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Abstract. A unified self-consistent theory of the mutual influence of the electronic and spin
subsystems in the s~f model approximation for ferromagnetic semiconductors is developed.
The calculations are based on the novel approach of the two-time Green function method.
It consists in the introduction of irreducible Green functions (IGF) and the derivation of the
exact Dyson equation and the exact self-energy operator. It is shown that the IGF method
gives a unified and natural approach for the calculation of the elementary excitation spectrum
and damping. The full electronic and magnetic quasiparticle spectra of the s-f model are
derived by taking explicitly into account magnon-magnon, electron-magnon and electron—
electron scattering processes. The recent Babcenco and Cottam results follow from this
theory in the lowest-order approximation.

1. Introduction

In this paper we present a unified and complete self-consistent consideration of the
mutual influence of the electron and the spin subsystems in ferromagnetic semi-
conductors by taking explicitly into account damping effects and finite lifetimes. A great
deal of effort has been made to gain an understanding of the physics of magnetic
semiconductors. An important problem is to make clear the relationship between their
magnetic and electrical properties. The corresponding theoretical model is known in
literature as the s—f model (Krisement 1976, Nolting 1979a).

The s—f model has been intensively discussed in many previous papers on ferro-
magnetic semiconductors. Nolting (1978, 1979b) and Nolting and Oles (1980a, b, ¢, d)
calculated the electronic excitation spectrum of a ferromagnetic semiconductor in the
strong-coupling limit using an improved moment method. Sinkkonen (1979) developed
an intermediate-coupling theory of the s—f model in terms of the functional-derivative
method. Nolting and Oles (1981a, b) calculated the magnon spectrum, quasiparticle
density of states and edge shifts of doped ferromagnetic semiconductors. The exact
nature of the conduction band states was investigated in a very elegant way by Allan and
Edwards (1982). They retained the predominant d character of the conduction electrons
and found the mostimportant effect of the electron-magnoninteraction on the electronic
states at T = 0. Recently, a significant contribution to the explanation of the observed
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electron spin polarisationin the magnetic semiconductor EuS has been made by Edwards
(1983) who clarified the true situation in this compound.

A very detailed investigation of the magnetic excitation spectra in the s—f model
approximation has been developed by Babcenco and Cottam (1981). These authors give
amore detailed description than Woolsey and White (1970), including an optical branch
of the magnon spectrum and a Stoner-like continuum of excitations as well as the usual
acoustic magnons. Unfortunately the damping effects and the finite lifetimes were not
taken into account. The only damping mechanism that has been considered is the decay
of a magnon into an electron-hole pair with a spin flip.

The purpose of our paper is to develop a complete self-consistent theory of electronic
and magnetic elementary excitations in ferromagnetic semiconductors by taking
explicitly into account magnon-magnon, electron—electron and electron-magnon
inelastic scattering processes. For this purpose we use the novel irreducible Green
functions (1GF) method developed by Plakida (1971, 1973), for the self-consistent phonon
theory and for the Heisenberg ferromagnet, and by Kuzemsky (1978), for the Hubbard
model. The IGF method allows one completely to describe the quasiparticle inelastic
scattering processes in a many-body system and to find quasiparticle spectra with damp-
inginavery general way. From the technical point of view the IGF method is a special kind
of projection operator approach in the theory of two-time Green functions (Ichiyanagi
1972).

If one introduces irreducible parts of the Green functions (or irreducible parts of the
operators from which the GF is constructed) the equation of motion for the GF can be
exactly transformed into Dyson equation. The representation of the self-energy operator
in terms of high-order GF is exact too. In order to perform the self-consistent calculation
of the self-energy operator we have to express it approximately in terms of low-order
GF. Recently, the IGF method has been applied in a number of solid state problems (see
Kuzemsky et al 1983). Christoph et al (1982) used this method for the calculation of
elementary excitation spectrain the generalised RKKY model of magnetism, which shows
that all branches should be taken into account in performing damping calculations.

The paper is organised as follows: in the next section we introduce the s—f Hamil-
tonian. In § 3 we derive the exact Dyson equation for one-electron GF by means of the
IGF method. The self-consistent approximative formalism for the calculation of the
electron self-energy operator is presented in §4. In § 5 we derive the exact Dyson
equation for the spin subsystem. The self-energy operator for this case is calculated in
§ 6. In § 7 we present our conclusions and possibilities for further development. In the
Appendix we give a simple but useful analysis of our truncation procedure on the basis
of the moment conservation treatment.

2. The Hamiltonian of the s—f model

The total Hamiltonian of the s—f model is represented by the following sum (Krisement
1976, Nolting 1979a):

H=H.,+H, + H;+ H_,. (1)
The kinetic energy operator H, of the itinerant band electrons is given by the expression

H, = 3 1,a58,= 2 68l )
ijo

ko
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where

=N 2 tyexp[—ik - (R, — R))]
i

is the band energy. Although the itinerant electrons are predominantly d electrons they
are usually treated as s electrons for mathematical simplicity. However, retaining the
predominant d character of the itinerant electrons may be very important for describing
the heavy rare-earth metals and magnetic semiconductors (Cooke 1979, Christoph er al
1982, Allan and Edwards 1982). For tight-binding electrons in the lattice with an inver-
sion centre the band energy reads

&= 2 H(R,) cos(k - R,,). (3)

H.. describes the Coulomb iteraction of the itinerant d-like electrons:

U
Hee = i\/ 2 alt*—q.oak.aa;—q.—aap.-a (4)
kpgo
where U is the Hubbard correlation energy. In the case of a pure semiconductor at low
temperatures the conduction electron band is empty and the Coulomb term (4) is
therefore not so important. A partial occupation of the band leads to an increase in the
role of the Coulomb correlation.
The localised moments with the Hamiltonian H; are treated in terms of the
Heisenberg model:

Hi=—427;8,-S,=—-427,5,-S_,. (5)
y q
These two subsystems are coupled by a local spin-spin exchange interaction H;

Hs—f =-2I 2 (Sz * o')aa’az?:y’aia‘

ioo’'

= —n\/—m%{s;,a;l Geqr + S7081 Grsgr

+ 820(ak1 Qus gt ~ Ak, Braq )} (6)

where operator (6) describes the RKKY iteraction of the localised spins of the 4f shell
with the spin density of the itinerant electrons. In general the exchange integral I(k,
k + ¢) depends on the quasimomentum (Freeman 1972). (A generalisation for the non-
local case can be made directly.)

3. The Dyson equation for the one-electron Green function

For calculation of the electronic quasiparticle spectrum of the described model with
Hamiltonian (1) let us consider the equation of motion for the one-electron GF (Zubarev
1960):

Giolt = 1) = =16(t = ') {[aro(1), ako(t)]4) = Ceol(D) [as (1)) %

Performing first time (¢) differentiation of (7) for the Fourier transform G, (w) we get
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the equation

U
(CL) - Ek)Gka(w) =1+ Nz <<a;+q,—aap,—oak-f-q,alaza»w
pq

— INTV2 2 (S =gtkrq.-olakod e + 265748k 4,0/ka) ) ®)
q
where
S, ifo=+or? +1  ifo=+or]
5o = { i z, = { ! .
§t, ifo=-—or} -1 ifo=-or}

Following Plakida (1971) and Kuzemsky (1978) one can introduce the irreducible GF

<<(Sz—qak+q,o)ir§a-lta>> = «Sz——qakﬁ-q,o‘a;o» - 6q,0<sz—q>«ak+q,a‘a;0>>
<<(a;+q,—oap,—aak+q.o)ir!a;a» = <<a;+q,—aap‘—oak+q.a|a;a»
- 6q,0<a;+q,—aap,—a)«aka}a;o» (9)

in which the mean-field contributions are removed. The choice of the IGFs is determined
by the conditions

<[(Sz—qak+q,o)ir’ aIa]+> =0 (1061)

<[(a;+q.—oap,—oak+q.o)ir, a.lto]:&) = 0 (1Ob)

The 1GFs are defined so that they cannot be reduced to the low-order ones by any
kind of decoupling. This reducing procedure leads to extracting all relevant (for the
problem under consideration) mean-field renormalisations and putting them into the
‘zero-order’ {generalised mean-field) GF. For example, in the case of weak electron
correlation it will be enough to define a very simple mean-field extraction in the second
part of (9), i.e. (a,d;). In the general case the mean-field renormalisations can have
very non-trivial structure, and a special projection procedure should be developed for
the higher-order GFs as is done for the cases of the Heisenberg ferromagnet (Plakida
1973), the Hubbard model in the strong-correlation limit (Kuzemsky 1978) and the
magnetic polaron problem at finite temperatures and an arbitrary values of the s—f
exchange.

In order to calculate the 1GFs {(A ()| B(¢')) in expressions (9) we have to write the
equations of motion after differentiation with respect to the second time variable ¢'.
Then conditions (10) remove the inhomogeneous terms in these equations. If one
introducesirreducible parts for the right-hand side operators by analogy with expressions
(9) and (10), the equation of motion (8) can be exactly rewritten in the following form:

Gka(w) = G?w(w) + G?w(w)Pka(w)G[;w(w) (11)
where the mean-field GF GY,(w) reads
Gho(w) = (0 — %) 1. (12)

Here &}, is
£y = & — 2, IN"VXS%) + (U/N)n_,.

The scattering operator P,,(w) is given by expression
Pyo(w) = Piz(w) + Pig" (@) (13)
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and

U? . ‘
(@) = 3772 2 €07 g -08p, ~oflr,0) | (@7 v g, olly, -8 g1.0)") (14a)
P P9

12
Pi(©) = 5 S AU ausq -] (Sjateq )
q

+ <<S:gak+q,—alsg’at+q’,a»} (14b)
where the intersubsystem contributions are dropped, i.e.
<<(a;+ q. —oap.—oak-i—q,o)irl (Sf;'aﬂ q’,o)ir + S:;”a:— q’,—o»

is equal to zero because of our simple projection procedure assumed in this paper.
From the Dyson equation

Gio(©) = Gl (@) + Glo(@)Mio( ) Gro(w) (15)
we get the following equation for M, (@):
Pka(w) = Mko(a)) + Mko(w)GOko(w)Pko(w) (16)

from whichit follows that we cansay, incomplete analogy to the diagrammatic technique,
that the self-energy operator M, ,(w) is defined as a proper (connected) part of the
scattering operator Py (w):

Mio(w) = (Profw))". (17)

It should be emphasised that for the retarded (and advanced) GFs the proper part has
only a symbolic character. However, one can use the causal instead of retarded GF at
any step in the calculations because the equation of motion has the same form for all
three (retarded, advanced and causal) GFs.

In a certain sense there is a possibility of controlling, in diagrammatic language, the
relevant decoupling procedure in further approximative self-energy calculations. Thus,
in contrast to the standard equation-of-motion approach the decoupling is only intro-
ducedinthe self-energy operator. A concrete calculation will be givenin the next section.

4. A self-consistent approximative calculation of the electron self-energy operator

To find useful explicit expressions for M,,(w) we have to evaluate the high-order GFs in
equations (16) and (17). The electron—electron part (16) has been previously found by
Kuzemsky (1978) by considering the electron correlation effects in Hubbard model in
the band limit. In the pair approximation for M, (w) he obtained

U? **  dw,dw,dw
R e L CHICRL CARL )

+ n(wZ)n(wS)]gp+q,—a(wl)gk+p.a(w2)gp.—o(w3) (18)

where
8ro(®) = —(1/7) Im Gyo(@ + i) = (1/27) (P + 1)Aso(w). (19)

Let us consider now the spin—electron inelastic scattering. It is convenient to write



2876 D I Marvakov, J P Viahov and A L Kuzemsky

down M™ ) in the form
12 n
MR (0) = ME(0) = 35 2 (524 q.0l S§ale g, )0
99

I? 1 (** do'
—_ _ Bw'
N%Z:r L, 0= (e D

[T dre i SBa 052, (000 g D). (20)

If one uses the following decoupling procedure:

(S8aLq.08% (D1 q,0(0)0 = (5§ S () (@i s g oGis g o)) (1)
the corresponding approximative expression for M{;” (w) neglects the vertex corre-
lations, i.e. the correlations between propagations of the electrons and the magnetic
excitations. In another paper we will consider the magnetic polaron problem where such

correlations are very important. Taking into account the spectral theorem (Zubarev
1960) we obtain from equations (20) and (21)

1+ v(wy) —
o (w) '—EJ dw, d +a) Sww)l +'Z§§02) (M3 (@1)8x-g, - o 02)

+ M (01)8k - g,0(2)) (22)
where the following symbols are introduced:

m#(w) = (1/7) Im {53 |S2,» = (1/27) (e’ - DK (w)

K (1) = (SE,S3(1)). (23)

Here v(w) and n(w) denote the Bose and the Fermi distribution function, respectively.

Equations (11), (18) and (22) form a closed self-consistent system of equations for
the one-electron GF of a ferromagnetic semiconductor. There the electron—electron
scattering is accounted for in the pair approximation and the spin—electron scattering is
described by neglecting the vertex correlations. In principle we can substitute in the RHS
of the equations (18) and (22) any relevant initial GF and find a solution by repeated
integration.

For first step in the iteration we choose the following simple one-pole expression:

8o @) = 0w = &) (24)
Then from the equations (18) and (22) we obtain

_dl=n o) F iip Nt
M (w £+q a( k+p,0 L . k+p,0'tq, -0
ka( ) 2 w - €p+q -ag 6‘k+pa'+' Eq ~-g
—72 (25)
w — qu
- 1+ v(w) —M-g-0 ,_
i) <5E [ o (S
1+ V(U)l) - nk_qyo 2z )
T (o). 26)
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The expression (25) was found by Kuzemsky (1978). It describes electron—electron pair
scattering in the paramagnetic state of the electron subsystem. The expression (26)
contains some results found by Krisement (1976), Nolting (1977), Kuivalainen et a/
(1979), Sinkkonen (1979) and Woolsey and White (1970). In order to obtain the results
of Woolsey and White (1970) it is necessary to neglect m7’ (w) (which is reasonable at
low temperatures) and to use as a first iteration the expression

—(1/m) Im (SG1S29) = 2,(ASH/NV)6(w = z,0,) (27)

where w(g) = Dq*is the magnon energy. Then we obtain the Woolsey and White (1970)
perturbative result:

USHIE <« Mgwy  + v
Mem - q9. 4 q 28
k1 (@) TN g O~ Exyq T 0, (284)
ASHIP o L= Mgy +
SRR Rt (286)

g W™ &gy T O

In the state limit for K2 (¢) = K2 (0) one can immediately obtain the Sinkkonen (1979)
result

M (o) = pEf

from which the Kuivalainen et a/ (1979) result can be found as a special case.
Therenormalised electronenergy appears as aself-consistentsolution of the equation

w— €% — Re My (w) =0 (30)

Ko ogk q. a(w ) + Kq 8k - q. a(w )] (29)

together with equations (18) and (22) or with equations (25) and (26). In this way the
energy shifts of the electrons can be calculated from the set of non-linear integral
equations (30), (25) and (26). So the electron linewidth is given by

To(w) =1/1= —Im M, (o + i¢)
fka= Ikao(ska)/(l - dRe Mko(w)/awlw=skg) (31)
and the one-electron density of states is defined as

rko( (U)
Dol@) = I8N ¢ =60 + Th(0)

(cf Allan and Edwards 1982). On the basis of equations (31) and (32) we can consider
modified (due to electron—electron correlation effect) expressions for the electron effec-

tive mass, electron mobility and electron specific heat obtained by Woolsey and White
(1970).

(32)

5. The Dyson equation for the spin Green functions

To study the magnetic excitation spectrum of the localised spin subsystem we need the
GF

R(t =)= =160t — ){[Sk (1), SZ&()]-) = (ST (OIS Zu(1)). (33)
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Christoph et al (1982), however, show that for the many-branch quasiparticle excitation
spectrum it is necessary to evaluate the matrix GF (cf Babcenco and Cottam 1981)

() = €S }ka>> <<Si$103k>> (34)
€or1S=) (ot lozed
where
of =§a;1ak+” 0 =(07)* = 2 aisq, 81
q9

By differentiation of the GF (S} | B)) with respect to the first time ¢ and introducing the
IGF following Plakida (1973) and Christoph et al (1982) it is convenient to introduce the
irreducible operators

(S =55 = (58)d,.0 (35)
(Si-g(S3)" = 83 (S5- o))" = Si (S5 = 87 (Si- )" = (A, — As-p)SE
A, = 2KZ + K;*)/2(5%) (36)
we find the equation of motion
(N"2/DQ
QuSEBY, + kot BN, = {0+ Al @
Here
(5% - 2K¥ + K+
Q=0 - qir (o= 1) =N 20, = Tomn) Tigmy
I
"N(”t_”¢) (38)
Q, = 2(S3)I/N (39
and B denotes the operators SZ, or 0Z,. The many-particle operator A reads
1 , T .
A = N; (Sl-:—q(sé)” - S;(Si—q)“)“ + szq {S;—q(a;—T ap+qT - a;w‘ apﬂli)"
= 2(8i- ) ayrapeqy} (40)

and it satisfies the conditions
<[Aa S:k]—> = <[A5 0';]_> =0.

Now we consider the GF o} | BY. Similarly to equation (37), we have

—NVIg$(ST | BYy + (1 = Uy (o7 | BY, = { }+ Zwik«Bp}B»w (41)
D,

=Nx§ »
where
Wk =W+ 6~ Epyp— A (42a)
A = 2SHI/NY? + (U/N)(ny —n ) (42b)
lgon -n
$= % Tprke Tl 42
Xo N% a)p,k ( C)
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The irreducible operator B, is defined by
B = — ! 2 S+ + 8 _ 5 ir
P> T N2 poi (S24(a51 agsg 1004k = a7, Gpri ) Opgg)
- (Sz—q’)ir(a;T Ggeq  Ogprk = Qg1 Bprk | 0pgag)]
+ g 2 + + — gt + ir 43
N< (@71 834q1 g1y ekaq | — ApagtAg-g 1 8g,Gpri)) (43)

and the equations of motion (37) and (41) can be summarised in the matrix form

QR=1+2 ¢,RV. (44)
P
Here
! Q, N, 0|
H —INV2yd 1 - Uyl I= H ~ Ny | “43)
_|N o oo _ [€A1S7) Alom)
¢,,_j0 1w ’ "“ (8,152 (B,lom)| (46)

In order to obtain a Dyson equation we have to use the equation of motion for the matrix
6F RW(¢) and introduce the irreducible parts as discussed above. Thus we get

R=R® + ROPRO (47)
(Sabege) RO=07 (48)
Pq

and
(AlAT)  (AIB;)
(B,|A*) «B,|B;»

Using the definition (13) the equation (47) can be transformed into the exact Dyson
equation

Po.0) = | l (49)

R=R©O + ROLR (50)
with the self-energy operator I1 given as

1= {P- (51)
The solution of equation (50) can be written in the form

R=((R®) -], (52)

Hence the determination of R has been reduced to the determination of the mean-field
GF R® and the self-energy operator IT.
In the explicit form the mean-field GF R is expressed by

Ux§)(NV2/DQ,  Nx§'Q,

RO = H(l -
det @ | Ny, —NydQ,

(53)

where

det Q = (1 - Uyd)Q, + N 2[y¥Q,. (54)
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Then for the localised spin GF {S7 | ST, »? we find

P S5 1 2Kz + K"
(715209 = 28 (0= 8 U0 =0 — g S 0, — Iy 0 TES

] -1
-N(nT n, )+2 I 75 (SEx8H(1 — Uy~ > ) (53)

As follows from expression (55), the two interacting subsystems (localised spins and
itinerantelectrons)are described in the generalised Hartree—Fock approximation, which
can be considered as a good starting point for studying wide-band ferromagnetic semi-
conductors. The magnetic excitation spectrum following from the GF (55) consists of
three branches: the acoustical spin waves, the optical spin waves and the Stoner-like
continuum of excitations. Qur considerations generalise the first-order theory given by
Babcenco and Cottam (1981) (cf Bartel 1973, Christoph et a/ 1982).
In the limit k— 0, w — 0, the GF (55) can be written as

(ST 1820 = (ASH/NY?) (0 — w(k)) (56)

where the acoustical spin wave energies w(k) = D, k? are determined by the stiffness
constant D,

(83) 2K# + K;* N2 1
Dac=2 1 (% EWq 412<S6>q 2<SO>N2(H 1 +n“)§(k )

N1/2 1
T 2S5 NA < VA 2 (11 = qr)(k'quq)z). 57)

Here
=2 (k- R)YJ(R,|) exp(—ig - R,)

and the sum is taken over the lattice sites denoted by R,,; J(|R,|) is the exchange integral
and k = k/k. The stiffness constant D,. can be expressed in terms of the Hamiltonian
parameters if one evaluates the band splitting A by self-consistently solving the RpPA
equation

=§k‘,nka=§[expﬁ<ek+%n_o—Nﬁ{ﬂSé)—sF)+1}_1. (58)

6. Spin self-energy operator and the magnon damping

The self-energy operator I can be expressed approximately in terms of the low-order
GFs. As an example let us consider the calculation of the GF {4|A ™). Using the spectral
theorem and neglecting the high-order correlation effects (vertex corrections) between
the magnetic excitations and charge-density fluctuations we obtain

N 1
(AIATYE = 52 Uy = Je-y)?
9

= 1+ +
xf dw, dw, v(wy) *+ v(@s) miZ(w)my (w;)

W= W — W,

-



Self-consistent theory of ferromagnetic semiconductors 2881

> N dw, dw, v(w)v(wy)/v(w, + wy)

12
o
N? w— W — o,

pp'qo v _

1
X mlr—_q(wl) <_ .7_[ Im«a;oap-#qa‘ a;-'oap’ —qa»wz)

12 +x +
+4'1\72 dw, dw, V(wl)V(wz)/V(fUl ;)

el w— W, — Wy

1 ;
X miZ (@) (—}Im«aﬁ Qp+q. a;’lap’—ﬁ)wz)- (59)

According to the same arguments as given above, the GFs {A[B; ). {(B,JA*), and
(B,By ) can be represented in a similar form. This leads to the self-consistent system of

equations for R and IT.

For the first iteration we put
— (1/7) Im{Si_ gIS Tk Do = (ASH/NY) (w0 — @) (60)
= (1/70) Im{ap08y + 40l 5 08y - 0N 0 = (Mpo = My ) (@ + €5 = €y°0)Op psg (61)
in the rRHS of (59) and get (cf Christoph er al 1982)

1+ v(w) + v(we-,)
W= = Wy

) 2 SZ + x
A =503 —Jk_q)zf do
q9

- %

mi(w')

<S(Z)> 12 (1 + V(wk_q))np+qg(l - npo) - V(wk—q)npd(l - n‘p-\‘—q(!)
pqo W= Wx—g T Eprgo™ &po

. 452_2 g dw’ A+ v(0))n_ gt (1 =n,,) = v(w)n, (1 —ny.gt)
pq

-

W=+ Ep-q1 T &y
X M o(0) (62)

where the first term describes the magnon-magnon inelastic scattering and the others
account for the magnon—electron scattering. The concrete calculations need a suitable
assumption for the longitudinal spin susceptibility. For this one can use the Cottam
(1977) result.

In order to calculate the damping of the magnetic excitations in the ferromagnetic
semiconductor it is necessary to take into account all matrix elements of the self-energy
operator IT = |I1,]:

I, = (I?/NQ3)(AIATYES (63)

M, =10 = — 1 EL«A'B*-»E.C (64)
12 21 NG, & s ph

My =~ > L BBy 65
2= NI & wp!kwq'k« By Vi©. (65)

Cl4—H
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Then the matrix GF R becomes
R= (R - 1)

(515 (4510
_ 1 G RO ( det RO +H12> (66)
det[(R©)1 —T11) || _ («oﬂS:k»w e ) G
det RO ' det RO 1

and the spin GF gets the form

(SEIS=edo = [(STISZEYe) ™" = Z(k, )] ™ (67)
where Z(k, w) is given by
S(k, w) = I1;, — (I/N'* det R©® — I1,,) (I/N"? det R© - I1,)

x [(1 = Ux§)/Nx¥ det R© + ]!

x 124 /(1 = Uy%) det RO (68)

The GF (67) contains acoustical and optical magnon excitations as well as a Stoner-like
continuum of excitations damped by magnon-magnon, electron-electron and electron—
magnon inelastic scattering processes. For brevity we only present the calculation of the
acoustical magnon damping. For small k and w the linear terms in [, are essential and
we find

(SE1S7ehw = (USH/N?) [0 ~ wp — (ASH)/NY?) Z(k, )]~ (69)

Z(k, w) =TIy + (TIy + Iyy) NY2IxE /(1 = Ux§

+ [NP(x§)?/(1 = Ux¥)*] M. (70)
Then the spectral density of the spin wave excitations with wave-vector k reads
=(1/m) Im{S§ 1S Zede

= IN"VUSHT(k, 0)/[(0 — 0 ~ Ak, ©))* + T2(k, w)) (71)
where the expressions
Ak, w) = (2(S3)/N"?) Re S(k, w) (72)
and
Tk, w) = —(2(53)/N2) Im 2(k, w) (73)

describe the shift and damping of the acoustical magnons respectively.
Finally we shall estimate the temperature dependence of I'(k, w) due to electron-
magnon scattering at low temperatures. We have

ImII,; ~ 2 V(Wkrg) (Mpsgo = Mpa) (W — Wpy g+ Epigo — £po)- (74)
pqo

If one substitutes

Eﬁﬁfdpqu (75)

pPq
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and expands in powers of g, it follows that

6(cos 8 — cos 6¢)
q1d€,4/6pl

V2 9max
Im I, ~W2nfdpj q° qu'd cos 6 (1,4, v(w,))
0

1 Bewmax 1

~ 5%, dx =~ T. (76)

The other contributions to Z(k, w) can be treated in the same manner. So the electron-
magnon low-temperature dependence of I'(k, w) is

T(k,w)~T,T (77)

where I'; = 0 in the limit k, w — 0.

7. Conclusions

The Hamiltonian of the s—f model, as given in the text, is the simplest theoretical model
for studying magnetically ordered semiconductors. In this paper we use the IGF method
as a unified and self-consistent formalism for the full description of the electronic and
magnetic spectra of wide-band semiconductors including electron-magnon, electron-
electron and magnon-magnon scattering processes. The importance of the results pre-
sented is certainly not in the application to any concrete substance—their interest is of
amore fundamental nature. They contain acomplete picture of the quasiparticle inelastic
scattering in systems with many-branch spectra of excitations and can be applied to other
models. Let us point out also that the s—f model with an additional Hubbard interaction
term can be useful for some transition and rare-earth metals and their compounds (cf
Christoph er al 1982). The formalism developed in this paper can be extended to
antiferromagnetic semiconductors and applied to the magnetic polaron problem.

Appendix
Let us write the one-electron spectral density (19) in the form (Kuzemsky 1978)
8k @) = (1/T) T @)/[(0 = &0)* + Tio(@)] = (1 = ) 0(w — &)

+ (1/m)ip( @)/ (w0 — &4)° (A1)
where the unknown constant 4, is defined by the condition

[ @ do=1. (A2)

-

Then within this approximation for the average electron occupation numbers we get

1 I n(€2+qa) B n(ska)
no== 2 n(&) + 33
N; ( , ) NQqu (52+qa'_ Ska)z

2z
K‘l

+ ﬁ E n(€?c+q.—0 - zaa)q) B n(ska)
=
N* kq (£2+q.—0 — 25004~ Eko)z

_ 2(S%)
X (Kq e "N_l_/oz_n(82+q.—o + Zga)q/)). (A3)
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As follows from equation (A3), they are determined in a self-consistent way. The first
term in the RHS describes the effects of renormalising the particle energies and the
subsequent terms account for the particle scattering by the fluctuations of the magnetic
moment in the second order of / and explicitly include the damping of the electronic
states. Equation (A1) conserves the first four moments in the second order of I and in
the low-concentration limit we have

MO = [ gl@) do =1 (Ad)

-

+ o
MO = [ ogio) do = e, (A5)

-x

+ <
M = J’ 0*go(w) dw

—x

= (0 )2 122 2z -+ 2<S(2)> 0
= (€ko) +N - Kq +Kq +K[T/2_(6a¢ +ZOn(£k+q.a))

= (:s?m)2 + 12(5 — 28NS+ z 89+ 1) = (‘90,,0)2 + IZ(DZ + D,,) (A)
+ % 1
MO = f W giw)dw = (e,)* + I <ZekDo + N; £+ o(KZ + K;M))

+ P[22,(85)((§7)? = Ry — D 1,) = 2o{S)D;] (A7)

M("') = J w4gka(w) do = (520)4 + ]2 <3£2D + 2€kNE £k+q(k + k o. a)

-

+ %,; £} (K7 + K;°~0)> <4z0sk<52>00 + 2, %]SV—)
X 2 Eis o K + K;79)
2<SZ> 2 Ees o KZ — K M)) +41%S)?2D, (A8)
where
K o0 = (ASE/N'?) (84, + v(w,)) (§7) = N7VXS%) D, = §% - (§%)?
Di=S-2(5)  Ro=(S)) Do =g (Ki+K),

Thus the first four moments calculated with the spectral density (A1) coincide with the
exact moments in the second order of / in the low-concentration limit,
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