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We present a comprehensive study of the free-exciton and exciton-polariton photoluminescence in wurtzite
GaN. Using polarization-dependent measurements we were able to resolve the fine-structure energy splittings
in then=1 state of theA exciton and to determine the energy separation betweenStend 2P .., states as
19.7+0.2 meV. For then=1 state, the evolution of the emission from two transverse polariton brahghes
andI'st,, the longitudinal excitod’s, , and the dipole-forbidden excitdry in magnetic fields up to 15 T have
been studied in Faraday configuration. We have estimated the value of the parallel efféatiier of the hole
mixed into the B state of theA exciton asg‘LylS:Z.ZSi 0.2. To describe these data a theory is developed for
the exciton energy structure in hexagonal semiconductors with wurtzite symmetry in zero and in weak external
magnetic fields which takes into account the effect of the hexagonal lattice anisotropy and the coupling of all
excitonic states belonging to different valence subbands. The effect of the exciton interaction with polar optical
phonons is considered. The theory is very successful in describing the free-exciton emission and magnetolu-
minescence in wurtzite GaN. The effective mass parameters and the magnetic Luttinger constant as well as the
effective Rydberg numbers and binding energies ofAhB, andC excitons are determined from a comparison
of the theory with experimental data.
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[. INTRODUCTION must be taken into account for a proper understanding of the
optical spectra and the extraction of the basic parameters in
In the past decade, much attention has been paid to thsurtzite GaN.
physics and optical properties of the group-Ill nitrides, such Several reasons have prevented the observation of the ex-
as GaN, InN, and AIN and their ternary alloys. This is be-citon fine structure in GaN until now. First, hexagonal epi-
cause it is the basic material for blue lasers and light emittingaxial GaN layers have their axis parallel to the growth
diodes(LED's).! The determination of the energy structure direction, which is perpendicular to the layer surface. In nor-
and effective mass parameters of wurtzite GaN has been threal optical-transmission experiments this allows the detec-
focus of many experimental and theoretical studié§. tion only of light with a polarization perpendicular to tiee
However, the values of the exciton effective Rydberg num-axis and does not allow the detection of weak “forbidden”
bers, hole effective masses, agdalues as well as the ex- absorption lines which was possible in C#32 Second, re-
citonic fine-structure splittings reported so far exhibit consid-flection spectra in GaN are broadened significantly due to the
erable scatter. This is caused both by experimentahigh defect concentration in the layers and do not allow one
difficulties and by the lack of an appropriate theoretical deto obtain much information on the energy fine structure.
scription of the exciton energy structure. Third, many optical investigations of GaN have been limited
The main factor that makes the exciton structure in wurtz4in accuracy and detail due to large linewidths, more than 2
ite GaN different and which requires a more complicatedmeV, which are caused by the extremely large mismatch be-
theoretical analysis from those in the well-studied wide gapgween the GaN epilayer and the substrate, which leads to an
[1-VI semiconductors is that the energy separation betweemhomogeneous biaxial strain and a large number of struc-
the valence subbands B, andC is smaller than or of the tural defects.
same order as the exciton binding energgee Fig. 1L The Most data on exciton effective Rydberg numbers pub-
coupling of the exciton states belonging to different sub-lished to date have been obtained from the experimentally
bands can strongly influence exciton transition enetgiés observed separation between tive 1 ground and the=2
and reflection properti€€. Exciton transition energies and first excited exciton states,~42*23yhere the simplest hy-
valence subband splittings are known to be influenced by thdrogenlike or anisotropfé?® models of the three uncoupled
biaxial strain always present in GaN filffs*-?'Therefore, excitons have been used. However, the binding energies of
the effect of strain and the effect of intersubband couplinghen=1 exciton states in other semiconductors were shown
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to differ from the Rydberg energy by several m&Mn ad-  polarized parallel or perpendicular to thexis. To interpret
dition, the interpretations given by different groups of thethe data, we develop a theory of the ground and excited
observed emission lines in the region of the 2 state of the exciton energy levels for hexagonal semiconductors having
A andB excitons vary considerably, resulting in a large scat-wurtzite symmetry in zero and weak external magnetic
ter of the determined exciton effective Rydberg numbersfields. Using model wurtzite GaN parameters, we investigate
Thus, a careful identification of the emission lines observedhe importance of the anisotropy and intersubband coupling
as well as a proper theoretical description of the exciton eneorrections, as well as the effect of biaxial strain on the ex-
ergy levels in wurtzite GaN is needed for the correct deterciton binding energies and hole effectigefactors. To esti-
mination of the exciton effective Rydberg numbers. mate the polaron corrections to the exciton energy levels in

A perturbational approach for calculating exciton energyGaN, we compare three effective polaron models that are
levels in zero and weak external magnetic fields for the cassimilar to those known for semiconductors with a simple
of a degenerate valence band was developed some time admnd structuré?=38 This analysis allows us to determine a
and successfully applied tdSland 2S states in diamond and range of appropriate band and polaron effective mass param-
zinc-blende semiconductot§:*® This approach was ex- eters and magnetic constants in wurtzite GaN.
tended to treat exciton ground-state levels in zero magnetic The paper is organized in the following way. Section Il is
field in wurtzite-type semiconductdrs'® and revealed the devoted to the theory of free excitons in hexagonal semicon-
importance of the intersubband coupling corrections to theluctors. It includes a description of the mod®eéc. Il A) and
ground-state energy in CdS%. of the perturbation HamiltoniatSec. Il B, a calculation of

Moreover, the effect of polar interactions with optical the exciton energy levels in zef&ec. Il Q and weak(Sec.
phonons must be considered because of the large ionicity df D) magnetic fields, and, finally, a description of tide
GaN. A large lattice contribution to the screening dielectricexciton-polariton fine structure in zero and weak magnetic
constant>®3 suggests that the screening of the effective in-fields (Sec. Il B. Section Ill describes the samples and the
teraction between electrons and holes in an exciton must bexperimental techniques we used. In Sec. IV we give an
described by a spatially dependent dielectric constarit.  overview of the complete unpolarized exciton PL spectrum
For a number of polar semiconductors, this results in largén GaN (Sec. IV A) and present the measurements of £he
polaron corrections to both the exciton binding energies an@xciton polarized emission, revealing the complete fine
the values of the exciton diamagnetic shifts in external magstructure of then=1 state in zero and weak magnetic fields
netic fields. A full description of the exciton-optical phonon (Sec. IV B and the position of the R., sublevel (Sec.
system in anisotropic semiconductors having a small separdy C). In Sec. V we compare the experimental data with the
tion between valence subbands is very complicated, and aheory, discuss the effect of the interaction with optical
appropriate model for the polaron corrections in wurtzitephonons(Sec. V A, and evaluate the effective-mass and
GaN is yet to be developed. magnetic parameters of GalSec. V B. In Sec. VI we com-

In the present paper we study the exciton and exciton-pare our results with those already published.
polariton fine structure in wurtzite GaN and its evolution in
an external magnetic field of strength upHe=15 T. We do Il. THEORY OF FREE EXCITONS IN HEXAGONAL
this for bothH|c and HLc in Faraday configuration. Our SEMICONDUCTORS
high-quality samples allowed us to observe the zero—phonon
exciton emission line in the low-temperature photolumines-
cence(PL) spectra from the surface and the side faces that The Hamiltonian of the relative electron—hole motion in a
are thick enough for the separate detection of luminescenamagnetic field in a hexagonal semiconductor is

A. Model of direct excitons
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wheremg andgy=2 are the free electron mass améhactor,

N N e N e
Hexd k) =He| k+ %A) - Hh( —k+ %A) respectively,mi (mg) andgl, (g5) are the paralle(perpen-
) diculan values of the electron effective masses arfdctors
— ¢ , (1) respectively,ug=efi/2mqc is the Bohr magneton}x,y,Z are
\/8%83(X2+y2)+8$222 the Pauli matriced, is the orbital angular momentum opera-

wherek=—iV is the wave vector of the relative motion, ©F Of the hole (=1), {ab}j=(ab+Dba)/2, y, and y=y,
(x,y,2)=(r) are the relative electron-hole coordinatdez = 73 are the effective mass Luttinger parameﬁ%randx IS
direction is chosen along the hexaﬁonaixis), eis the mag- the magnetic Luttinger constdhof the quasicubic approxi-
nitude of the free-electron chargel, and ¢j are the low- ~Mation. The CrySt?I field energy; and the spin-orbit cou-
frequency dielectric constants, ard=(1/2)[Hxr] is the ~Pling parameters\;, and Ay, are connected with the zero-
vector potential of the magnetic field. We write the kinetic fi€ld splittings of the valence subbandsB, andC atk=0

energy parts of the electroH,,, and holeH;,, Hamiltonians
in a quasicubic approximaticll,neglecting relativistic terms

linear ink: 1 Alo g
R %2 ) 52 ) , 1 H A Al,ZZE Alo—i_AcrI \/(Acr_T) +§AJS'O , (4)
He(k) = z_n]lkz'}_ﬂ(kx""ky)"'zgeﬂB(asz)
1 . . where the upper sign) is used for theA-B separation and
+59§MB(0>< Hy+oyHy), (20 the lower (+) for the A-C split. We note that Eq(3) takes
into account the hexagonal anisotropy of the spin-orbit inter-
. 72 A action. This is essential for accurately describing the valence
—Hn(k)=5 (‘yl+4'y)k2—6'y< > K32 band splittings at thé' point in wurtzite GaN and their de-
0 a=xy.z pendence on an external biaxial stréfirthe latter does not
o n 1y n change the wurtzite symmetfy*®and can be taken into ac-
+2a§l¥ kakgHlal g} | | = §ASO[(IZUZ)_1] count within the model by writing A=A+ 4, Eq

1 =Eg+ 6y, Wherekg is the band gapé., and §, are each
_ §Aéo(|i(7i)—Acr[|§—1]—/.LB(1+3K)(|H) proportional to the biaxial stress, ankf, and EJ are the
values of the respective parameters for zero stress.
n E (o H) 3) We choose the 12 wurtzite-symmetry basis functions of
2 #edo ’ the A, B, andC exciton states as

+ 0t mat orat ocot atont ocot ot acne ntae e atone uenae
UaUg ,UpUg ,UgUg ,UgUg ,UcUg ,UcUg ,UaUg ,UaUg ,UgUg ,UgUg ,UcUg ,UcUg , (5
whereu, are thel’—point Bloch functions of the electron in the conduction band, @ndv = A, B, andC) are those of the

hole in the valence subbands. Below we show the symmetry, energy, and the explicit form of the Bloch wave functions of
corresponding electron and hole state&at0:

Symmetry Energy

I’y Eq Ue =[S)1, ue =i[S)l,
I'g 0 ux=[1,D1, ua=i[1,-1)[,
I, —A,  ui=iall, )| —ib|1,007, ug=all,—1)]+b|1,0)],

r, —A, ui=ib|1,1|+ial1,001, ug=b|1,—1)7—al1,0].

Here|1,=1>=(|X)*i|Y))/y2, |1,00=|Z) (in wurtzite symmetry the functiofS) may have some admixture (%) char-
actep, and the coefficienta andb are

1 b= X "= _(3Acr_Alo)+ \/(BAcr_Alo)2+8AJs_§ (6)
’ X2+ 1 ! 2 \/EAJS_O '

B. Perturbation Hamiltonians

To adapt the perturbation method developed in Refs. 27 and 28 for cubic semiconductors, we first rescale the coordinates
X—X, y—Y, andz—z\/n, wherey= sé/e‘(‘). The Coulomb interaction term then becomes spherically symmetric and equal to

—e?/egr, with &= /e5&l. The exciton Hamiltoniar1) can then be written al ¢, .= Hs+ H g+ H,+H,, whereH andHy
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are thes—like andd-like parts of the Hamiltonian describing tife B, and C excitons in a zero magnetic field, and the
operatorsH, and I:|q describe the effect of a magnetic field and contain terms linear and quadratic in the magnetic field,
respectively. The operatol%l;.S andl3|d do not mix the exciton basis functions containing and those containing, and can

be written asH¢=Hq+ HCoup andHg=H,,+ Hgoup The HamiltoniarH, describes uncoupled, B, andC exciton states in
isotropic approximation, anl,,, describes the effect of anisotropy,

HAT, 0 0 HA'T, O 0
Ho=| 0 (A;+HDT, 0 , Fa=| O HET, O |, 7
0 0 (A, +HADT, 0 0 Ha"T,

whereT, is the 2< 2 unit matrix and

21,2 2 21,2 __ 2
o R € hA(KP-3KD)

2“2, et 0 o v=AB,C, ®)
1 12 g 1 11 g 1 1 1 1 1 1
=3 T e 3 T T A m ©
Ho /‘Lv ,lLU My My My Mg My My Mg My

The hole effective masses in the valence subbanids (v=A,B,C) are given b§®1°

Mo Mo
—=n=27), —=nt), (10)
Ma Ma
Mo SAcr—ASOH Mo 1 ( 3ACF—ASOH
— Yyl l—— = =yl 1-——], 11
m”B Y1ty AZ_Al mé Y1 2’}/ AZ_A]_ ( )
Mo 3Acr_ALo” Mo 1 3Acr_Alo
— = +yl 1+——|, —= —=y| 1+ —F 12
mﬂ: YiTY AZ_Al mé Y1 2 Y AZ_Al ( )

The valuesu, are the reduced masses averaged over the three directikrepace and the ratiqs, = u, /3" are a measure

of the anisotropy of the\, B, andC exciton reduced masses, respectively. The Hamiltorﬁ%@q,gp and I:igoup describe the
coupling between exciton states belonging to different subbands:

0O O 0
2k2
Hsoup 7 (1 n)abXx 0 0 T2 (13
0T, O
and
0 0 b\7Q, aQ, —a\nQ, bQ,
0 0 aQ; —b\7Q; b\7Q; avnQ;
. b\7Q7 aQ, 0 0 ab(1+27)Q  —7Q,
Hgou =vyX + ) (14
P aQ;  —by7Q 0 0 VnQi  ab(1+29)Q
—ay7Q;  bQ,  ab(1+27)Q V7Q, 0 0
bQ, avnQ, —7Qf  ab(1+27)Q 0 0
where
12 ) 3242 32 ,
Q= 2mo(k2 3k2), Q1=—|2—mok_kz, Q2=—k_, k= (keEiky). (15)
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The coupling parameter ipp= yug/mg, where g is the

PHYSICAL REVIEW B4 115204

where the funct|on§n 1,2 (Which were defined previously in

exciton reduced mass averaged over the three directidns inRef. 27, P:_,, andP?_, are given in Appendix A.

space and over th&, B, andC excitons:
1 1
Mo 3

1 1 1
+ —+—.
MB  MC

MA

(16)

For the small values of, andpy,, the anisotropyH,, and

coupling H oy = HEoupt Hioup Hamiltonians can be treated
perturbationally.

C. Exciton energy levels at zero field

The exact solutions of the isotropic unperturbed Hamil-

tonianH, are hydrogenlikeA, B, and C exciton wave func-
tions:

=Y m(r/NRgi(r/a,)uyug, v=AB,C,

7
where theY, ;, are spherical harmonics am},, ,j ; are hy-

drogen radial wave functions for discrete<1,2,3...) and
continuous spectfd with effective Bohr radii a,

vt +
Wink,1,mUe

=h2gq/e?u, . The remaining part of the Hamiltonian can be

In deriving the intersubband coupling energy corrections
AEC%'® we have used the same effective Bohr radays

ﬁzsole ,uo and effective Rydberg numberR,
= uoe’/2h%e§ averaged over tha, B, andC excitons for all
three exciton series. For th&8lnd 2S states of thé\, B, and
C excitons the coupling energy corrections are

AERNR(S)= Ro ph[<2a2+nb2>snml>
+(na’+2b?%)S,(A9)], (23

AEERR(S) = Rog—ﬁpﬁ[(za2+ 7b?)S,(—A9)
+(n+a%h?) S (A3-AD)], (24)

AELIR(S) = R05—ph[<na 242b%)Sy(—A9)
+(n+a’h?)S(A2-A7)], (25)

considered as a perturbation. To second order in the pertutthereA?,=A;,/Ry, n=1,2. In Eqs.(24) and(25) we ne-

bation one can find the energies of tAeB, andC exciton
states in zero magnetic field:

EAnl m— E Eglrrll,jl,m!
EBnI m— Eg"'Al_Egi,rr]ﬁI,m! (18)
EC n,l,m Eg+A2_ Egi,w,jl,m'
where
ESfEﬁ,m——(R +AES, ntAESYP ), v=AB,C,
(19

andR,= u,e*/2%%3
the A, B, andC exmtons respectively. The ter
and AESYP,

pling corrections, respectively. For tisandP exciton states
the anisotropy energy correc'qusEU n.l.m CaN be written as

vnlm

are the effective Rydberg numbers of

glect the corrections to thB and C exciton states coming
from Hﬁoup because they are proportional pnﬁ(l— 7)? and
are numerically small.

We will focus now on the P states of theé\ exciton. The
intersubband coupling leads to a splitting of the, states.
We denote the resulting states’ andP?5. The former are
described by the wave funct|on}3n 11 (m=1u;u, and
m=—1uu ) and the latter bytIfn 141 (M=1u,u; and
m=—1u, u, , respectively. The corresponding energy cor-
rections to the P states of theA exciton are

AERNP,(Po) =Ry x 3pr{ 7b?[3P(AD) +8P3(A))]
+a”10P3(A%) + 7a?[3PL(AY) +8P3(AD)]

+b210P3(AY)}, (26)

contain the anisotropy and intersubband cou- AES’YP,(PY9) =R, x 3p{ 7b?[PL(AD) +P3(AD)]

+2a%[6P(AD) + PI(AY) 1+ na?[PH(AD)

P3(A9)1+2b%[6PH(AD +P3ANTL,

16
I=0):AEST(S RU— 0 20
S(1=0): n(S)= P>Sh(0), (20) 27
Po(l=1m=0): AERNP,(PY) =Ry 30p;[ 7b°P(AD) +3a°P3(AY)
an 4 a2l orgrs 2ps ) +7a’PR(AD)+3b%PA(AD)], (28
=R,|zp,+ + = -
AB, n(Po) =Ry 5Py 4P| Pr(0)+ 2 Pa(0) ], wherePL_,(x) = 1/(25) + PL_,(x) is defined forx#0.
(21 The structure of thed, B, and C exciton ground states
(n=1) and of the excitedn=2) states of theA exciton,
P.y(l=1m==1): obtained in the hydrogenlike isotropic model with correc-
) tions arising from anisotropy and intersubband coupling, is
an _ol_“ 2,51 3 shown in Fig. 1. In analyzing the significance of these effects
AEU'”(Pﬂ)_R”[ 5 p”+p”(P”(o)+6P”(o))}’ and their dependence on biaxial stress in wurtzite GaN, we
(22 used the spin—orbit coupling constamﬂ; 18.5 meV and
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TABLE I. Energy corrections to thé&, B, andC groundn=1 state exciton levels in zero magnetic field
for three sets of model GaN parameters. The parameters usetllarel8.5 meV, AL =17.1 meV, 7
=0.92, ml=m§=0.22m0 and Ry=26.0 meV for setdi)—(iii) and (i) p,=0.05, A.,=8.0 meV,(ii) py
=0.1,A.,=8.0 meV,(iii) p,=0.1, A;,,=18.0 meV.

Ra Rg Rc AE3" AE3" AEY AESUP AESUP AESCUP
(meV) (meV) (meV) pn  pg  Pc  (MmeV) (meV) (meV) (meV) (meV) (meV)

(i) 2594 26.03 26.06 0.075 0.01 0.075 0.10 0.003 0.10 0.34 0.36 0.68
(i) 25.86 26.05 26.1 0.12 0.004 0.16 0.28 0. 0.29 1.42 1.52 2.86
(i) 25.86 2595 26.2 012 0.07 0.12 0.28 0.08 0.30 1.37 1.71 2.46

A:,=17.1 meV and took as the value of the average excitopertubatively together with ,,, and ﬂcoup if the condition
Rydberg numbeR,=26.0 meV. As the exciton binding en- y,=ugH/uRy<0.4 is satisfied® For GaN, a value of
ergies, xRy, are smaller than those of optical phonons iny,,~0.2 corresponds to a magnetic fietd=15 T. We con-
GaN, E;,=91.5 meV3**we replace the electron effective sider a magnetic field with components perpendicular and
masses by those for polaromsl* =m.* =m%=0.22m,>*  parallel to the hexagonal axi$i=(H,,0H,), and restrict
and use static dielectric constants taken from Refs. 32 and 33 ;selves to linear Zeeman effects only. We can wite in

to obtainy~0.92. We calculated the values of the anisotropyiha pasis of Eq(5), as

parameters, the exciton Rydberg numbers, and the resulting '
energy corrections for three different pairs of values of the
coupling parameters and crystal field energy:p,=0.05, 0, =
A;;=8.0 meV, (ii)) p,=0.1, A.,,=8.0 meV, and(ii) py !
=0.1,A.;,=18.0 meV. The results are given in Tables | and

N N 1 N N
(Gl + GLH) + 5 na(GhH+ GiHy)

N -

Il. One can see that the coupling correction in GaN is more + pg(Gh H,+ ééer)JF/-LBéaonJFMB(él(':ousz
significant than the effect of anisotropy. The same result has -
been obtained for the ground states of hand B excitons + GeougH), (29)

in CdS!® The stress dependence of the coupling corrections R
is more pronounced for the ground state of Beand C ~ where the electron operatoff.s‘,‘e'L are diagonal in the hole
excitons and for the R states of theA exciton. basis functionsu; and, in the basis of the electron Bloch

The perturbation approach is valid if the energy correc;nctions ul and ug, are given byélzgl&z and G}

: : an coup 3 an .
tions satisfy QE]T_;+AEP))<7R, and QAE]_, =igsoy. All other operators in Eq29) are diagonal in the

+AESP )<35R,, for v=A,B,C. These conditions hold . : R :
for thtva'rgaz?\l p?ar:;{meter.:we usébe Tables | and JlWe can electron basis functions. The hole operat@ﬂ# in the basis

; ; ; o+ -
compare our anisotropy energy corrections with those obf the six exciton functionsi, ue (or u, u.) are
tained numerically in Refs. 44—47. For a value of the anisot-

ropy parametemp,=0.25, our results agree with those of g‘/‘\(}z 0 0
Ref. 47 to within 1% for the ground state and 2% for the A B |-
excited exciton states. The intersubband coupling parameters Gi=| O 980z OBcOZ|
p;, are defined in the same way and are of the same order of 0 gHBC(}z gﬁ:‘}z

magnitude as those in semiconductors with a degenerate
valence band”?***Therefore, the accuracy of a perturbation

treatment of the intersubband coupling in wurtzite Oh0x  Oag0s UacOs
semiconductof§is expected to be the same as that found for N ~ ~ ~

. . GLzl gi p gLO_ gl o (30)
zinc—blende semiconductofs. h ABOz  980x  OgcOx|

A~ oA -
g g ag
D. Exciton energy levels in a weak magnetic field 9acoz Gacox  Gcox

We now consider the effect of a weak external magnetiavhere the parallel and perpendicular effective hplactors
field H on the exciton energy structure. It can can be treatedor the uncoupled, B, andC subbands are

TABLE Il. Energy corrections to thé-exciton energy levels in zero magnetic field. The GaN model
parameters used are the same as in Table I.

Ra AER" (meV) AELP (meV)
(meV)  pa (15 (29 (2Py) (2P.) (1S) (29) (2Py) (2P¥%) (2P%*3

() 2594 0.075 0.10 0.16 171 -0.7 034 0.42 0.18 0.35 0.21
(i) 2586 0.12 0.28 0.44 3.0 —-108 142 1.77 0.75 231 0.89
(iii ) 2586 0.12 0.28 0.44 30 —-108 137 165 0.51 1.86 0.8
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gh=—6«, gh=2[—«—(k+1)(3a%-1)], studied in detailsee, for example, Refs. 49,22, and.26or
the A exciton, the ground & and all excitech=2 substates
gﬁ:ZZ[—K—(K—l— 1)(3b%—1)], (3D 2S, 2Py, and 2P, have components df s symmetry and
are optically active for perpendicularly polarized light
gi:O, gézz[— \/Eab(3K+ 1)+b?], (ELc). The excited P., states is the only one having a
component witl™; symmetry that is optically active for par-
ge=2[\J2ab(3x+1)+a?], (32)  allel polarized light E|c). We note that both optically active

components of the R, state,I's andI'y, arise from the
Plll state defined in Sec. Il C and are split from the dipole—
I —_ Lo _ forbidden states even in the absence of the electron—hole
Gbo=—6(x+1)ab,  gsc=V2(3x+1)-4ab, exchange interactiofwhich is not included in the exciton
Lo L o_ Hamiltonian of Eq.(1)].
Jag= V2b(3k+1)+ 2a, Oac= J2a(3k+ 1)+2t;.33) We shall briefly describe the fine structure of the
A-exciton ground state. At zero magnetic field tHe dtate is
Expressions for the orbitaGl:" , anisotropicG,,, and cou-  split by the short-range exchange term into a dipole—
pling, Gl';éu , operators are given in Appendix B. forbidd_enl“e state(with energyEg) and a d_ipole—activ@s
We assume in the following an additional condition on theState(With energyEs=Eg+ Ass, whereAss is the energy of
weak external magnetic fieldygsH< A4, A,. This will allow the short—range exchange interac}ioRor an exciton with
us to the consider the effect of coupling to second order ifv@ve vector parallel to the hexagonal axgc, both I's
perturbation theory. The paralleH(=H,) and perpendicular COMPONeNts are transversgr states. FoK L c one of the
(H, =H,) magnetic field splits th&—stateA, B, andC ex- cpmponents is a Iongltudmd]‘?,_ statg anql is sh|-fted15to
citons into four lines with splitting energies, higher energyEs+ A 7 by the dipole-dipole mtera}cpo‘hq;
where A 7 is the longitudinal—transvers@.T) splitting of
the exciton. The longitudinal excitofh,;; and the forbidden
(MBHM gkt =g) H n (34 excitonI'y have no oscillator strength unless they are mixed
with allowed states of thé& exciton due to nonvanishing
wheregjnzgj and independent af, andg','m are the values components ofK L c.*%2? Further interaction of the trans-
of the effective paralleg factors of the hole involved in the verse excitond st with the radiation field leads to the for-
corresponding exciton states: mation of lower,I'st1, and upper] 515, transverse—polariton
branches. Depending on the relaxation and scattering pro-

and the coupling effectivg values are

Mo , 0 cesses in the GaN layer, the excitation energy, and the exci-
gkn:gUﬁ 5n2 %ph[(4a2+ ”bZ)M”(Al) tation intensity, polaritons from both branches may contrib-
ute to the luminescence with energy peaks at altguand
+(4b%+ 7a?)M (A ], (B5)  Eg+A 05317
In a parallel external magnetic field||c, the magnltude
I _2ab(1— ﬂ)phg”Bc 96 m B of the linear Zeeman splitting is proportional |@| gA 1S
980~ 98 nZ(A0—A0) 5n? ph[(4a 7b?) for T's and to|gl+gh 1| for T' states, respectively. A per-
2 7t pendicular magnetic fieltH L ¢ mixes thel's andT'¢ states
XMp(—A)+ nMn(Ag—Ag)], (36)  through the term proportional @ . In addition, the diamag-
netic interaction causes a shift of all states to higher energy.
2ab(1- 77)phglésc 96 m, The energy levels of magnetoexcitons for different directions
gﬁ;,n—gﬂ; NG — — of H andK can be found, for example, in Refs. 54,55,23,
n“(A;—43) 5N o and 56. A strong exciton—photon interaction in a magnetic

2 2.2 _AO 0_ A0 field leads to the formation of magnetopolariton branclies.
X PRL(4D"= 7T )Ma(—Az)+ 7Mn(A1 = A2)], The calculated dependence of the allowed transition energies
(37) of the A excitons and excitons and polaritons on magnetic
field is shown in Figs. @)—2(e). For these calculations, we
used model parameters of GaN, which are close to the values
opserved experimentally in our samplésee Sec. IV and

ef. 1: Ass=0.1 meV,A ;=1.0 meV, andyl=g.=2.0.
The values of the hole-parallgj factors were taken to be
gA 1s=0.5in (a) and(c) and gU\ 1s=2.3 in(b) and(d). The
energies are given with respect iy and the diamagnetic
shifts DI, andD are subtracted. For the cakéc andH||c
[Figs. Za) and Z{b)] the projection of the total angular mo-
mentum on thec axis is a good quantum number. The al-

The symmetry of exciton states in wurtzite semiconduclowed transitions for the right— and left—circularly polarized

tors and the selection rules for optical transitions have beelight are marked in Figs. (@) and 2b) aso™ ando ™, re-

where the functlonsMn 1.2 are defined in Appendix A. The
correctlonsgu n gv come solely from the intersubband cou-
pling and may depend on the external stress. For the mod
parameter setf), (ii), and(iii), the coupling corrections to
the g factor of theA exciton ground s,tat«g'A'n:l—gUA are
0.30, 1.22, and 1.18, respectively.

E. Fine structure of the A exciton and selection rules for
optical transitions.
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FIG. 2. Magnetic field dependence of the transition energies of the exciton polariton belonging\tealeeice subband in low magnetic
fields for various directions of the magnetic fi¢idand wave vector of translation motidh relative to the hexagonal axés H| c, K||c (a)
and(b), H|c, KLc (c) and(d), andHL ¢, K||c or KL c (e). The field dependence of ratios of the oscillator strengths of the loftet)(and
upper (") mixed branches for perpendicularly polarized light fbr ¢, K||c or KL ¢ is shown in(f). The GaN model parameters used in
our calculations ardgg=0.1 meV,A; 1=1.0 meV, g‘(L: gs=2.0; g‘,‘\'lS:O.B in (a) and(c) and gklsz 2.3 in(b) and(d).

spectively. For the casé_L ¢ andH|c [Figs. 4c) and 2d)]  work, that high-quality HVPE GaN typically has very in-
all I's states are mixed's, /I's; magnetopolariton states. tense and spectrally narrow emission lines at low tempera-
The dipole—forbidder’ states are shown in Figs(e2—2(d) ture in the near-band-gap regi6r®ur HVPE samples were
as dashed lines. One can see that the field dependence atfthracterized with high spatial resolution, to/dm and 100
the magnitude of the Zeeman splitting of the optically al-nm, by photo- and cathodoluminescence measuremergs,
lowed transitions in a parallel magnetic field depend dramatispectively. From these studies, we know that the values of
cally on the value of the parallel hole effectigefactor. emission peak energies are sensitive to any inhomogeneous
The field dependence of the optical transition energies fofocal strain present in the sample. Due to the narrow line-
a perpendicular magnetic fieldL ¢ is the same as foK|[c  width, typically less than 1 meV, even very small strain
and KLc [see Fig. 28)]. The resulting states are mixed variations can cause peak shifts in the rangec@1 meV.
I's/T's magnetopolariton state$n the caseKLc, a mixed Despite the narrow linewidths and the high spectral resolu-
I's, /g exciton state, not shown in the figure, is alsotion in our experiments, it is still not possible at present to
formed. For the case of perpendicularly polarized light, thegive bulk reference energies with an accuracy better than 0.1
oscillator strength of the mixed states will be determined bymeV, due to the unavoidable variation of the position of the
the contribution from the transverse polariton componentexcitation spot in our experiments. Photoluminescence mea-
depending on the magnetic field, and the valuedgfand  surements were performed under continuous w@we ex-
A 1. We have calculated oscillator strengthef all states citation at 325 nm using a HeCd laser for samples | and Il
allowed with perpendicularly polarized light as a function of and at 351 nm using an Ar laser for sample lll. To distinguish
magnetic field using the model parameters for GaN menbetween luminescence polarized parallel and perpendicular
tioned above. The ratios of the oscillator strengths and  to thec axis, we detected the light from a side face of the
f(*) of the lower (—) and upper ¢) branches of the mixed epilayers(edge emission The sample was mounted in an

I'st1/T'g andI's, /T states are shown in Fig(f2. immersion cryostat at 2 K for zero-field experiments. For
magnetoluminescence experiments in Faraday configuration
Il EXPERIMENT (k||H), a 15-T split-coil magnet was employed. To obtain PL

spectral positions with as high an accuracy as possible, we

The samples used for this study are high-quality GaN epmade line shape fits to the measured spectra, using symmet-
ilayers 300 um (sample } and 400 um (sample 1) thick, ric Gaussian or Voigt line shapes for the individual peaks.
grown on (0001 sapphire by hydride vapor phase epitaxy We always fit the complete free-exciton luminescence spec-
(HVPE). Additional studies were performed using epitaxial trum in order to obtain the highest possible accuracy in the
laterally overgrown GaN layergsample 1l) grown on energy positions. This simple analysis does not use any
(000)sapphire by HVPE and metallo-organic vapor phasemodel of the polariton emission or of the physical processes
epitaxy. Details of the growth procedure were given in pre-involved. It serves only to determine observed peak positions
vious publication$”®® It is known, and we see it in our to as high an accuracy as possible. On the other hand, it is
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FIG. 3. Direct photoluminescence from exciton states in GaN 347 3478 3.479 3.480 3.481 3.482
using a(a) linear intensity scale antb) a logarithmic scale. Irfb) PL Energy (eV)

the corresponding reflection spectrum is shavight axis. Sample
Il FIG. 4. Linearly polarized edge emission from the 1 state of

the A exciton:(a) EL ¢ and(b) E||c. Symbols represent experimen-
| data, dashed lines fitted individual peaks; the solid line is the fit

known that the direct excitonic emission line shape has ver)ltf;l the measured spectrum. Sample |

little asymmetry, since only polaritons with a vanishingly
small wave vectok can leave the crystal as photdfisin
addition, our GaN samples exhibit only a relatively small
variation in reflection, and thus also transmission, from the
sample surface in the excitonic range due to a comparativel
high damping parameter, in the range of 0.7 fiVhere-
fore, the influence of surface transmission can be neglecte
and we can expect good agreement between measured sp
tra and the line shape fits.

On the logarithmic scale shown in Fig(b3, several nar-
ow emission lines attributed to the B, andC excitons are
bserved. The reflection spectrum, recorded for the same
ample with the same energy calibration, is shown for com-
arison. The splitting between the emission from Ahexci-
%r) ground statdthe line labeled 1and the emission from
eB andC exciton ground stated 5z andA 5, determined
for samples | and Il are given in Table Ill. The lines labeled
from 2 to 5 in Fig. 3b) are observed in all three samples.
From comparison with our reflection measurements, only the
lines labeled 4 and 5 are assigned to emission fromnthe
A. Overview of the unpolarized exciton PL spectrum in GaN =2 excited states of the fre& exciton. The origin of the
We first give an overview of the complete emission speclines labeled 2 and 3 cannot be well established. They may
trum of GaN in the excitonic range. Figure 3 shows the unbe attributed to the emission from an excited exciton bound
polarized PL spectrum from the surface of a 4@@-thick 0 @ ground state of a neutral dondDd,Xan->), as was
epilayer(sample I). On a linear scale, only the very strong sugggste%by Scromnfiépr to the donor—bound state of the
and spectrally narrow donor-bound-exciton luminescencé €xciton:
(D X,) at 3.4728 eV can be seen in FigaB The linewidth
of this emission is only 92QueV. This allows us to observe B. n=1 ground state of theA exciton
a fine structure, labeled?,Xg), on its high—energy shoul-
der at 3.476 eV, which we attribute to the emission of a
donor—bound exciton. However, detailed discussion of the  We now turn to a detailed investigation of the emission
nature of this luminescence line is beyond the scope of thine, labeled 1, which belongs to the=1 state of theA
paper. The direct emissioX, of the A exciton is also ob- exciton. To study its fine structure, we examine the PL in
served as a relatively weak line on the high—energy side oflifferent geometries, i.e., for different directions of propaga-
the bound—exciton spectrum. tion and polarization of the emitted light. Figure 4 shows the

IV. RESULTS

1. Zero magnetic field

TABLE lll. Exciton fine-structure splittings and effectiygvalues in wurtzite GaN.

AAB AAC ASG ALT E%(zptl)iEg(ls)
meV)  (meV)  (meV)  (meV) (meV) 9 dhis
Sample| 5501 220:0.1 0.12:0.1 1.0:0.1 10.7:0.2 20505 2.25:0.2

Sample Il 6.:0.1 22.2£0.1
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FIG. 5. Magnetoluminescence
572 spectra from the state=1 of the

A exciton taken in Faraday con-
figuration with circular polariza-
tion for perpendicularHLc (&
and paralleH||c (b) directions of
magnetic field relative to the hex-
agonal axisc. In (a) the results of
line shape analysis are shown:
symbols represent experimental
data, dashed lines fitted individual
peaks; the solid line is the fit to
the measured spectrum. The dot-
ted lines show the spectra taken at
e 25 K. The curves with arrows are
3.478 3.480 3.482 guides to the eye. Sample I.

T

PL Intensity (arb. units)
PL Intensity (arb. units)

3.476  3.478  3.480  3.482 3476
PL Energy (eV) PL Energy (eV)

polarized low-temperature emission of photons from a sidehe longitudinal-transverse  splitting asA,;=1.0
face of a free-standing 30@m-thick samplgsample J after  +0.1 meV.
interband excitation in the region of the=1 state of theA
exciton. In Fig. 4a) the detected light is polarized perpen-
dicular to thec axis, in Fig. 4b) parallel to thec axis. The
spectrum in Fig. @) shows an emission line of approxi-  The emission of the=1 state of theA exciton in mag-
mately 3 meV half width, which is superimposed on thenetic fields perpendicular and parallel to thaxis is shown
high—energy shoulder of theDC,Xg) line shown in Figs. in Figs. 5a) and 5b), respectively. Both series were taken in
3(a) and 3b). The emission from th@ exciton is too weak the Faraday configuratiok|H and detecting circularly po-
and too far on the high—energy side to have an influence orarized light. We observe a systematic blue shift, of
the line shape. This emission line is asymmetrical with @210 ueV, of the whole spectrum taken from the surface
broader high—energy shoulder. A line shape analysis peicompared to the side face emission, and ascribe this to a
formed, as described in Sec. Ill, for the whole spectiofn  different local strain at the surface than at the side face of the
which only a part is shown in this figure by dashed lines sample. The peak positions in the edge geometry at zero field
reveals that thé-exciton emission in perpendicular polariza- are slightly different from those shown in Fig. 4 due to local
tion consists of two peaks, labeled 1at 3.4790 eY and 1b strain variations.
(at 3.4800 eV. Although the high—energy peakblcan be We first discuss the dependence of the transition energies
distinguished only with the help of the line shape analysis, it§or a perpendicular magnetic field in edge geomekty:c,
contribution must be included to obtain a good agreement c. Line shape fits of the observed peaks are shown by
with the measured spectruithe sum of all fitted peaks dashed lines in Fig. (8). Also included in this figure are
shown by a solid ling We ascribe the peaksaland 1b to  spectra taken at 25 Kdotted line$ for magnetic fields of 1,
the emission from two transverse polariton branches, 8, and 12 T. At low magnetic fields the dominant emission
1S(I'sty) and 1S(I'sty). is from the upper split mixed branchS{I"s7, /T'¢()). With

The emission from the=1 state of theA exciton with increasing magnetic field the oscillator strength of the lower
parallel polarization is expected to vanéhHowever, as  split 1S(I's; /I's( ™)) branch increasetsee Fig. 2 and the
Fig. 4(b) shows, rather strong emission is observed with arlow-energy peak consists of unresolved emission from both
intensity about one-third of that for perpendicular polariza-1S(I'sy; /T's) mixed states. Starting from a magnetic field of
tion. Two peaks labeledcl(at 3.4789 eYand 1d (at 3.4800  about 5 T, the transverdésr; component gives equal con-
eV) can be clearly distinguished. We ascribe peak @b-  tributions to the lower and upper splitS{I'st,/T'¢) mixed
served at the same energy as pedkvith perpendicular branches. The corresponding emission peak moves to lower
polarization, to the emission from the longitudinal excitonenergies with increasing magnetic field because relaxation
states B(I's ). Peak k, observed in parallel polarization, is processes result in a larger population of the lower state. For
120 peV below peak & [1S(I'st1)] observed in perpen- magnetic fields larger than 8 T, emission from the upper split
dicular polarization. We attribute peakclto the dipole— 1S(I'st;/T'¢™)) branch can be detected by line shape analy-
forbidden state $I'g, which gives a value of the spin— sis at almost exactly the same energy where the correspond-
exchange splitting as\5=0.12-0.1 meV. The distance ing shoulder appears in the spectra taken at 25 K. One can
between the energy positions of th8(1'51,) state[peak J]a  see that, with increasing temperature, the emission from the
in Fig. 4a)] and the B(I'571,)/1S(I'5, ) statedpeaks b and  upper split state increases, which can be understand by an
1d in Figs. 4a) and (b)] gives us an approximate value of increase of its population. The emission from the upper

2. External magnetic field
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FIG. 6. Magnetic field dependence of the energy peaks of the
edge emission from the=1 state of theA exciton for magnetic
field and wave vector perpendicular to hexagonal a¥sL ¢,
Hlc). Sample I.

FIG. 7. Magnetic field dependence of the splitting between up-
permost and lowest peaks of the surface emission frormthé
state of theA exciton measured witlr™ polarization for magnetic
field and wave vector parallel to the hexagonal aKgd, H|c).

1S(T's1,/T'¢) polariton and the $(T's, /T's) exciton statesis SamPle I

weak and, at low temperatures, can only be observed up to 7

T. The corresponding peak shifts to higher energies with in- The magnetic field dependence of the observed splitting
creasing magnetic field. The magnetic field dependence dfetween the uppermost and the lowest polarized PL
the energy peak positions obtained by the line shape fits igeaks is shown in Fig. 7. We suggest that in large magnetic
shown in Fig. 6. The values of the spin—exchange and LTields these emission peaks arise from the raisgg state
splittings used for fitting the data in Fig.(fhe dashed curves and the lowered’s state, respectively, with energy splitting
are calculated using expressions given in Ref). &% Agg between them given byAgg+A|++29a1s(ugH) (the
=0.12 meV andA,t=1.1 meV, the value used for the dashed ling From the splitting in large magnetic fields the
electron perpendiculay factor isg§=2.0i 0.05.

The emission spectrum of right-circularly polarized light 12
from the surface for a parallel magnetic field |(c,H|c) is
shown in Fig. Bb). For zero magnetic field two emission
peaks, from the two polariton branchesS(I'st;) and
1S(T's70), are clearly seen with an energy separation of
aboutA 1=1.1 meV. Applying the parallel magnetic field
leads to a Zeeman splitting not only of the twofold degener-
ate 1S(I's74) and 1S(I'57,) polariton states but also of the
dipole—forbidden $(I'g) exciton state shown in Figs(&
and 2b). For ot polarization a magnetic field shifts the
dominant lower-energy peak to lower energies and the high-
energy peak to higher energigsee Fig. ®)]. The same
behavior of the magnetic field was observed for
o~ -polarized emission. Thus we conclude that we are ob- i
serving emission from the forbidderSI"¢) state, which is
shifted to energies lower than theS"57,) state in large
magnetic field§corresponding to the situation in Fig(k].

The Zeeman splitting for bothYT"s74,) and 1S(I'57,) states

is almost compensated due to the near equality of the elec- '3.492' '3.495' '3.498I '3'5'01' '3.504
tron and hole effective factors in parallel magnetic fields, PL Energy (eV)

and cannot be detected in the difference betweerrthand

o -polarized components. The corresponding Zeeman split- |G, 8. Linearly polarized high energy edge emissi@:EL ¢

ting for the 1S(T'¢) state is, in contrast, large. We will dis- and (b)E||c. Symbols represent experimental data, dashed lines fit-
cuss, in Sec. VI, the possible reasons for the observation aéd individual peaks; the solid line is the fit to the measured spec-
the emission from the dipole—forbiddél state and its large trum. Sample I. The dotted line ife) shows the redshifted and
oscillator strength. rescaled unpolarized PL for sample II.

1) ELc Klc
. 3

Byl
R
¢ T~ ¥,
’

Intensity (arb. units)
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effective parallel factor of the hole involved in theS state V. COMPARISON OF THEORY WITH EXPERIMENTAL
of the A exciton is estimated to b@a;s=2.25+0.2. In DATA
smaller magnetic fields the low-energy peaks are composed

- A. A-exciton effective Rydberg number and polaron
of emission from the $(I's1,) and 1S(I'g) states.

corrections

We turn now to the determination of the value of the
C. n=2 state of theA exciton exciton effective Rydberg number and the ground-state bind-
ing energy. Using the isotropic hydrogenlike model, we can
We now turn to the investigation of the emission linesestimate the ground-state binding energy andAkexciton
labeled 2—-5 in Fig. 3. In Fig. 8, the low-temperature PL ofeffective Rydberg number from the observed distance be-
sample | polarized perpendiculéa) and paralle(b) to thec ~ tween then=1 and n=2 states:ER13=Ra=%(EQ ,—>
axis is shown in the region of the=2 state of theA exciton.  — E‘Z\,nzl) =26.3+0.3 meV. One can see from Table Il that
For comparison the unpolarized PL for sample |l is alsothe total(anisotropy plus intersubband coupljnzprrections
shown as a dotted line in Fig(#. We have redshifted the to the ground and excited states of tAeexciton depend
unpolarized spectrum in this figure to lower energies bystrongly on the value of the hole effective mass anisotropy,
850 weV and rescaled it. The emission from two lower- Which is not known at this time. Using theP2/3 state as the
energy peaks 2 and 3 at 3.4942 eV and 3.4961 eV is stronggference energy for the=2 state can lead to an error in the
for perpendicular and weak for parallel polarization. The in-binding energy of thé\-exciton ground state of about1%
tensity of the high-energy peak 5 is only weakly dependengnd in the exciton effective Rydberg number of abauit%.
on the polarization. This emission line is centered at 3.498d herefore, we estimate theexciton effective Rydberg num-
eV for both polarizations but is narrower for parallel polar- P€r 8SR,=25.551.1 meV and the ground-state binding en-
ization. We conclude that peak 5 is a superposition of two oY asExis=26.2£0.4 meV. The maximum splitting be-
more degeneratEs and T states that are allowed for the Ween the lowest B, state and the uppermost optically
perpendicular and parallel polarization, respectively. Theactive =7 state of theA exciton is estimated to be 0.5
weak line 4 at 3.4972 eV, clearly visible in the unpolarized M€V-

spectrum of sample I, is hidden in the polarized spectra of We have been using static dielectric constants for the
sample | due to the increased width of lines 3 and 5. How£!ectron—hole Coulomb interaction in E¢L). Now, the
ever, we see an asymmetric broadening on the low—energ lue _Of theA_ exciton effective Rydberg estimated above IS
shoulder of line 5. In the line shape analysis for the perpen: ssociated with electron—_polaron and hole—polaron_ effective
dicular polarized spectrum of sample | it was necessary tnasses. However, the difference between the static and the

. o . . , %igh—frequency dielectric constants in GaN is known to be
include an additional peak at line 4 to obtain a good f't'very largé®® and the effects associated with a spatially de-

However, its weakness makes it difficult to make an UnaMyendent screening of the electron—hole interaéfidhmay
biguous statemen_t about_|ts pol_arlzatlon properfues_. be significant. In order to evaluate these “polaron” correc-
From the position of line 5 in parallel polarization, the jons for the exciton levels in GaN, we consider now the
energy of the P..,(I'y) state can be determined. The dis- gffect of two model potentials for the electron—hole effective
tance between theSland 2P states of theA exciton ob-  Coulomb interaction derived for semiconductors with a
tained for sample I'is 19:70.2 meV. Two different conclu-  simple isotropic band structure in Refs. 34 and 35. These
sions are possible concerning the splitting of the2 state isotropic potentials have been found to be a good approxi-
of the A exciton at zero magnetic field. Either the single mation when compared with the similar fully anisotropic po-
broad strong line 5 at 3.4986 gWith width about 1.5 meV tentials derived for anisotropic semiconductors with simple
for the perpendicular polarizativrtorresponds to the=2  bands®®3® As the high-frequency dielectric constasy is
state of the free\ exciton with unresolved splittings, or the known to be isotropic in Gar**we will continue to use
weak line 4 at 3.4972 eV originates from the emission of thethe parameten= sélsu) when taking into account the anisot-
2P, or 2S state of theA exciton, and the strong line 5 cor- ropy of the Coulomb part of the electron—hole interaction.

responds to the unresolved emission from othe2 sublev- For simplicity, we shall take the electrome=ml=m;
els. The energy splitting between peaks 4 and 5 for samplednd electron—polaromn; , effective masses in GaN to be
is 1.3 0.1 meV. isotropic and related bymg =mg(1+ a./6), where a,

We have studied the magnetic field dependence of the- m.e%/27%*%E,, is the electron Fiialich interaction con-
lines 2-5 in parallel and perpendicular magnetic fields instant and ¥* =(1/s.,— 1/ey). The hole—polaron effective
Faraday configuration. For parallel fields, we have not demasses in thé, B, andC valence subbandsp} I+ can be
tected any additional splitting. All lines are broadened andbtained from Eqs(10)—(12) using the renormalized effec-
shifted to higher energy with increasing magnetic field. Fortive Luttinger parametersy; =vy,/(1+a,/6) and y*
perpendicular magnetic fields the emission peaks show a lin= y/(1+ «a/6). The hole interaction constant is given by
ear Zeeman splitting and also a diamagnetic shift to highee,, = Jmye*/242¢* 2E,,, where the massy,=my/y; is the
energy with increasing magnetic field. However, we were notiole effective mass averaged over the three directiorls in
able to make an unambiguous identification of the lines obspace. The polaron self-enerds,, = (ac+ an)Ej, is the
served. same for all exciton states, so that the experimentally rel-
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evant value of the energy band gapFg=E,..—E,,, and Haken and Pollmann-Btner polaron correctiondE} |
the spacing between the valence subbafgsand A, re-  to second order in perturbation theory, using the model pa-
mains unchanged. We see from E(E))—(12) that the hole  rameters of GaN and values of the dielectric constants from
polaron masses are related to the “bare” massesmhy”  Refs. 32 and 33. The Haken polaron corrections are
=m' (1+ a/6) (v=A,B,C) just as for the electron effec- ~0.3R, for the 1S states of theA, B, andC excitons and
tive masses in the Fntich model. ~0.1R, for the 2S states. The corresponding corrections
We shall use the averaged parameters defined above in ther the Pollmann—Buner model are about 0.R] and
isotropic Haken and Pollmann—Boer effective potentials. 0.04r,, respectively. The polaron corrections for th® 2
The Haken model describes two interacting polarons, eacktates, as well as for the=3 excited states are negligible.
with a radius much smaller than the exciton effective radiusThus we may conclude that taking polaron corrections into
and expresses the effective potential for the electron—holgccount is extremely important in determining the exciton

Coulomb interaction &6 effective Rydberg number and the ground-state binding en-
2 ergy in GaN.
VH(r)=—e—+Vﬁ(r), The zero-field exciton energy structure in GaN, taking
r into account anisotropy, coupling and polaron corrections, is

shown in Fig. 1d). We see that the coupling and polaron

2 r r corrections in GaN affect the order of the=2 excited
exp — —|+ex i (38

e

2e*r

Vi) =— T states, making the @ state the lowest. The maximum split-
ting between the 8 state and the uppermost optically active
Herel = \/hZIZmeYhE,0 are the electron— and hole—polaron 2P?_f21 state of theA exciton can be as large as 1.2 meV or 0.9
radii determined using “bare” band electron and hole effec-meV, using the Haken and Pollmann-t8er polaron mod-
tive masses. The polaron effective mass parameters must lés, respectively. The net effect of a weak external magnetic
used in the kinetic energy parts of the Hamiltonians. One cafield and the exciton—LO-phonon interaction can be deter-
see that the Coulomb potential with a static dielectric conimined neglecting the coupling between the magnetic and
stant is the limiting case of the Haken potential frl,  phonon fields’ In this case, there are no “polaron” correc-
—0. tions to the linear Zeeman effect and the expressions for the
The model proposed by Pollmann andt®er® takes into  hole-parallel effectivey values obtained in Sec. Il D must be
account the correlation between electron and hole polaronsised with respective “band” or “polaron” values of the elec-
and leads to corrections to the Haken potential. The resultingron and hole effective masses.
electron—hole interaction potential is

le

e? " B. Effective masses and the magnetic Luttinger parameter
VPB(r):_g_l_VPB(r)v in GaN
In this section we determine the effective Luttinger pa-
P e’ 1 r r rameters and the magnetic constant in wurtzite GaN by fit-
pa(l) =~ e*r Am MaEXP — 1, MeEXP — o) |’ ting the experimental datgee Table Ill using three models

(39) of the electron—hole Co__ulomb interaction: static Coulomb,
Haken, and Pollmann—Bmer models. To minimize the

with Am=m,—me. This potential was derived assuming number of fitting parameters, we keep fixed the value of the
8¢ len, Whereag,~a,=f%,/e’n, (v=AB,C) are the electron—polaron effective mass* =0.22m,.54% Two sets

condition is valid not only for the excited states but also for | =10.1, £5=9.28, andz.,,=5.29 (Ref. 33 and (b) 8%

the ground exciton state. According to Pollmann and_ 10.4, 65 =9.5, ande,,=5.35 (Ref. 32 For both sets, a

o 35 « »
Buttngr, ba_re _band electron and hole Masses must bevalue of the “bare” electron mass,=0.204m; is obtained
used in the kinetic energy terms of the Hamiltonians.

: h .with the Frdnlich interaction constant,~0.47. The values
To calculate the exciton energy structure in zero magneti

) %f the spin—orbit interaction constants and crystal field en-
field with the Haken or Pollmann-Btmer model, we need to P Y

I the static Coulomb potential in the iSOropi ergy must be varied together with the effective Luttinger
replace the statc oulomb potential in the 1Sotropic un'parameters in order to fit the experimental splittings between

coupled HamiltoniarH, with Viy(r) or Vpg(r). Exact solu-  the ground states of the, B, andC excitons. If one neglects
tions for this problem, however, do not exist. Therefore, as qne difference between th&, B, and C exciton binding en-
zeroth approximation we use the wave functiddg) ob- ergies, the splittings\ xg=A; and Ay,c=A, can be fit to
tained for the Hamiltoniafd, using the static Coulomb po- within experimental error, with the valueﬁloz 18.5
tential and consider the Haken or Pollmann+Ber correc-  +0.2 meV, A},=17.10.2 meV  and A,=9.1

tion potentialsV{i(r) and Vig(r) as a perturbation. The +0.1 meV, A, =9.7£0.1 meV for samples | and I, re-
exciton energy structure in zero magnetic field is then despectively. Estimates show that varying the spin—orbit and
scribed by Eq.(18) with additional termsAE} | ., (v crystal field energy parameters within this range does not
=A,B,C) containing the polaron corrections added to theinfluence the structure of thA-exciton energy levels very
exciton binding energies of E¢L9). We have calculated the much. To simplify the fitting procedure, we choose the val-
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1.0 1

N EJ@P,,)-E,(1S) = 19.7 meV

FIG. 9. Correlated pairs of values of the bare perpendicular and FIG. 10. The dependence of the hole parallel effecgjfactors
parallel hole effective mass in thevalence subbancirﬁA and mUA in the A-exciton 1S state,gﬂ\, on the bare hole parallel effective
that fit the spliting of the $ and 2P., A-exciton states, mass in theA subband,mk, calculated with the static Coulomb
E,‘i(ZPﬂ)f E2(18)=19.7 meV, using the static Coulomb poten- potential(dashed curvesthe Haken(dotted curvg and Pollmann-
tial (dashed curves the Haken(dotted curvg, and Pollmann-  Buttner modelgsolid curve$. Casesa) and(b) are for the two sets
Buttner models(solid curves. Cases(a) and (b) are for the two  of dielectric constants described in the text, respectively.
respective sets of dielectric constants described in the text.

We now focus on the implications of the Pollmann—
uesA,=9.1 meV, Alo: 18.5 meV, andAl,=17.1 meV  Buttner polaron model and the dielectric constants of(@et
and focus, at first, on describing tieexciton energy struc- At this stage, we fit the spin—orbit and crystal field energy
ture. parameters to the experimentally observed splittidgs

Thus, we fit the effective Luttinger parametersandy ~ =5.5 meV andA,c=22.0 meV of sample I. The result is
for the “bare” valence banfwhich, we see from Eq10), is A, =10.3 meV, AL ;=19.4 mev, andAl,=19.2 meV,
equivalent to fitting the parallel and perpendicular “bare” which gives valence band splittings d&f;=5.6 meV and
hole effective masses in thevalence subbardo the split- A,=24.1 meV. From the measuregfactor 2.25-0.2 and
ting between the $ and the P. ; states of theA exciton, the measured splitting between th& And 2P., states,
E2(2Pi1)—E2(1S)=19.7 meV. The resulting parameters 19.7+0.2 meV, we find the hole masses for the “bamk”
are presented as lines of constant energy splitting in theubband aan\=(1.76i 0.3)mg and my = (0.35+0.025)m,.
space of the\ valence subband hole effective masusé\sand The Luttingery parameters for the “bare” band, then, are
my in Fig. 9. These lines establish a correspondence between = 2.1 andy=0.77 and the magnetic Luttinger constant is
the parallel and perpendicular hole masses inAhalence = —0.09. Values of the polaron effective Luttinger param-
subband for each polaron model for the particular dielectrietersy; =1.87 andy* =0.68 can be now obtained using the
constants chosen. The parameters obtained then allow us hole Frdnlich interaction constané,~0.72. The values of
calculate the entire exciton energy level structure in zerdghe “bare” band and polaron effective masses for HeB,
magnetic field. andC valence subbands are given in Table IV, together with

To determine the value of the magnetic Luttinger constanthe correspondin@d, B, and C exciton effective Rydberg
k, we use the well-known relationship betweenand the numbers. The binding energies of theB, andC excitons as
Luttinger y parameters for a “bare” bantf k=(—2—7y, well as the energies of the=2 sublevels relative to the
+59)/3. This allows us to calculate the values of free-holeground state of theA exciton (calculated using the
effective g factors in the valence subbands and the twle Pollmann—Bitner model with “bare” band effective
factors in the exciton states. In Fig. 10 the calculated depermassepare given in Table V. We see that the total correction
dence of the parallel effectivgfactor of the hole involved in  to the exciton ground-state binding energy, arising from the
the 1S state of theA exciton, gkls, on the “bare” hole effects of anisotropy, intersubband coupling and optical pho-
parallel massmU\ is shown. A comparison with the experi- Non interactions, is about 20%. The effective parajltdctor
mental valuegh ;= 2.25+ 0.2 shows that the most appropri- Of the hole in theA-exciton 1S s_tate,gk13=2.25, differs
ate description of the data is obtained with the Pollmann-Significantly from the hole effective parallglfactor for the
Bittner polaron model using seta) of the dielectric uncoupledA subbandgl=—6x=0.54 due to the effect of
constants. Using séb) leads to unphysically large values of the intersubband coupling.
the hole-parallel mass in thevalence subband, as does also
the static Coulomb potential using either éat or (b). The
Haken polaron model predicts a value of the hole-pargjlel
factor smaller than 1.4, which is not consistent with experi- In this section we discuss our results in the context of the
mental dat&? existing literature on GaN. In Sec. IV B we interpreted the

VI. DISCUSSION AND CONCLUSION
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TABLE |IV. Hole effective masses and exciton effective Rydberg numbers in wurtzite GaN.

m my mb, mg mi; mg m, Ra Rg Rc Ro
(meV) (meV) (meV) (meV)
“Bare” 1.76 0.349 0.419 0512 0.299 0.676 0.476 21.15 2131 2139 21.28

Mo Mo Mo Mo Mo Mo Mo

Polaron 1.972 0.391 0.469 0579 0.335 0.757 0534 23.08 2324 23.33 23.22

observed fine structure of thre=1 state of theA exciton as  factor, gUA=O.54, due to the coupling of the excitonic states
caused by the exchange interaction and the polariton effeci different valence subbands.

The surface luminescence from the lower and upper polar- Surface emission from the dipole—forbiddEp state in a

iton branches in GaN have been observed byeBG#dl®>3and  parallel magnetic field was previously observed in Ref. 23
by Stepniewskiet all’. The value of the spin—exchange for CdS and explained by additional scattering processes be-
splitting between the &I'¢) and 1S(I'st;) states, tween thel's andI's states caused by impurities, phonons,
120 eV, was obtained directly from the energy shift be- internal stress, etc. It was notédhat thermalization favors a
tween the perpendicularly and parallel polarized PL peaks$igh population of the low—energljs component in large
and confirmed by fitting the magnetoluminescence data. It ignagnetic fields, which is shifted to an energy belowlhg,
smaller than the value reported in Ref. 21 for wurtzite GaNgtate. In GaN, the Zeeman splitting of the forbiddapstate
grown ontoa—plane sapphir¢0.6 me\) and also the value g eyen larger than in Cd&.In magnetic fieldH>8 T, we
obtained in Ref. 12 by fitting the magnetoreflecta®&  pseryed only weak emission from the lowEst, polariton
meV). The v_alge of the LT sphttmg of thes exciton, 1'0 branch and a strong emission from the forbidd&nstate,
+0.1 meV, is in good agreement with those reported in Refy hichy was not observed in Refs. 62 and 13. We conclude,
61 (0.97 meV and Ref. 17(0.9 meV) from the reflectance therefore, that the relaxation processes in our sample are

measurements. . __faster than the radiative process connected with the convert-
Oyr magnetplummescence measurgments have confirm of thel's14 polaritons into photons. We also note that, in
the Interpretation of the zero-field fine structure of thecontras'[ to the situation reported in Ref. 13, we have ob-
A—exuton—polaﬂton ground statel. The value O,f t_he PEIPEN5eryed the dominant emission in zero magnetic field from the
dicular conduction band fa?tor, g =2.0% O'LOS’ is in good |5\er polariton branch'sy,, confirming the efficiency of the
agreement with the valuﬁz 1.9510 andg; =1.9483 ob- energy relaxation processes in our sample.
tained from electron spin resonance measurements by Carlos Unpolarized direct PL in the region of the=2 state of
et al®® For a parallel magnetic fieldl|c,K|H, we observed  the A excitons in GaN was previously reported by several
a zero Zeeman splitting of the optically activ§(I's) polar-  authors, including our grouf®>2°67.24251rhe situation in
itOI’l states. Th|S indicates the CloseneSS Of the e|ectr0n artﬂis Spectra| range is Comp"cated because excited states Of
hole effective paralley factors, in good agreement with re- poth theA andB excitons, as well as emission from donor—
sults reported in Refs. 62,12,13, and 66. From the splittingyound complexes, can appear here, and interpretations of the
between the upper transverse polarito§(Ilsr,) and the  gpserved emission lines given so far vary considerably. A
lower forbidden B(I's) exciton in large magnetic fields, we proper determination of the distance betweenrthel state
determined the parallel effectivgfactor of the hole from the  gnd then=2 sublevels, however, is necessary for a proper
A valence subband involved in théSExciton state aglh ;s evaluation of the exciton effective Rydberg value. We have
=2.25+0.2% This value is in a good agreement with the used polarized measurements to identify the parallel polar-
value g ;s=2.3 determined in Ref. 13 from the splitting ized emission from the R.,(I';) state and the S(I's)
between the right- and left-polarizdd, components of both states in the same spectrum and evaluated the energy differ-
the upper and lower polariton branches. We note, howeveence between theSland 2P. ; states of theA exciton as
that the resulting value of the magnetic Luttinger constant19.7+0.2 meV. Previous measurements of tie ate in a
xk=—0.09, is different from those obtained in Refs. 12 andtwo—phonon absorptiofif PA) experiment do not measure
13 with the help of the expressioa= —gUMS/B. This is be-  this quantity, because the TPA is insensitive to kel ex-
cause the hole effective parallgl factor in exciton states citon state.
differs significantly from theA valence subband free-hotg We have determined the binding energy of the groand

TABLE V. Binding energies of theA, B, and C exciton ground states and the energy levels of Ahe
exciton in wurtzite GaN. The energies of the=2 sublevels are given relative to the groumd 1 state.

EAnti  Esnti  ECniy  Ean-2(25)  Ean-2(2Po)  Ean-2(2PY]))  Epn-2(2PY))
(meV) (meV) (meV) (meV) (meV) (meV) (meV)

25.21 253 27.3 18.84 19.11 19.7 19.97
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=1 state of theA exciton as 25.2 0.3 meV, which is com- ments were made possible by the technical expertise of H.

parable to the values reported by other grotfgsThe value Pe_rls and B. ther. The authors thank E. L. Ivchgnko, R P.

of the exciton effective Rydberg numbeR,=21.1 Seisyan, B. Gil, and K. Thonke for helpful discussions.

+0.3 meV, however, differs from the ground-state bindingA-V.R. gratefully acknowledges financial support from the

energy by about 25%. The major source of this discrepancplexander von Humboldt Foundation. AlLL.E. and M.R.

lies in the large polaron corrections to thg and 2S exciton  thank the U.S. Office of Naval Resear@NR) for financial

energies. We estimated these corrections, using thsupport.

Pollmann—Bitner polaron model developed for semicon-

ductors with a simple band structutfeand do not claim to APPENDIX A: EXPLICIT EXPRESSIONS

give an accurate description of polaron effects in wurtzite

GaN. In addition, our treatment of the correction potential as We give here explicit expressions for the functions ap-

a perturbation is not as accurate as our accounting of thpearing in the text.

anisotropic and coupling effects for bare exciton states. Nev-

ertheless, we were able to draw some conclusions about the 1.S,212

importance of polaron corrections in wurtzite GaN both for ) o )

the determination of the exciton effective Rydberg numbers The functionsS,_, ; used in calculating the energy levels

and for describing the exciten=2 exciton-state splitting. ~ Of the 1Sand 25 states were defined in Ref. 27 and are given
We have found that the order of tme=2 sublevels and here for completeness:

their energy splitting in wurtzite GaN are strongly affected

o0

by the intersubband coupling as well as by the interaction [1nral? = [ll?
with optical phonons and cannot be described on the basis oPn(X)= ~ Y+ 1n2—1/n'2 fo X+ 12+ K2 n=1.2,
the uncoupled anisotropic model of Refs. 22 and 26. We n=s (A1)
predict that the 3 sublevel is the lowest excited state of the
A exciton(see Table V. The splitting between the®and the  where
optically allowed 2., substate, 0.86 meV, is smaller than
the observed splitting between thé>2, emission and the / n [ 19n2+5(n—1\"
unknown emission line 1.3 meV below(gee Fig. 3. How- Ini= (nz—l)(n2—4)[3_ n2—1 \n+ 1) '
ever, the calculated position of th&SZnergy sublevel rela- (A2)
tive to then=1 state, 18.840.2 meV, is in good agree-
ment with the data of Ref. 24. K

The value of the average “bare” hole massy, I = \/ 5 5
=0.476m, we have obtained from the value of tAeexciton (k"+1)(4k"+ 1)C
effective Rydberg numbeR,=21.1 meV is smaller than 2_ _
those obtained in Ref. 9 frolR,=27.1 meV. We have de- X 3+5k2 19exp 2 arctartk) , (A3)
scribed the anisotropy of the hole effective masses infthe k“+1 k

valence subband using only two unknownLuttinger pa-

rameters of the quasi—cubic approximatf6iThese param- ] n [ 135:*-136°-80(n—2\"

eters are determined by fitting experimental data. The result'—nZ_ (nz—l)(n2—4)[3_ (n°—4)? n+2/ |’

ing values of the parallel and perpendicular effective masses (A4)

in the A valence subband are comparable with those obtained

in Ref. 10. For theB and C valence subbands, the values of | \/ k

the hole effective masses depend crucially on the value of the k2= 2 2

crystal field energy and are given in the Table IV for a par- (K D)@+ 1)C

ticular strain situation. 80k*—136k*—135 —2 arctari2k)
In conclusion, we have determined the fine structure of o ak2+12 P K }

the A exciton and extracted values of the electron and hole

effective g factors in wurtzite GaN(see Table Il using (A5)

polarization-dependent and magnetoluminescence MeasUrgsq C, = 1— exp(—2m/K)].

ments. We have described the exciton energy level structure

in wurtzite GaN as resulting from the combined effects of

anisotropy, intersubband coupling, and polar interactions

with optical phonons. From the analysis of our data, we were The functionsP% and Pg used in calculating the energy

able to determine values of the exciton effective Rydberdevels of the 2 states are

numbers and to evaluate the effective mass and magnetic

parameters for the valence band in wurtzite Galle Table

P%Z o P12
V). Pix)=>, P f P (A6)

2.P}and P3

[}

=3 x+1/4—1n?  Jo x+ 1/4+k?’
ACKNOWLEDGMENTS
- - L = |PR[?
This work was in part supported by the Deutsche Fors- pg(x): E +f . (A7)
chungsgemeinschaftDFG). The magneto-optical experi- n=4 x+1/4—1n? Jo x+1/4+Kk?
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where ] \/k(k2+ 1)(4k?+1) 8 — 2 arctartk)
= ex ;
\/7 12m (n-2|" a Cy @+1)2 Pk
= Al4
5(n?= n+2 , n=3, (A14)
. B , . 204&° (n—2\"
Py=— \/15, (A8) Lno=—Vn(n*-~1)(n*-4) =2 ns2)
(A15)
2k(k +1) — 2 arctari2k)
-V 5(4k2+ 1)2 &P K , L k(k+1)(4k*+1) 204&? — 2 arctari2k)
(A9) k2™ Cy (4k2+1)* P K :
(A16)
\/ n
14(n2—1)(n —4)(n?-9) 10 APPENDIX B: g-FACTOR OPERATOR
3471n4—516012—336( n—2\n The orbital and anisotropig—factor operators are
x| 75 (n2—4)2 \n+2 } L, 4
go'r,ALz,xTz 0 0
Al10 - A
( ) Guj’rL = 0 glt.!;rl,BLz,xTz 0 ,
P3: \/ k 0 0 ” CLz xT2
K 14(k?+1)(4k?>+1)(9k?+1)C, o
anL T 0 0
15 336&k*—516k°—3471  —2 arctari2k) i 9atxl2 .
x 7+ 10(4k%>+1)? exp k ' Gan= 0 95 L T2 0 ) (B1)
(A11) 0 0 o¥'L,T,
whereL =[r X k] is the orbital angular momentum operator,
3. Mp-1p L,=(ky+ky2), and

The functionsM,,_,, used in calculating the effective
hole g factors of the B and 2S exciton states are | _Mo 1 7

— mo
or,v 'T'i ' gOhU 2\/; le;

Mn(X)=£ In'nl—n’n +£f°° Iknl—kn ,
N 7“3 x+1n%?-1n'? NnJo x+1/n%+k? g — m 1 7
v I
n=12, (A12) 2yl 7,
where 1 1 1 1 1 1 _ABC. (B2
8n2 B n TL_mé mi’ TH_m‘(L mH, v=nmn,b,L. ( )
_ 2_ 2_ - v U v U
L=n(n®~1)(n*~4) (n?=1)3\n+1/ (AL3) The couplingg—factor operators are
|
0 0 bQHl aQ”i _ aQ”i bQ”L
0 0 Q”L + _ bQ”L + b QHL + Q”L +
o bQi™  aQy 0 0 abQt -Qy
Cow 3 aght -boi 0 o Qi anq |’ &
—aQi® bQy abQt  Qj 0 0
bQhi " aQi  -Qit apbQt o 0
where
1-25  1+29- NG 1
I=L,, Q= Ly— Lo, Qu=—-2=rk,, Qi=——=(zk+yk),
QI z QI 2\/; X 2\/; X Qll \/5 z Qll \/E( 2 TY )
Ql=—ir_k Q§,=iik r.=(x=iy) (B4)
—N— \/; — 1 + — .
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