
PHYSICAL REVIEW B 15 NOVEMBER 2000-IVOLUME 62, NUMBER 19
Electron distribution and level occupation in an ensemble
of In xGa1ÀxAsÕGaAs self-assembled quantum dots

W.-H. Chang and T. M. Hsu
Department of Physics, National Central University, Chung-Li, Taiwan 32054, Republic of China
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~Received 8 November 1999; revised manuscript received 21 August 2000!

We presented capacitance-voltage characteristics and electron-filling reflectance measurements to investigate
electron distribution in In0.5Ga0.5As self-assembled quantum dot ensemble. First, the electronic structures of the
quantum dots were constructed by capacitance-voltage profile. Coulomb charging effects on the electronic
structures were also discussed. Then, the electron level occupations were investigated by the electron-filling
reflectance spectra. Due to the correlated carrier transfer among the quantum dots and then-type GaAs
environment, the electron level filling is found to be inhomogeneous near the Fermi level. Finally, electron
thermal population in the quantum dot levels was also investigated. The activation energies for the thermal
population were found to be close to the level splitting. This means that electrons thermally populated to higher
state do not require Coulomb charging energy.
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I. INTRODUCTION

The zero-dimensional quantum dot~QD! systems have
recently been of considerable interest in the field of semic
ductor physics.1,2 Driven by the progressing in materia
growth techniques, fabricating a self-assembled QD sys
can now be easily achieved by using a lattice-misma
semiconductor system in the Stranski-Krastanow~SK!
growth mode. The fascinating properties exhibited by QD
have also been proposed as useful applications in optoe
tronic devices,3–7 such as QD lasers3,4 and optical memory
devices.5–7 For these device applications to be realistic, t
electrical and optical properties of QD’s, such as the int
band and intersubband carrier dynamics,8,9 the Coulomb
interactions10–15 and the carrier distributions,16–18 has been
widely investigated. Of these studies perhaps the grea
lack is the carrier distributions in the QD ensemble, wh
however, may be a basic issue for these device applicati

Several studies16–18 have addressed the issue of carr
distributions in the QD’s using low-temperature photolum
nescence~PL! experiments. Dynamical carrier distribution
are deduced from the competition between several dyna
processes, including the carrier generation, capture, the
onic emission, recombination rates, and even the inters
band relaxation rates. In this study, we intended to inve
gate a static~or quasistatic! carrier distribution in the QD
ensemble. Of the many experimental techniques for inve
gating the carrier distribution, the most often used is
capacitance-voltage (C-V) characteristics.19–22 For a QD
layer embedded in space-charge structures, which are c
monly used in deep-level transient spectroscopy~DLTS!,23

the C-V measurement has been proven to be a powerful
for characterizing the charge accumulation in the QD lay
However, to obtain the QD’s electronic confinement energ
and level occupations, one has to process sophisticated
consistence calculations to fit the experimental results.21

More recently, it has been proposed that electron le
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occupations in the QD’s can also be obtained from
electron-filling reflectance~EFR! spectra.22 Due to the Pauli-
blocking effect, the EFR spectra reveal the quasistatic e
tron level occupations in the QD’s. In this paper, we sh
demonstrate results both from theC-V and the EFR experi-
ments. Firstly, the electronic structures of the QD’s we
constructed by theC-V measurements. The possible cont
butions of Coulomb charging effect are also discussed. T
the electron level occupations were investigated using
EFR measurements. The electron distribution in the QD
semble, which considersinhomogeneityamong the dots, is
also presented. Finally, the temperature effects on the e
tron thermal population in the QD’s were demonstrated.

II. EXPERIMENTS

The investigated samples were fabricated by molecu
beam epitaxy in the SK growth mode on an1-doped~001!
GaAs substrate. After the deposition of a 300 nmn1-doped
GaAs buffer layer and an 100 nmn-doped@Si, Nd;(761)
31016cm23] GaAs layer, a self-assembled In0.5Ga0.5As
QD’s layer~'5 ML! was deposited. The onset of spontan
ous islanding occurred at about 2.3– 2.5 ML In0.5Ga0.5As
deposition, which has been confirmed by the reflection hi
energy electron diffraction~RHEED! pattern. After the for-
mation of QD’s the layer structure was capped with a 3
nm n-doped@Si, Nd'(761)31016cm23] GaAs layer and
completed by capping ap1-doped GaAs layer to form a
p1-n junction. In this work, two samples were investigate
Samples A and B contain the same layer structure, but h
ing slightly different dot size and density. According to th
transmission electron microscopy~TEM! images, both
samples show that the QD’s were lens shaped, being
60.5 nm high in the growth direction. In sample A, the a
erage QD diameter is smaller, which is found to be;15 nm
and a dot density ofndot'131011cm22. The QD’s in
sample B have a larger average diameter of;23 nm, with a
13 040 ©2000 The American Physical Society
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PRB 62 13 041ELECTRON DISTRIBUTION AND LEVEL OCCUPATION . . .
lower density ofndot'431010cm22.
The C-V characteristics were measured by a HP 428

~20 Hz-1 MHz! LCR meter with a 5 mVtest signal. Before
performing theC-V measurements, 500mm mesa square
were etched to a depth of;1 mm and a Au/Be film with 250
mm square apertures was deposited on the sample surfa
form ohmic front contacts. The experimental arrangem
for the EFR was the same as that for the conventional e
troreflectance. First, a light from an 1 kW tungsten-halog
lamp combined with a 0.5 m monochromator was focus
onto the sample. Then an ac~square-wave! modulation volt-
age ~;200 Hz! composed of a dc bias was applied to t
sample. Finally, the modulated reflectanceDR was detected
by a LN2 cooled Ge detector, with the standard lock-in tec
niques.

III. RESULTS AND DISCUSSION

A. Electronic structures and charge accumulation

The investigated samples were first characterized by
PL measurements. Figures 1~a! and 1~b! displayed the PL
spectra for samples A and B measured atT510 K. These
spectra were excited by the 514.5 nm line of an Ar1 laser
with an excitation power of about;1 kW/cm22. In Fig. 1,
each spectrum shows multiple peaks, which were confirm
to be the ground state and excited states luminescence b
use of state-filling spectroscopy.8,24 As deduced from a mul-
tiple Gaussian fit, these spectra show an interlevel spacin
DE0154565 meV, and a linewidth ofG'40 meV. We also
noted that the QD ground-state energy for sample A (E0
51.255 eV) is about 60 meV higher than that for the sam
B (E051.196 eV), which may be due to the slightly small
QD size and higher QD density in sample A.25

Figure 2 shows theC-V profile for sample A measured a
T510 K. In the bias range of24.4 V,Vb,22 V, a pro-
nounced capacitance plateau21 due to the carrier accumula
tion in the QD layer was observed. For the doping conc

FIG. 1. The PL spectra measured atT510 K for sample A~a!
and sample B~b!.
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tration in n-type GaAs and the QD layer location in th
sample, the QD layer was expected to be loaded with so
electrons at zero bias. As a reversed bias was applied, e
trons in the QD layer will be removed, forming a capacitan
plateau (Vb,22 V) when the depletion region of thep1-n
junction meets the QD layer~see the inset of Fig. 2!. Further
decreasing theVb , the Fermi levelEF would be gradually
moved down through the electronic states of the QD’s.
were shown in more detail in Fig. 3~a!, sample A resolved
two steps in the capacitance plateau. They were assigne
the charging of the QD ground state and the first exci
state, which have been confirmed by the EFR measurem
discussed below. For the case of sample B in Fig. 3~b!, we
resolved three steps in the capacitance plateau. Accordin
the TEM images, the QD density of sample B is about 2
times smaller than that of sample A. Thus, it is very reas
able that the electrons were filled up to the third QD exci
states in sample B.

Because theEF crossing the QD plane is not varied lin
early with the applied bias in this space-charge structure
sophisticated calculation seems to be unavoidable to ded
QD’s parameters from theseC-V profiles. It has been pro
posed that a quasistatic model involving some se
consistence calculations of Poisson equation will determ
these confinement energies.21 However, some depletion ap
proximations are still possible, which is also an intention
this work. For example, when the depletion width of t
p1-n junction extends to the QD layer, the two-dimension
electron density in the QD layer, the depletion widthw, and
the applied biasVb can be related by

F02Vb5
Nd

2««0
w22

Nndot

««0
LQD, ~1!

where F0 is the built-in potential,N is the mean-electron
occupation in the QD’s, andLQD is the nominal distance o

FIG. 2. TheC-V profile measured atT510 K for sample A. The
inset shows the conduction-band profile for the investigated sam
under reversed bias.
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13 042 PRB 62CHANG, HSU, YEH, AND CHYI
the QD layer~300 nm! below thep1-n interface. The first
term appeared in the right-hand-side of Eq.~1! represents the
electrostatic potential at thep1-n interface caused by th
positive ionized donor in the depletion region, and the s
ond term is contributed by the effect of carrier accumulat
in the QD layer. Once the mean QD occupationN is known
at a givenVb , the depletion widthw can be determined
Accordingly, theEF across the QD layer can be estimated
the potential bending of the GaAs conduction band below
QD layer,

FQD5qNd~w2LQD!2/2««0 . ~2!

In Fig. 3~a!, the first capacitance step represents
charging of the twofold degenerate QD ground state, i.e.,
s-shell. For bias below24.4 V the QD’s are empty, and th
C-V profile shows a characteristic of a pure junction capa
tance. AtVb524.4 V electrons start to be charged into t
QD ground state. At this bias, theEF should be just below
the threshold energy for charging the first electron into
s-shell. By the use of Eqs.~1! and ~2! with N50 at Vb
524.4 V we deduced a band bending ofFQD5166 meV.
This suggests that the QD ground-state energy may
roughly E0

e'2166(610) meV, if we take an energy refer
ence ofE50 eV at the GaAs conduction band edge. Desp
this simple approximation, the estimatedE0

e is very reason-
able, as can be compared with the PL spectra. In Fig. 1~a!,
the PL spectrum shows a ground-state transition energ

FIG. 3. The capacitance plateaus of electrons charging to
QD state appeared inC-V characteristics for sample A~a! and
sample B~b!. The corresponding derivative curves (dC/dV) are
also included.
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E051.255 eV, which gives an interband band discontinu
of '265 meV with respect to the GaAs band gap (EGaAs

51.52 eV). The value of'166 meV is quite close to a ratio
of 2:1, for the energy splitting of electron and hole leve
which has been reported previously in InAs dots.26

At Vb523.0 V the electrons were starting to be charg
into the first excited state~p-shell! of the QD’s. Also from
Eqs.~1! and~2!, with N52 at Vb523.0 V, we obtained an
energy of E1

e'288(610) meV for the first QD excited
state. This energy can be interpreted as the onset for char
the third electron into the QDp-shell. Interestingly, the en
ergy difference for these two electron levels~'78 meV! is
quite large, as compared with the interband energy splitt
of DE01545 meV in the PL spectra. We believe that th
Coulomb charging effect plays a crucial role to the QD fe
tures appeared inC-V characteristics. For a small disk
shaped QD with a diameterd, the Coulomb charging energ
required to charge an additional electron into the QD is giv
by EC5e2/C, whereC54««0d is the self-capacitance o
the QD. For a typical InGaAs QD diameter ofd'15 nm
observed in sample A, we estimate a charging energy
EC'23 meV. Taking the Coulomb charging effect into a
count, it requires an additional charging energy of 2EC to put
the third electron into thep-shell, with respect to the charg
ing of the first electron into thes-shell. From this argument
the electron level splitting may be roughlyDE01

e 578 meV
22EC'32 meV. This value can be compared with the P
spectra. If we assume a ratio of 2:1 for the electron/hole le
splitting,26 the value ofDE01545 meV indicates an electro
level splitting of DE01

e '30 meV which is very close to the
value of'32 meV determined from ourC-V measurements

For the case of sample B, the same argument was app
Also from the band bending deduced by Eqs.~1! and~2!, the
confined energies for the ground, first and second exc
states of the QD’s were found to beE0

e'2216
(610) meV, E1

e'2157(610) meV, and E2
e'281

(610) meV, respectively. These energies correspond to
onset for charging the first, third, and seventh electron i
the QD states. For a typical QD diameter ofd'23 nm found
in sample B, we estimate a Coulomb charging energy
EC'15 meV. Thus the electron level splitting for sample
is roughlyDE01

e 559 meV22EC'29 meV, which is still in
good agreement with the PL spectra.

B. Electron level occupations

Figure 4 shows one typical EFR spectrum for sample
measured atT510 K, with a bias modulation between 0 V
and 25.5 V. In this spectrum, two QD transitions are o
served, (E051.25 eV andE151.295 eV), which are very
close to the PL peaks observed in Fig. 1~a!. The spectral
feature near 1.37 eV is the WL signal. The schematic d
gram in the inset of Fig. 4 can explain the mechanism for
EFR signals. According to theC-V profile in Fig. 3~a!, the
QD’s are empty at25.5 V, all the QD transitions are al
lowed. Consider that the QD’s are partially filled at 0 V, s
N53 ~two electrons in the ground state and one in the
cited state!, the interband transitions of these occupied sta
will be blocked. The EFR signals represent a reflecta
change between these two charging states. Thus, the

e
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PRB 62 13 043ELECTRON DISTRIBUTION AND LEVEL OCCUPATION . . .
intensities can be correlated to the electron level occupa
of the QD’s. In Fig. 4, only two transitions were observe
indicating that at most two QD electron states are fille
which can be compared with the two-step features appe
in the C-V profile.

Based on this electron-filling feature discussed abo
performing a bias dependent EFR measurement can
more information on the electron level filling in QD’s. Du
ing the EFR measurements, the applied bias was modul
between two bias voltages,VL andVH . The higher bias,VH ,
was selected for filling the electrons into the QD states, wh
the lower bias,VL , was chosen for depleting the electro
from the QD’s. In fact, the applied bias is very similar to t
filling pulse and the detection bias, which were commo
used during the DLTS measurement. The main discrepa
is that the DLTS measured the change in capacitance t
sient (DC/C), while the EFR measured the reflectan
change (DR/R) due to the electron moving in and out of th
QD’s. In this work, two kinds of bias-dependent EFR we
carried out, one is thefilling mode and the other is thedeple-
tion mode. Thefilling mode is that fixing theVL at a larger
reversed bias to deplete all the QD electrons, and varying
VH for filling the electrons into the QD states. Alternativel
the depletionmode has a fixedVH but varying theVL .

Figure 5~a! shows the EFR spectra for sample A und
filling mode, with a fixedVL525.5 V and variedVH . With
the increasingVH , the E0 transition was first increased a
lower VH , then gradually saturated, accomplishing by t
appearance of theE1 transitions. It means that the electro

FIG. 4. The 10 K EFR spectrum~symbols! and the lineshape
fitting curve ~solid line!. The inset shows a schematic diagram
the EFR modulating mechanism.
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are first filled to the ground state, then filled to the first e
cited state at higher bias. In Fig. 5~b!, we also show the EFR
spectra in depletion mode, with a fixedVH50 V and various
VL . As theVL was decreased, the electrons at first exci
state were first depleted, and then the ground-state elect
were fully evacuated at larger reversed bias. To analyze th
EFR intensities, we use an intensity-modulated linesh
model, which is discussed in appendix. The bias-depend
EFR intensities were depicted in Fig. 6. Interestingly, w
find an excellent correlation of these bias dependent inte
ties with the charging steps appeared in theC-V profile. In
Fig. 6~a!, theE0 transition starts to increase atVH.24.4 V
which is just the onset of the first charging step in Fig. 3~a!.
For VH.23.0, the E1 transition appeared, which is als
consistent with the second step which appeared in theC-V
profile. Thus the assignment of these charging steps is c
fied without ambiguity. Moreover, the saturated intensity
the E1 transition suggests that the first excited state may
partially filled. Since the QD ground state is expected to
twofold degenerate, from the ratio of theE0 andE1 intensity,
we estimate an average occupancy of'2–3 electrons per do
in sample A, at zero bias.

For the case of sample B, the EFR spectra with vario
filling biases (VH) were displayed in Fig. 7. Here, we als
include a PL spectrum for comparison. In these spectra,
state-filling feature can be seen more clearly, and the tra
tion energies are close to the PL spectrum. The bias de
dence of the EFR intensity is plotted in Fig. 8. Similarl
they are also consistent with the three-step feature appe
in the C-V profile @Fig. 3~b!#. In Fig. 8, the saturatedE1

FIG. 5. Bias dependent EFR spectra for sample A in filli
mode ~a! with VL525.5 V and in depletion mode~b! with
VH50 V.
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13 044 PRB 62CHANG, HSU, YEH, AND CHYI
intensity is about two times larger than theE0 intensity.
Since the first excited QD state is fourfold degenerate, fr
these saturated intensities, we can estimate that the ave
electron occupancy may be'6–8 electrons per dot in
sample B.

In our bias dependent EFR, an interesting state-filling f
ture was found. As seen in Fig. 7, the excited state transi
always appeared before the ground-state transition was
rated. At low temperature limit, Fermi-Dirac distribution e
pects that energy level higher than theEF cannot be occu-
pied because thekBT is very small. However, as shown i
Fig. 8, theE1 transition was still observable, even the fillin
bias was as low as24.2 V. This state-filling feature is very
similar to what was commonly observed in power depend
PL spectra.16,17,25 But, it is important to mention that the
origins for this feature appeared in both EFR and PL spe
are quite different. In PL spectra, luminescence intensi
reflect a dynamical distribution of electron-hole pairs in t
QD levels, which was resulting from several dynamic p
cesses. At low temperatures, due to the lack of inter
charge transfers, carriers in a dot may not be in equilibri
with those in other dots.16 Since the capture and recombin
tion processes in a QD ensemble are random in nature,16 the
excited states would be populated before the ground st
were fully occupied.

However, in contrast to the PL, the EFR measured a q
sistatic distribution for the electrons in the QD’s. As th
electrons are injected by the filling bias, the system wo
establish an equilibrium charge transfer between the Q
and the barrier, because the time interval of the filling bia
long compared to the carrier transfer time. In other wor

FIG. 6. Bias dependent EFR intensity for sample A in fillin
mode withVL525.5 V ~a! and depletion mode withVH50 V. ~b!.
age
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electrons in a dot should also be in equilibrium with those
other dots. However, the EFR intensities suggest that
excited states are still populated before the ground stat
fully occupied. We explain this effect to aninhomogeneous

FIG. 7. The upper panel is the PL spectrum measured aT
510 K and the lower panel shows the bias dependent EFR spe
for sample B withVL525.0 V and variedVH . The dotted lines are
fitting lineshapes.

FIG. 8. The EFR intensities for each QD state appearing
Fig. 7.
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PRB 62 13 045ELECTRON DISTRIBUTION AND LEVEL OCCUPATION . . .
distribution near theEF , due to the correlated charge tran
fer among the QD’s and then-type environment. As is sche
matically depicted in Fig. 9~a!, due to the size fluctuation, th
confined energies of QD states were dispersed. If the ch
ing of different QD’s areuncorrelated, the QD levels with
energy below theEF will be completely filled. In this case
the GaAs conduction band edge (EGaAs) can be taken as a
energy reference for the QD density of state~DOS!. Thus the
occupied states show a truncated behavior atEF , which is
depicted schematically as the shadow region in Fig. 9~b!.
However, the confined energy and then-doped environmen
determine the electron filling in a QD. Different QD’s wit
different confinement energies would induce different ba
bending around the QD’s. Moreover, since the interdot d
tance is randomly distributed, the depletion regions for so

FIG. 10. ~a! Experimental EFR spectra~d! and fitting line-
shapes~solid lines! at various temperatures.~b! The EFR spectra
~d! and fitting lineshapes~solid and dotted lines! after subtracting
the fitted WL signal.

FIG. 9. Schematic diagrams for the electron level occupation
an uncorrelatedQD system~a! and the corresponding occupie
states~shadow area! ~b!. Schematic diagrams for the electron lev
occupation in acorrelated QD system~c! and the corresponding
occupied states~d!.
g-

d
-
e

closely packed QD’s may mutually overlap. Therefore, t
electron level filling in different QD’s are stronglycorre-
latedby then-type environment. This effect is schematical
depicted in Fig. 9~c!. In this situation, the relativeEF posi-
tions in different dots, with respect to the GaAs band ed
are no longer the same. If we still plot the QD DOS wi
respect to theEGaAs, as shown in Fig. 9~d!, the EF will be
dispersed into a ‘‘band’’ and the truncated behavior of oc
pied states will disappear. This explains why we observ
the appearance ofE1 transition before the ground states we
fully occupied.

C. Thermal distributions

We have investigated the temperature evolution of
EFR spectra. Figure 10~a! shows the EFR spectra for samp
A measured at various temperatures, withVL525.5 V and
VH50 V. The fitting lineshapes, considering the intensi
modulation Gaussian lineshapes, are also shown for c
parison. In order to see the QD signals more clearly,
subtracted the WL signal from these spectra, which
shown in Fig. 10~b!. In this figure, an increase in temperatu
modifies the relative intensities of the QD transitions. W
the increasing temperature, theE0 intensity is decreased
while the excited states are increased. These EFR intens
can be correlated to the electron thermal distribution in
QD’s. If we assume that the ground states are fully occup

FIG. 11. ~a! Temperature dependence of the QD level occu
tion deduced from the EFR intensity.~b! Arrhenius plot to the QD
level occupation.
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13 046 PRB 62CHANG, HSU, YEH, AND CHYI
at T510 K, i.e.,N52, the level occupations at different tem
peratures can be deduced from the relative EFR intensi
In Fig. 11~a!, we show the temperature dependence of
level occupation for each QD state, and the correspond
Arrhenius plot is shown in Fig. 11~b!. As discussed above
sample A contains'2–3 electrons per dot atT510 K.
Therefore, the Fermi levelEF may be lying just below the
first excited state~see the inset!. With the increasing tem-
perature, the electrons in the ground state were therm
populated to the first excited state. By a linear fit to t
decreasing part of theE0 occupancy, we extract an activatio
energy of Ea,0→1527(65) meV, for the electrons in QD
ground state. Because the electrons in the first excited s
can also be thermally occupied to the second excited s
the E1 occupancy did not change significantly. At low tem
peratures, the second excited states are empty, implying
the increasing electrons are coming from the first exci
state. By using the increasing part of theE2 occupancy, we
obtained an activation energy ofEa,1→2534(65) meV, for
the electrons thermally populated to the second excited s
In C-V measurements, we found that the electron interle
splitting is '78 meV, including the effect of Coulomb
charging energy. Interestingly, the obtained activation en
gies ofEa,0→1527(65) is quite close to the electron inte
level spacing of'30 meV in neutral dots, i.e., without Cou
lomb charging energy. Because these electrons are alrea
the QD’s, thermal population to a higher state do not requ
Coulomb charging energy.

IV. CONCLUSION

In summary, we have performed the PL,C-V and EFR
measurements to investigate the In0.5Ga0.5As self-assembled
QD ensemble. The electronic structures of the QD’s w
constructed byC-V profile. Coulomb charging effects on th
electronic structures were found to be non-negligible. T
electron level occupations were measured by the EFR s
tra. Due to the correlated carrier transfer among the Q
and then-type environment, the electron level filling is inho
mogeneous near theEF . Finally, the thermal population in
the QD levels was investigated. The activation energies
the thermal population were found to be close to the le
splitting, which means that electrons thermally populated
higher state do not require Coulomb charging energy.
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APPENDIX: INTENSITY-MODULATION
LINESHAPE MODEL

For thej th QD interband transition, the dielectric functio
«̃ is given by

«̃~Aj ,E2Ej !5«R1 i« I511Aj~LR1 iL I !, ~A1!

where « I and «R are the imaginary and real parts of th
dielectric function,Aj andEj are the intensity and energy o
the j th transition,LI andLR are the lineshape functions re
lated to the imaginary and real parts of the dielectric fun
tion. Due to the QD size fluctuations, theLI can be assumed
to be a Gaussian function andLR can be obtained by a
Kramer-Kroning relation,27

LI~E2Ej ,G!52
1

GAp/2
exp@22~E2Ej !

2/G2#,

~A2!

LR~E2Ej ,G!5
~E2Ej !

G2 H~1;3/2;22~E2Ej !
2/G2!,

~A3!

where H(a;b;z) is the confluent hypergeometric function
Taking into account the Pauli-blocking effect, theAj also
dependent on the electron occupationNj , which can be ex-
pressed as

Aj~Nj !5gj2Nj . ~A4!

If the charging states are modulated between being em
and completely filled, the change in the dielectric functi
D«̃ is given by

D«̃5 «̃~gj ,E2Ej !2 «̃~gj2nj ,E2Ej !

'Nj@LR~E2Ej ,G!1 iL I~E2Ej ,G j !#, ~A5!

which is directly proportional to the corresponding occup
tion Nj and is essentially a intensity-modulation lineshap
Finally, the spectrum,DR/R, can be expressed as

DR/R;(
j 50

2

Nje
iu~a2 ib!@LR~E2Ej ,G!1 iL I~E2Ej ,G!#,

~A6!

whereCj is a normalization constant,u is a phase factor,a
andb are the Seraphine coefficients.
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