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Determination of the spin-exchange interaction constant in wurtzite GaN
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Wurtzite GaN grown onto ar\-plane sapphire exhibits a uniaxial strain because the thermal expansion
coefficient of the substrate is anisotropic. Measuring the dependence of the transition energies and of the
oscillator strengths on the polarization of light, we deduced the value of the spin-exchange energy in wurtzite
GaN: y~0.6x0.1 meV.[S0163-18208)52012-7

I. INTRODUCTION The paper is organized in the following way: in Sec. Il the
theoretical problem is briefly described. In Sec. Il the ex-
Group-lll nitride semiconductor compounds, such asperimental results are given and analyzedis calculated,
GaN, appear to be of considerable scientific and commerci@nd compared with existing theories, and the results are dis-
importance, especially due to their applications for light-cussed.
emitting diodes and UV semiconductor lasers.
Optical spectroscopy is a very useful technique for distin- Il. THEORETICAL PART
guishing the most intimate properties of semiconductors. We o i ) )
used this technique to study the internal structure of the ex- 11€ Harr;ﬂtoman of the valence band in wurtzite GaN is

R _
citon (spin-exchange constant deformation potentiajsin el known>"Taking theA band(heavy holes),= *3/2) as
GaN. the origin for the energies, one gédtgithout strain

The application of uniaxial strain to a sample is a way to _ 2_ _
determine the spin-exchange energy between the hole and Ho=Ax(Lz = D+ Aa(Loop= D+ As(Luoct Lyay),
the electron in excitonSAs it would be difficult to apply a whereA; is the crystal-field parameter due to the wurtzite
uniaxial strain on an epilayer, we took advantage of thestructure, andA, and A; are the spin-orbit coupling con-
built-in strain in GaN grown perpendicularly to tieeaxis of  stants in thec direction and in the perpendicular direction,
the sapphire. respectively. In the basig1,1;), |1,1,1), |1,0,1), |1,—1,]),

The geometry of the sample studied in this work consisted1,—1,1), |1,0,|)), using the notatiodL,L,,o,), whereL is
of an epilayer of hexagonal GaN grown onto Amplane the orbital moment, and is the spin of the electron, the
sapphire substrate, that is, tf@01) plane of the hexagonal latter Hamiltonian takes the form
GaN is parallel to the(1120) plane of the hexagonal
sapphiré? In this particular configuration, by decreasing the He 0 o 0 0
temperature we can create a controlled anisotropic deforma; =< 3 ) with H.=| 0 —2A, V245
tion in the(0001) GaN plane. This is due to the fact that the 0 Hj 3
thermal expansion coefficients of the sapphire substrate are 0 \/§A3 —A1-4;
strongly anisotropic d,.=8.5x10°% K™l «, =75
x 10 ® K™Y and it induces a reduction of ti&;, hexagonal ion in the bl dicul hich d
symmetry of the GaN lattice to th&,, orthorhombic sym- expansion in the plane perpendiculardowhich does not
metry. This change of symmetry generates an anisotro ichange the wurtzite symmepywell known in wurtzite

Y. 9 Y ye by E;aN? are taken into account through their effects onto the

the optical properties of GaN. : ;
Wg exarﬁ)]inzd the spectroscopic properties of free excigrystal-ﬂeld parameted; and the conduction-band energy

_=0 _AO
ons and demorsyated hat g evts of he Ga groun &+ 11¢ SUeES S0 Sl e e
onto conventionaC-plane substrates (ADs, 6H-SiC, ZnQ aad E? and EO F;re the parameters without strain. The
are split into thd™, andI", modes of the orthorhombic sym- Je 21 ep > i .
metry when grown ontd\-plane substrates. The optical re- uniaxial strain is taken into account in the Hamiltonidp
sponses of these modes are given by the selection rules afff the valence band:
from their splitting we obtained the exciton spin-exchange H = Ho— 82(1X0(X] = Y)Y
interactiony, which was, to the best of our knowledge, un- v=Ho= Sa(X)X|=Y){YD),
known until now. We obtaineg~0.6 meV, and found that with &3 proportional to the uniaxial strain. When a uniaxial
the polarization dependence of the oscillator strengths of thetrain existdi.e., a nonzero é,—e,,) deformatior, the x
excitonic levels, obtained from a line-shape fitting of theandy axes are no longer equivalent. We then preferred a
reflectance, matched the theory very well. basis containingX), |Y), and|Z), which transform like the

The effects of the biaxial straifthat is a compression or
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Py, Py, and P, atomic wave functions at=0. We have Cov (8= 050 uniaxial steain) Coy (G2 0)
—(=|X)—i - i -~ —
[1=1)=(FX)=i|Y))/y2 and|1,0=(Z). In the basisB Vaenee | VBOCB  spiwexchange 5 unisxialstrain
:(|X1T>1|IY1T>1|Zul>1|X1l>1|_IY1l>1|_Z|T>)| we have band transitions energy ¥ # 0 (EJ‘_];‘O::II;J energy % * 0
(reversed) (excitons) %=0 Y butY=0
Ha, O ) oo o
H,= ( with ¢ Hlr0)- e O e z
*"1 0 Hg, ng;_m) -Lr: 2 A
o o > —' - T
B H2) g
. o PR 0 0 [%]
- AZ - 53 AZ Ag T's(2) ‘L['Z
+ L2x
Ha,= A, —Ay+385 —As |, ST SO 0 - P i e e B Y
A “A; —A-A o
3 3 1 2 uniaxial
wurtzite ..with strain in the
band band-edg, itoni uniaxial band-edge
structure model model strain model

Coupling an electron in the conduction band to a hole in
the valence band, one gets the following Hamiltonian forthe  £,5 1 The excitonic transitions depending on the approxima-

fundamental state of the excitons: tion used for the calculation.@" stands for forbidden transitions,

andx,y,z, for linearly polarized lighfwhen 8;=0, (¢*,0") are

used instead ofx,y)].
Hexc:Ec_R*_Hv"'%?’a'ha'ev W]

. _ . 10 0 0 0 O

where E; is the energy of the conduction barl@} is the
rydberg of the exciton, which will be assumed to be constant, 01 0 00
and y is the spin-exchange interaction constant between the vf0O 0 -1 0 0 -2
hole and the electron spinsy, and o, are the Pauli spins Hpz=He+ 5

. L 210 0 0 1 0
matrices of the hole and the electron, respectivelyis then
the spin opposite to that of the missing electron in the va- 0600 0 01 O
lence band. We used the spin of the missing electron rather 00 -2 0 0 -1

than that of the hole to label the excitonic states.
We used a 12-fold basis, that is, the direct product of thenith Hg=E,—R*—H,.
sixfold basisB for the valence band with the twofold basis The exciton states are then the eigenvectorsHef..
(IT.[1)) for the conduction band, with the notatifin, ovg ,,  Given an exciton state), its oscillator strength in th, Y,
ocs,), Wherel stands for the wave function of the valence- and Z polarization are, respectively, given ByX,T,1|#)
band orbital(i.e., X, Y, or Z). oyg 7 andocgz are the spin (X, |, ||4)|?, 1YL 1,11 = (=1Y, L L2, and
moments of the missing electron in the valence band and df —z,7,1|¢)—(Z,],].| )|
the electron in the conduction band, respectively. The exci- Since our experiments were done in the direction normal
tonic Hamiltonian can be block diagonalized into twa®  to the surfaceKlic), only theX andY (or o*, o~) polar-
matrices: izations are available. We can then restrict ourselves to the
Hy part of the Hamiltonian.
An overview of the excitonic transitions is given in Fig. 1.
in the basis(B,y,B,y), In the_ wurtzi_te structure @g, symme_try, the excha_ngt_e in-
teraction splits some of the excitonic states, but it gives no
visible splitting forkllc (i.e., ELc) because the transitions
where B.o=(IX. 1.1, [iY. 1,15, [Z.1.1), 1X. L. 1), aIIoweq forEllc (labeled as;_) cannot be regched. However,
EA |—Z),(¥,l(>|) C(T)nTt;isz thsTa Lic!tonls Qllol/veé fl0>r di- the spin exchange modlfle_s_ %he energles.anq oscillator
polar electronic transitions with an electric field perpendicu-fStre_ngth of the allowed transitio (f_se_e the e_xcnonlc_ model
lar  to ¢, whereas B,u=1{|X,1,1), [=iY,,1), in Fig. 1, fory#0 andd;=0). A.un|a>§|al strain breaking the
|=Z,1. 1) X, 1,00, [iYT,1), 1Z.1,1)} contains the exci- symmetry betweer andy (that is switching taC,, symme-

tons allowed foiEllc, as well as the forbidden excitons. We try) causes a change .in the oscilla.tor strengths depending on
the x or y linear polarization(see Fig. 1:55#0 andy=0),

! _(ny 0
exc ™ 0 HZ@

have o 3 S

but to observe an energy splitting requires taking into ac-
count the exchange interactiod;0 andy#0). The rea-

-1 0 O 0 son is that ify=0, the Hamiltonian is block diagonal, built
from the H;, (3X3) matrix only, leading to only three dif-

0O -1 0 0 -2 0 ) :
ferent energy levels, each one with an oscillator strength de-

B y| O 1 0 0o pending on thes or y light polarization.
ny_H6+§ 2 0O o -1 0o ol’ Figure 2 shows the consequences of a nonzero spin-

exchange splitting even for usual samples, with a wurtzite

0 -2 0 -10 symmetry. Indeed, it mixes th& exciton withB andC. This

0 0O O 0 1 is important because with a negative biaxial strain of the
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FIG. 2. Calculated transition energi@s and oscillator strengths _'63’
(b) in wurtzite GaN depending on the biaxial strain. The crossing Eg """
betweenA andB turns to an anticrossing. The thin dotted lines are
calculated without a spin-exchange interactior=Q). L b)

epilayer(which can be achieved in GaN grown onto silicon
substrates a crossing between tfeandB lines is known to

occur. With the spin-exchange interaction, it turns into an
anticrossindFig. 2@)], with a steep variation of the oscilla- FIG. 3. 2 K reflectance spectfaontinuous ling¢ and the corre-

tor strengthdFig. 2(b)], which cannot be measured experi- gnonding fitting(dashed lingfor bothX (a) andY (b) polarizations.
mentally for the moment because the energy splitting be-

tween the mixed states is much smaller than the transitions . . .
linewidth wheree,=9.5 (Ref. 7) is the background dielectric constant,

Eo; is the resonance energy of thexciton of effective mass
m}*, I'; is the damping factor, an€, 1 is its oscillator
strength. For our purpose the spatial dispersion term
Figure 3 displays th 2 K reflectance spectra of this spe- (7°k?/m*) can be neglected. Dotted lines in Fig. 3 show the
cial sample taken with its axis ([0001] direction) parallel to  best fitting of the data. The parameters obtained from the
the k vector of the incident light and with the electric field fitting are listed in Table I. The energy shifts calculated from
parallel to the[1100] (hereafterX) direction[Fig. 3@] or  the fitting of the reflectance structures welE§—Ex~E}
parallel to thg 1120] (hereafterY) direction[Fig. 3b)]. Two  _ EX~0.45+0.05 meV and the degree of oscillator strength
well-resolved transitions, associated wahB excitons, can polarization wermﬁ/aéwa\é/a1~2.4ﬂ: 0.2
be observed in both spectra. A third broadened structure l0- g has already been shoWi, a value is assumed for the
cated at higher_energy is gttributed to thesxciton, whic_h is exchange energy, the energies of the three excitoAs B,
degenerated with the continuumAfandB. The first notice-  anqC for various samples with different biaxial strains allow
able feature that this spectrum shows is the dramatic oscillg;g tq calculate the conduction-band enefgy- R* (it is
tor strength variation foA andB excitons as the polarization actually the ground level of the excitons, but the rydberg
is changed._ Oscillations in the low-energy part of the SpeCtr%nergyR* cannot be separated frol,, and is assumed to
are due to mterfer_ence _phenomer_la. . be constant the crystal-field parametek;, and the spin-
In order to obtain exciton energies and oscillator strength%rbit coupling parametera, andA . The results are com-

with great precision we have fitted the reflectivity line shape 5 ape to those calculated from a measure of the oscillator
We assumed a 60-A-thicktead layer and modeled the di- strength$

electric constant using a set of three oscillators, as shown The origin for biaxial strain is arbitrarily taken fcE,

by =3.470 eV(energy of theA exciton. Assuming a value for
3 y, we calculateA?, A,, A;, EO, and 6,/6; (that is,

348 349 350 351 352 353
Energy (eV)

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

2E 1:Ep; .
e(k,E)=8b+2 5 5 "IJ o T , dA,/dE;). For these parameters, which do not depend on
i=1 Egj—[(A°k*)/m7 ]Eq;—E“—iT|E this particular sample, we find9=8.68 meV, A,=5.71
TABLE |. Fitting parameters for the reflectance.

Polarization E, (meV) ELra (MeV) Eg (meV) Elrg (MeV) C exciton

X 3.492 35 15.741 3.501.63 6.210 too weak to be

Y 3.49191 6.314 3.502.11 13.777 fitted correctly

XvsY Ex—Ex E>L(T,A/EET,A Ex—Ex E\L(T,B/ E)L<T,B

Experimental 0.442 2.493 0.489 2.219

Calculated 0.47 2.51 0.46 2.20
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TABLE Il. Spin-exchange constant, averaged cation-anion distandg_g, and dielectric constant for some Ill-V and II-VI com-

pounds.

GaN GaP GaAs GaSh InP ZnO ZnS ZnSe ZnTe Cds CdSe CdTe
v (meV) 0.60 0.6 0.25 =0.03 0.04 5.6 4.0 1.0 0.21 2.5 0.4 0.045
da_g A) 2.340 2.360 2.448 2.639 2.535 2.306 2.342 2.454 2.641 3.025 3.061 2.806
& 9.5 10.8 12.4 15.7 12.35 8.1 8.5 8.6 9.67 8.67 9.58 10.2
Struct. W ZB ZB ZB ZB w ZB ZB ZB w W ZB
Ref. 10 11,12 13,14 15,16 17 1,18 1 1 9 1,18 1,18 9

meV, A;=5.88 meV,E%=3.4703 eV, §,/5,=0.956. For
these particular experiments, we also fouhd=22.78 meV
and 6,=21.78 meV(that is,E.=3.4931 eV and\ ;=30.46

dence on the interatomic distant&his can be explained
assuming thaty can be approximated by an exchange inte-
gral of the atomic functions of cations and anions. If we

meV, which corresponds to a very strong biaxial comprescompare with the values found for other series, in 1I-VI

sion in comparison to the usual samples

semiconductors, we can observe thashows a systematic

On the A-plane sapphire, the reflectance exhibits in ondncrease when going from the I1I-V to the Zn-VI and Cd-VI

linear polarization a strong structure corresponding toAhe
exciton, and a weaker one for th& exciton, whereas the

compounds. The decreasing ionicity and the increasing di-
electric constangé may also contribute to the decrease of the

contrary is observed in the perpendicular polarization. Thépin-exchange energy when going to heavier anions, that

amount of polarization allows us to determine heparam-

is, when going, for example, from GaN to GaP, GaAs, and

eter, corresponding to the uniaxial strain. Here, we calculateasSh.

63=—2.05-0.2 meV.

Using a theoretical model created for 11-VI compouriis,

If a nonzeros, parameter exists, an energy shift of the ¥ has been estimated to be near 2 nfeThe discrepancy

transitions(especiallyA andB) is calculated when the po-

with our experimental value may be due to a lower validity

larization is changed from one to the other, as soon as th@f this model for I1l-V compounds. Besides, our value for
spin-exchange interaction is taken into account. This is thegorrectly matches the splitting obtained in Ref. 19 in photo-

a way to calculate the spin-exchange eneygwhich can be

luminescence depending on the polarization.

adjusted so as to be consistent with the value assumed at the

beginning of the procedure. The method rapidly converges to

the final valuey=0.597+0.100 meV.

Our determination ofy for GaN is in reasonable agree-
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