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Structurally disordered s-d model of magnetism in metals is investigated.
The simplified model of binary alloy structure is offered, the structural corre-
lation functions are calculated. The self-consistent equations for calculation
of a spectrum, magnetization, electronic spin polarization and temperature
of phase transition are obtained.
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1. Introduction

The exchange s-d model is used to describe the alloy properties, that contains
transitional and rare-earth elements. The exchange s-d model offered by Shubin and
Vonsovskii was further developed by Ziner, Turov, Kassuj, losid and others, and it
found a further application in different fields of solid state physics. First the electric
and magnetic properties description of transitional d-metals was suggested and at
present it is a basic magnetism theory of the rare-earth metals, magnetic quasi-
conductors [1] and dissolved alloys of transitional metals [3]. From the theoretical
point of view, the importance of the s-d model is determined by a lot of wonderful
and non-trivial effects that it contains: formation of spin polarons, ferrons, fluctuons
in magnetic quasi-conductors [1,4], occurrence of the spin glass state in metallic
alloys [2], Kondo effect etc.

2. Spin-electron model of amorphous magnet

An amorphous system of N atoms in volume V' C R? is considered, part of which
has got localized magnetic moments (further — magnetic alloy subsystem), and other
atoms do not have localized magnetic moments (non-magnetic subsystem of amor-
phous alloy). Atomic coordinates (R1,...,Ry) = RY € V accept random values.
Quantitative relation between magnetic and non-magnetic atoms is described by
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concentration ¢ (0 < ¢ < 1). The microscopic model of amorphous magnet consists
of two quantum subsystems i.e., a subsystem of the localized atomic spins and a
subsystem of conductivity electrons.

Hamiltonian of model has the form

H = Hs+gel+ﬁel—s- (]-)

The first term describes the energy of the subsystem of localized spins, which are
in the external magnetic field h, and the pair couple by the Heisenberg exchange
interaction

.1 soqe 1
Hy= g NeSS+D)J(RI=0)—puh Y 45— 5> JaSeS—a-  (2)

1<GEN qeA

Here p is the moment of magnetic atoms, and S is the spin operator of the magnetic
atom placed in point R; € V.
The subsystem of conductivity electrons is described in the pseudopotential ap-

proach
f{el = Z Z Skaaltgakﬁ + Z Z anltaak_w . (3)

keA o==%1 k,geA o£1

Here a;" (ax,) are Fermi operators of creation (annihilation) of electrons in states
{k, 0}. The index o takes values respective to two possible projections of the electron
spin on the axis of quantization OZ. In the paper we also employed notation o = (1
,4). The wave vector k € A, where A = {k: k = Zl<a<3 21V 3n,eq, o €7,
(eq;€3) = 04} is momentum quasi-continuous space. The spectrum of free electronic
gas in presence of external magnetic field h is

h2k?
gka -

5 Hypph. (4)

Scattering potential of the conductivity electrons on the ions is given by
N
1 —iqR; N —iqr
Wam ey, wy=g [ drurhe™ )
Jj=1 4

where w(|r|) is an electron-ions pseudopotential. For local pseudopotentials, the
matrix element of scattering potential of electrons on ions w, depends only on the
module of impulse transfer.

The Hamiltonian of spin-electron interaction takes the form

. 1 U
HelS:_\/_NZIQ{SqO—_q+§[S;a_q+sqo—jq}}. (6)

q€A

In expression (6), which is similar to (2), the operator

1 .
S = —= Z ¢;S% e iRy o=z +,— (7)
q 1% ) sy T
VN 1<G<N
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where Sji = 57 £1iSY. In the case of lattice systems (R; € Z%) the operator (7) is
the exact Fourier-transform of operators S5

In formula (6) the bilinear combinations of electrons creation and annihilation
operators are defined

N~ e NT

0q = 5 Naos Tas = ) Gy Gcrq
o=1,l keA

st + A— +

9q = § :ak,'r (k+ql, Oq = § Ay | Aktq,t- (8)
keA keA

The Fourier-components 74 of the density operator are

. 1 .
g = / dri(r)eds () = - D g e (9)

q€EA

Hermitian operator ¢ is the Fourier-component of the operator of the electronic
spin polarization density.

It is convenient to describe the structure of amorphous system by correlation
functions

Quky, ... kpic) = (G, ... G )™ o (10)

Here the Fourier-coefficient of the atomic density fluctuations is

N
. 1 . _ikR.
(k= — cie ™k #£0.
~ Z ] %
The structure correlation functions are reduced to such a form

Ql(k, C) :O, Qg(kl,kQ;C) :C(l —C+CSQ(k1,—k1)) 5k1+k2,07 e (]_1)

The correlation functions of the atomic density fluctuations S,,(ky, ..., k) are
impossible to calculate from the first principles, and were accepted as phenomeno-
logical values.

Let us suppose that fluctuations of atomic density oy are described by the Gaus-
sian law. Probability distribution function of fluctuations of the atomic density is

S o A SR I o N
P(...,gk,...)_H\/m p[ 252<k)]. (12)

k#£0 k#£0

Dispersion of Gaussian distribution

Sa(k) = / (do) o 01 Pl- - 01 -) (13)

is the pair structural system factor. Integration in formula (13) over gy with distri-
bution function (12) is equivalent to the operation of configurational averaging. The
structural functions of higher order as follows:

def

Sm(kl,...,km) = <gk1,...gkm>R = /(ko) le '-'ka P(...,Qk,...). (14)
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When m is even (m = 2n), then

Son(Ki, ..., Kon) = Z So(Kiy )0k, 11;,.0 S2(Kiy ) Oy 1150 - Sa(kiy, )0y, 13,00 (15)
{r}

In this formula the sum is taken over for all possible decomposition wave numbers
ki, ..., ko, on pairs.

3. Dispersion law and density of electron states

The Green function G°(k, q|lw) = <(ak,o\a:o,>)w is needed to evaluate the distri-
bution of electrons in momentum space

+oo
[ GOk, K|wtie)— G (k, K|w—ie)
Nk = 11im
’ e—0 efv +1

—00

dw. (16)

Where 3 = (kgT)~! is the inverse temperature in energy units.
For Hamilton operator (1) the equation of motion for one-electron Green function
has the form

1
(he — E1)G7 (K, @) = 50 + > WoG”(k - p,qlw)

PEA

S I {54 L7 (p.k — piglw) + M7 (p,k — pialw)}, o = =1 (1,4). (17)

pPEA

1
2N
The equation (17) contains the Green functions of higher order
L7(p, L qlw) = ((Sparelage))e,  M7(pLalw) = (S5 a1 —slag,))w.  (18)

We introduce here the decoupling procedure

L7(p.k — p;qlw) = (S3) ((ak—p,o|ag o) e, M°(p,k—p:qlw)=0.  (19)

N .

The thermodynamic average value is (S7) = yN=1/2 3" PR where y = (S3) is
j=1

the magnetization of atom. Then from equation (17) we obtain

(hw — Ei0) G7 (K, qlw) = 5kq+ > WpoG7(k—p.aw).  (20)

pPEA,p#0

Here the effective scattering pseudopotential

n

—~ 1 1 : 1 o~ _ .
Wor =52 (wp — 5oy %“) P = =N oo P (21)
j=1

J=1
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We write the following equation to calculate the configurational averaging of
one-electron Green function

(hw — Ex—po) (Wpo G (k — P, |w)) o =

conf

1 — —_—
= gdk—p7Q<Wp70>conf + Z <Wp70Wp'70GJ(k S p/’ q|w)>conf' (22)

pP'EA
In the latter formula we made approximation
WWG) = (WWNG). (23)

The value <vaa>conf = 0 because in initial Hamiltonian in the sum over p the
term with p = 0 is absent. The configurational averaged value is equal to
~ - 1 L
WooWot ) cont = NS2(p>wp,owp/,05pﬁp’v
where S3(p) = (0p0—p) is pair structural factor. From the equation for the averaged
Green function in such an approach, the final expression is obtained

5 1
Gk, qlw) = (G7(k, q|w)) ous = 21<7Tq (hw — Exo — Bo(k|w))’

(24)

The self-energy part of the one-electron Green function in this approximation is

I
RPN i i

peA gk o s

Equation for electron spectrum in Stonner subband with spin orientation o takes
the form

hw=Eq+ — Z (25)
peA hw gk p,o
The electron energy in the long-wavelength region (small k)
h2k?
E(k) = A(h e 26
(k)= A() + 5+ (26)
where m* is the effective electron mass in the external magnetic field
m* = m (27)
IGQOm dpl
37T27:L2 p S2<p1>|wp1 o|
and .
2Qom ~
A(h) = 7 dp1 82 (p1)| Wy, 61 — B (28)

0
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is Stonner gap in the electron spectrum.
For non-perturbation case when ¥, (k|w) = 0 the well known formula is obtained
m

o”(w) = 7\/§ oy V hw + s, psh, (29)

which describes the density of states of free electrons in the external magnetic field.
In the ¥, (k|w) # 0 case the self-energy part contains the real and imaginary

3/2

parts
5o (ko) = 37 (o) + 37 (KJw),
where
‘wp0| " 2
= — Yklw)=—— - hw—E po)-
PZM e T = D S Te (o~ By

Equation for density of states may be written in such a form

Eo - %(ﬁl _p>2
o %(E +p)2

-1

Qm? 1 [ _ /i — p/pi+ 1
- 0——/dpp52(p)|wp7a|2 (E / 7 T /h2 ~ 5 |1-(30)

m ~ Q0m2 1
(E) = i —1— —
o (E) 2m2h ;p Am2hA p3

dp p Sa(p)|Wp s |* In

0

Am*ht pi / thl @z -p)°  Ey—o-(Di+Dp)

In this equation E, = E + s,ugh, and p; denotes simple roots of equation

R, Quml [ E, — (5 -p)
E, — = dpp So(p)|@, |21 2m —0.
2mp 47T2h2p/ P S2(p)Gpq | In E,— 2@ +p)°

0

If we don’t employ approach (23), and start with the iteration procedure, then
the expression for the averaged function of configurations will be written in series

form

(hw — &) G (klw) = {1 TN Z (hw —‘Z};:‘jzf(‘bzl)— o)

S Tl TpnsS2(01)Sa(2)
N2 (hw = Ex—py.,0) (" = Ek—py—pao) (Hw — Ek—py,o) (Aw — Ex o)

P1,P2€A

-+ L Z |{&p170|2|i5p370|252(p1)52(p3)
N? (hw = Ek—py,o) (T — Exo) (hw — Ex—pg o) (M — Ex o)

P1,P3€A
N Lz 3 | Wpy.o|*|Wps.o|*S2(P1) S2(P2) Lo b
N (hw - gk*p1,0>(hw - gk*pl*me)(hw - gk*pl,o)(hw - gk,o)

P1,pP2€A

(31)
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We can see, that Green function is represented in the form of infinite series, each
following term of which contains an additional factor |w|? Sy /N (hw —¢)(hw —¢) with
suitable combination indexes. The issue of convergence of such series remains open,
because in our problem small parameters are absent.

Such series in field theory are very well known. Especially it is frequently met
in the problems concerning the interaction of electrons with bosonic field (electron-
phonon interaction). But in the field models, the S3(q|w) and wr, values have got
another sense. Therefore we can use the results known from the field theory for
presenting the self-energy part of one-electron Green function

|wp(,|
Y(k|w) E : 2
(kfew) N hw — Sk po — 2k — plw) (32)

PEA

The absence of a small parameter in our problem does not permit to estimate
a correct approximation for self-energy part. The detailed numerical computations
and studies are necessary.

For self-consistent computation of the dispersion law it is necessary to find equa-
tions for calculation magnetization M of system localized spins and electron spin
polarization m. Such equations were obtained in the approach of self-consistent field
and their form is written in [6]

M = BS(; [thrcSMJOer%IO}),
8 (Er " pté p—¢
§<?) m = Fip T = Fiy T )

3/2 B
B (e

Here Fij5(v) is the Fermi-Dirak integral. Values I = llilr(l) L, Jyp= ll{ir% Ji and p
— —

is the chemical potential, and variable & = ph + %c Iy S M. In the first equation of
the system we employed the notation Bg(x) for Brillouin function. A solution of the
system (33) makes it possible to build the dependence M and m on temperature at
different parameters values Jy, Iy, n, S, Ex.

From equations (33) at 7" = 0, the value of electron spin polarization m is smaller
than maximal possible value which is equal to 1. It is valid for S|I|/2Er parameter
considerably smaller for unit. Condition S|Io|/2Er < 1 is also valid for all ferro-
magnetic metals and semiconductors. It is so that E'r due to real electrons densities
is a big value: Fp ~ 10*K. In this case, using the asymptotic for Fermi-Dirak func-
tion F,(a) = o™ /(n+ 1), the analytic expression for electron magnetization at
temperature T' = (0 was obtained

1 eSI,M\ /2 eSI,M\ /2
= (1 —(1-— . 4
" 2[<+ 2EF) 2 Er (34)

147




Yu.K.Rudavskii, G.V.Ponedilok, L.A.Dorosh

4. Conclusions

In this paper firstly the equations for spectrum and electron states density of
structurally disordered s-d model are obtained. The dispersion law of both Stonner
subbands is investigated. The electron effective mass in the first Born approximation
is found. The integral equation for self-energy part is obtained for special structure
type. It is valid in long-wavelength region.

The system of self-consistent equations for the model of magnet states calcula-
tion is obtained. If Iy > 0 (ferromagnetic spin-electron interaction) then m in (34)
will be positive and if Iy < 0 (non-ferromagnetic spin-electron interaction) then m
is negative. In the first case, spin and electron magnetization will be co-directed
and in the second case controversially directed and partly compensate one another.
Particularly, when parameter S1,/2FF is close to a unit, m also approaches a unit.
In case S1y/2FEr > 1 value m is identically equal to unit. The last two cases may be
realized in magnetic semiconductors with small density of conductivity electrons.
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CnexkTp Ta rycCtuHa eNneKTpoOHHUX CTaHiB
HeBNnopsAKOBAaHOI s -d moaeni

tO.PynaBcbkui, IMoHeainok, J1.4opolwu

HauioHanbHuin yHiBepcuTeT “JIbBiBCbKa NOMTEXHIKA”
79013 JlbBiB, BYn. C.Bangepwn, 12

OtpumanHo 23 cepnHa 2000 p., B OCTaTOYHOMY BUMSAI —
1 nnctonaga 2000 p.

JocniopkyeTbCsd CTPYKTYPHO HeBnopsaakoBaHa s-d Moaeslb MarHeTu3my
MeTaniB. 3anponoHoBaHa CNpPOLLEHA MOAENb CTPYKTYpW BiHapHOi cy-
Milli, NopaxoBaHi CTPYKTYPHiI KopensauinHi dyHkuii. OTpuMaHi piBHAHHSA
[J151 CAaMOY3roKEeHOro PO3paxyHKy cnekTpa, ryCTMH1 OQHOENEeKTPOHHUX
CTaHiB, HAMarHi4eHOCTIi, eNeKTPOHHOI CNiIHOBOI NoNApmM3aLiii Temnepary-
pu $ha3oBoro nepexony

Knwouogi cnoBa: amoppHi cuctemu, HamarHi4eHicTb, nospun3aLlis

PACS: 75.30.Ds, 75.50.K
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