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Spin-exchange splitting of excitons in GaN

P. P. Paskov,* T. Paskova, P. O. Holtz, and B. Monemar
Department of Physics and Measurement Technology, Linko¨ping University, S-581 83 Linko¨ping, Sweden

~Received 30 March 2001; published 23 August 2001!

We report on polarization-dependent photoluminescence measurements in thick GaN layers. The free-
exciton emission peaks are found to appear at different energy positions in the spectra polarized perpendicular
and parallel to thec axis. In the case ofEic polarization, emission from the spin-triplet state of theA exciton
is observed and the singlet-triplet splitting resulting from the exchange interaction is obtained. In a highly
strained layer, the splitting between the two dipole-allowed states of theB exciton is also observed. The
experimental data are analyzed using an appropriate exciton Hamiltonian in a wurtzite crystal. The stress
dependence of the energy splitting between the exciton states is studied and the exchange interaction constant
in GaN,g50.5860.05 meV, is determined.
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I. INTRODUCTION

The development of group-III nitride optoelectronic d
vices operating in the visible and near-ultraviolet spec
region demands better understanding of the fundame
electronic and optical properties of GaN and its related co
pounds. It is well known that the near bandgap optical pr
erties of GaN are dominated by excitons.1 In a wurtzite struc-
ture, the valence band is split by the combined action of
crystal field and spin-orbit interaction. As a consequen
there are three free-exciton series commonly denotedA, B,
andC. The binding energy of theA exciton in GaN is 25–26
meV ~Refs. 2–4! implying a dominance of the excitonic re
combination processes up to the room temperature. Alm
the same value has been suggested for the binding ene
of the B and C excitons.3 Since the GaN layers are usual
grown on foreign substrates~sapphire, SiC, ZnO, Si!, they
always experience a large built-in strain due to the differe
in the lattice constant and thermal expansion coefficient
tween the GaN and the substrate. This strain is found
influence strongly the exact energy positions and oscilla
strengths of the excitons.5 Despite a considerable amount
detailed studies, the exciton fine structure resulting from
electron-hole exchange interaction is still a subject of fun
mental research and discussion. The exchange interacti
known to lead to a splitting of the spin-singlet states from
spin-triplet states and also to the longitudinal-transve
splitting of the spin-singlet states.6 The splitting is expected
to be of the order of 1–2 meV in GaN~Refs. 1,5! but the
large exciton linewidth in the samples so far available p
vents the substructure to be resolved.

The longitudinal-transverse splittingDLT is usually ex-
tracted from the reflectance line shape fitting. Such a pro
dure is not straightforward in GaN because the crystal fi
and spin-orbit splitting parameters are rather small and
different excitons cannot be treated separately as in the
of II-VI compounds. Instead, the simultaneous coupling
the electromagnetic wave with theA, B, andC excitons must
be taken into account.7 Moreover, the fitting is very sensitive
to the thickness of the dead layer and to the exciton effec
masses which are not exactly known. As a result, differ
values for the longitudinal-transverse splitting in GaN ha
0163-1829/2001/64~11!/115201~6!/$20.00 64 1152
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been reported. For example, Shanet al.8 determinedDLT
51 meV for the A exciton in a 2.5-mm-thick GaN layer
grown by metalorganic vapor phase epitaxy~MOVPE! on
c-plane sapphire, while the value obtained by Gilet al.9 in a
similar sample isDLT52.9 meV. We should emphasize th
the longitudinal-transverse splitting is roughly proportion
to the exciton oscillator strength and depends on the str
especially in the case ofB andC excitons.10 In a homoepi-
taxial GaN, the longitudinal-transverse splitting ofA, B, and
C excitons has been found to be 0.9, 1.04, and 0.37 m
respectively.7 Rather similar values~1.34, 1.17, and 0.273
meV! have been obtained in a free-standing GaN grown
the lateral epitaxial overgrowth~LEO! technique.11

The determination of the singlet-triplet splitting is eve
more difficult because a photon propagation perpendicula
thec axis is required. Nevertheless, Eckeyet al.12 succeeded
in determining the singlet-triplet splitting of theA exciton in
a 400-mm-thick heteroepitaxial GaN. By a deconvolution
the entire excitonic emission spectra they obtained a valu
0.12060.1 meV. In a homoepitaxial GaN layer, the single
triplet splitting of 0.9160.05 meV has been derived from
magnetoreflectance data.13 Recently, Reynoldset al.14 re-
ported a singlet-triplet splitting of 2.9 meV, which can b
reasonable for more ionic II-VI compounds but seems to
rather large for the GaN.

In this paper, we present the results from polarized p
toluminescence~PL! measurements in thick GaN laye
grown by hydride vapor phase epitaxy~HVPE!. The PL
spectra for bothE'c and Eic polarization exhibit well re-
solved free-exciton peaks and reveal the internal structur
the excitons. The observed exciton transitions are interpre
within the framework of general group theory. The expe
mentally obtained splitting between the exciton states
compared with those resulting from the diagonalization
the exciton Hamiltonian in a strained wurtzite crystal.

II. EXPERIMENT

The two GaN samples used in this study were grown i
horizontal HVPE system at atmospheric pressure and
growth temperature of 1080 °C.15 The first sample was
grown directly onc-plane oriented sapphire, and has a thic
©2001 The American Physical Society01-1
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ness of about 80mm. The second sample was a 130-mm-
thick free standing layer. It was also grown onc-plane sap-
phire, but with an undoped MOCVD GaN buffe
Afterwards, the sapphire substrate was removed by a l
lift-off technique.16 The PL spectra were measured at 4
with excitation by the fourth harmonic of a continuous wa
Nd:vanadate laser (lexc5266 nm). The excitation intensity
was kept below 1 W/cm2. The luminescence signal was di
persed by a Czerny-Turner type monochromator and dete
by a cooled charge coupled detector~CCD!. A Glan-
Thomson prism and a depolarizer were used in front of
monochromator to select the polarization of the detected
nal. The calibration of the system was performed with
emission lines of a low-pressure Ne lamp. To evaluate
correct wavelength-to-photon energy conversion, the ref
tive index of the airn51.0002861 was used. The spect
resolution was 0.2 meV in the region of 350 nm.

III. EXPERIMENTAL RESULTS

Figure 1 shows the PL spectrum of the 80mm thick layer
for a polarization~kic,E'c!. The strongest PL peak, labele
D0X, corresponds to the donor-bound exciton emission. I
a doublet with an energy separation of 0.8 meV. The t
components exhibit a full-width at half-maximum~FWHM!
of 0.7 meV indicating a high quality of the sample. Such
complex structure of the donor-bound exciton emission
commonly observed in homoepitaxial GaN layers, where
to five lines have been detected.4 We attribute the twoD0X
components in our sample to a presence of two separate
low donors. Below theD0X emission there is another sha
peak (FWHM50.6 meV), labeledA0X. This peak has been
controversially ascribed as a deeper donor-bound excit17

or as an ionized donor-bound exciton,18 but the recent results
suggest that it corresponds to an exciton bound to a ne
acceptor.4,19 The sample exhibits well pronounced emissi
peaks (FWHM'2 meV) of A andB free excitonsFXA and
FXB . The broad feature around 3.503 eV is most proba
due to the emission from the excited states of theA exciton.
The assignment of the exciton PL peaks is confirmed by
reflectance spectrum of the same sample.19 The energy posi-
tions of the peaks are blueshifted by 7 meV in comparis

FIG. 1. Unpolarized photoluminescence spectrum of a 80-mm-
thick GaN layer for thekic configuration.
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with those in homoepitaxial GaN layers4 implying that the
sample is under biaxial compressive stress (txx5tyy). Using
EA

053.4771 eV~Ref. 4! as a reference energy for theA ex-
citon in a strain-free GaN and assuming a linear depende
on the in-plane stress, i.e.,EA5EA

01btxx , we estimatetxx

52.960.3 kbar. For the calibration coefficientb, an average
value between 2.2 meV/kbar~Refs. 3 and 20! and 2.7 meV/
kbar ~Ref. 21! was used.

Figure 2 presents the PL spectra of the same sample
E'c, k'c ~s polarization! andEic, k'c ~p polarization!.
In this geometry, the laser beam was focused on the
facet of the sample by a microscopic objective and the sp
tra are taken from a spot about 10mm below the top surface
The PL spectrum fors polarization resembles the one in Fi
1. A small variation in the peak energies~less than 1 meV! is
probably due to the slight variation of the residual strain
different depth from the top surface of the sample. T
p-polarized spectrum, however, behaves quite differen
The intensity of the donor-bound exciton is reduced by
factor of 4, while the acceptor-bound exciton is not ev
detected~see the inset in Fig. 2!. Such a behavior can b
understood having in mind that these complexes origin
from theA exciton, which is dipole-forbidden forEic as will
be elucidated below. Accordingly, we might except a d
crease ofD0X and A0X emission lines in this polarization
because the same selection rules hold for a free exciton
the exciton complexes arising from it. Furthermore, in t
case ofEic polarization, the free exciton emission pea
appear at energies lower than those forE'c. A shift of
0.53060.03 meV and 0.24060.08 meV is observed for theA
and B excitons, respectively. There is also a noticeable
crease of the linewidth of theA exciton forEic polarization.

The polarized spectra of the free-standing sample for
k'c configuration are shown in Fig. 3. ForE'c polariza-
tion, the spectrum reveals a donor-bound exciton emissio
3.4714 eV, an acceptor-bound exciton emission at 3.4662
and a broad band emission with an unknown origin arou
3.45 eV. The strongest peak in this band can be associ
with an exciton bound to a deeper acceptor.19 In the free-
exciton region, only theA exciton is clearly observed. As ca

FIG. 2. Normalized photoluminescence spectra of a 80-mm-
thick GaN layer fors polarization~solid line! and p polarization
~dotted line!. The inset shows the spectra in a logarithmic scale
1-2
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SPIN-EXCHANGE SPLITTING OF EXCITONS IN GaN PHYSICAL REVIEW B64 115201
be deduced from the high ratio between the intensities
D0XA and FXA peaks~about 30:1!, the density of the re-
sidual donors in this sample is higher than in the previo
one, where the ratio is only 3:1. This leads to a larger bro
ening of the free-exciton emission. ForEic polarization, the
linewidth of the A exciton decreases and the peak is re
shifted by 0.52060.04 meV. It is interesting that in this con
figuration, a sharp peak~labeledD0XB! is observed between
the A exciton and the donor-bound excitonD0XA . The ap-
pearance of this peak obviously correlates with the enha
ment of theB exciton. Then, we attribute it to a donor-boun
exciton involving the hole from the second valence band.4,22

The peak position of theA exciton in k'c configuration
~3.478 eV! is very close to that in the homoepitaxial Ga
indicating almost complete stress relaxation in this sam
The in-plane stress is estimated to be 0.460.1 kbar.

IV. DISCUSSION

The different energy position of the free-exciton peaks
the spectra forE'c andEic polarizations suggests that e
citon states of different symmetry are detected. The fi
structure and symmetry properties of the excitons in G
can be deduced from the general group theory.6 Figure 4
illustrates the internal structure of the two lowest excitons
GaN. TheA exciton comes from the lowest conduction ba
with G7 symmetry and the topmost valence band havingG9
symmetry. The direct productG73G9 transforms according
to G51G6 representations. The twofold degenerate sp
triplet stateG6 is dipole forbidden, while the twofold degen
erate spin-singlet stateG5 has an optical dipole momentum
perpendicular to thec axis and is allowed forE'c polariza-
tion. For a wave vector perpendicular to thec axis theG5
states form a transverse (G5T) and a longitudinal (G5L) state,
of which the longitudinal one is optically inactive. TheG6 ,
G5T , and G5L exciton states are separated energetically
the spin-exchange interaction. The analytical part of the
change interaction shifts theG5T state above theG6 state,
while the G5L state is shifted to even higher energy by t
long-range nonanalytical part of the exchange interact
The B exciton arises from the lower valence band~with G7

FIG. 3. Polarized spectra of a free-standing GaN sample
E'c,k'c ~solid line!, andEic,k'c ~dotted line!.
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symmetry! and decomposes into four states:G1 , G2 , and
two G5 states. Again theG5 states are optically allowed fo
E'c polarization and split to a longitudinal and a transve
state atk'c. The spin-triplet stateG2 is forbidden for both
polarizations. TheG1 state has an optical dipole momentu
oriented parallel to thec axis and is allowed only forEic
polarization. Forkic theG1 state emerges as a purely long
tudinal state. The symmetry properties of theC exciton are
the same as theB excitation, because the third valence ba
also hasG7 symmetry.

According to the above exciton structure, we interpret
two free-exciton peaks forE'c polarization as theG5T states
of the A andB excitons. In the case ofEic polarization, the
observed peaks are attributed to theG6 state of theA exciton
and theG1 state of theB exciton. The appearance of th
dipole-forbiddenG6 state in the spectra can be explained
being due to the finiteness of the exciton wave vector. T
finite k vector acts as a perturbation which mixes theG6 state
with the G1 state of theB exciton. SinceG63G1 transforms
as G6 , this perturbation must haveG6 symmetry like (kx

2

2ky
2,2kxky).

6 The presence of a small uniaxial strain al
can induce the appearance of theG6 state through the («xx
2«yy,2«xy) perturbation.

The energy separation between the peaks assigned asG5T
A

and G6
A is a measure of the singlet-triplet splitting of theA

exciton resulting from the analytical part of the spi
exchange interaction. It is found to be 0.5360.02 meV in the
heteroepitaxial layer and 0.5260.04 meV in the free stand
ing sample. These values are much smaller than the valu
2.9 meV reported by Reynoldset al.14 We should mention
that the PL spectrum forEic polarization in Ref. 14 is very
similar to that we observe in the free standing sample and
peak assigned by the authors asG6

A state is more likely due to
the D0XB exciton. On the other hand, theG5T

A -G6
A splitting

obtained here is slightly larger that it was previously me
sured in a thicker HVPE GaN layer grown onc-plane sap-
phire (12060.1 meV).12 In this sample, however, the emis
sion of theA exciton is rather broad and the exact positio
of G6

A andG5T
A states were extracted by a spectral decon

r
FIG. 4. Schematic diagram of the internal structure ofA andB

excitons in a wurtzite GaN. The allowed polarizations are given
parentheses. Thin lines correspond to dipole-forbidden states.
1-3
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lution. In contrast, our samples reveals well resolved fr
exciton peaks in both polarizations and theG5T

A -G6
A splitting

can be determined directly. We believe that the discrepa
in the reported values cannot be attributed to the strain va
tion, because our results show almost the same singlet-tr
splitting in both the nearly strain-free sample and the bia
ally compressed layer. From the spectra in Fig. 2, we
also deduce the energy splitting between the two optic
active states of theB exciton G5

B and G1
B . It is found to be

0.24060.08 meV. To the best of our knowledge, the splitti
of theB exciton in GaN was not experimentally observed
to now. Unfortunately, we are not able to obtain theG5

B-G1
B

splitting in the free-standing sample because the emissio
the B exciton for E'c polarization is very weak and it
energy position cannot be determined precisely.

It is important to note that due to the polariton effects, t
G5T

A -G6
A splitting obtained from the PL spectra might be co

sidered as a lower limit of the singlet-triplet splitting of theA
exciton. The strong coupling of the electromagnetic fie
with the dipole-allowed exciton states (G5) give rise to
mixed photon-exciton states~polaritons!. The electron-hole
pairs created by a nonresonant excitation relax down to
knee of the lower polariton branch~‘‘relaxation bottleneck
region’’! and the emission occurs just below the energy
the G5T

A exciton state. Strictly speaking the polariton em
sion mechanisms transforms into a transport of the coup
excitation from the depth of the crystal to the surface wh
only part of it is transmitted due to the additional bounda
conditions.9 As a result, the luminescence yield from the p
laritons is rather low compared to that from the bound co
plexes. In the case ofEic polarization, there is no exciton
photon coupling and a purely excitonic emission of theG6

A

state with a Lorentzian line shape can be observed.
To interpret quantitatively our experimental results, w

follow the approach of Langeret al.,23 who described the
internal structure of the excitons in a strained wurtzite cr
tal. In GaN, the conduction band is predominantlys-like and
the valence band isp-like. The threep-type functions and the
two spin states for both the electron and the hole lead
12-fold degenerate exciton ground state. The exciton Ha
tonian can be written as

H5Hc2Hv2R1Hexch, ~1!

whereHc andHv are the conduction and valence and Ham
tonians, adapted to account for the strain related effect on
band extrema,R is the customary exciton binding energ
which is assumed to be constant, andHexch describes the
electron-hole exchange interaction. In the case of growth
c-plane sapphire, the GaN layer is under a biaxial comp
sive stress and there are only two nonvanishing compon
of the strain tensor,«zz and«xx5«yy. The conduction band
and valence and Hamiltonians fork50 are given by5,23

Hc5Ec1D1«zz1D2~«xx1«yy! ~2!

and
11520
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Hv5D1Lz
21D2Lzsh,z1D3~Lxsh,x1Lysh,y!

1~C11C3Lz
2!«zz1~C21C4Lz

2!~«xx1«yy!. ~3!

Here,Ec is the conduction band energy at zero strain,Di are
the conduction band deformation potentials,D1 is the wurtz-
ite crystals-field parameter,D2 andD3 are the spin-orbit cou-
pling parameters along thec axis, Li andsh,i are the com-
ponents of the orbital~spinless! and the spin hole moments
and Ci are the spin independent valence band deforma
potentials. The spin-orbit interaction and the crystal fie
split the ground exciton state into three four-fold degener
excitons~A, B, and C!. The last term in Eq.~1! takes into
account only the analytical part of the exchange interact
and is written by24

Hexch5
1

2
g~12sesh!, ~4!

where g is the isotropic exchange interaction constant b
tween the hole and electron spins andse andsh denote the
vector operators whose components are the Pauli spin m
ces of the electron and the hole, respectively. This part of
Hamiltonian accounts for the splitting of the degenerateA, B,
and C excitons and the mixing of their oscillator strength
Hexchcontributes only to the spin-singlet states and keeps
energy of the spin-triplet states unchanged. The excha
constant is defined asg5Vuf1s(0)u2J, whereV is the vol-
ume of the unit cell,f1s(re2rh) is the 1s hydrogenlike
function which describes the relative motion of electron a
hole, andJ is the atomiclike exchange energy.25 Strictly
speaking this definition holds only for a cubic crystal and
more questionable in a wurtzite crystal where the grou
state is not exactly described by the 1s state. Nevertheless,
formalism forab initio calculation ofg in II-VI compounds
has been developed by Rohner.26 Applying the same ap-
proach, Gilet al. estimatedg52 meV in GaN.5 In our con-
sideration, the exchange interaction constant will be trea
as an adjustable parameter and its value will be extrac
from the experimentally obtained energy separation betw
the exciton states.

For the analysis of the exciton fine structure, we choos
set of basis wave functions which are classified by the sy
metry of the exciton states.5 Thus, the 12312 Hamiltonian
matrix can be decomposed into two 636 matrices, one for
the states ofG5 symmetry and another one for theG1 , G2 ,
andG6 states. The energies of the 12 exciton states are
tained by diagonalization of these matrices of various lev
of the stress. The components of the strain tensor in Eqs~2!
and ~3! are related to the in-plane stresstxx by27

«xx52S C111C122
2C13

2

C33
D 21

txx ~5!

and

«zz5
2C13

C33
S C111C122

2C13
2

C33
D 21

txx , ~6!
1-4
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SPIN-EXCHANGE SPLITTING OF EXCITONS IN GaN PHYSICAL REVIEW B64 115201
where for the stiffness coefficients we useC115365 GPa,
C125135 GPa,C135114 GPa, andC33381 GPa.28 To calcu-
late the stress evolution of the exciton states, the value
the six deformation potentialsDi and Ci are also required
Since we are interested in the splitting between exciton st
and not in their absolute energies, the number of the de
mation potentials needed is reduced to two,C3 and C4 , or
even to one if a quasicubic approximation is used, i.e.,C3
522C4 .29

We calculate the splitting between the exciton states a
function of the biaxial stress with the following valence ba
parameters:D1510 meV, D256.2 meV, D355.5 meV, and
C354.91 eV.29 The exchange interaction constantg is ad-
justed by an iterative procedure until the calculated value
G5

A-G6
A andG5

B-G1
B match the measured ones. The best fi

obtained forg50.5860.05 meV. The stress variation of th
energy separationsG5

A-G6
A and G5

B-G1
B calculated with this

value of g is shown in Fig. 5. The singlet-triplet splittin
G5

A-G6
A exhibits a weak dependence on the stress whic

consistent with the experimental results. TheG5
A-G6

A in-
creases by only 3% in the stress region from 0 to 10 kbar.
the other hand, theG5

B-G1
B splitting is found to be very sen

sitive to the stress. It is interesting that the calculations yi
a negative value forG5

B-G1
B at zero stress. Such an inver

ordering ofG1
B andG5

B states has also been observed in u
strained CdS.24 The anticrossing ofG1

B andG5
B states in GaN

was predicted to take place for a tensile stress (txx,0) when
a larger exchange interaction constant was usedg
52 meV).5 The splitting between the two optically activ
states of theC exciton ~not shown here! exhibits a stress
dependence similar to that for theB exciton, but with a zero
stress value of 0.5 meV. For a compressive stress, the
G1

C is always at higher energy than theG5
C state. To test the

FIG. 5. Stress dependence of the energy splittingG5
A-G6

A and
G5

B-G1
B calculated with parametersD1510 meV, D256.2 meV,

D355.5 meV, andC354.91 eV ~Ref. 29! ~solid lines! and D1

510 meV, D255.5 meV,D356.0 meV, andC357.2 eV ~Ref. 30!
~dotted lines!. The squares represent the experimentally obtai
values.
11520
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sensitivity of the theoretical results to the input paramete
we repeat the calculation with another set of paramet
namely,D1510 meV, D255.5 meV, D356.0 meV, andC3
57.2 meV.30 The results are shown in Fig. 5 with dote
lines. The change of parameters practically do not influe
the singlet-triplet splitting of theA exciton. However, the
new parameters yield a largerG5

B-G1
B splitting and apparently

a better agreement with the experimental value is found.
almost identical stress evolution of theG1

B-G5
B andG5

B-G5
A in

both cases suggests that the main difference comes from
different spin-orbit parameters.

In spite of an uncertainty of the valence band parame
in GaN, the theoretical calculations describe rather well
experimental results for the energy splitting of the excit
states. Moreover, the determined exchange interaction
stant is in a nice agreement with the valueg50.6
60.1 meV estimated from the polarized reflectance meas
ments forkic configuration in a thin GaN layer grown o
a-plane sapphire.31 As it was pointed out in Ref. 31, this
value is consistent with the expected exponential depende
of g on the interatomic distance in the Ga-based III-V co
pounds. The lower exchange interaction constants in G
with respect to the values obtained for II-VI compounds c
be explained by the more covalent character of the chem
bonds.

Finally, we would like to point out that the splitting be
tween exciton states we obtained in a GaN layer grown
a-plane sapphire is large, namely,G5

A-G6
A50.9460.03 meV

and G5
B-G1

B50.6960.1 meV.32 The explanation of the ob
served difference can be based on the fact that GaN la
grown ona-plane sapphire exhibits an anisoptropic in-pla
compression due to the different thermal expansion coe
cients of the sapphire in directions parallel and perpendic
to the c axis. This anisotropy acts as an uniaxial stress a
leads to the reduction of the crystal point group from t
hexagonal to the orthorhombic one.31 As a result, the twofold
degeneracy of theG5 state is lifted even atkic and two
transverse excitons with a dipole momentum polarized p
allel to thex andy axis are observed. Accordingly, the ener
position of theG5T

A andG5T
B states fork'c, E'c configura-

tion depends on the angle between the wave vector and
direction of the uniaxial stress. The detailed analysis of
internal exciton structure in GaN grown ona-plane sapphire
as well as the dependence of the energy splitting on the w
vector orientation is a subject of a separate study.

V. CONCLUSIONS

We have used polarized photoluminescence spectrosc
to study the internal exciton structure in GaN. A noticeab
difference between the free-exciton emission spectra po
ized perpendicular and parallel to thec axis of the crystal
was found. The observed emission from the spin-triplet s
of the A exciton allowed us to determined directly th
singlet-triplet splittingG5

A-G6
A in GaN. Almost the same split

ting was measured in the heteroepitaxial layer and in
free-standing, nearly strain-free sample. In the strain
sample, we were able to observe the energy splitting betw
the two singlet states of theB exciton. A theoretical model-
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ling of the exciton structure was also performed, and t
splitting between the exciton states was calculated as a fu
tion of the stress in biaxialy compressed layers. We fou
that the singlet-triplet splittingG5

A-G6
A weakly depends on the

stress, while the splitting between theG5 andG1 states of the
B exciton increases with the increase of the stress. By fitt
the calculated energy splitting to the exper
.
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mentally obtained values, the exchange interaction cons
in GaN was determined to beg50.5860.05 meV.
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