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1 . INTRODUCТION 

In the last decade а great deal of effort has been made to 
understand the physical properties of magnetic semiconductors. 
The properties of itinerant electrons and the relationship bet
ween the magnetic and electrical (Jro,erties of these substances 
are at present of great interest 1• 2 . Recently discussions of 
the true spectrum· of the magnetic semiconductors have been un
dertaken in connection with the magnetic polaron proЬlem / 3-7 / . 
The formation of bound polaron-like states due to the effective 
attraction of the electron and magnon is а very interesting 
many-body proЬlem. It is . possiЬle for the case of the antiferro
magnetic coupling of the electron spin to the lattice (magnetic 
subsystem). Investigations of the magnetic polarons permit us 
to clarify the nature of the true carriers at low temperatures 
of the magnetic semiconductors. Under various regimes the bare 
carriers сап Ье greatly renormalized and t he relevant true car
riers must Ье considered. This has been supported from the expe
rimental point of view / 8,9/ _ 

The properties of the magnetic polaron states have been in
ves tigated at zero temperature in papers / 3-S/ . Recentl y а much 
more detailed theory of the magnetic polaron at Т = О has been 
given Ьу Shastry and Mattis ·' 6/ . In ref. / б/ the Green function 
for а single electron has been calculated including both spin
conserving and spin-flip processes. Crucial differences between 
bound- and scatterinn-state contributions to the electron spect
ral weight have be ::; ll highlighted. Unfortunatel y , the damping 
ef ~ ects and finite lifeti~e s have not been taken into account. 
The only mechanism for the damping of the polaron bound states 
which ha s been considered is the decay of а magnetic polaron in
to an unbound electron with spin-flip and magnon. Ву energy con
siderations this becomes possiЬle when the magnetic polaron 
s t ate merges only with the electron-magnon continuum. 

The states of the current carriers in ferromagnetic semicon
ductors have been investigated for an arbitrary value of ex
change parameter I in the spin-wave region Ьу а variational 
procedure in ref./ 7 / . These authors have criticized the present 
methods of calculation of the one-electron Green function for 
the s-f model and claim that an adequate description requires 
cumbersome and untransparent decoupling procedures. 

The purpose of this paper is to discuss further the magnetic 

polaron proЬlem and dle: elop an unifi~~ ,~~d\ complete self-consis; 
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tent finite-ternperature theor y Ьу taking into account the darn
ping effects and finite lifetirne. For this airn we use the no-
vel irreduciЫe Green function (IGF) rnethod developed Ьу Plakida 
fo r the self-consistent phonon theory / 10/ and the Heisenberg 
fer rornagne t / ll / and Ьу Kuz ernsky for the Hubbard rnodel/1 2/ . The 
IGF rnethod cornpletely describes the quasiparticle i nelastic 
scattering processes in а rnany-body systern and finds quasipar
ticl e spectra with darnping in а very general way. Frorn а techni
cal point of view the IGF rnethod is а special kind of the pro
jection-operator approach in the theory of t-vю-tirne Green func
tions / I З/ .вy introducing "irreduciЫe" parts of the GF (or the 
"irreduciЫe " parts of the operators, f rorn which the GF is con
structed) the equation of rnotion for the GF can Ье exactl y _trans
forrned into а Dyson equation with an exact repre sentation of 
the self - ener gy operator which is represented Ьу higher - order 
Green functions. То calculate the self-energy operator in а self
cons i s t ent way, we have to express it approxiшa t e l y Ьу lower ··· 
order Green f unctions. Th'e IGF rnethod has been applied recentl y 
in а nurnber of solid-state proЬlerns / 14/ . Recentl y , Marvakov et 
al . / l5/ generali zed this rnethod to the calculation of elernentary 
excitations with darnp ing for the s- f rnodel. In / l5/ the scattering 
regirne has been onl y considered . The present paper i s devoted 
to developing this approach f urther to take into account the 
polaron-like states . 

2 . НAМILTONIAN OF ТНЕ s-f MODEL 

The t o t a l Hami ltonian of tl-te s-f rnodel is given Ьу the fol
lowing expression/ 1,2/ 

Н = 11 е + Н ее + Hf + Hs-·f' 

where Н е is the opera t or of kineti c energy of itinerant band 
electrons 

(1) 

I.I "" + .., .. + 
•l с = k t;l· а;а al.a = ~ (k akaaka. (2) 

i ja k 
-1 ;. -+ -+ 

Here fk = N 2 t . . ехр[ -ik (R. - Гt. )] i s the band energy. Although 
ij 1J 1 J 

the itinerant e l ec trons (2) are predorninantly d-electrons, 
they a re usually treated as s -electrons for rnathernatical sirnp
licity. However, the r e taining predorninant d -character of the 
itinerant electrons rnay Ье very irnportant for describing the 
heavy rare-earth rnetals and rnagnetic serniconductors. 

For tight-binding electrons the band energy is given Ьу 

(-+ = 
k 

2 

2 t (Ra) cos (k·Ra) . 
а 

(3) 

:I ee describes the Coulornb interaction of itinerant d -like 
electrons 

н u + + 
= - l а а а а 

ее 2N kpqa k+q,a ·l<a p-q,-a р,-а· 

Here U is the Hubbard Coulornb correlation integral. In the 

(4) 

case of а pure serniconductor at low ternperatures the "conduction" 
electron band is ernpty, and the Coulornb terrn (4) therefore is 
not so irnportant. Hr describes the localized rnornents which are 
treated Ьу the Heisenberg rnodel 

1 ... ... 
Hr = -- l J . . S .. S . 

2 ij 1) 1 J 

1 ... ... 
= --lJ ... s .... s .... 

2 ... q q -q 
(5) 

The two subsysterns 
coupled Ьу а local 

q 

(band electrons and 
spin-spin exchange 

Н f = -21 l (S . . а) ,а~ а ., = 
s . , 1 аа 1а 1а 

1аа 

localized spins) are 
interaction 

(б) 

++ - + 7.+ + l 1 S а а + S а а + S (а , а - а а ) 1 yN kq -q 14 k+qt -q k t k+q -' -q ~ t k+q r k.t k+q• · 

This terrn leads to the forrnation of the bound polaronlike states 
due to the effective attraction of the electron and rnagнon in 
the case of antiferrornagnetic coupling (1 < 0) . 

3. DYSON EQUAТION FOR BOUND STATE GREEN FUNCТION 

For the calculation of the electronic quasiparticle spect
rurn of the described rnodel (\) one rnust consider the equation 
of rnotion for the one-electron GF 

+ 
Gka (t) = « aka (t) aka >>. (7) 

/1 5/ . . 
In paper а self-cons1stent calculat1on of the GF (7) has 
been perforrned, where the bound states have not been taken into 
account. То do this, one needs the full generalized Green func
tion 

+ 
« ak 1 а k >> 

+ 
« aka 1 cka » 

6 = 1 
а а 

11 . (8) ka 
+ 

« Ck I C+ » «С 1 а » 
ka ka а ' ka 

То explain the structure of this GF, let us consider first the 
equation of rnotion for the Fourier transforrn of the GF (7) 
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+ z + 
1 а ka» + Za« S_qak+q,a 1 а ka » !' 1 -а 

UJGk (UJ):1+fkGk (UJ) - -~I <<S_ ak+ -а 
а а yN q q q, 

(9) 

where za: 1(-1) if а: tU) or +(-). Following/lO-IS/ we intro
duce Ьу definition the irreduciЬle operator in the r.h.s. of 
eq. (7) 

(Sz)ir :Sz - <Sz >8 -q -q О q,O 
(10) 

in which the mean-field contribution is removed. Then the equa
tion of motion (7) can Ье exactly transformed to the following 
form 

о + 1 + (UJ - f ) «а 1 а » + -- «С 1 а » : 1 . 
ka ka ka yN ka ka 

(11) 

Here z 

I< S0 > 
о f - z ---=--\а : k а ylN 

(12) 

-а z ir 
С : ~ 1 S а + z (S ) а ! ka q -q k+q,-a а -q k+q,-a aka+ {3ka· (1 З) 

In the lattice representation the operator Cka reads 

-а z ir 
Cia : Si ai,-a + za(Si) aia · 

(14) 

То study magnetic polaron proЬlem, both the Green function 
« akalata» and « Cka la"ka » entered into eq. (8) have to Ье 
evaluated in the same way. It is а crucial point of the whole 
proЬlem. In terms of the variational procedure this means the 
proper choice of the relevant set of wave functions (c.f. / 7

/ ). 
То calculate « Cka 1 а t a » and « Cka 1 С ta » , let us consider the 

equation of motion (due to the f irst-time differentiation) f or 
«S~ak+ -а 1ata» . In this paper, for the sake of simplicity, 
we cЪnsi~er only а low electron concentration limit and neglect 
the U t erm. А generaliza tion to the finite electron concen
tration case can Ье done direc tly. Thus, we obtain 

(w- с 0 ) « S-aa 1 а+ » 
k+q,-a -q k+q,-a ka 

1 - --- « S-a С + yN" -q k+q,- a 1 aka » -

1 -а z -Gz + 
Za~N ~ Jp « (S_(p+q~p- sp s_(p+q) )ak+q,__j aka» . 

(15 ) 

Then it is convenient to define the following set of the irre~u
ciЬle operators 

4 

(Sa S-a)ir: Sa S-a- <SaS-a > 8 , 
-р -q -р -q q -q p,-q . (16а) 

-<J z -а z ir -а z --а z 
(S ( S - S S ) : S ) S - S S ) -- p+q) р р -(p+q) -(p+q р р -(p+q 

(16Ь) 

- 1 < S
0
z > ( 8 

0 
- 8 ) + (А - А ( ) ) ! S -а, 

р, p,-q -р - p+q -q 

where 

zz -+ z ir z ir - + 
А = 2 К g +К 9 : 2< (S_~~.з2 __ ?_~':_~:'!~q> . (1 6 с) 

q z z 
2<So > 2<So > 

Note that before introducing the irreduciЬle operators (16) one 
has to extract from « S:<.; Ck+q,-a 1 а ka » the terms proportional 
to the initial Green function «S~a k+q,-a 1 а\а» using the spin 
commutat i on relation. It must Ье represented Ьу introducing the 
spin-operators ordering rule in the calculations. 

After а simple algebra equat ion (15) can Ь е written in the 
following form 

+ (1 - 1 лkа ( (L)) « aka l aka » 

+ 
« Ak laka» 

1 + 
+ -.:::.. Ф (k) «а ka 1 aka » : 

yN 
21 лkа (UJ) « зk, ql а ~а» ,q 

~ 1 -----------o-- + ------------- 1 о • 
q 

(L) + ZaUJq - fk+q,-a UJ- ck+q,a 

where 

ф (k) 

лka(w) 

(J) 
q 

<S-a Sa > 
~ 1-----=~-_g_ ____ _ + :2_~!~~~~:~~~~-~~;~~~~ ! 
q UJ+ZW -fO 

а q k+q,-a 

1 ' ' ( о )-1 -N ..:. w + z ш - fk q а q +q,-a 

1 7. 1 
- <So > (Jo - J ) + - ~ (J 
yN 9 yN п r 

() 
(с) - ( k+q,-a 

- + zz к 
2К + е_ J > __ _E__-z ___ _ 

p-q 2 <So > 

Here uJ
9 

denotes the magnon energy in the generalized 
approx1mation / 11 1. тhe higher-order operators Ak q and 
have the form (c.f. i iS/ ) ' 

( 17) 

(17а) 

(17Ь) 

(17с1 

mean..:.field 
в k,q 

1 -G 1 -G "'-az 1r 

лk,q ~ - - =-N ck+q,-G s -q- Za fN-- ~ Jp(S_(q+p)sp - s р s-(q+p) ) ak+q,-a• 
\ ' \! р 

(18а) 

вk,q za _I- (S z )ir С 
yN -q k+q,o-

(18Ь) 
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The irreduciЫe operators (10), (!ба) and (IбЬ) have been in-
troduced so that the operators Ak and Bk satisfy the con-
ditions ,q ,q 

+· + + + 
<[Ak,q' aka] +> = <[Ak,q' Ck)+ > = О, <[Bk,q• aka] + > = <[Bk,q'Ckal+> = О . 

. (19) 
Now we consider the GF « (Sz)"ak la: » . Similarly to equa-
tion (1 7) we have -q +q,a а 

z ir z ir + 
+ I <(S ) (Sq) > « {3 1 а » + - ~ --=!!. __________ _ 

ka ka - q 0 yN ы - lk 

1 

+ « В k q 1 а ka» 
« aka aka» = ~ ------'-0------ .(20) 

q (,) - l 
+q,a 

Then from eqs. (1 7) and (20) we obtain 

1 + + -= 'l'ka(ы) «aka l ~a» + « Cka l aka » = 
yN 

k+q,a 

«Ak,q l a~a » . [1 +IЛka(w)] « Зk ,q l ata » (
2
!) 

= ~ 1 ---- - -------------- ----------- + ---------- ---------------- - 1 • 
[ о о 

q 1-IЛka(w)](w + Za w -fk+ -а) [1-IЛka(w)](w -fk+ а) q q, q, 
where 

-а а 

<S_ sq > ____ + 
'1' (w) = ~ 1 ----------'1----.------ О ) 

ka q [1-IЛka(w)](w+ Zawq-fk+q,-a 

[1 + IЛka(w)] < (S~/ · cs:)ir > 
+ --------·-----=---------------- 1 . 

(22) 

[1- IЛka(w)] (w - f~+q,a) 

Analogously one can write the equation for GF « Cka 1 с:а» . 
So, the equations of motion (9). ( 17), (19) , (21) can Ье summa
rized in the matrix form (c.f . /l5/) 

паkа = f+~Ф6 1 • 
р р 

(23) 

Here 
о 

IfVN 
1 

w - fka 1 о 

б = !\ . l = 
'l'ka(w) t • (IIyN) '1' kа(ш) 1 о 

(24) 

о о 
+ «А,,, 1 с;.» 11 « Ak 1 aka » 

фр = 111 / w 

,р 

(25) 

1/ 0k 
' G 1 = 

« Bk 1 а: » « Bk 1 с: » k,p ,р ,р а ,р а 

6 

.. 

with the notation 

о 
(L)k = [ 1 - 1 лk (w)] (w + z (,) - l k ) • ,q а а q +q,-d (2ба) 

n '- = [ 1 - 1 л ' - (w)] (w - f ko ) 1 [ 1 - 1 л'- (w)]. .. ,q .. а +q,a .. а 
(2бЬ) 

Comparing eq . (24) with the results of paper / 151 one can see that 
'l'k (w) play the role of the generalized "susceptibility" of the 
spfn-electron bound states instead of а simple electron suscep
tibili ty х 0 (k, ы) in the scattering-state regime 

1 n - n 
Х (k, w) = - ~ __ k:t'l-\.. ____ ..9..,t.. _____ • 

о N q w + fq - fk+q - !"! 
(27) 

То obtain а Dyson equation, we have ~о use the second-time 
t ' differentiation for the matrix GF G 1 and then to introduce 
the "right" irreduciЫe parts as discussed above for "left" ope 
rators. Thus, we obtain the exact equation 

G = 6° + 6° Р 6° ka ka ka ka ka ' 
(28) 

where the generalized mean-field Green function б~а(ы) reads 

лО ";- J л 
G (w) = й 1 . 

ka 
(29) 

The scattering operator ~а (ы) is given Ьу the expression 

~а (ш ) = Г 1 ! ~ ф Р.(р, q) Ф+ ! f- 1
• (ЗО) 

1''1 р q 

where 

Р(р, q) 

t 
<< А, 1 А, » 

,;., р ~J~;,fJ 

~ 

« Ak I Bk >> 
,р ,tf 

+ + 
« Bk 1 А, q » « Bk 1 В k '1 >> ,р .. , ,р ' 

From the Dyson equation 

л л О л О л л 
Gka(ш) = Gka(ш) + Gka(w)Mka(w)Gka(w) 

(3 1) 

(32) 

we get the following equation for the self-energy operator мkа(ш) 

pk (ы ) = м (w) + м (w) 6°k (w) pk (w) 
а ka ka а а 

(33) 

from which it follows that we can speak in а complete analogy 
to the diagrammatic technique that the М is defined as 

( ) f 
. ka л 

а proper connected part о the scatter1ng operator Pka: 
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м"а<ы) = IP"a<ы)l c . (34) 

It should Ье emphasized that for the retarded (and advanced) 
GF#s the proper part has only а symbolic character. But one 
сап use the causal instead of retarded GF at any step of calcu
lations due to the same form of the equation of motion for all 
three (retarded, advanced, and causal) GF#s. In some sense 
there is such а possibility of controlling, in the diagramatic 
language, the relevant decoupling procedure in further approxi
mative self~energy calculations. Мkа(ы) has the following exact 
representat~on 

о о 

мkа(ы) = (ЗS) 
о пkа (ы) 1 '1\а (ы) 

where пkа(ы) denotes 

« Ak,p iA.1,q »с <<Ak,p IB.1,q »с « Bk,p IAt,q» c « Bk,p IB.1,q »с 
Пkа(ы) = .L 1------+ ------------+---------+ -------- 1. 

Рч ы ы ы" n о" ы о о k,p k,q ,р k,q ,р k,q k,p k,q (36) 

Hence, 
to the 
energy 

the determination of the full GF Gka ~ has been reduced 
determination of the mean-field GF G

0k and the self-
~ р 

operator Mka" 

4. EXCITATION SPECTRUМ OF ТНЕ МAGNETIC POLARON 

The mean-field matr i x GF 6° (ы ) has the explicit form 
ka 

1 
1 ~о (ы) = -~~ · . 

Gka detO - 1 'Р. yri ka (ы ) 

Here detU reads 

~ о 2 
det О = ы - f ka - (1 / N) 'l'ka (ы) . 

1 
--='~'kа(ы) 

yN 
о 

(ы - ck ) '1' (ы ) 
а ka 

• 1 + Le t us cons~der only GF << aka aka >> · It can Ь е rewritten in 
t he f ollowing f orm 

+ + о -1 
« aka 1 а ka» = 1 [ «а ka l aka » ] 

-1 
- .La(k, ы )l , 

(37) 

(38) 

(39) 

+ о 1 ~ 
where («a ~17 1 a ka » Г = detO and the self-energy corrections 
are given Ьу 

12 
ы ) = 

N 
.La(k, 

8 

пkа(ы ) 

1--=.-~;<:)П~а<:) 
(40) 

l· 

1 

As follows from eq. (38), the generalized meanfield GF 
<<а lat >> 0 has а very nontrivial structure which is quite 
diff~regt from the standard scattering-state regime form: 

1 
+ l ( l + О )-1 em\-1 << aka аkа >>ы = << aka аkа>>ы - Mka • (41) 

where 

+ о о -1 
«akal ~a»ы = ( ы - cka) ' 

2 
е"" ) 1 l -а а + с Мk _ ,ы = "lir .L « S ak IS , ak , » + 
а qq' -q +q,-a +q +q ,-а 

(42) 
z ir z + ir с l 

+ « (S ak ) 1 (S , ak , ) » . 
- q +q,a q +q ,а 

For the bound polaron-like elect:ron-magnon states the mean-field 
renormalizations are quite different from the Hartree-Fock re
normalizations. In general, the quasiparticle energies are de
termined Ьу the equation 

о 2 
Eka = cka + (1 1N) 'l'ka(Eka) (43) 

and the energy spectrum Eka consists of two bands for any 
electron spin projection. At the atomic limit (ck = 0) and 
ыч ~ О we obtain the exact analytical representation given 
in paper / 7/ 

+ О S + zaSz + 1 -1 S - ZaS z -1 
« aka 1 aka » 1 = ------(ы + IS) + --- (ы - I(S + 1)) , 

at 2S + 1 2S + 1 
(44) 

where S and Sz = <S~ >/у~ are the spin-value and magnetiza
tion, respectively. Moreover, our generalized mean-field solu
tion is exactly reduced to the Shastry-Иattis 161 result for 
т = о 

+ о о 2 лkа(ы) 1-1 
« aka la"a » l sм = l ы - с"а -Ва+ 21 s[1 -1Л~а <~1Т . (45) 

The magnetic polaron states are forroed only for antiferromagne
tic s - f coupling (1 < О) when there is а lowering of the band 
electron energy due to the effective attraction of the electron 
and magnon. At Т = О the excitation spectrum of the ma1netic 
polaron proЬlem ha s been investigated in more detail З-6 / . 
In general, one needs numerical calculations of the excitation 
spectrum (43). For this aim the explicit form of the correla
t ion f unctions <S-oS a > and <(Sz )ir (Sz )i• > must Ье taken into 
account / 1 ~ 17 / . - q q - q q 
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Let us consider two limiting cases where analytical calcu
l a tions are pos~iЬle: 

i) а wide-band semiconductor ( II\ S « W) 

S(S + S + 1) + S (S - S + 1) 
Е :::: t + I ----3----------~--- ----~---- + k+ k 2S 

(46а) 
+ -

1 tk - t k + 2I(S - S ) <S S > + - ~ 1 - I --=:.'! _________ z- ! _д_-=.'1_ 
N q tk-q - tk - 2ISz 2S 

i i) а narrow-band seшiconduc tor ( 1 I 1 S » W) 

+ -
2(S + 1) (S + Sz ) 1 tk-q - tk <Sq S_q > 

Е = I (S + 1) + ----------------- t k + -- ~ ------ ------ - - -
k+ (2S + 1) (S + S,.. + 1) N Ч 2S + 1 S + Sz + 1 (46Ь) 

where we reшoved the longi tнdinal spin correla tions for the sake 
of simplicity. Here W. is the bandwidth in the limit I = О. 
Now we consider the low-temperature (spin-wave) limit in eqs. (46) 
in which it may Ье reasonaЬle to assume that S :: S and <S+s- >"' 

1 z q -q 
2S(l + " ) . Here " = [ ехр(,Вw ) + 1Г . Thus, we obtain 
(cf . / 7, ~R / ): Ч q 

2 
2s < - ' = < 1 I S t- _I __ l _____ ! ____ + 1-l __ k=_g ___ _!<. ___ ! v 

k N q с - , + 21S < - , - 21S ч 
k k-q k-q k 

Е 
k J. (4 7а) 

Е ( 1) 2S 1 ..... 2S ( ( L_ - ' L ) 
k = 1 S + + - - --- с k + -- - ---- -•-Ч----~ 11 
+ 2S + l Nq2S + 1 2S11 '1 

IIIS« W, 

IIJS» W. (4 7Ь) 

Using express ions (47) one can es timate the b i nding ener gy of 
the polaron-like state which can Ье defined as 

о 
(в = \ . - Ek+ (48а) 

because in the H-F approximation the spin-down band i s given 
Ь у the express ion < ~+ = \ + 1 S . We obtain 

о 1 ' k-q - ( k 
< = < - - ~ 1 -I ---- - - - -- ---- - 1 v 
В Bl N q <k-q - ck - 218 Ч 

IIJS « W (49а) 

and 

о 1 2S \- - <k ( - ( - - ~ ---- ( ___ q_ _____ ) 1.1 

в - В 2 N q 2S + 1 28 + 1 q 1118 » w' (49Ь) 

10 
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where 

2 
( о = ~_§__ ~ ___ _! ___ "' l!L~- 111. (о = -1 + _(k_ = III . 
Bl N q с - Е - 218 W В2 28 + 1 k-q k 

(50) 

The temperature dependence of the energy spectrum in the spin
wave region is given Ьу the usual т51 2 behaviour. In а gene
ral case one takes into account а more exact form of the corre
lation function <8+8- > , for example, the famous VLP result / lб / 

q -q 

5. DAМPING OF POLARON STATES 

То find explicit useful expressions for the self-energy ope
rator ~a(k, ш) (40), suitaЬle approximations to evaluate the 
higher-order GF~s in (36) should Ье used. То calculate the 
self-energy in а self-consistent way, we have to approximate 
it Ьу the lower-order GF~s. Let us consider GF~s appearing in 
(36). It is convenient to write down « Ak 1 A+k » с in the 
f 

,р ,q 
orm 

+ +оо д., _ ,, , 
с 1 J dш ' f-A" · iш t + ( с « Ak J Ak >> =- ----(е + 1) f dte <Ak Ak t) > . 

,р ,q 217 .Ц) - Ц)' ,q ,р 
-оо 

(51) 

Then we obtain 2 
+ с 1 а + -Q' 

<Ak А (t) > =- <SCk Ck (t)8(t) > ,q k,p N q +q,-a +р,-а -р 

(52) 
+<а+ F+ F (t)a (t) > . 

k+q,-Q' -q,-a -р,-а k+p,-a 
We use the following decoupling procedure 

а+ -Q' a,...Q + 
<8qCk+ ~Ck+ -~(t)8 (t) >== 8 <8 8 q(t) > <Ck aCk+ a(t) > , . q,~ р,~ -р q,p q - +q,- q,-

+ + + + (53) 
<а F F (t)a (t) > = 8 <F F (t) > < а а _Jt) >. k+q,-Q' -ч,-а -р,-а k+p,-a q,p -q,-a -q,-a k+q,-<Т k+q, 

Here 
+ 1 z ir а z i r а ir 

<F F (t) >= -~JJ -< [(8) 8+ -(8 (+)) .S] х -q,-a -q,-a N рр' р р -р q р - q р -р 

(54) 
х [8-(J( ') (t) (8 z,(t))ir - 8-.?'(t) (8 z( ') (t))ir ]ir >. 

- q+p р р - q+p 

The appт.oximation (53) results from the neglect of the vertex 
corrections, i.e., the correlation between propagation of the 
polarons and the magnetic excitations and the electrons and the 
magnons, respectively. Taking into account the spectral theo
rem we obtain from (51)-(53) 
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+ I 2 dw 1 dw 2 (1 + v(w 1)) 1 а 
«А 1 А »с= - о Jf ------------ 1--Im « s-<' 1 S » 1 х 

k,p k,q N q,p (.() - Wl - (.() 2 7Т -q q (.()1 

1 + 
х 1 - - Im « Ck 1 С k >> 

77 +q,-a +q,-a w
2 

2 
+ о ~ (J , - J , ) х p,q , q q-q 

q 

dwldw 2dw3[1 + v(w l)][1 +v(w2)]1 -lim « (Sz /ri(Sz)ir » 1 х 
х ш ~-- 7Т -q q (.() 1 

(.() - (.()1 - (.()2 - (.() 3 

1 -<1 а 1 + 
х 1--Im « S ( ') IS ,» 1 1-- Im « a.k+ ~ l ak+ а»,_, 1. (55) " -q+q q-q w2 " q,~ q,- ~з 

+ I 2 dы 1 dw2 [1 + v (w 1 )] 1 z i r z i r 
«З I I3 »с = О - {--- -- -- - ----------1- - Im « (S ) I(S) » 1 х 

k,p k,q p,qN · w -w
1

-w2 тт -q q w l 

х 1- ..!._ Im « Ck 1 С +k » 1 
77 +q,a +q,a w

2 
(56) 

and « Ak 1 В~ » , « В k 1 А~ » contributions are removed. 
In eqs. ·е5 5) i'lnd (56) wep dro'~ the Fermi distribution function 
due to t he low electron conc entration approximation. Equations 
(32 ), (55) and (56) form а closed self-consistent system of 
equations. In princ iple, we may substitute into the r.h.s. of 
(55) and (56) any relevant i nitial Green functions and solve 
it Ь у iter a tions. We choose fo r the first iteration step the 
following s imple one-pole expressions 

1 -<1 а+ -<Та 
- - Im « S а 1 S а >.' = <S S > о ( ы + z w - t ) • тт -р k+q+p,-a р k+q+p,-a fv -р р а р k+q+p,-a 

1 z ir z ir + z ir z ir 
-;; Im « (S_P) ak+q+p,a 1 (SP) а k t-q+p, а "> = <(S -р) (S ~) > o(w - ck+q+p, а), 

1 -<1 а 
-- Im « S 1 S » 

7Т - q q (.() 

2 

2< ~~.?- o (,,J + za wq). -Za--_ 
yN 

1 + 
- - Im «а k 1 ak » = о(ш - ck J . 

77 +q,-a +q ,- a w t q , - a 

Then we obta in fr om (36) , (55-57) 

z 2 а + r, <(v 2< S0> I .,. -~• _______ q__ 
пkа (w) :: ----з;-z--q-:p w 2 

<ga s~;:> 1 __________ __~~.. ________ _ ----- + 

N k,q 
rv + z (w - w ) - с k 

а q Р +q-p ,-<J 
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(57) 

<(Sz)ir(Sz)ir> 2 1+v(w') . . 
-р р 1 , 1 z lr z lr 

+ --------------1 + -- ~ fdw ----1- -lm « (S ) ICS) » ,1 х 
w + Zaw - ( k+ -р -<1 N q,p п2 7Т -q q w q q , k,q 

-<1 а 
<S S > 

х 1 ____ :-Р Р 

w - w, + zawq - ck+q+p,-a 

<(S z fr (Sz )ir > 
+ _ _:/?__-; __ .!'__ __ 1 • 

w-w - fk+q+p,a 

(58) 

where we write down only tЬе s- f exchange inelastic scattering 
contributions for brevity. For а concrete calculation in а wide 
region of temperature we need а suitable approximation for the 
longitudinal spin susceptibility. For this aim one may use the 
results of paper/1 7/ .Using the self-energy ~a(k, w) we obtain 
the shift да(k, си) and damping Га(k, w) of the electronic states 
taking into account magnetic polaron states 

да(k, w) = Re ~a(k, w); Га (k, w) =- Im ~a(k, ш). (59) 

For example, the s-f exchange inelastic scattering contribu
tion to the damping for the spin-wave region reads 

2 1 1 v (ш ) [ 1 + v (w ) ] 
П (w) = (2SI) -- ~ ---- ______ g _________ д ______ . (60) 

kJ. N pq wk2 w - (w - w ) - ck+ ,q q р q-p . 

As it follows from (60), the damping of magnetic polaron arizes 
from combined processes of absorption and emission of magnons 
with different energy (wq - сир). 

б. CONCLUSIONS 

In this paper we have shown that the IGF method gives а uni
fied and self-consistent formalism for а complete description 
of the electronic spectrum including bound polaron-like states 
and inelastic scattering processes for magnetic semiconductors 
within the s-f model Hamiltonian. Contrary to the claiming 
made in ref. / 7/ our one-electron Green function correctly re
produces the true spectrum of the current carriers in а very 
natural way because the IGF method permits us to extract all 
relevant (for the problem under consideration) mean-field re
normalizations and put them into the "zero-order" (generalized 
mean field) GF . In а general case the mean-fie ld renormaliza
tions can have а very nontrivial struc ture as in cases of the 
Hubbard model in the strong correlation limit1 12/ and the mag
netic polaron problem at finite temperatures and an arbitrary 
value of s - f exchange . То obtain this nontrivial structure 
of the mean- f ie ld r enormalizations correctly, one must construct 
the full ma trix GF built on the comple t e algebra of relevant 
operators and deve l op а s pec ial projection procedur e for higher-

13 



order GF's in accordance with the finding algebra. Moreover, 
for the first time in our theory we are аЫе to calculate expli
citly the full self-energy operator ~(k, w) for magnetic pola
ron proЫem. 

Note that а similar but distinct task is the proЫem of the 
bound magnetic polaron in semiconductors 119•201 . The ВМР consist 
of an impurity electron localized in а shallow donor state ac
companied Ьу an inhomogeneous local magnetization and it also 
can Ье considered Ьу the present method, but it is the object 
of а subsequent paper. 
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В Объединенном институте ядерных исследований начал 

выходить сборник "Краткие сообщения ОИЯИ". В нем 
будут помещаться статьи, содержащие оригинальные научные, 

научно-технические, методические и прикладные результаты, 

требующие срочной публикации. Будучи частью 11 Сообщений 
ОИЯИ11 , статьи, вошедшие в сборник, имеют, как и другие 
издания ОИЯИ, статус официальных публикаций. 

Сборник 11Краткие сообщения ОИЯИ11 будет выходить 
регулярно. 

The Joint Institute for Nuclear Research begins puЬli
shing а collection of papers entitled JINR Rapid Communi
aations which is а section of the JINR Communications 
and is intended for the accelerated puЫication of impor
tant results оп the following subjects: 

Physics of elementary particles and atomic nuclei. 
Theoretical physics. 
Experimental techniques and methods. 
Accelerators. 
Cryogenics. 
Computing mathematics and methods. 
Solid state physics. Liquids. 
Theory of condenced matter. 
Applied researches. 
Being а part of the JINR Communications, the articles 

of new collection like all other puЬlications of 
the Joint Institute for Nuclear Research have the status 
of official puЬlications. 

JINR Rapid Communiaations will Ье issued regularly. 
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Ра звита новая самосогласованная теория магнитного поля

рона в рамках s - f -обменной модели магнитного полупроводник а. 
С помощью метода неприводимых функций Грина впервые получена 

одноэлектронная функция Грина с учетом связанного электрон

магнонного состояния при конечных температурах. Полученное 

решение сводится к решению Шастри-Наттиса при Т= О. Впервые 
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Kuzernsky A.L., Нarvakov D.I., Vlahov J.P. Е\7-84-662 
Self-Consistent Theory of the Hagnetic Polaron 

А finite temperature self-consistent theory of magnetic 
polaron in the s- f rnodel of ferrornagnetic semiconductors is 
developed. The calculations are based on the novel approach 
of the therrnodyna~ic two-tirne Green function rnethod. This 
approach consists in the introduction of the "irreduciЬle" 
Green functions (IGF) and derivation of the exact Dyson equa
tion and exact self-energy operator. It is shown that IGF 
rnethod gives а unified and natural approach for а calcula
tion of the rnagnetic polaron states Ьу taking explicitly into 
account the darnping effects and finite lifetirne. 

The investigation has been perforrned at tl"1e Laboratory 
of Theoretical Physics, JINR. 
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