 3.82 - 4.8°

2Ref. [49], "Ref. [55] ° Ref. [46].

Table V.I.6. Lattice constants a, bulk modulus B, and pressure derivations of the bulk

modulus B’ of rocksalt GaN.

Thiswork Calculations Experiment
LDA GGA LDA GGA
a (A 4183 4.263 4185-424°  4271° -
B (GPa) 249.2 211 235-251° 211.6° 248¢
B’ 4.436 5.415 3-4.71° 4.50° -

2 Refs. [43,49,52] ° Ref. [43], Ref. [49],.

V.I.2 4. Thereative stability and phasetransitions:

The wurtzite AIN and GaN ae known to transform under high-pressure to the
rocksat (RS) structure. In spite of severd experimenta and theoreticd investigations, the
trangtion pressure, p;, of the wurtzite to rocksdt trangtion is gl a controversid issue (for
areview see Ref. [3]), and so does the compressibility (or bulk modulus (Beg)) of WZ -AIN
and -GaN. The firgt evidence of a trangtion of GaN under high pressure to an unknown
crystal structure was provided by the X-ray absorption spectroscopy (XAS) measurements
of Pelin e d. [51,52], a about 47 GPa. For AIN, the WZ to RS trandition has been
reported to occur at 22.9 GPa by Ueno et d [53]. Munoz and Kunc [54] have predicted the
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unknown high-pressure structure to be the RS phase, using firg-principles pseudopotential
planewave (PP-PW) caculations. This prediction of GaN has been confirmed by the X-ray
diffraction investigations of H. Xia et a. 48] and Ueno et d. [53], which gave values for p;
of 37 and 52.2 GPa, respectively. For AIN, the prediction values are reported by H.
Vollstadt et d B5] and Q. Xia et a. [46], which gave vaues for p; of 14-16.6 and 14-20
GPa, respectively. One should note that the above vaues for p; were obtained upon
pressure increase. The discrepancies between the above experimental results for p; have
been attributed to the sengtivity of the techniques used, as well as to the nature of the
samples (powder [48,53] versus sngle caystd [51,52]. On the other hand, full-potentid
LMTO cdculaions [56] gave a vdue of 38.2 GPa, for GaN the ZB to RS trangdtion, in
accord with the experimenta result of Refs. [51,52].

Figures V.1.6 show the fitted E; versus V curves of the three phases of AIN and
GaN congdered, cdculated by usng LDA and GGA cdculaions. The important features
to note from those figures are the difference between the equilibrium E;y of the WZ and
ZB phases is smdler (the LDA and GGA results are of (0.1077 for AIN and 0.03901eV for
GaN) and (0.09464 for AIN and 0.09354eV for GaN), respectively). This is expected, since
the ZB and WZ phases have loca tetrahedral bonding and they only differ in the second-
nearest neighbors. This dso explains the epitaxid growth of GaN in the WZ or ZB forms,
depending on the substrate [57].

The p; of the WZ to RS and ZB to RS trangtions of AIN and GaN are determined
from the condraint of equal detic lattice enthapy. The results for p, obtained are listed in
Table V.1.7, compared with other available theoretica results and experimentd data. The
present results agree with the theoreticd values and experimenta data Our results is
gmilarity between the WZ and ZB and show tha the gradient corrections to the LDA
(included via GGA) have very small effectson p; of AIN and GalN
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TableV.I.7. Transition pressures (p: ) for AIN and GaN.

Thiswork Calculations Experiment
LDA  GGA LDA GGA
ZB® RS 4.0 5.3 7.12 - -
AIN  Wz® RS 8.2 9.5 9.13 12.9° 16.6° - 14-16.6, 22.99,
12.9-16"
7ZB® RS 332 355 38157 426%5380° 40807 -
GaN 38.21°, 42.92
WZ® RS 34.1 36.2 4297 38.109 51.8°,  42.30¢ 47-50', 37}, 529
50°, 55°, 56°

2 Ref. [49], © Ref. [69], ° Ref. [22], ¢ Ref. [43], © Ref. [52], " Ref. [55], ¢ Ref. [53], " Ref. [46],

' Ref. [51,52],! Ref. [48]
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V. 1. 3. Electronic properties

V.1.3. 1 Band sructures

V.I.3. 1. 1. AIN compound

The dectronic band dructures of zincblende and wurtzite AIN dong symmetry
lines are digplayed in Figures V.I.7 for LDA and GGA cdculaions. The caculated band
enages a high-symmetry points are given in Table V..8. The band dructures are
cdculated a the gppropriate theoreticd equilibrium lattice congtants for LDA and GGA,
respectively. Comparing LDA and GGA cdculations in the zinchblende gdructure, we see
that the band dructures are very smilar, except that the bandgep a G point for the GGA
result is about 0.39 eV (~9%) smdler than LDA result. The conduction bands in GGA
cdculation are shifted down dightly in energy, but this shift is not constant and depends on
the k point and energy. Slight differences are dso seen in vaence bands. in this case GGA
bands lie higher in energy than those of LDA, leading to dightly reduced bandwidths. The
difference observed between LDA and GGA for band sructure in zinchlende phase (see
Figure V.I.7(a), is primarily due to the larger lattice congant obtaned usng GGA
compared to LDA. If ingead, the experimenta lattice condtant is used, the caculated
bandgap for AIN in zincblende structure is the same to within 0.02 eV for LDA and GGA.

The band dructure for AIN in the wurtzite phase exhibits a quditativdly smilar
behavior (see Figure V.1. 7(b)): the direct bandgap for GGA result is found to be 0.49V
(10%) smdler than LDA resuilt.

The zero-energy reference is the vaence-band maximum. It occurs a the G point,
whereas the conduction-band minimum occurs a the X point. Therefore, the bandgap of
zinchlende AIN is G-X indirect and no semicore d bands are involved. Thus, we obtain an
indirect bandgap of 3.211 eV and 3.304 eV for LDA and GGA, respectively, in good
agreement with other predictions calculations [23,27,28,33,38,58,59] (see Table V.1.8 for
comparison).

In wurtzite AIN, the bandgep is 4.3 eV and 3.30 eV for LDA and GGA,
respectively, and direct & G point; this is in close agreement with the results of Wright and
Nelson [27], Vogd et al [28], Pugh et al [59] and Rubio et al [23], who used plane-wave
pseudopotentiad  total-energy cdculaions in the LDA approximation. The vdue of
experimentd energy gep of WZ-AIN determine by Berger [60] is found about 6.28 eV.
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Thus our LDA and GGA underestimate the bandgap by 1.98 eV (~30%). The totd vaence
bandwidths are 14.8 eV for ZB-AIN and 15.12 eV for WZ-AIN.

-10

AIN (ZB)

_ AIN (WZ I
-10

FigureV.l.7. LDA and GGA Band structures of AIN aong the principle high-

symmetry directionsin the brillouin zone in (a) zinchlende and (b) wurtzite phases. The
energy zero istaken a the vaence band maximum.
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TableV.l1.8.Calculated bandgaps, antisymmetric gap (Easy) upper-valence bandwidth
(UVBW) and total valence bandwidth (TVBW) for wurtzite and zincblende structur es of
AIN compared to other theoretical calculationsand experiments. All energiesareineV.

Thiswork Calculations Experiment
LDA  GGA
Wourtzte
E«G'-G9 4395  4.027 3.9% 5.8% 4.41° 4.2°, 6.28", 6.3

4.74% 4.3, 5.47°
EfG1'-K:9) 4994 5072 4.36, 5.44" -
E(G,'-M,% 5811 5761 522, 5.17 -
E(G'-A,°) 6651 6.278 4.59¢ -

Easy 6.75 5.33 7.7%,(6.74, 6.86)° -

UVBW 6.12 5.866 6.9% 6.0° (6.28, 5.93)° 6.0"

TVBW 1513 1501 17.40% (15.64,15.32)¢  16.0"
Zincblende

EGis'-G1% 4325 3.945 4.35° 4.3° 475, 4.2, -
EoGis'—X19 3211  3.304 3.2% 3.2, 31% 493 52° -
EgGis'—L,% 7.383 7.12 - -

Easy 7.07 7.42 7.62 -
UVBW 5.98 5.74 5.9¢ 6.07 -
TVBW 1492 14824  15.1° -

ARef. [23], " Ref. [25], © Ref. [28], ° Ref. [33], ©Ref.[59], 'Ref. [58], ¢ ref [62], " Ref [60],
'Ref [41], ! Ref [70], ¢ Ref [22]
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V.1.3. 1. 2. GaN compound

The €dectron energy band dstructures of zincblende and wurtzite GaN a normadl
pressure dong principa symmetry points in the Brillouin zone are shown in Figures V.1.8
for LDA and GGA cdculations. Principle festures of the calculated band structure such as
bandgaps are given in Table V.1.9. Asin the case of AIN, the band structures look rather
amilar. The bandgap is aout 040 eV (~21%) smdler for GGA as compared to LDA.
Smilar results ae obtaned for the wurtzite dructure GGA  yidds a bandgap
agoproximately 0.41eV (~19.3%) smdler than LDA. This, as mentioned ealier, can be
primarily dtributed to the larger GGA lattice condant. However, the upper valence
bandwidth is improved by the use of GGA (the LDA and GGA vaues for WZ-GaN are
7.35 and 6.855 eV, respectively, compared to the experimenta result of 7.4 eV [63)).

The most prominent features of the caculated band structures (bandgaps,
antisymmetric gap (Eay) and bandwidths) of ZB-GaN and WZ-GaN are liged in Table
V.1.9 for LDA and GGA as well as other calculations [23,27,28,33,38,58,59] and available
experimental [15] data In GaN there is a condderable hybridization of the N p orbitds
with the Ga 3d orbitas which reduces the gap. The interaction between the N p and the
occupied Ga d dates results in a levd repulson, moving the vadence-band maximum
upwards. This p-d coupling tends to reduce the bandgaps as it is known for nitride
compounds [18,58,61]. The p-d coupling increases with smdl p-d energy differences and
large overlap between the pd orbitas. In WZ-GaN, the band gap a Gis 2.1 and 1.691 eV
for LDA and GGA, respectively. This is in close agreement with the results of Rubio et d.
[23], Wright et d. [27], Voge et d. [28], and Pugh et a. [59] who used plane-wave
pseudopotential totd energy cdculations in the LDA gpproximation (see Table V.1.9 for
comparison). The bandgap of GaN is found to be direct a G point and equal to 1.93 eV and
1521 eV for LDA and GGA, respectively, which agree well with ab initio caculaions
[23,27,33,59]. Our bandgaps values ae underestimated about 41% compared to
experimenta one.

The results of other approaches beyond LDA and/or GGA, as Hartree-Fock [62],
GW quasparticle [23] and sdf-interaction as well as relaxation correction pseudopotential
(SIRC-PP) [28] cdculations are dso liged for comparison. Only GW quasiparticle and
SIRC-PP cdculation of Rubio et al [23] and Vogl et al [28], respectively, yied gap
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energies in reasonable agreement with experiment. However there is an interesing
agreement between LDA and/lor GGA and GW reaults for the valence bandwidths.
Furthermore it is widely accepted that the LDA andlor GGA dectronic band structures

agree quditatively with experiments work as concerns the ordering of the energy levels
and the shape of the bands.

FiguresV.1.8. LDA and GGA Band structures of GalN dong the principle high-
symmetry directionsin the brillouin zone in (a) zincblende and (b) wurtzite phases, the Ga
3d treated as valence states. The energy zero is taken at the vaence band maximum.
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TableV.1.9. Calculated bandgaps, antisymmetric gap (Easy ) upper -valence bandwidth
(UVBW) and total valence bandwidth (TVBW) for wurtzite and zincblende of GaN

structures compared to other theoretical cal culations andexperiments. All energiesarein

eVv.
Thiswork Calculations Experiment
LDA GGA
Wourtzite
E(G'- G 2.10 1.691 2.3 1.9° 351° 1.76°, 3.474-3.507°

1.7% 4.0° 2.04° 2.75'

E(G' —K:% 4.975 4.871 457, 5.44" -
E«(G1'—M 1% 4.966 5.075 4.63¢,5.09" -
EqG'—A9) 4363 3.933 4.28¢, 459" -
= 5.1 5.01 5.42
UVBW 7.35 6.85 7.42 7.3 7.1° 7.4"
TVBW 16.11 15.7 16.32 -
Zincblende
E(G'-G) 193 1.521 3.1% 1.6°°, 1.28°, 3.8°, 3.3, 3.29-3.35,
1.9 1.89 3.2
E(G'-X% 325 3411 - -
E(G'-L% 473 4.416 - -
Eas 5.09 5.6 5.6 -
UVBW 7.33 7.062 74273 -
TVBW 16.77 13423  16.3% 16.3° -

2Ref. [23], ° Ref. [28], ° Ref. [33], ¢ Ref. [59], ®ref [24], 'Ref. [59], ¢ Ref [38], " Ref [63],

' Ref. [25], ! Ref [15], “Ref. [70],' Ref [22]
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V.1.3. 2. Dengties of states:

An essentid ingredient in determining the eectronic properties of solids is the
energy digtribution of the vaence and conduction bands eectrons [64]. For example,
andyss of didectric functions, transport properties, photoemisson spectra of solids
requires knowledge of the dectronic dendty of states (DOS). Theoretical quantities such as
totd dectronic energy of solid, the podtion of Fermi level, and tunneling probabilities of
electrons cdl for detailed caculations of dectronic dendty of Sate.

V.1.3.2. 1. AIN compound

In order to check the accuracy of our band Sructures results, we applied the
tetrahedron method [65] to caculate DOS. In this case we present the cdculated totd and
patiad DOS of AIN in zincblende and wurtzite structures. The DOS is computed using a
mesh of 91 and 140 k pointsin the IBZ for ZB and WZ dructures, respectively.

Figures V.I.9 show the total, partid and the projected DOS integrated over the
atoms for both ZB and WZ —AIN. While not much difference is expected between DOSs
obtained for the two dructures for the occupied sates (vaence bands), sgnificant
discrepancies are obvious for the unoccupied levels (conduction bands). In particular, the
total DOS for ZB-AIN has conduction band DOSs that are shifted toward lower energies as
compared to that of WZ-AIN. For both ZB-AIN and WZ-AIN, the total DOS presents three
regions. the lower part of the vaence bands is dominated by N X dtates, and the upper part
by N 2 and Al 3 dates The Al 3s states contribute to the lower valence bands. The first
conduction band in G is predominantly of Al 3 character. In Figures V.1.10, we show the
angular-momentum decomposition of the atom-projected DOS of both ZB-AIN and WZ-
AIN, which are used to andyse the orbitd character of different dates. The strong
hybridization of Al 3s and Al 3p with N 2p-like states can be readily visudized in Figures
V.1.10.

From Fgures V.I1.9, one can see that the & band of nitrogen between —11.98 and
-14.92 eV for ZB-AIN and between -12.11 and —15.12 eV for WZ-AIN is digtinct and has
very little mixing with other sates. In the case of AIN the nitrogen 2s band is wider and
lower in energy. The large direct bandgap (G™'—G'°) in ZB and (G"'-G'°) in WB structures
of AIN is due to the Al 3s and N 2s orbitd interaction, which forms the lower-energy
bonding state (G'Y) and the anti-bonding state (G'°). The bonding and anti-bonding states
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are lowered and pushed respectively, relative to the N 2s and Al 3s orbita energies, by the

same amount of s-s interaction energy in both sructures ZB and WZ. The resulting direct
bandggp must be the same for both ZB-AIN and WZ-AIN (see Table V.1.8 for

comparison).
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FigureV.l. 9. Cdculated totd and partid dengty of states of AIN in (8) zinchlende and
(b) wurtzite.
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FigureV.l. 10. The angular-momentum decomposition of the atom- projected densties of
datesin (8) ZB-AIN and (b) WZ-AIN.
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V.1.3.2. 1. GaN compound

In this section, we present the calculated total and partid DOS of GaN in wurtzite
and zincblende dructures. Figures V.1.11 show the totd, partid and the projected dengty
of dates (DOS) integrated over the aoms for both wurtzite and zincblende GaN,
respectively. While not much difference is expected between DOS obtained for the two
dructures, for the occupied states (valence bands), sgnificant discrepancies are obvious for
the unoccupied levels (conduction bands). In particular, the tota DOS for ZB-GaN, has
conduction-band DOS that are shifted towards lower energies as compared to that of WZ-
GaN. For both ZB-GaN and WZ-GaN, the tota DOS presents three regions, the lower part
of the valence bands are dominated by N 2s states, and the upper part by N 2p and Ga 4p
dates. The Ga 4s dates contribute to the lowest valence bands. The first conduction band
in Gis predominantly of Ga 4s character.

The Figures V.1.12 represent the atom-projected DOS of both ZB-GaN and WZ-
GaN. We see from those figures, that mogt of the d character resdes on the Ga stes, while
that of the s character till comes from N. Furthermore, the 3d eectrons in the Ga atom are
more resonant with the 2s electrons of N.

The large direct band gap in both ZB and WZ structure of GaN is due to the Ga 4s
and N 2s orbitds interaction which forms the lower-energy bonding state (GY) and the
antibonding state (G'). The bonding and anti-bonding states are lowered and pushed
respectively, relaive to the N 2s and Ga 4s orbital energies by the same amount of s-s
interaction energy in both structures WZ and ZB. The resulting direct band ggp must be the
same for both ZB-GaN and WZ-GaN (see Table V.1.9 for comparison).
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V. 1. 3. 3. Electronic charge densties

The charge dendty didribution is an important property of solids in the fact that
provide a good description of the chemicd properties. The investigation of chemicd trends
in lid-state properties appears as an extremely useful pat of new materid research.
Performing those cdculations, we try to gain some information about the 111-V Nitrides.

The ionic character of any materid can be related to the charge transfer between the
cation and anion. For this reason, we have calculated the charge dengities for AIN and GalN
in zinchlende and wurtzite sructures. The totd vaence charge dendties for AIN and GaN
both zincblende and wurtzite are illustrated adong the Al-N and Ga-N bonds (see Figures
V.I.13 and V..14). In Figures V.I.15 and V.I.16 represent the total valence charge
dengties for AIN and GaN in the both zincblende and wurtzite in the (110) plane
containing Al (Ga) and N aoms. One can see cearly that the bonding charge is displaced
grongly from the mid-point between the atoms towards the N atom. Besides, one notices
that the dtuation in the ZB dructure is andogous to that of the WZ dructure. The
displacement of the bonding charge liged above increases as the difference between the
electronegetivity vaues of the two atoms increases.
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Figure V.1.15. Contour plot of the total valence charge dengty in the (110) plane of AIN
(a) zinchlende and (b) wurtzite.
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Figure V.1.16. Contour plot of the total valence charge dendity in the (110) plane of GaN
(a) zinchlende and (b) wurtzite.
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V. 1. 3. 4. lonicity factor :

The ionicity of the bond is one of the standard concepts in solid-states theory.
However, the problem in defining ionicity of a bond remans the difficulty of transforming
aqualitative concept to quantitative formula.

Severd congderations are taken into account when performing cdculations for
determination of the ionic character they are listed as follows (i) The ionicity factor can be
rdated to the difference in eectronegdivities of two aoms i.e the Pauling Principle
definition [66]). (i) The charge asymmetry of a cation-anion bond is suggested to be a
measure of the degree of ionic character. This is the basic idea of the Garcia and Cohen
ionicity modd [67]. (iii) The antisymmetric (heteropolar) gap Eas) has been proposed as a
direct measure of crystd ionic energy by Phillips[45].

Two different approaches have been used to cdculate the ionicity factor for AIN
and GaN semiconductors in wurtzite and zincblende dructures. the Garcia and Cohen
goproach based on the vaence charge dendty caculation [67], and the Pauling definition
based on the eectronegativity values of the dements.

The scaing law introduced by Garcia and Cohen was successful in predicting the f
behaviour for a wide variety of semiconductors. Garcia and Cohen [67] suggested using
the asymmetry the charge dendgty of a tetrahedra binary compound to measure their
ionicity. However, these authors cdculated charge dendties usng the totd-energy
pseudopotentiad method, and they deduced that ionicity factors exhibit a large discrepancy
with Phillipsionicity scde for dl the group 11 nitrides.

The Garciaand Cohen [67] ionicity factor is defined as:

f= = (V-1-2)

where Ss and S, are the symmetric and antisymmetric components strength measures of the
of the charge dengity, respectively. They are defined by :

Ssa ° & gc\f sza(r)d3r (V_I_S)

wherer isthe charge dendty components.
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The estimation of the ionicity factor is obtained by using the Pauling equation:

f=1- exp|- (c,- ¢, ) /4] (V-1-4)

where ca and cg are the dectronegativities of atoms A and B, respectively.

The caculated ionicity values for AIN and GaN compared with those of Phillips
[43], Garcia and Cohen [67], Ferhat et al [68] and Tadjer et al [69] are summarized in
Table V.1.10. Our values f; for zincblende and wurtzite AIN and GaN are close to those
given by Phillips for wurtzite sructure and Ferhat et al and Tadjer et al for cubic Structure,
but they are different from that found by Garcia and Cohen. The cdculated ionicity is
condgent with Pauling's [66]. Since both polytypes have the same tetrahedrd
environment, where the loca coordination of the firs neighbor aomic postions is the
same in the zincblende and the wurtzite dructures. To wel show the rdiability of our
cdculated ionicity, we have plotted in figure V.1.17 the Phillips ionicity as function of the
Garcia and Cohen factor ionicity. Our results of the GaN and AIN are found dong the
linear curve, which indicate that these vaues are corrected when compared with the Garcia

and Cohen results.

Table V.1.10. Calculated ionicity factor f of AIN and GaN in both zincblende and wurtzite

structures. The differences in electronegativities, Cn -Cga ou ai; are also listed for

comparison.

f,We £ 4P Calc.[43] Calc.[67] Calc.[68] Calc.[69]
AIN 047  0.481* 056° 0.449 0.794 0.508 0.572
GaN 053 0519° 058" 05 0.78 0.519 0.575

% Calculated using the Garcia and Cohen approach [67].
® Estimated using the Pauling definition [66].
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V. 1. 3.5. Observation of semiconducting aspect at rocksalt phase

The eectronic structure of AIN and GaN under high pressure has been a subject of
great interest in recent years. Those materids convert to the rocksat Sructure from the
lower-pressure wurtzite or zinchlende structure phases.

The band sructures of the rocksat phase of AIN and GalN, caculated by usng
LDA and GGA cdculation, are shown in Fgures V.l.18. For AIN, we show the indirect-
bandgap semiconductor between G and X point. For GaN, we show aso the indirect-
bandgap semiconductor but between the valence band maximum a the L-point and the
conduction band minimum aong the X direction. Smilar behavior has been obsarved in
the case of band dtructures of zincblende and wurtzite, the GGA bandgaps are smaler than
those of the LDA by ~20% for AIN and GaN in wurtzite ad zinblende Structures. The
cdculated band energies a high-symmetry points for AIN and GaN ae given in Table
V.1.11 and compared to other theoreticd caculations. The RS -GaN is predicted to be an
indirect-bandgap semiconductor with a bandgap of about 0.942 eV.
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Table V.l.11. Calculated bandgaps of AIN and GaN in rocksalt structure to other

theoretical calculations. All energiesarein eV.

Thiswork Calculations
LDA  GGA

AIN
E(G' - GY 6.07 5.371 5.56%, 4.99°
E«G’'—X9 4651 440 4.65%, 4.404°
E(G"-L9 6.26 5.998 6.13% 5.52°

GaN
E(G' - GY) 310 2424 2.92% 3.16°, 2.5°
E¢(G' - X°) 1.257  0.876 1.0% 1.01°, 0.5°

E(G'-L9 5316  5.076 -
EolL¥—X 0942 056 -

ARef. [21], ° Ref. [70], © Ref. [54],
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V.. 4. Elastic properties

In the following, we study the AIN and the GaN compounds in their metastable
zinchlende phase because there are little experimental data and theoretical works under
drain and gress effect. Furthermore, the zincblende Structure is of technologicad interest as

it can be doped more easly than the wurtzite structure.

V.Il.4. 1 Elagic congants

The shear modulus requires knowledge of the derivative of the energy as a function
of a lattice strain [71]. In the case of a cubic Httice, it is possble to choose this strain O
that the volume of the unit cdl is preserved. The strain can be chosen o that the energy is
an even function of the dtrain, whence an expanson of the energy in powers of the drain
contains no odd powers.

We cdculate the eagtic properties of AIN and GaN by computing the components
of the dress tensor e for smdl drains, usng the method developed recently by Charpin
[72,73]. It is well known that a cubic crysta has only three independent eastic condant
Ci1, Cip and Gy So a set of three equations is needed to determine al the congtants, which
means that three types of strain must be applied to the starting crysal.

The firg type involves cdculating the dasic modulus (Cq; + 2C;5), which are
related to the bulk modulus B :

B=§(cn +2C,,) (V-1-5)

The second type involves peforming volume-conservative tetragonad drain tensor. We

vary theratio c¢/a=(1+e€) for severa user-supplied values of e leading to the strain tensor e :

& 0
e, O 0 N
g -
€=¢c0 e 0 + (V-1-6)
¢ 1 -
QO ~- 1+
e (1+e) a

-1/3-1

Where g =(1+e)
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Where the application of this srain have an effect on the tota energy from its unstrained

vaue asfollow:

E(e,)=6(C,-C,)Ve’+0(]) (V-1-7)

where V isthe volume of the unit cdll.
Findly for the last type of deformation, we use the volume-conserving rhombohedra strain

tensor given by:

el 1 0
& = Z—g 11 . (V-1-8)

g1 1 o

Which transforms the total energy to
1

E(e,) = 5 (Cy +2C, +2C )V elz +0 (els) (V-1-9)

For cubic crysd, the shear wave modulusis given by:

1

Cs :E(Cll - C12) (V-1-10)

The cdculated eastic congtants are summarized in Table V.1.12 and V.1.13. To our
knowledge, because there are not any available experimenta results, we compare our main
finding of zincblende AIN and GaN with some avalable ab initio cdculations works
[26,31,32,74]. It is obvious to observe a good agreement between our results and those
found recently.

V. 1. 4. 2 Internal-drain parameters

The wdl-known Kleinman parameter z for zincblende describes the reative
postions of the cation and anion sublattices under volume by conserving drain digortions
in which the pogtions ae not fixed by symmery. The internd-dran parameter is
caculated usng the following relation [75,76] :

V_ Cll + 8C12

=11 "2 -1-11
7C,, +2C, v )
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The caculated vaues for this parameter are given in Table V.1.12 and V.1.13 for
AIN and GaN in zincblende structure, respectively. It can be noted that our values for AIN
and GaN are in reasonably good agreement with he exiging data obtained from ab initio
cdculaions [26,31,32]. We recdl that a low vaue of internd-grain parameter implies that
there is a large resstance againg bond-angle digortions while the reverse is true for a high

vdue.

TableV.l.12. Elastic constants and internal-strain parameter of zincblende AIN

Thiswork Calculations
C11 (GPa) 313.24 3047, 313°, 204°
C1 (GPa) 156.47 1522, 160P, 168°
Cus (GPa) 202 1992, 192°, 198°
Cs (GPa) 78.39 76% 76.5°, 63°
z 0.62 0.6% 0.56°, 0.67°

ARef. [26], ° Ref. [31], © Ref. [32]

Table V.I1.13. Elastic constants and internal-strain parameter of zincblende GaN

Thiswork Calculations
C11 (GPa) 2742 2967, 285P, 293°, 2857
C12 (GPa) 166.1 1552 159°, 161¢, 156¢
Cas (GPa) 199 2062, 155°, 149°, 150¢
Cs (GPa) 54.05 713, 67°, 62°, 64.5¢
z 0.71 0.5? 0.6, 0.67°

2Ref. [26], ° Ref. [31], © Ref. [32]° Ref. [74]
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V. 1. 5. Piezodectric properties:

Congdered as materids with partidly ionic bonds character the group-Ill nitrides
exhibit the piezodectric effect. In fact the piezodectric polarization fidds are induced
from internd displacements of the group-Ill aoms relative to the nitrogen atoms in an
eementary cell. In the zincblende structure this happens only for shear Srains [34].

In the absence of externd fidds, the tota macroscopic polarization of a solid is the
sum of the dran-induced or piezodectric polarization P. In the linear regime, the
piezodectric polarization is dmply expressed via the piezodectric coefficient and is
related to the strain eby the following expression:

Pi :é €; € (V-|-12)

This equation defines the components of piezoelectric tensor ;. e is the srain in-plane
which is assumed to be isotropic.

Zinchlende is the dructure with highet symmetry compatible with the exigtence of
piezodlectric polarization under srain [78]. The piezoeectric tensor of zincblende has one
nonvanishing independent component (ei4). Therefore, the polarization in these materids
system will have a one piezodectric coefficient.

In Harrison [74] approach, the macroscopic piezoelectric tensor coefficients ey, is
defined by :

* e
e, = epV¥ (V_I_13)
wheree, isthe piezodlectric charge given by:
¢ =4a - DZ- 2a (1- a2j V2 (V-1-14)
3 V 5

where C¥ = 1 for I11-V compounds.
a, isthe bond polarity depending on f; (ionicity factor), and isgiven by :

a, =+1- (1- fi)é (V-1-15)

p
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The transverse effective charges are fundamentd quantities, which specify the
leading coupling between latice displacements and dectrodeic fidds in  insulators.
However for semiconductors compounds of the zinchlende structure, which are the focus
here, it is easly shown that the effective charges are scadars, and are equa and opposite for
caion and anion; it is conventiond to use the pogtive cation effective charge to

characterize a given compound. The transverse effective charge is defined asfollows :

e =4a, - Dz+§ap(1-a§) (V-1-16)

In Table V..14 and V.I.15 we report the polarity, piezoeectric charge,
piezodectric congtant and transverse effective charge for AIN and GaN compounds. Our
results for these materids agree wdl with the avalable experimenta [79] vadue of ey, for
GaN and others theoretical works [31,32,75,80,81]. To facilitate further comparison with
other 11I-V and 1I-VI sysems, we collect the piezodectric constants and transverse
effective charge for a number of 111-V and I1-VI compounds from References [82-87] in
TableV.1.16.

It wdl know tha the nitrides follow quditaively a wdl-defined I11-V trend: the
piezodectric condants increase in magnitude as a function of the anion chemicd identity
as one moves upwards within period V, i.e, from Sb to N, because the ionic contribution
tends to prevail over the eectronic clamped-ion term as the anion becomes lighter

From Table V.1.14 and V.1.15, overdl te piezodectric properties of AIN and GaN
resemble 11-VI compounds, and appear to be very different from conventiond I11-V
semiconductors. The piezodectric congtants have the same sgn as in [1-VI compounds,
and opposite to I11-V compounds. While in normd 111-V compounds the clamped-ion term
is larger in absolute vadue than the internd-strain ionic contribution, in the nitrides the
latter prevalls to a larger transverse effective charge. Compared to norma I11I-V
compounds, this dgn inverson conditutes a quditative difference of obvious practica
rdlevance [82]. Consequently the nitrides are an extreme case of this trend, and their
piezodectric response is by far larger than that of dl other 111-V compounds and of
oppostesign. In the zincblende dtructure the tensor of the transverse effective charges is
isotropic. Due to the charge neutrdity, the charges of the cation and anion only differ by
the sgn. Our results agree wdl with the few theoreticd works. The transverse effective
charge follows a clear chemicd trend within the nitrides series.
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TableV.1.14. Polarity, piezoelectric charge, piezoel ectric constants (in unitsof C/m?) and

transver se effective charge

(inunits of e) of zincblende AIN.

Thiswork  Calculations
a, 0.60 057
& 0.821 1.03%
eu 0.434 0.59°, 0.67°
er 2.457 2.36% 2.55°, 2.56°

ARef. [74], ° Ref. [31], © Ref. [80]

TableV.1.15. Polarity, piezoel ectric charge, piezoel ectric constants (in units of C/m?) and

transver se effective charge

(in units of e) of zincblende GaN.

Thiswork  Calculations Experiment
a, 0.621 0.61% -
& 1.06 1.132 -
e 0.605 0.50° 0.68° 0.60°
er 2.50 2.43%, 2.67°, 2.65' -

2Ref. [74], ° Ref. [31], ° Ref. [80], ¢ Ref. [79], ® Ref. [78], ' Ref. [31]

TableV.l1.16. Piezoel ectric constants (in C/m?) and transver se effective charge (in €) of

several zincblende compounds reported in Refs. [ 82-87].

x

E3

Compounds e, er Compounds e, er

CdTe 0.084 2367 AlAs -0.03 2.03
ZnSe 0.10 203 GaAs -0.35 216
nS 0.15 2.15 INAs -0.08 2.53
AP 0.11 228 AlS -0.13 230
GaP -0.18 204 Gash -0.40 2.15
InP 0.12 255 InSb -0.20 242
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V.. 6. Bandgaps pressure coefficients :

In order to investigate the pressure effects on zincblende AIN and GaN energy
gaps, we examine the band energies a the sdected symmetry points as a function of the
pressure. The results of our caculation for the direct and indirect bandgaps €, Eg* and
EgL) versus the pressure are shown in Figures V.1.19. Table V.1.17 and V.1.18 summarize
the results of our caculated linear and sub-linear coefficients of bandgaps and Easy,
compared to the available theoretical works [22,26,88]. We notice that our results are in
good agreement with the other prediction caculations. For zincblende GaN, we can see
that when we treat the Ga 3d as vdence dates, our results for firs pressure derivative
coefficient (a) of bandgaps agree well with FP-LAPW cdculations of We and Zunger
[88] and FP-LMTO cdculations of Kim et d [26] which congder the same treatment of the
Ga 3d dates. Our results for second pressure derivative coefficient (o) of bandgaps are aso
in good agreement with the LMTO caculaions of Christensen and Gorczyca [22] which
treat the Ga 3d eectrons as core states. We can established then that the treatment of the
Ga 3d daes as vdence dates have a ggnificant effect on fird pressure derivative
coeffident (a) more than on second pressure derivative coefficient () one. Since the linear
pressure coefficients of EqS Eg* and E4- are positive (see Table V.1.17 and V.1.18) these
main bandgaps are aso increased under pressure. However the increase of EgX Is less
important than thet of E;<and Eg".

We dso sudy the behavior of the energy bandgaps versus the reldive variaion of
the lattice congant (Da/ap) for AIN and GaN in zinchblende Structure (see Figures V.1.20).
Our results show that the fundamental gap and the other X and L indirect gaps present a
non-linear behavior. The caculated linear and sub-linear coefficients are lised for each
band in Table V.I.19 and V..20 compared with the other cdculaions. Interestingly, the
cubic lattice under hydrogtatic pressure shows no change in gap ordering in the studied

range of pressures.
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TableV.l.17. Pressure coefficientsrelated to Eq(P)=E(ac)+aP + b P2 of the cal cul ated

values of the ener gy gaps for zincblende AIN and Compared with other cal culations.

a (meV/GPa) b (meV/GPa?)
Thiswork Calculations  Thiswork Calculations
G'-G 42.22 317 42° -0.36 -0.34°
G’ -X° 2.02 1.70% 1.9°, 1.9° -0.037 -0.03?
G'-L® 4257 442, 41.1° -0.456 -0.38?
Easy -5.41 - -0.018 -

ARef. [22], ° Ref. [88], © Ref. [26]

TableV.l.18. Pressure coefficientsrelated to Eq(P)=E(ag)+aP + b P2 of the cal cul ated

values of the ener gy gapsfor zincblende GaN and Compared with other cal culations.

a (meV/GPa) b (meV/GPa?)
Thiswork Calculations Thiswork Calculations
G'-G 33.4 40° 31°,32°  -0.366 -0.38%
G'-X° 1.56 0.28% 1.7° -0.034 -0.03*
G'-L°® 35.5 422 32.1° -0.367 -0.38°
Easy -26.16 - -0.249 -

2Ref. [22], ° Ref. [88], © Ref. [26]

TableV.1.19. Coefficients obtained from least-squares fits to Eg(a)=E(ao) + g(DCa/ao)

+d(Da/ag)? of zincblende AIN, where a isthe | attice constant (agistheequilibriumvalue).

g(ev) d(eV)
Thiswork Calc. [22] Thiswork  Calc. [22]
G -G -26.99 -27 38.44 37
G'-X° -1.291 -1.10 -9.356 -7.30
G -L¢ -27.25 -28 40 31
Easy 3.50 - -22.95 -
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Table V.1.20. Coefficients obtained from least-squares fits to Eq(a)=E(ao)+ g(Da/ao)

+d(Da/a)? of zincblende GaN, where aisthelattice constant (agistheequilibriumvalue).

g (eVv) d(eV)
Thiswork Calc. [22] Thiswork  Calc. [22]
G'-G° -19.81 -22 21.24 22
G’ -X° -0.90 -0.14 -6.13 -8.0
G -L® -21.07 -23 30 30
Easy 15.19 - -17.76 -

V. 1. 7. Deformation Potential constants

The deformation potentidls are important parameters to describe the eectronic
effects associated with drains origingting, for indance, from the laitice mismaich between
two layers of different semiconductors in heterostructures. To our knowledge, no
experimentd data for the hydrogtatic deformation potential are presently avallable for AIN
and GaN. The gpplication of hydrogtatic pressure, inducing a shift of the conduction-band
edge reative to the vaence band edge due to a change in the volume, dlows a direct
edimation of the hydrodatic deformation potentid for bandgep of zincblende AIN and
GalN. The deformation potentids are obtained by using the following equation:

a, =V (V-1-17)

To detemine how much of the band-gap deformation potentid comes from
conduction bands of AIN and GaN, we cdculate the deformation potentias for the energy
gaps a the points of high symmetry. The caculated vaues are summarized in Table V.1.21
and compared with other theoretica caculations. The bandgaps deformation potentids in
zinchlende structure AIN and GaN agree wel with the cited theoretical cdculaions. We
can see from this table that because we are treating of Ga 3d dates as vadence dates, the
obtained bandgagp deformation potentids of GaN in zincblende dructure are in good
agreement with FP-LMTO cdculations of Kim et d [26] and FP-LAPW cdculations of
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We and Zunger [88] more than with the previous LMTO cdculaions of Chrisgensen and
Gorczyca[22].

TableV.l.21. Bandgap deformation potential constants for zincblende AIN and GaN.

AIN GaN

Thiswork Calaulations Thiswork Calculations

a§ C -0.26 -90.0%,-9.04° -6.518 -7.42 -6.4°, -6.4°
ag X -0.436 -0.372 -0.42°  -0.2961 -0.052 -0.35°
agt -9.35 -9.402 -9.04°  -6.9401 -7.7% -6.72°

2Ref. [22], ° Ref. [88], © Ref. [26]

V. 1. 8. Chemical trendsin the pressure coefficient:

Our andysis for AIN and GaN compouds indicate that s — s, p — p coupling enhance
the pressure coefficient apGG, whole the p — d coupling reduces the pressure coefficients.
The fast reduction of the bulk modulus as bond length increases enhances the pressure
coefficients of compounds with large atomic size [88].

The pressure coefficient a,"© decreases significantly when the  cation-atomic
number incresses. For example, the LDA a,°“are 42.22 and 33.4 meV/GPa for AIN and
GaN, respectively. In this case, the decrease in a,"is mainly due to the large decrease in
bulk modulus when cation aomic number increases. We find that a,®" has similar trends
as a,®S but the vaiaion is smdler. The smdl variaion in a,“" is due to the more
complete cancellation between the reduced level repulson and the reduced bulk modulus
a bond length incresses. Findly, we find that a,“* is usdly smdl and postive. The
positive pressure coefficients a,* is due to lack of the level repulsion between the X
gate and unoccupied d state with the same principle quantum number as the vaence s and

p sate [89], and dso of the large p — d repuldon of occupied states at the vaence band
maximum.
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V. 1.9. lonicity factor under pressure

A corrdation between the ionic bonding and dectronic properties in these
compounds exists as predicted by Phillips [45]. An interesting feature linked to the opnicity
is the antisymmetric gap from vaence bands a X. This gap is related to the cation and
anion potentials. The antisymmetric (heteropolar) gap has been proposed as a measure of
the crystd ionicity. The decrease of the heteropolar gap is an indication of the increase of
the ionicity factor of the materid under hydrodtatic pressure for the following reason.

We display dso in Figures V.1.21, the charge densties of AIN and GaN for smadl
compression of the crystd of vdue V equal to 0.965V, and 0.977V, corresponding to a
pressure of 5.5 and 16 GPa respectively.

In fact we illudrate in Table V.1.19 and V.1.20, the postive linear coefficient of Easy
indicating that there is an increase as the lattice constant decreases. This splitting induces
an increase of the ionicity with the pressure. Using the Garcia and Cohen [67] modd, we
diplay in Figures V.I.22 for ingance this variaion versus pressure. Our obtained
coefficients of this variation are liged in Table V..22. Following Figures V.1.20, the
increase of the ionic character is due to the increase of the charge dengity around the Al or

Ga atom with respect to N atom as under pressure asit is shown.
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FigureV.l.21. Line plot of calculated total valence charge densities dong the
(& Al-N and (b) Ga-N bond direction at norma and under pressure.
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TableV.1.22. Calculated pressure coefficientsrelated tof; (P)= f; (P=0)+ | P+ nP? of

the ionicity factor for zincblende AIN and GaN.

| (10°/GPa)  m(10* /GPa%)
AIN 0.738 0.1
GaN 14 -0.162

V. 1. 10. Effect of pressure on eadtic properties

The specific role of nitrogen is in the formaion of short bonds, which leads to
sndler latice condants (by 20%) than for other 1lI-V semiconductors. Under high
pressure the IlI-nitride compounds undergo a dructura phase transformation to a high
coordination phase. For AIN the trangtion from cubic D rocksalt phase occurs in range of
7.1 GPa and for GaN the trangtion from cubic to high-pressure phase appears at 42.1 GPa
[49].

An important motivation for high-pressure investigetions sems from the fact that
group-I11-nitride layers are commonly subjected to large built-in srain since they are often
grovn on different subdtrates having condderable lettice mismaich within a difference in
the therma expanson coefficients between epitaxia layer and subdrate. In the case of the
heterostructures and  superlattices, this dtuation become more complex and mutud
influence between different materials layers may appears [90,91].

We are interesting to the study of pressure effect on eastic properties. We show in
Figures V.1.23, the variation of dadic comdants, internd-sirain parameter and bulk
modulus of AIN and GaN with respect to the variation of pressure. In dl curves, we
observe alinear dependence of pressure.

In Table V.I1.23, we listed our calculated pressure derivatives dCii/dp, dCio/dp,
dCa4/dp, dCg/dp, dz /dp and dB/dp of the consdered compounds. It is easy to observe that
the eéadgic congdants Ci; and Cip, internd-strain parameter and bulk modulus increase
when pressure is enhanced. Moreover the shown shear wave modulus Cs and the shear
mode modulus Cg4, Which represent the extrema of the transverse moduli in cubic crystd

[92], decrease linearly with the increasing of pressure for AIN and GaN.
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Referring to our results and those found in literature [92,93], we have observed that
there is a difference between the pressure derivatives of shear wave modulus and the dagtic
modulus of zinchlende 11I-V semiconductors and zincblende AIN and GaN is observed.
We notice that the results in Figures V.1.23 show no evidence that the soft acoustic mode &
respongble for the phase trangtion in the consdered range of pressure. These results were
reported by different works [92,93,94], which treated 111-V semiconductors. Our results
may be conddered as reliable predictions of the pressure dependence of the dadtic
properties and interna-strain parameter of zincblende AIN and GaN [95].
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TableV.l.23. Calculated pressur e derivatives of the elastic modulusand internal-strain

parameter for zincblende AIN and GaN.

dCu/dp  dCiddp dCu/dp dCgdp dB/dp  dz/dp (10° GPal)

AIN 2.701 4.287 -0511  -0.793 3.89 6.2

GaN 3.642 4.873 -0.55 -0.615 4.32 4.85

V. 1. 11. Pressureeffect of piezodectric consantsand transver se effective

charges:

In Figures V..24, we present the variation of piezodectric condants versus
pressure. We observe a non-linear dependence of these curves and increase when pressure
is increased. To explain this behavior, we give in Table V.1.24 and V.1.25, our calculated
coefficients of piezodectric congants for zincbhlende AIN and GaN. We observe that e
exhibits repidly changes with the hydrostatic pressure [96]. This largest change comes
from the ionic contribution through the Kleinman parameter. But it is intereting to observe
that there is another contribution which influences the piezodectric congtants, the charge
trander effect. The increase of the e;s in AIN and GaN was observed aso on [1-VI
compounds [86], by contrary to results found for other 11-V compounds (e.g. GaAs [97]).

The resulting vaues for transverse effective charges are plotted in Figures V.1.25,
as a function of the pressure. In Table V.I. 24 and V.. 25, we list our results compared
with available experimenta data [98]. Our results for GaN compared with experimenta
data [98] are satisfactory. From the literature the only known example of a tetrahedrdly
co-ordinated semiconductor exhibiting a larger transverse effective charge a reduced
volume is SIC. In this case the lack of p eectrons in the carbon core dlows for a larger
penetration of the S wave functions into the carbon core regions, leading to an increase in
ionicity and hence of er under pressure [99]. This situation is aso observed for the nitrides
gnce the nitrogen and carbon atomic cores look dike. Thus under pressure the transverse
effective charges of GaN and AIN exhibit a smilar but less marked behavior to that of SIC.
For other I11-V compounds like GaAs decrease with pressure giving rise to a reduction of
er [100].
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FigureV.l.l 24. Vaiation of the piezodectric coefficient versus pressure of
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Table V.l.24. Pressur e coefficients of the polarity, piezoel ectric charge, piezoelectric

constants (in C/m?) and transverse effective charge (in e) for zincblende AIN.

I (10°/GPa) m(10* /GPa?)
a, 0.514 -0.07
& 8.75 -1.121
€1 7.53 -0.478
er 1.97 -0.276

Table V.l.25. Pressur e coefficients of the polarity, piezoel ectric charge, piezoelectric

constants (in C/m?) and transver se effective charge (in e) for zincblende GaN.

I (10°/GPa) m(10* /GPa%)
a, 0.5261 -0.07
& 18.81 -2.47
e 17.0 -1.51
er 1.88, 0.5% -0.039

# Reference from experimental [98].
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V. 1. 12. Calculation of energy loss near edge structure

Of increesng interest for the dectron microscopists working with an  energy
spectrometer or an imaging energy filter is the interpretation of ionization edges, in particular
energy loss near edge sructures (ELNES), and low losses and their reation to eectronic,
opticd and mechanicd propeties of modern materials. Electron energy-loss near-edge
sructure gives information about the didribution of unoccupied eectronic dates. ELNES is
specific for every dement in a given environment and thus acts like a fingerprint that alows
identifying a specific environment around a gspecific aom. Good knowledge of the
unoccupied dates is dso very important because it gives information about the opticd and
transport properties of the materia. The cadculations of the energy loss near edge structures
have been peformed usng the FP-L/APW+o method according to the formalism of M.
Nelhiebel et d. [101-103]. In this section, we present spectra due to the gallium L-shdl
exditation and duminum and nitrogen K- shell of AIN and GaN compounds.

In order to probe our calculational method, AIN and GaN have aso been investigated
in the zincblende dructure. Their rdaive N-, Al-K and GaL,3 ELNES spectra are depicted
in Fgures V.I.26 and V..27. A seen from the presented figures (Figures V.1.26 and V.1.27),
there is a good quditative agreement between our results and avalable experimenta data
[103] for only GaN compound. The postions of the most prominent pesks (labelled | to 1V)
are liged in Table V.I.26. A reasonable correspondence between our caculations and the
experimenta results has been found in Table V.1.26.

TableV.1.26. Positions of the peaks | -1V FiguresV.l.26 and V.l.27 valuesarein unitsofeV.

The experiment values are compiled in ref. [104].

Edge | I I IV

N K ThisWork 6.5 12.0 155 19.0

AN Al K ThisWork 6.25 12.25 155 19.3
N K ThisWork 6.2 1.7 10.65 135

GaN Experiment 6.3 8.1 10.9 129
Ga L3  ThisWork 5.7 1.7 10.85 152
Experiment 6.25 8.0 11.0 16.1
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inequivaent atoms positions have been caculated separately and weighted in the present
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V. 1I. 1. Computational details

All cdculations of GaN:Mn and AIN:Mn ae peaformed by usng the scaar rdativigic
full-potentid  augmented plane wave plus locad orbitds (FP-L/APW+lo) [1,6] method within
dengty functiond theory (DFT). We employed the loca-spin-density gpproximation (LSDA),
implemented using the Perdew-Wang exchange-corrdation functiond [5]. Also, spin
polarized cdculations are achieved with two different spin-up and spin down densties and
two sats of Kohn-Sham single equations particle equations, for the two spin components, are
solved sdf-consgently. We have caried out dl the tota energy caculaions without spin-
orbit coupling. The doping of Mn in GaN and AIN compounds can be modeled by means of a
sructure with the cubic symmetry, in which the alom of Ga or Al is replaced by Mn aom to
smulate an uniformly doped semiconductor with 25% Mn concentration.

Moreover, the core levels are trested fully rdatividicaly. In paticular, the Ga is
congdered in such away to include explicitly the semicore d dectrons in the vaence bands. In
the following caculations, the FP-L/APW+o bass set conssted of 4s, 4p and 3d orbitals of
Mn, and 3s and 3p orbitals of Al and 4s, 4p and 3d orbitas of Ga and 2s and 2p orbitas of N.
In this gpproach the wave function, charge dendty and potential are expanded differently in
two regions of the unit cdl. Insde the non-overlapping soheres of muffin-tin (MT) radius Ryt
around each atom, spherical harmonics expanson is used and in the remaining space of the
unit cel the plane wave basis set is chosen. The muffin-tin radius is taken to be 1.78 bohr for
the gdlium, duminium, manganese and 1.60 bohr for the nitrogen

The maximum | vaue for the wave function expanson indde the aomic spheres was
confined to Inax= 10. In order to achieve energy eigenvalues convergence, the wave functions
in the interditid region is expanded in plane waves with a cutoff of Ryt * Kyax = 8 (where
Kmax is the maximum modulus for the reciproca lattice vector, and Ryt is the average radius
of the MT spheres). The k integration over the Brillouin zone is performed usng Monkhorst
and Pack [11] mesh, yidding to 11 k points in the irreducible wedge of the Brillouin zone for
cubic structure.
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V. 1l. 2. Structural optimization

The totd energy of GaN:Mn and AIN:Mn has been caculated as a function of the
globd volume for each of the nonmagnetic (nm) and ferromagnetic (fm) states at 25%.
Reaults are shown in Fgures V.II.1. The equilibrium lattice parameters, bulk modulus, and
its pressure derivetive follow from a fit of the tota energy as a function of the volume to
the Murnagahan equation of date [14]. The predicted vaues of the sructura parameters
and the difference energies CEqn.nm between fm and nm dates are listed in Table V.11.1.
They are compared with vaues of the parents compounds AIN and GaN. We observe that
those predicted results of AIN and GaN doped with Mn in the same order than the values
of AIN and GaN compounds [73,77]. As shown in the Figures V.II.1 the ferromagnetic
date has been found to be most stable energetically between the two tates because the
difference energies CEqm-nm IS podtive. When we compare the lattice congants and bulk
modulus in the case of spin polarized and unpolarized dates, we observe an enhancement
by 0.82% and 0.66% for GaN:Mn and AIN:Mn, respectively.

Table V.I1.1. Lattice constants a, bulk modulus B, and its pressure derivative B’ and
ener gy difference between fm and nm magnetic states DEqm-nm of GaN: Mnand AIN: Mnat
25%.

a(A) B(GPa) B’ DE fm-nm
GaN:Mn fm 44643  204.7 374 0.745
nm 44276  217.94 3.632 -
GaN 4.461 202 4.32
AIN:Mn  fm 43726 2085 3.74 0.966
nm 4.343 218.41 3.861 -
AIN 4.349 211.78 3.90
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V. 1I. 3. Electronic structures and magnetic properties

For magnetic systems, spin polarized caculations are performed using the concept
of soinup and spin-down electrons separately. The calculated tota and partia densties of
sates (DOS) curves a the predicted equilibrium latice condants for ferromagnetic
GaN:Mn and AIN:Mn are shown in Figures V.I1.2 and V.II.3. In comparison with Al and
Ga, Mn has extra four vaence dectrons, which fill spin-up eg and tag bands. The doubly
degenerated band is fully occupied, while the triply degenerated band (higher in energy) is
only two thirds filled so the Fermi level fdls just into the latter 100% spin polarized band
(seeFigures V.I11.3).

Furthermore we find the loca magnetic moment of the Mn atom is ~3.0mg, mg is the
bohr magneton, for both GaN:Mn and AIN:Mn. This value is in good agreement with
previous theoreticd cdculations [105-113]. Due to locdization of spin-polarized charge
aound the Mn atom, this vaue is andler than the totd magnetic moment, which is ~4 .
As a reault, the totd magnetic moment has an integer vdue 4na. Moreover, our results
show that the main pat of this magnetic moment is strongly locdized on the Mn ste (see
Table V.I1.2). The additiond contributions to the totad magnetic moment appear to come
from N and Ga (Al) aoms to Mn. When we observe more carefully the values of the
different magnetic contributions reported in the table, the tota magnetic moment is not the
summation of magnetic contribution of the interditid dSte and those of the individud
aoms. This may be interpreted by the fact that the interditid dte is modeed by the
average of the plane waves. This later cannot quantify dl theinterdtitia Ste.

TableV.ll. 2. Total and local magnetic momentsin GaN:Mnand AIN: Mn systemswith a
25%.

GaN:Mn AIN:Mn

M@ (ma/cell) 4.0 4.0
m"" (ng) 3.066 3.0
m™ 0.026 0.025
M Gaacu Al 0.030 0.035
m nersitie 0.75 0.8
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FigureV.l1.2. Totd and locd partid dengties of gatesin the ferromagnetic of (a)
GalN:Mn (b) AIN:Mn at 25% of Mn.
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In Figures V.II.4 and V.II.5 we present the corresponding spin-dependent energy
bands dong high-symmetry directions in the Brillouin zone for GaN:Mn and AIN:Mn.
There are three bands dightly crossng the Fermi energy. One of them is dmogt fully
filled, but the other two are gpproximatdy hdf-filled. There is a narrow energy gep (0.326
eV for GaN:Mn and 1.334 eV for AIN:Mn) of the mgority-spin dectrons, separaing the
bands derived from the vaence and conduction bands of the host. For the minority-gpin
electrons, the band gap is much wider 205 eV and 3.24 eV of GaN:Mn and AIN:Mn,
respectively, and the top of the valence band is reduced to under the Fermi Leved. Since the
exchange splitting (DEy © 3.04eV for GaN:Mn and DEy © 1.93eV for AIN:Mn) between
the mgority and minority is larger then the caydd fidd spliting (DEcys © 1.71eV for
GaN:Mn and DE¢rys: © 1.85eV for AIN:Mn) between the d-tog and dey (see Figures V.11.3).

Our cdculations dso show that the total 3d eectron population within the Mn
ghere in GaN:Mn and AIN:Mn is around 4.58 and 4.606, respectively, i.e, the atomic
configuration of Mn is compatible with both 31* and 3°. This result is in good agreement
with the results obtained in Refs. [105,109-113].

For underdating the origin of the spin-polarized festure in the DOS curves, we
caculated patid DOS curves for the GaN:Mn and AIN:Mn. The N 2o, Ga 4p, Al 3, and
Mn 3 contributions to the DOS are found in Figures V.11.2. It is readily apparent that the
Mn 3 states hybridize strongly with N 2 states, and to a much lesser extent with Ga 4
and Al 3p dates. However, for the spin-up states the Mn 3 gates contribute roughly as
much the origind cation dates, even though the Mn concentration is much lower then the
Gaand Al one.

The goatid didribution of impurity daes is intimady linked with the vaue of
magnetic moments on different atoms. Table V.II1.2 shows that the main contribution to
magnetic moments comes from Mn atoms. In GaN:Mn and AIN:Mn, magnetic moments of
dl aoms are padld. This may be interpreted as a tunnding of spin-up impurity stetes to
neighboring a@oms. In this way, pardld or antipardld orientation of magnetic moments on
the atoms nearest to Mn may be consdered as a dgnd that impurity States are either
localized or strongly hybridized with the vaence band.
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Energy (eV)

Figure V.I1.4. Spin polarized band structure of GaN:Mn system, (&) mgority spin
and (b) minority spin
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Part I AIN and GaN doped with Mn

V. 1l. 4. The exchange coupling

We cdculae the exchange congant by evduding the spin-glitting of the
conduction and vaence bands. The main idea is that in the mean field theory based on the
Hamiltonian modd [111], the spin-splitting of the vaence band depends linearly on the
exchange congant Nob [111]. The same argument holds for the spin-gplitting of the
conduction band, which is regulated by a amilar Hamiltonian with exchange congant Nopa.

Therefore the exchange congants can be directly computed from the conduction band-edge
(vaence band-edge) spin-splittings asfollows:

DE® DEY
Noa=——; Nob= (V-11-1)
XS) X(S)

Where (S) is half of the computed magnetization per Mn ion.

Using the calculated band structures and (S) vaue for GaN:Mn and AIN:Mn, we

have calculated the Noa. and Nob. Our predicted values of CE®, DEY, Noa and Nob are listed
in Table V.II.3 for GaN:Mn and AIN:Mn systems. From Table V.l1.3 one can conclude

that the exchange coupling (s-d coupling) between the conduction band of Ga(Al)N and
the Mn isferromagnetic .

TableV.l1. 3.Conduction CE® and valence CE' band-edge spin-splitting, and exchange
constants for GaN: Mn and AIN: Mn with a 25%.

GaN:Mn AIN:Mn

CE® 0.164 0.245
Ce’ -2.909 -2.3
Noa 0.328 0.5
Nob -5.81 -4.6
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General Conclusion



Chapitre VII Conclusions

The am of this thess was to determine the dructurd, dastic and dectronic properties
of Ill-nitrides, AIN and GaN, with emphasis on ther dependence on hydrogtatic pressure.
Furthermore, we have aso extended our work to study the effect of doping wth Mn on the
properties of AIN and GaN compounds. We have peformed a newest firgt-principles FP-
L/APW+lo cdculations within the DFT method of AIN and GaN cryddlizing in both
wurtzite and zincblende dructures. Optima bulk geometries have been cdculated by total-
energy minimization. The Ga 3d semicore dectrons have been explicitly increases tregted as
vaence dectrons. This d state gives rise to the p — d coupling, which enormoudy the number

of plane wavesin the basis s&t. The main results of our work can be summarized as follow:

We have caculated the bulk properties and band Structures in wurtzite, zincblende
rocksdt phases usng both LDA and GGA for exchange-corrdation functiond. We have
found that usng GGA the latice condants are larger and the bulk modulus are smdler
compared to LDA results. Therefore the GGA does not appear to bring about any essential
improvement, when compared with experiment. The band dructures are found to be very
gmilar in the LDA and GGA, when cdculated a the experimenta lattice congtant. When
cdculated a the gppropriate theoretica lattice congtants, some differences are found, with
sndler bandgap in the case of GGA. The totd energy caculations suggest tha the AIN and
GaN under pressure transform to the semiconducting rocksat dructure. This result is a
manifestation of the large ionicity of the nitrides.

We notice that our cadculaions provide an excellent description of the band Structures
of AIN and GaN compounds. We conclude aso that GGA and LDA-eigenvaue spectrum
differ dgnificantly from experimentd obsarvations, and generdly agree more closdy with
other &b initio caculations. The curve of the DOS present the same aspect for both zincblende
Al(GaN and wurtzite -Al(Ga)N. Furthermore, A detailled study of severa dendties of dtates
have shown the origin of p — p and p — d coupling with N p state which is due to the non
negligible digpersons of Al p sate and Ga d dates ingde the upper vaence bands,

respectively.
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The charge dendties have been presented the smilarity of the bond in AIN and GaN
for both ZB and WZ dructures. Our results show a highly ionic bonding and a charge trandfer
from Al or Gato N. One notices that the Stuation in the ZB sructure is andlogous to that of
the WZ dructure. Since both polytypes have the same tetrahedral environment, where the
local coordination of the first neighbor aomic podtions is the same in the zincblende and the
wurtzite structures. Consequently, their ionicity values are very close.

Because of the importance of AIN and GaN compounds in the zincblende structure,
we have emphasized our atention to study the stress effects on band dructures via the
bandgaps coefficients. The AIN and GaN bandgaps conserve their characteriftics, they are
dill indirect and direct gaps, respectively. Moreover the cdculation of the hydrogtatic
deformation potentid congtants for direct and indirect gaps gives us an gpproximation about
the drain effect. This consolidates dso the successful implementation of the used numericad
method when comparing these results to theoretical works given recently for zincblende AIN
and GaN.

When plotting the charge dendty for amdl compresson, we found a high ionicity of
AIN and GaN, which increase with increasng pressure. This is originated from the increase in

the charge dendity around the anion site and it decreases around the cation Site under pressure.

Our determined dadtic condants and drain-internad  parameter agree well with the
recent reported results. It is found that these parameters are varying linearly when the pressure
is varied. Our results may be consdered as reliable predictions of the pressure dependence of
the dastic properties and internal-strain parameter of zincblende AIN and GalN.

The piezodectric congtants and transverse effective charges of AIN and GaN were
determined by mean of Harrison approach. The results show that [11-V nitrides resemble 11-VI
compounds in terms of the dgn of the piezodectric condants, which are much larger in
absolute vadue than those of dl 11I-V and 11-VI compounds. Some remnant of normd 111-V-
like behavior survives, embodied in the trends of the piezodectric congtants and transverse
effective charges when the chemicd identity of the anion or caton changes. From this
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investigation, it is found that the piezodectric propertties and transverse effective charge is

varying in nonlinear behavior when we apply a pressure.

The characteristic ELNES coordination fingerprints have aso been reported and
andysed for the sdected AIN and GaN compounds. Theoreticad spectras indicate the
possbility to differentiate the various phases by looking a the changing in the number and
position of peaksin both Al, N K and Ga L 3 edges.

We have aso presented dructurd parameters, formation energies, magnetic properties
and eectronic structures of AIN:Mn and GaN:Mn systems. From totd energy calculations, we
have found that AIN:Mn and GaN:Mn have feromagnetic ground dates. The impurity Sates
are located deep insde the gap, strongly locdized near Mn aoms which is primarily due to
hybridizetion of Mn 3d and N 2p orbitals. We predict that Mn-doped AIN and GaN will
exhibit the hadf-metdlic ferromagnetic. We have dso deduced the exchange splitting (DExc)
and crysd fied splitting (DExyst) and have found thet the effective potentid for minority spin
is more dtractive than that for the mgority spin as is usudly in spin polarized sysems. We
have determined the exchange congants Npa and Npb, which imitate a typicad magneto-
optica experiment. The magnetic moments of adl aoms ae padld and magnetic interaction
of Mn atoms is short ranged and that the totd magnetic moment is equd to 4na. This unique
feature, together with the previoudy suggesed high Curie temperatue and inherent
compatibility with GaN technology, makes GaN:Mn a potentidly ided materid for spin-
injection gpplications. If technological limitations can be overcome, it may emerge as a
sgnificant materid for modern pintronic devices.

Moreover these results conditute a preiminay step to future works deding with

Superlattice, complex system semiconductors and to study the problem not solved up to now
related to the DM Ss.
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