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Single-site approximation for the s-f model in ferromagnetic semiconductors
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The conduction-electron state in a ferromagnetic semiconductor is studied theoretically by applying the
coherent-potential approximation to tkef model. In order to consider multiple scattering at ferromagnetic
temperatures, we first derive thenatrix elements of the-f exchange interaction for a singlespin embedded
in the effective medium, where a conduction electron is subjected to complex potgntaly, , according to
the orientation of its spin. Using the mean-field theory for fluctuafirgpins, the variation of the density of
states with temperature is investigated for various valudSKl. HerelS is the exchange interaction energy
andW is the bandwidth of the conduction band. The anomalous redshift of the optical-absorption edge and the
temperature dependence of the electron-spin polarization, experimentally observed in EuO and EuS, can be
explained consistently within this approximatig&0163-182@06)00740-Q

[. INTRODUCTION correlation together with multiple scattering on one site. In
this work, we study the conduction-electron state in a ferro-
The s-f model is currently accepted as a basis for study-magnetic semiconductor at all temperatures. However, it is
ing the conduction-electron state in ordinary magnetic semitoo difficult to treat the scattering due to thespin correla-
conductors such as Eu chalcogenidigsin this model, the  tion together with multiple scattering, because spontaneous
total Hamiltonian,H,, consists ofHg, H¢, andHg; which  magnetization arises beloW. . Here, we focus on multiple
represent the translational energy of anelectron, the scattering of ars electron in a ferromagnetic semiconductor
Heisenberg-type exchange interaction betwéespins, and  within the single-site approximation, ignoring thespin cor-
the s-f exchange interaction between arelectron andf relation.
spins, respectively. Pioneering work on the single-site approximation in the
ferromagnetic temperature region was done by Khiato
He=Hs+HitHsy, (1.1 formulated the coherent-potential approximati@@PA) in
terms of an effective locator. A thermal average over the
He=>, Skalﬂakw (1.2  fluctuatingf spin states is taken in the treatment using the
ku Green’s-function technique, and the results seem reasonable.
However, a detailed comparison between the calculated re-
sults and the phenomen(aptical and transport properties
observed in real magnetic semiconductors has not yet been
performed. Furthermore, Kubo's method is not convenient
for incorporating the exchange scattering due to fthepin
Her=—12>, af, o Snam, - (1.4 correlation.
i The CPA for thes-f model was also studied by Nolting
The notations used here are the same as in the previo@sd co-workers=® Starting from the atomic limit solution,
papers>3 they first presented the quasiparticle multiband picture for
A single electron(hereafter referred to as anelectron,  the conduction band in magnetic semiconductofsUsing
injected into an otherwise empty conduction band, moves itthe quasiparticle levels and spectral weights calculated based
the crystal, while interacting withi spins through thes-f on their concept, they formulated the CPA using an alloy
exchange interaction. Thus, the conductisf-electron state analogy>®°® Their treatment, however, is somewhat
in a magnetic semiconductor is strongly affected by the magquestionablé, because the quasiparticle concept is fully re-
netic order of thef spins. alized only in the weak-coupling region, as they acknowl-
In the case of a ferromagnetic semiconductor, the orienedged in their studj? Furthermore, their results do not agree
tations of f spins are completely random at the high- with Kubo’s. This discrepancy results probably from the dif-
temperature limitT=), while as the temperature decreasesference in the thermal-average operation concerning the fluc-
to the Curie temperatureT(), the correlation betweef  tuation of thef spin, as is discussed later.
spins becomes so strong that a short-range order is formed. The aim of this work is to present the CPA for thef
At even lower temperaturel <T., spontaneous magnetic model in a t-matrix formula, and to investigate the
(f-spin) ordering develops, and at=0 the orientations of conduction-electron states in ferromagnetic semiconductors
spins are perfectly arranged in one directi@rdirection. within the single-site approximation. The organization of this
In the previous papers® we studied the variation of the paper is as follows. In Sec. Il, we first derive thenatrix
density of states with temperature at paramagnetic temperalements of thes-f exchange interaction for a singfespin
tures, taking into account the scattering due to thepin  embedded in the effective medium, and present the CPA

Hf=—;n JmnSn- Sh, (1.3
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condition using tha-matrix elements for the ferromagnetic we define theé matrix of thes-f exchange interaction as
temperature region. The actual procedure for the numerical

calculation is given in Appendix A. It is proved in Appendix tm=vm[1—Puy]~*. 2.7)

B that the present treatment is equivalent to Kubo's methodote thatk, and thusP, includes ndf spin operator, and that

In Sec. Ill, the numerically calculated results for the density; _represents the complete scattering associated with the iso-
of states, the energy of the bottom of the conduction bandgted potentiab , in the effective medium.

and the electron-spin polarization are shown as a function of according to the multiple-scattering theol¥,the total

the normalized temperatuiéT¢ and the ratidS/W, and are  gcattering operatdF, which is related taG as

compared with experimental results. In Sec. IV, the conclud-

ing remarks are presented. G=P+PTP, (2.8
is expressed as the multiple-scattering series,
Il. FORMALISM
A. Basic considerations T=2> t,+ 2 taP > t,
m m n(#m)

In ordinary magnetic semiconductors, the magnetic exci-
tation energy is very small compared with both the band-
width W and thes-f exchange energhs; thus, thef spins T2 P D P > e (2.9

. . m n(#m) 1(#n)
are treated as a quasistatic system, or the thermal average for
the fluctuatingf spin is calculated at the last stage of the  jthin the single-site approximation, the condition
derivation of physical quantities. We further assume that the
s electron does not polarize thé spins, although the (tm)ay=0 for any m (2.10

s-electron state is strongly affected by the state of the leads to(T),,=0 and thugG),,~P. This is the CPA.

Spi_?_ﬁ.us we define the sinale-electron Green’s funcédn In this approximation, the density of states for the elec-
' 9 ' tron's spinu (=1 or |), D (), is calculated using

1
- 1
Glw)=——1" (2.3) D,(0)==—ImF,(®). .11
with Here,F ,(w)=(mu|P|mu) (independent ofn) is the diag-
onal moment ofP in the Wannier representation, and is ob-
H=Hs+Hst, (22 {ained from P

and write its thermal average for thiespin as(G),,.

In order to apply the multiple-scattering thedfywe di- F ()= 1 S (ku|Plku) = 1 D 1
vide H into the unperturbed Hamiltoniald and the pertur- ® N % H N K wo—g—2,
bation termV. When magnetization arises, arelectron in a (2.12
ferromagnetic semiconductor is subject to different effective
potentials through the-f exchange interaction according to B. t-matrix elements of s-f exchange interaction
the orientation of its spin. Thus, let us assume an effective

medium where ais electron is subject to complex potential, . . o
. pexp elements of the matrix defined by Eq(2.7): the site index

2, or X, according to the orientation of its spin. Then,san : ) X ‘ _
electron moving in this effective medium is described by theM Will be omitted in the operator to avoid confusion. In order

(unperturbeji reference Hamiltoniai : to show the resulting expression, it is convenient to introduce
the following symbols:

In this subsection, we show the explicit expression for the

szE (ex+3,)ak,ax, - 2.3 Vi=—I1S,—2, (2.13
§7
Thus, the perturbation tertvd (=H—K) is written as a sum Vi=+IS,-%, (2.14

over each lattice site:

Ui=—1(5-1)-3,, (2.15
V=2 vm, (2.9 U =+I(5+1)-3, (2.16

with W, =12S_S, =1?[S(S+1)-SI-S,], (2.17

W, =12S,S_=1%[S(S+1)—-S2+S,]. (2.18

Here,S, is thez component of thé spin:S, =S,+iS, and

_ o S_=S§,—iS,. The physical meaning of the above symbols
Next, using the reference Green’s functiBrgiven by can be easily explained; (V) is the spin-diagonal compo-
nent of thes-f exchange interaction, wherein arelectron
with 7 (|) spin interacts witH spin located in the medium of
2, (2). U; (U)) is the spin-diagonal component of thef

UmZE al‘llu,(_lo-'sm_z,ué,uv)amv' (25)
v

1
P(w)= K (2.9
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exchange interaction wherein anelectron with1 (]) spin [ll. RESULTS AND DISCUSSION
interacts with thef spin, which has already flipped in the
previous scattering; thus, tHespin operatolS, is replaced _ _ _
by S,—1 (S,+1). Both V; (V|) and U, (U,) describe the Since the present treatment is equivalent to _Kubo’s
scattering process without spin flip. On the other han, approximatiorf, we add only a few comments concerning the
(W)) is the interaction energy required by armlectron off  self-energy.

(1) spin to flip and then reverse its spin after the intermediate (a) Weak interaction limit: Inserting E2.19 into Eq.
propagation with flipped spin. It is worth noting that all the (2.23), and Eq.(2.20 into Eq.(2.24, and expanding them in

A. Overall features of the density of states

symbols defined above can be described in tern, ainly. | to the first order, we obtain
We do not present tedious details, since the calculation is
straightforward and no more approximation is needed. The (Vi)a=0 thenX;=—-1(S)ay, (3.9
resulting expressions are
g exp (V)a=0 then S =+1(S)a. 3.2
VitF (W= ViU (2.19 This result is equivalent to the one obtained using the

tyr= )
M 1-F U —F [V +F (W, —V;U))] first-order perturbation theory. Therefore, in the weak ex-
change interaction limit the present theory reproduces the

Vi +F(W =V Uy) simple spin-splitting band model, in which the conduction

t= 1-FU,—F [V, +F,(W -V, U)]’ (220 band splits into two spin-polarized subbands.
(b) Completely ferromagnetic case: In this case, only the
1 valueS,=Sis realized in the thermal average over thepin
tH:1_FLUL_FT[VT+FL(WT_VTUL)] (=182) states. Hence we obtain, from Eq8.23 and (2.24),
1 ET: —1S, (3.3
=S TR U SR IV AR W,V 0T and
220 _1g 2D (3.9
1 TN '
t,= -IS
UWT1-FU—F [V, +F (W, -V U))] ( +) The results can be interpreted as follows. For the com-
1 pletely ferromagnetic cagee., T=0), the states of electrons
=(—1S,) with up-spin only shift—IS with no damping. On the other

1-F U K[V +F (W =V,u )T hand, thes-electron states with down-spin are damped be-
(2.2  cause they can flip their spin under the condition that the
total spin(=S—1/2) is conserved if the density of states with

Here, for the sake of simplicity, thematrix elements in the  yp-spin is not zero therein. This is becadseinvolves F,
Wannier representatiofmu|t|my) are written ast,,,, and [=F (w)].
F,=F (o). This spin-flip process of the electron with down spin is

It should also be emphasized that this expression fot the 3 quantum effect due to the finiteness of thepin value.
matrix is very different from that derived by Noltifg.This  Thus, in the classical spin limfi.e., settingS>1 andS,>1
is because Nolting first calculated the thermal average for thgy Egs. (2.13—(2.18], Eq. (3.4) is replaced by
fluctuatingf spin to determine the quasiparticle energy lev-

els, without considering the application of the CPA with an 2 =+IS. (3.5
alloy analogy. Since the CPA should be used to treatfthe i . i
spin fluctuation, Nolting’s treatment is not suitable. Itis also verified that the self-energy given by E(&.3)

and (3.4) is in accord with that obtained by Shastry and
Mattis'* for a single electron in a ferromagnetic semiconduc-

C. CPA conditions tor at T=0 if the magnon energy is negligible.

The conditions for the CPA are expressed as (c) Paramagnetic case: The expression for the paramag-
netic temperatures(setting (S,),,~0, 2=%;=%, and
(t11)a=0, (223 F=F,=F, etc) agrees with that derived by Rangette, Ya-
nase, and Koler!®
(t;)a=0. (2.249 In particular, for the strong exchange interaction limit

Since the matrix elements; andt, also involveS, only, (atomic limi, we obtain

the thermal average over tliespin states is easily calculated 12S(S+1)

within the mean-field theory. =
The actual procedure for numerical calculation is pre-

sented in Appendix A. The proof that the present approximaand

tion agrees with that obtained by Kubis shown in Appen-

dix B. The present method shows good convergence and is - 1 s+1 1 N S 1

applicable for incorporating the exchange scattering due to w—3 2S+1w+IS 25+1 w—1(S+1)°

, (3.6

w—|

Flw)=
the f spin correlatior? (3.7
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This expression foF (w) corresponds to the energy levels in case, as is shown in Fig(d. The bands are broadened due
the atomic limit being—IS and1(S+1), with degeneracies to thef spin fluctuation, and the down-spin band has a tail
2(S+1) and 2S, respectively. This result is reasonable. which reaches the bottom of the up-spin band even=a0.

As in Refs. 2 and 3, for the numerical calculation we At high temperature3=T, the band fol S/'W=0.2 has
simply assume a single parabolic band with bandwMth a neck in the middle paftsee Fig. )], and the band for

the energy of the Bloch band is IS/W=0.5 has two subbandsee Fig. 1c)], which are char-
5 acterized by the coupling of the electron spin parallel or an-
ex=W(k/qp)® for O<k=qp, (3.8 tiparallel to the orientation of spins?3 As the temperature

whereqp, is the radius of the Debye sphere. The summatiorflécreases froric, the up-spin band is shifted to the low-
overk in the first Brillouin zone in Eq(2.12) is replaced by energy_5|de ar_1d diminishes at high energies where the states
the integration within the Debye sphere. It is worth noting@ré mainly antiparallel-coupling states. In contrast, the down-
that an introduction of a finite bandwitfor O<e,<W) is  SPin band is shifted to the high-energy side on the whole,
necessary to avoid the divergence in energy due to the poitthile the bottom of the down-spin band extends, accompa-
interaction(see Appendix C in Ref.)2 Furthermore, we set Nied by the lowering of the bottom of the up-spin band.
S=7/2 for Eu chalcogenides. The thermal average for fluc- N all of the_ present numerical calculations, the total den-
tuating f spin is calculated using the molecular-field theory. Sity of states is confirmed to be

In Fig. 1 we show the density of states calculated in this "
study for three typical cases of tlsef exchange interaction f D,(0)dw=1.0 (3.9
strength:(a) weak interaction(|S/W=0.1), (b) intermediate —o
interaction (IS/W=0.2), and (c) strong in_teraction(IS/_\N . for both u=1 and |.
=0.5). Note that the values of the normalized magnetization
M=(S,),/S, calculated using the molecular-field theory for
S=%, are M=0.0 (T=T.), M=0.61 (T=0.8T;), and
M=1.0 (T=0).

We briefly point out a few characteristic features of the In Fig. 2, the energy of the bottom of the conduction band
results. The first-order perturbation calculation shows thanormalized bylS, w,/1S, calculated in this study, is shown
the ferromagnetic ordering of spins gives rise to the as a function of /T for various values oflS/W. For
—1(S),y shift in the up-spin band and thel(S),, shiftinthe =~ T=T, the energy of the bottom of the conduction band,
down-spin band. However, even fi®/W=0.1 this is not the  wy, is obtained usirfy

B. Temperature dependence of the energy of the bottom
of the conduction band

IS 1
6| — || 1+ —
(,L)b W S
2 ) (3.10
IS IS\ /1 IS\ /1 1S\ 2 1\2
1+3 —|[=|+\/1+6| —||=|+36 —| | 1+ —
W w/ls W 2S

As the temperature decreases, accompanied by the develadshift, it cannot explain why these ferromagnetic semicon-
ment of spontaneous magnetizatiom,, decreases and ductors show such different redshifts despite the fact that
reaches—IS at T=0. The value of—M (=—(S,),/S), they all have the same lattice structure, the s&rsgin value
shown by the dotted line, corresponds to the result of th&&=7/2, and almost the same exchange interaction energy
first-order perturbation theory or the limit of the weak ex- 1S.8 In this study,w, is a function oflS/W at T=T [see Eq.
change interaction. (3.10], while w,=—1S (independent oiV) at T=0. Since

Using this figure we can easily explain the redshift of thethe exchange interaction has an intra-atomic character due to
absorption edge observed experimentally in ferromagnetithe strong localization of electrons within the Bl ion, the
Eu chalcogenides. According to Wacht&t/ the total shift  values oflS do not greatly differ in these Eu chalcogenides.
of the absorption edge amounts to about 0.26EMO), 0.18  Thus, the difference in the total redshift can be ascribed to
eV (EuS, and 0.13 eV (EuSe. Since these optical- the difference in the bandwidV/. For1S=0.35 eV, in this
absorption bands are assigned to tﬁé44f65d(tzg) band study, the observed redshift corresponds to the bandwidth
transition, the redshift is ascribed to the lowering of the en'\W=4.7 eV (EuO), 1.9 eV (EuS, and 1.2 eV(EuSe. The
ergy of the bottom of thal-like conduction band with the agreement with the values for the&l@,,) conduction band-
decrease in the temperature due todh& exchange interac- width obtained by Wachté} based on optical measurements
tion (see also later discussipn seems reasonable.

The first-order perturbation theory gives (S,),, as the Based on Fig. 2 we can also explain the reason for the
energy of the bottom of the conduction baridilthough the  apparent success of the first-order perturbation theory in ex-
first-order perturbation theory can explain the origin of theplaining the magnetic redshift. The temperature dependence
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FIG. 1. The density of states f@r=T., T=0.8T¢c, andT=0: (a) IS/'W=0.1, (b) IS/W=0.2, and(c) IS/W=0.5.

of the decrease in energy of the bottom of the band is descattering due to thd spin correlation will improve the
scribed approximately as|.x(S,),,, Wherel . is an effec-  agreement with the experimental resuits.
tive exchange constant. In this study we attribute the optical-absorption band to
Upon incorporating the exchange scattering due tofthe the transition between thefdlevel and the 8 conduction
spin correlationw, decreases further, especially at tempera-band!'®1"However, there is another interpretation that the
tures aroundl ¢, but retains a finite value, in contrast with absorption spectra should be assigned to the
the result of the second-order perturbation thedrgs was — 4f'—4f°5d(t,,) magnetic excitort?~?*In this interpreta-
previously reported by usThus, incorporating the exchange tion an exciton consisting of d electron and a hole in the



54 SINGLE-SITE APPROXIMATION FOR THEs-f MODEL . .. 11 303

with up (down) spin, andw is a typical energy of the emitted
electron. This assumption seems to be reasonable because
the experiment was carried out under the condition that the
conduction band was almost empty. Thus we have the fol-
lowing expression for the polarizatiof(T):?°

0.0

S —————
L i IS/W=0.04

" N;+N; Dy(w)+D (o)

P(T) (3.11

In this study we seto=0 for simplicity.

In Fig. 3, the present result f&?(T) is shown as a func-

T/Tc tion of the normalized temperatuii@ T for various values
of 1S/W, together with the experimental data for E{/SThe

FIG. 2. The energy of the bottom of the conduction band nor-f€Sult suggests tha&/W of EuS is between 0.1-0.2, which
malized bylS, /IS, as a function ofl/T¢ for IS'W=0.04, 0.1, IS consistent with the result in the previous subsection. Thus,
0.2, and 0.5. The value 6fM (=—(S,),/S), which corresponds to the spin-filter experiment in EuS is explained satisfactorily
the result in the weak exchange interaction limit, is also shown ayvithin the framework of the single-site approximation.
the dotted line for comparison.

IV. CONCLUDING REMARKS
level is formed after the transition. Even in that case, our We ai devi . dth for thef del
conclusions are changed only slightly, as long as the excited Y€ &M to devise an improved theory for tael mode,

electron spreads over many sites so that the energy of tH’(‘-flhiCh is applicable for a wide range ‘ﬁ/"\.’ and in a wide
ionf€mperature range. However, it is too difficult to treat the

band.’ scattering due to thé spin correlation together with multiple
scattering. Therefore, to take one step towards our goal, in
this study, we have investigated the single-site approxima-
C. Electron-spin polarization tion for thes-f model.

Kisker et al?® observed experimentally the spin polariza-  First, we derived the-matrix elements of thes-f ex-
tion P(T) of conduction electrons in EuS by means of field change interaction for a singfespin embedded in the effec-
emission from a W-EuS junction, and revealed the strondive medium, where as electron is subject to complex po-
temperature dependence B{T) (see the experimental re- tential, ET or El’ according to the orientation of its spin.
sults plotted in Fig. B According to the simple spin-splitting Neéxt, we studied the CPA conditions for teef model. The
band model based on the first-order perturbation theory, thiormula presented in this study is equivalent to Kubo’s
result should beP(T)=1 for T<T. and P(T)=0 for method} and is therefore in agreement with the CPA used by
T=T.. Thus, the observed spin polarizati®{(T) of the  Rangette, Yanase, and Kler'> when the directions of
field-emitted electrons is very different from that expectedspins are random, and it reproduces the result of the first-
from the simple spin-splitting band modid* order perturbation theotyin the weaks-f interaction limit.

In order to explain the experimental result, we assumé:U”herm_Off, our result agrees with that obtained by Shastry
thatN,/N, is equal toD;(w)/D (w). HereN; (N)) is the and Mattis* for a single electron in a ferrqmggnetlc semi-
number of emitted electrons with ufgdown) spin, D (w) Cond_u_ctor atT=0, when the magnetic excitation energy is
(D (w)) is the density of states for the conduction electronghegligible. However, the present treatment is very different

from that of Nolting and co-workers;1%12as shown in Sec.

1.
Temperature for EuS (T¢=17K) Assuming a simple parabolic band with bandwiglthfor
0 5 10 1517 20 K the s electron, numerical calculations were performed. The

results for the density of states, the energy of the bottom of

- the band and the electron-spin polarization were shown for
various values of S/W and for various temperatures. The
anomalous redshift of the optical-absorption edge and the
temperature dependence of the electron-spin polarization, ex-
- perimentally observed in ferromagnetic Eu chalcogenides,
. were explained consistently within this theory.
q The electronic resistivity for a ferromagnetic semiconduc-
tor was calculated based on ted model within the single-
site approximation. The result seems reasonable, except at
aroundT where exchange scattering due to thepin cor-

1.0

Electron spin polarization P

T/Tc relation becomes significant, which will be reported by us in
another paper.
FIG. 3. The electron-spin polarizatioR, is shown as a function An extension of the CPA to antiferromagnetic semicon-

of T/T. for various values of S/W. The experimental result for ductors was also attempted. The results of simple calcula-
EusS taken from Kiskeet al. (Ref. 23 is also shown for compari- tions indicated that an antiferromagnetic semiconductor
son. shows a magnetic blueshift of the optical-absorption edge,



11 304 MASAO TAKAHASHI AND KAZUHIRO MITSUI 54

which is consistent with the results of the experiment forS, as anf spin operator, the thermal average for the fluctu-
EuTe®! Details will be reported elsewhere. ating f spin can be easily calculated using the molecular-
Throughout this study, we have ignored the effect offthe field theory at any temperature. UsiAg, andB,, above, the
spin correlation. This effect plays an important role, espe-<CPA conditions, Eqs(2.23 and(2.24), can be transformed
cially at aroundT whenlIS/W is small, as for EuO. Incor- into the equations to determi® (X )):
porating thef spin correlation is our next subject of study.
F12S(S+1)—1S(1+F 3 )(A;/B;)

NSRS SRS By Y

ACKNOWLEDGMENT

M. Takahashi sincerely thanks Professor A. Sugiyama for )
his continuous encouragement. _FIPS(S+1)+1S(1+ Fi2)(A/B)) (A6)
! 1+F (3 —D)+FIS(A/B)

APPENDIX A
Once X, is determined,F, is obtained using Eq(2.12

In the actual calculation for the CPA, the following again. This procedure is repeated until the calculation con-
method is adopted. For a given assigning a suitable com- yerges. Our method converges far more quickly than does
plex number toF, (for u=T or |), we calculate the coeffi- that of Kubo*
cientsA, andB,, for each spin orientation using the follow-
ing definitions:

APPENDIX B
AT:< S:/S > . (A1) Here we show that the present formula agrees with Ku-
(1-F,Vp(A-FU)-FF W, [ | bo's CPA condition in terms of an effective locatat,,.

Setting Hy=F,=0 for simplicity, and replacingz by o,

B 1 G3o(2) by F(w), andJ§(2) by o—3,—F ;! in Eq. (15) of
By= (1-F,V))(1-F,U)—FF W,/ ’ (A2)  Ref. 4, we can obtain the following equation as the CPA
a condition:
/S
A¢=< > > . (A3) F'-U,
(I-FV)A-FUD-FFW [, FelemVvoE—ow - ®Y
A CA R DA A i NV
1
Bl:<(1_FLV1)(1_FTUT)_FTFLV\/¢ >av’ (A4)  HereF,, V,, U,, andW, (=1 or |) are defined by Egs.

(2.12—-(2.18 in the text. After a simple transformation, we
whereV; (V)), U, (U)), andW, (W) are defined in Egs. can show that E¢(B1) agrees with Eq(2.23) into which Eq.
(2.13—(2.18 in the text. Since these symbols include only (2.19 is substituted.
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