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ABSTRACT

In eallculatio-ns of the -:Pauli ‘susceptibility, _lxp, spin £1ip
processes are ignored tut for the implictt recognitioﬁ that they
must provide the angular momentum to populate states with
different magnetizations. These processes are here taken into
account within the linear response formalism using a model Ha
miltonian. Corrections introduced into - .. the --dyﬁamic i and

Lindhard's susceptibilities are also calculatéd.

PACS: 75,30/Cry. 76.20.+q.

Key~words: Paull suéceptibility; Spin-flip processes.
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1 _INTRODUCTION

In elementary textbooks on solid state physics [ 1], the
Pauli susceptibility Xp is der-ivedl from the Fermi distributions
of the electrons with spin up ahd :spin down, whose energies, in
the presence of an external magnetic field B, are modified in

the amounts ';'-‘HBB respectively. It results

mkp
Xp = — My (1)
- _
where.kF is the Fermi wavector, m is the free electron mass

and Mg is the Bohr magneton. Tt is not mentioned, however, how the
new thermodynamical equilibrium is reached after the field is
applied. That is, there is no reference to the spin flip me-
chanism - whiéh 'provides the necessary angular mcomentum to
the electron system. [ 2]

In more advanced treatments [:3],_xP is obtained as the
long wavelength limit (q » 0) of the linear response x(q) to
a magnetic field which varies in space with wave vector g. It
is not obvious, however,. that such a limiting process must lead
-to the correct result. For q # 0, the average space magnetiza-
tion is zero; regions of positive and negative maghetization
are compensated. Thus, no spin flip process is necessary and
the separation of spin up and spin down electrons . .can. . take
place very fast, withévelbcitiésypf the order of the Fermi ve-

locity v_ as expressed by the Lindhard formula x  (q,%).[_4]-

F
Let us see this in . more detail by using the Kubo

formalism [ 5]: wé have
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x (@) = £Ffmree) , m_x0) > . (2)

Here F denotes de Fourier transform, <...> stands for thermo-

dynamical average and

my (t) = ei“tu.am-c;w)e'm ’ (3)

where H is the Hamiltonian of the system, which for the free

electron gas reads

N 4 -
H _ercEE 3,0 %%, 0 r (4)

where ep is the free electron energy and a%c'and ap ~are the

creation and destruction electron operators corresponding to

momentum k and spin-¢ . Here,
ms> = my - 5
q ! k,q (3)
E
with _
+
e At oAt (&
A O T T S & )
Using the commutation relations
Bz ] = g - g ™

and
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R

Enﬁ, > , Mw —*—_‘-{} = ZSz,.’Z_-CTE,

where ng -—ai:a*k, we have

iHt -iHt i(es> +~ex)t
e B 1T - =8 " k+g k'’ my> - 9
k,q -7 k,q (9)

and Eq. (2} leads to

' = f(k+q) - £(K)
Xy, (Qsw) 2% k+3"€K = -in. | (10)

where f£(K) is the Fermi distribution.

The fact that H does not commute with the d component of
the magnetization for g # 0, (Eq. (7)), means that the kinetic
energy alone induces local fluctuations of the magnetization.
On the dther hand, it cannot produce fluctuations. of the total

magnetization since

El,-mo] = 0 (11)

rigurously. It is therefore a dubious ‘- procedure. i{which -at
least needs some justification) the obtention of Xp from the
limit of x, {(q,0} for q > 0, when we know that H alone can
only lead to x(0,0) = 0. The point ¢ = 0 must be a singularity.
In other words, a finite x(q,w} for g # 0 is :.compabible
with angular momentum conservation, while a finite x(0,w) re-

gquires a source of angular momentum.
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2. A MODEL FOR THE INTRODUCTION OF SPIN~FLIP PROCESSES

Let us assume the existence of gome perturbation which in-
duces spin-flips in the electron gas. Eor instance an:. exchange
interaction with a system of diluted localized spins, S, of the
form

H = %f g..8 2 3 R 12
sf ;08 AMx-Rg) (12)
i=1
where gi is the spin operator of the localized.spin at site ﬁi’
3 is the conduction electron spin operator and(r -—ﬁi) the exchange

integral. The spin-flip terms (the only ones in which we: are

interested)in second quantized form read

_ _]; + e _
Hee =31 1 O3S, * 23555, 5030) (23)
where
K L+
e} sttt ao
i=]1
and
1. -,-* ->
Ag = J'aarx(rxe 1.t . (15).

Eg. (13) can also be written in alternative, more familiar : forms,
however, the form used is more convenient for our purposes be-
cause each E-term of the sum is manifestly hermitic.

In the probleﬁ we are dealing with, H cannot be treated

sf
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as a small perturbation..For H _ = 0 there is no susceptibility

sf
as expressed by Eg. (ll), and an infinitesimal interaction H.Sf

is enough to induce.a finite static susceptibility. On the other

hand, the Hamiltonian H + H_ _ canniét be exacﬁly diagonalized.

sf

We therefore introduce two s‘inplif_iczttlons: a) we limit curselves
o f to be specified later, and b) we dia-

to a single E-term of H
gonalize the remaining Hamiltonian in a reduced basis -~ containing

only two states of the localized spin system S. That is, we

deal with the Hamiltonian

' 1
G"’P ZEE crakcr 2 E‘ k (16)
and a basis of'functigns
Kt 0> 0 1K+ Qe,e,0 (17)

where ¢1 and ¢2 are states (not necessarily eigenstates) of the
system S. The system § may in principle be described by any
reascnable Hamiltonian Hs.ﬁhich incorporates mechanisms for re-
laxing anguiar-momentum to the lattice. Its details will not
concern us and we will néglect the energies E¢-=.<¢|Hs|¢> in
comparison to.electron.energieé.‘A basis with électron. spins

opposite to that given by Eq. (17) leads to identical results.

The diagonalization of éf + yields the eigenvalues

i

1/2
E .= 54 6¢ +€k+q [(ek+q - sz)z + ;\2] 118)

" th
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-6

with

A= (np(2(<q, (839,22 (19)

and the corresponding eigenfunctions

w-i» = ai|E+,¢1> + g%k + q+,¢,> (20)

with
o = = 3 A_geoglslaley> (21)
¥ = (ep - EPICT (22)

where
P - (s3 —:Eé)z L R (23)

The matrix elements of the g = 0 component of the magrieti-

tion operator given.by Eq. (5) in the basis (2) are

z"*“f}it.i‘m% Olwéy\: . la_‘t__|2 - IBi{2 (24)
L g
<vpl 1 ompy > = @*a” - (8" 87 (25)
. K'
A

E(sg*_-{ -_e-@z + xZ:l]JZ
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From.Eq. (2) the spin susceptibility in a homogeneous field

is
= _s.T ' e tE idle -1
x (w) 2x(0,w) =i:F <Eno (t) ,m_ toﬂ_> = if < |:e m e I‘Wt,m;] (26)

1.F<eﬂftm°e‘ﬂftmo - moe”wtmoe_ink>

We use
cees =T .. ) (27)

where £(E) = (ta'.(E-”)/kl"-T +:|.)m1 is the Fermi_functioﬁ and ¢ the
chemical potential. Furthermore, we introduce the complete set

of elgenfvhctions (20) as intermediate states to obtain

) _ + - oy -
x(w) = 1F _Zﬁl«-w_glmol_wg?lﬂtfmﬁ) £ (Ep))

sl ey | )
Performing the Fourier transform we get
2 . 1
x{w) ==, X , ; +
J; h% + a2 {(i% +a2)1/2 _ lyg
Sy \ -
+ (gEh - £EN (29)
(&%-&lellz +u +in| F k
where
(30)

by = e,3 " ¢
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The model is further simplified if, for every vector k : we

f: = 0, That is, we

restrict ocurselves to the mixihg of degenerate states, where.

choose a momentum transfer S'auch that A

the spin .flir.) Hamiltonian has maximum effect. It is interesting.
0 note that if the spih-flip Hamiltonian has the : 'symmetry
of the'1attice,_scattering"is.only possible if g equals a
‘ reciprocal iattice vector 3, and thus the condition ﬁzv= 0
can only be realized at certain definite regions of the fermi
surface of polyvalent metals [ 6].

For &3 ='0, Eq. (29) reduces to

3) (3L

L L 1] &) - £

oxlw) = "{2}_&..;,' = PR WOrT

L

where
i+-
Ep = ep ¢ \/2 . (32)
The chemical potential u 1s obtained from the condition

[(£(E3) + £(Ep)) = N C(33)
4 _ .
where N is the total number of electrons. Up to terms of or-

der (k/25f32 and for temperature T = 0, we get
wo= e[l - /2e)%/4] (34)

where ¢, = (3ﬂ2NF/%KChmiS‘&BZFEﬂM-energy of the free electron

F
gas. We then obtain
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-G
JEES - £ = - x.f.AE. -%(2—}—) 2]_ (35)
> P . T
i
and finally
Rex{u) = x _5.2_._E_ _1(_."_) 2] (36)
P 1._2 ""(.02 -6 2€F 1
and
Imx (0) = %7228 (02 =22} |1 - 2(z2-)2
m XpFa~® ] : 6 2¢, . (37
DISCUSSION

In the static case, w = 0, we obtain the Pauli susceptibili
ty with a very small correction of the order .of (l/2e£}2~ 1=
sulting from the spin flip-scattering'pfbcesses C7].

The divergent singularity of x(w) at v = 2 essentially a-
rises from the use of a single paraméter 2 independent of q.

An average of x(w} over a distribution p(A} would soften or
even eliminate the singularity. For instance, Fig. 1 shows the
real and imaginary parts.of.§I:T obtained by averaging (36) and
(37) with a logarithmic distribution of A

-1 .

"x-;-'..-f.n{.l/lo) for A < AO

B (A) = 438)
0 for ) > A,
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-10-

Corrections to the Lindhard's susceptibility due to spin-

flip processes are only si%pble in the region w > qv_ where

- 1, Nypy2 7\2-‘ (39)
: - = (e + — .
x{d,w) & xP_{3 — e
This region is not accessible to neutron scattering ex—

periments.
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FIGURE CAPTION

Fig. 1 - Averaged dyhamic susceptibility (see text).
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\\ - RE X (m)/xP
\ _ Im X @) /X,
A
A
Y
0 it 2 A . e
* 1 _---- -T2
'~y ....-.'.-’l og/xo




CBPF~NF-010/87
-13~

REFERENCES

[1]

C2]

3]
L4]
Cs]

Le]
-7]

See for instance: C. Kittel, Introduction to Solid State
Physics, John Wiley 1967, New York.

An analogoustituatien arises when the Maxwell-Boltzmann
distribution of an ideal gas in derived: an infinitesimal
intermolecular interaction is implicit. Or when the thxk
distribution of the black~body radiation in a cavity with
reflecting walls is considered; an infinitesimal "coal
particle" is assumed to catalyse the transition towards
thermal equilibrium.

T. iﬁuyama, D.J. Kim and R. Kubo, J. Phys. Soc. Japan, 18,
1025 (1963). ‘ |
D. Pines, "Elementary t&ciuﬂﬁons in Solidé?, Benjamin, Re-
ading, -Massachusettfs (1$83)X. p. 138. f |

R. Kubo, M. Toda and N Hashitsume,“Statistical Physics
Springer Verlag, Berlin_Heidelberg (1985) . |

R.H. Silsbee and F. Beuheu, Phys. Rev.B5'27, 2682 (1983).

J.S. Helman, Phys. Kondens. Matetrie 6, 297 (1967).



