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Thermodynamical quantities are expanded in perturbation series with respect to the
Coulomb repulsion U for the Anderson Hamiltonian with electron-hole symmetry and 'their
general terms of perturbation are investigated. By these processes the mutual relations
among these quantities are discussed. It is confirmed that the thermodynamical quantities
such as the specific heat and the scattering #-matrix are expressed in terms of two quantities;
the even and odd parts of the susceptibility as far as low-lying excitations are concerned.
These results are entirely consistent with the Noziéres phenomenological Fermi liquid theory
based on the s-d exchange model.

§ 1. Introduction

In the first paper®*® of this series, we presented a perturbation theoretical
approach to the Anderson Hamiltonian® with electron-hole symmetry and showed
that each term of the perturbation expansion for the thermodynamical quantities,
in particular for the free energy, can be expressed by an imaginary time integral
of the product of two antisymmetric determinants constructed by unperturbed
local d-electron temperature Green’s functions.

In the second paper by Yamada,® each term in the perturbation expansions
for ‘the specific heat, the susceptibility, the resistivity and the density-of:states
for the localized d-state has been calculated up to fourth order. In the course
of calculation it has been found that some general relations hold between
thermodynamical quantities, in particular, the Tlinear specific heat is proportional
to the even part of the susceptibility. This finding immediately leads us to the
result that the ratio of the susceptibility to the coefficient of the 7-linear specific
heat becomes twice as large in the s-d limit as the value in the case of no
correlation.

This paper deals with further development along this line: Here, discussion
is mainly concentrated on the general properties of the perturbation series for
thermodynamical quantities in the Anderson model.

The basic Hamiltonian in this paper is the Anderson Hamlltoman with
electron-hole symmetry (E,=—3U), which is divided into two parts, the
unperturbed part H, and the perturbation H’ as follows:

* This paper is referred to as I.
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H=H,+ H, _Y ' (1-1)

H,= Z Cko@iolrs + V; (akstas+ aisans) —1U, 1-2)
k - o

H = U(nay—3) (nay— %), ‘ 1-3)

where a,, and a4, are respectively the annihilation fermion operators for the
conduction electron with wave vector £ and spin ¢ and for the localized d-electron
with spin ¢. ¢, represents the kinetic -energy of the conduction electrons, V the
transfer energy between the conducting and local d-states and U the Coulomb
repulsion between two d-electrons.

For this Hamiltonian, as shown in I, the free energy F can be expanded in
the power series of U,. except for the 1st U-linear term, as

o _Un 1 I B
F= _Z<—1)n— a j _[ dfldfz'”df'n[Dn(l, 2: ---n)]ﬁo,m ’
n=2 n! B Jo . Jo

_1 y :
= o | (1-4)

D"(1,---n) is the n-row, n-column antisymmetric determinant,

-0 G12 Gls ...... (.;1"

D1, m)=| G 2. 1-5)

and the element Gj; is the unperturbed d-electron temperature Green’s function®

G” =G (t:i— Tj)=— <Trado‘ (fi) a;a‘(f j) >unpert“l'bed

_xl? Zﬂ G<wn')e‘“f"(”"”, - (1-6)
1 T
?(“’") i(w,+4sgnw,)’ O B @n+1), €7

where 4 is the Widtﬁ of the virtual d-level and given by
d=mp| V[, a-g

o being the state density for the conduction electrons. Since the antisymmetric
determinant identically vanishes for odd #, we can easily see from Eq. '(1-4)
that the free energy is expressed by an even power series of U, exclusive of
the U-linear term included in the unperturbed part H,.

For our purpose of discussing the general properties of the thermodynamical
quantities, the determinantal expressions of their perturbation series as (1-4) for
the free energy are particularly convenient and such expressions are fully used
in this paper. '
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§ 2. Dynamical susceptibility

The perturbation expansion for the static local susceptibility is given in
our scheme as®¥

%= Yeven Tt Xoaa » @- 1)
= ) & U™ lr...r
Xeven 2 1;) (27[)! B . R df]dfz d72n+2
X [D™**(1,2,---,2n+2) D™ (1, 2, -+-27) Joonn 2-2)

O L [
Xodd 2 7§] (2n+1)! B X Odfldfz dfgn+3

X [D™*2(1,2,.--2n42) D™*2(2,3, 27+ 3) Juonn - 2-3)

In this section, these expressions for the static susceptibilities are extended to
the dynamical susceptibilities.

We consider a case in which a time-dependent local magnetic field with
circular fre(iuency o is applied in the z-direction. The magnetic moment induced
by this applied field is calculated by the time-dependent perturbation theory.
The perturbation in this case is the Zeeman energy:

H,=— ggB (7141 — 71ay) (Hmeiwt+qt+Hm*e—imt+qL) 2-4)
and the induced moment M is given by
M=y, H,*e "+ |y *[] gtot+nt (2-5)

The dynamical susceptibility is calculated as

2 -
No= < g/lB) Z Yy e—ﬁEm,Anmlz{ 1 _ + 1 : '}’
A 2 mn O+ Opmt2y  — O+ Oan—17

Zzze_ﬁEm, (Dnm:En_'Em,
m
Aﬂm=<n|n¢1~-—-nu|m>. - (2’6)
Here, if we put w+ip—iw,, we obtain the temperature expression for the

dynamical susceptibility as

z . 2
x(0n) = (%) Z71Y ¢ FEn (1 — g=Bonm) | dna
e w

. ’
nm 210y

wﬂ=2n%. 27

(2-7) can be rewritten in the following form:

x(0n) = (ﬂ;‘iy —;— £8 J;ﬂdrdr'e“""(’—")((T, (nar (v) — 74, (7)) (R (z7) —74,(")) Y,
2-8)
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where {A) del_lotes the thermal average of A

(A= e =(m] Alm/ 5 %

and g ‘
A(r) =erAe ™.

(2-8) can be again rewritten as
i 1 ‘ # ! jiop(c—1’ ’
2() =04 - [ [azarret e (T @ 2y

— (T4 (v) 4, (") )] (2-9)
The integrand of (2-9) gives the time(imaginary)-dependent susceptibility
(v — jz") , namely
x(f—f’> =Xeven(f—f,) +x0dd(r'_ T,)’ N (2'10)

Yeven (r—r’)/(igﬁq;m(r—r') (T (D (),  (2-11)

oo (£ =)/ ) — (0 =) = —(Tona @), (2-12)

The perturbation expansion of y(r—t’) is easily obtained in a way similar to
the case for the free energy as

, 0 UZn B B
Yoven(t—7) =22 I L dty - drea [ D™ (¢, 1,2, ---2n, ")
0

n=0 (2n)!
X D™ (1,2, ++-27) Joom » (2-13)
’ PN 0 T .
Haale =) =5 j £ dtrdema[D™(c, 1,2, 20+ 1)
, X D™¥(1,2, 2241, ") Jeona - (2-14)
Now, we expand the determinant D*"*? by their cofactors as follows:
D+ (7, 1,2, ---2n,7") = N G..G;.G..G,.

74701
mcl. j=i, j/=i/

2 2 2: 2
X Dv?,;r, /i’y §lt/ + Zi {Grr'Gerr’iDr:'L’j'jr, (147
J

2 2 2: 2
+ GfiGr’TGfr'szj’f, j\"} + Grr’Gr’rDr?’-:’r
2
= .Z,., GriGerr’i’Gj’r’ j’:',,j’i’

. 2 Y, :
incl. j=1, j/=1i’

+2>7G..G,.G..D};i—G..G..D™" (2-15)
7t

‘On the right-hand side of the second equation, D% ., etc., are the cofactors
of the 2n-th order determinant constructed by G;;, where 7z, j=1,---2n. By
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. using (2-15) in (2-13), its Fourier component .can be written as

Hoven (02) = — = mz G (@) G (w3 —0,)
©0 1 )
+Hamis b Nlarpdn, [1 . FEO@

X G (0~ 0,) e~ im0+ bonsy % > G (0) G (0 + )

-_— / -
X e tog(ry/ —7y’) iw,,r/D%; 'i,DZn

+2 z: 3 Gla+0)G (wl)e—w’f—mD%DZﬂ] (2-16)
Similary, by the use of the relation )
DZ'H.Z(L‘-’ 1’ “27Z+1) = - 2 Grisz'Dji >
mcl ] =%

the Fourier component of (2-14) is obtained as

, o 2ﬂ+1 B 5d d
Xoda (@n) g @nt D)l B J; J; T1 " ATans1

[ Z Z G (01) G (01— w,) e~ to11=70)

mcl j =1

* Z _ﬂﬁ 2 G(0)G (0 + (Dn) e‘,imz(""ft’)

mcl j’-—z’

xetwernpgappy| 2-17)

conn

§3. Relation between the free energy and the dynamical susceptibility

The 27-th order term of the free energy is, from (1-4), written as

Fm‘“@‘wsf Naeden D@ 2 . 3e1)

Here, we expand D™ with respect to the elements of 2n-th row and 2n-th
column as

D Z Ggm;ngnD (3 * 2)

mcl t.- J

and carry out the integration with respect to Tz ~ Then, (3-1) is written as

m_ U™ 1 r...f’
Fr = (Zn)!—ﬁ— \ odv:l ATon—s ;}i

inet. §25,5 =t
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[B Zem,.(v, r,) Z G(a)l)G((Dl wn)e——iwl(rj—ra)

% % ; G(wz) G(a)z‘l‘ [D") e—ivw:(rj'_ri')Dijtl;—1D3'fi—,1]conn. (3 . 3)

Comparing this result with (2.17), we obtain the relation

U .
Fit= — j dU—Z;Zxééﬁ“(wn) ' (3-4)
0 e
or )
U 1 ,
= |4V % ¥ taton. 35)
This result can be derived indirectly by putting
5 Z Yoven (0n) =0 for n=£0 (3-6)

in the well-known relation which generally holds between the free energy and
the dynamical susceptibility. (3-6) can easily be proved in the expression for

x;ven(w'n) given by (2'16).
' The ground state energy E, is given in terms of y.qq(®.) at the absolute
zero by

| o .
E—-E-U_1 de taa(@)do . 3.7
4 T Jo o

‘§4. Static susceptibility at T=0
The expressions for the static susceptibility, %len(0) and x5a(0), can be

rewritten in a more compact form for T =0.

First we consider x;“;;'n(w,.=0) and ‘take out its integrand:

- Z G(w )Z _i‘”l(r]_"i); Z G((Dg)z v

o B e
incl. j i j’

X e tecs =D D 2 ;: % ; G (o)

X g™t DIy, 4-1)
At T=0, the sum over o, can be replaced by integration as

1 z; G(w) eﬁ j G (w)do .

By partial integration, we have
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Zi J‘G (w1)3e—im1(fi—fi)dwl = __.i J‘G (a)l)ze—i“’l(’j—"i)dwl (Tj _.ri) . (a)
T 2r
By the cofactor expansion, we rewrite (r;—rt;)D% as follows:
(t;j—t)Dfi=—[ 22772 oDy — 2 T2 G Diiyp ]

=- Z (ty—1) Gy DYy o . (b)

o e

One more partial integration yields

(fj/ _ 7.'1;') 1 fG ((D) g—i‘”('!'—”')dw
2n
1 1 j 9 ie(es e
= —_—  — G w)e tales i)da).
R (o) ) (e)

After the above three manipulations, the second term in (4-1) is rewritten as

. 1 Z < Z G(Cl)l)z -iw,(r,—t,)DZn a0 DZ'n
n'A Jjijri B oy
JF, jrF
. Z l Z G (wl)ze—iwl(rj—r,-)
i R ey
J4, G

X % Z G (0)2)23_ img(rj'_ri’)D?;‘;j’i,Dz'ﬂ.
@y -

The second term is cancelled out with the jaxi and j/2ci’ terms of the first
term of (4-1). Thus, the following terms survive in (4-1):

1 2 n n
(ﬁ) > Dy D*

—2 ¥ L5 Glayerter 0D, D
wd jivie 8 e
Vit
1 1 2 ,—tw(rj—7i) )2n 2;& v N
—= 3 =3 G(aYe toeopn, D" (4-2)

4 B

By the reversed processes of (c) and (b),

2“17[ jG (a))ze”i“’(f”—”,)da) = —}17— (‘L‘j/ —Ti) Gj’i’ ’ (c,)
3 r=t)GreDiip = — (2, ~2) DY, )

(4-2) becomes

12 n
(5) B Dhiss+2 33 Dyt 33 Dipyu] D

b PRL
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~L S(e,~coDmDm. (4-3)
wd 7t
If we notice the relations
it = —D?ﬁi > D?if’f = _D?ff'i »
Djiyir=—Diju o, (4-4)

we see that the quantities in the square brackets are cancelled out and we
finally obtain

im 3 U L% (e, d
thm= e lim S0 5 | Javden e
X 2 [(r;—7:) DTiD™]eonn - (4-5)
7t

By similar but simpler manipulations, the odd part of the static susceptibility
Xeaa at T=0 can be written in the following compact form:

’ 1 un+t 1 J j‘
1 dry - dton
X,Ofld ( A)g 51_2:;; @nt1)! B T1"QTony1

x[ Z D7 Ronn - (4-6)

mcl j i

§ 5. T*part of the free energy

The free energy. of 2n-th order is given by

where temperature dependence arises from the d-electron Green’s function,

Gj= % 3G (0,) e tontieo,

=0Cn+1) L.
w,=(2n )3

. Now, we .consider a function F'(w) which has a singularity at w=0, just as
G(w). Then, a discrete sum of F(w,) with respect to #» can be expanded in a
series of T as

2n I _l R G N
25w = [T Fwdo—¢(Z) 17 0-) —F 0]

7 n ! n — —_— * —— .
e Ug) IO =F7©04)] =+ 61

Using this relation, we have
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1 —fo(rj—ry) 1 2 1 —
j‘G(a))e J dw— 6 <B> _7[7(71 _Ti)

(Z L

360 \ 8

B,

> 71121 <% (y _f'i) = (zy fi)5>

If we use the relation (5-2), it is an easy task to take out the T*?-part from
The result is obtained as

(5-2)
Am}ﬂ":l{l)zi U=
38

b lj J‘

dty - dtam
nd (2n)' ﬁ—»oo ryede
X%[(’-’f

fi) D D 2"Jconn

5-3)
-2 @y > T

From this result, we obtain the coeﬁ‘icient of the 7T'-linear specific heat y as
Tzn_ 2

li 1 8 ﬁd y

7d (27)! af’i'ﬁﬁ L Fir@am
XZ[(fJ—ri)D Dzn]conn-

Comparing (5-4) with (4-5), we are led immediately to

/2n

(5-4)
2 —1
even — | —— k 2] g
x [3 =k | 7
By noting that

(5-5)
g =

=2 ey L
3 nd
an important relation for the Anderson Hamiltonian is derived

Xe’ven =

=7/Z (ak.

57
1. 2 1

= = — nk 2=
$=— 3( )

It is more convenient to define dimensionless quantities, § and 7, for later use by
ratio

(5-8)

Another proof by the diagram method of this relation was presented in II,
where it was shown that this relation immediately leads to the result that the

B

— 1 + jzodd

Xeven

, (5-9)
tends to 2 in the limit of large U, namely in the s-d limit
that Fo.aa represents the many-body effect for the Anderson Hamiltonian

Thus, we can see
The procedures used in this and the preceding sections enable us also to

obtain the 7T"part of the free energy and the 7T™%part of the static susceptibility
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Here, we write down only the obtained results.

1 1 U™ im
AOF?— 1 ¢ j j dty-dta
‘ 18 (nk )(nAY @l BW 5 T1--dty

X [v iZ,i,(rj —T4) (z',/——r, ) D%y D"

+_167[A2{ (f; Ti) - (rj'—'fi)s} D‘j":Dzn

1 , " n
—+ 5‘211’ (¢5—1) ZjiZi-,(ff' —74) D74 Jconn
. J

7

: 1 1
ADFo= 4 = 5-10
-90 ( o nd & ( )
s 1 ( lim 1 J' j’
@yrm L 2
4 Xeven 6 (77: ) ) (277,)' ﬂ_}w dfl dfgn

X [ﬁzi,(‘r, — ‘L'i) (Tj Ti/) Djij’i D™
+7TAZ{ (tj—10) — (T!”—fi)a} Dy.D™

+2 Z (r, ' D%, D™

mcl j ’

+ Z'(Tj - fi) D_211: ’Zi’ (fj’ - 7-'1") Dzjei’]conn )

A@)xeven——( )2( 7 A (5-11)
rmi1_ 2 1\* Ut lim 1
A(Z) 2+l _ k ( j j‘d d "
Xodd 3 — (nk)’ ﬂd/ —“—(2n+1)7 - Ty Tz +1
x| & = e o oy
) A mcl j =i incl. ji’='l’
+1 s D T
2 (d) 4%,
X 33 D'k (5:12)
incl, §/=1

§ 6. Scattering z-matrix

The electrical conductivity ¢ of the system described by the Anderson
Hamiltonian is calculated by the following expression:

0= — 2¢ jrk(a))vk ;Zf odey, (6-1)
€k

3
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and

1 = —2cIm ¢, (0). | (6-2)
x (0) ‘ .

t-matrix is obtained from the retarded Green’s function as

1 4
kk =VlchzIzZ¢r de:_ N 6-3
ux (0) @) 70 (0—R)+i(4-1I) ©-3)

where R(w) and I(w) are, respectively, the real and imaginary parts of the
self-energy

2% (0) =R (w) +il(0). 6-4) -

Therefore, the following relation holds between #-matrix and the retarded self-
energy of the local d-electron:

w—R—iu+J>sz+«w—kf+2ﬂ4lﬂyﬁ4w 6-5)
0—R+i(4-I) L&+ {(0—R)}—24I+1% '

Since, as will be seen later, 3#(0)=0 and Roco, Iocw?, T, (6-5) is written
down for low frequency and low temperatures as

1/2
1—27nipte, (0) = [1 + %] e,

b= _0=R

2 4 (6-6)

The imaginary part of the phase shift 0’=1I/4 represents contributions from
inelastic channels. In the low-energy and low-temperature regions, the inelastic
channel is dominated by two-particle scattering. The transition rate for this
type of inelastic scattering is calculated by Nozieres.®  If we here use his result
in our case, we have

=@ T o) [l Liay], (6:7)
where A; and Ay are the notations employed by Nozidres® and represent the
transition amplitudes with which two electrons in the stafes of kyy and kg, or
ki, and ks on the Fermi surface are, respectively, scattered to the states of kj
and &y, or ks and %, on the Fermi surface. »

On the other hand, the self-energy 3(w) can be directly calculated from
the improper self-energy 3’ (») which is in the following relation to the proper
one 2 (w):

, _ 2(60) ’_, ’ .17 .
Z‘(w)—m—R () +2I’ (w), (6-8)

namely, R’ (0) =R(0) + -, I'(0) =I(0) — (1/4) R* (&) + ---.
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The perturbed Green’s function G?(r —1’)
G?(t—t") = —(T.as(v) ads (t'))
ig ‘expanded in a power series of U as

G (e—) = G,,+2(2 )'ﬁ jdrl e

X [D*(z, 75 1,2, +-2n) D™ (1, ++27) Jeonn - (6-9)

Therefore, its Fourier component is given by

G?(0,) =G (0n) 2 (27:; 1j j P o—

X dfdf‘,dfl"' dTon [Z]iGriGjr’ 11; (1’ ot 2”) Dzn]conn . (6 ' 10)

Noting the relation
G?(0,) =G (0.) + G (02) 2" (0a) G (00n), (6-11)

we obtain the improper self-energy as

4 —_oo Uzn 1 ﬁ--- BI s
Y =-Fpsr g ), | e

% [; emtenCim O DDA (6:12)

\

From (6-12), we can see 2’ (w—0)=0 because D%;=—D7};. The first-order
term with respect to w, is given by

=) 2n
493" (0) =ivn 3 v 1j fdn o

= (2n)t B
X 235 (t;—70) DD Jconn (6- 13)
Comparing this with 3., given by (4-5), we obtain
ADZ" (05) = —i0n (Teven —1) 4 (6-14)
-

and reblacing w, by —iw, we obtain

‘ R’ (0) =R(0) = = 0 (feven—1) (6-15)
. or
o =R(0) = 0 even - (6-16)

As for I(w), we pursue an indirect way without obtaining it directly from
3’ (w,). We first calculate inelastic scattering amplitudes Ay and Ay. In order
to get them, we have to calculate the two-particle Green’s functions

G" (klmh, k0 ,Vz 5 k0 'Vs, ko V4)
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B 8
= j j dsldszdssds4eiu,sl+iu,sn—ip,:,—iuﬁ,
0 0

XL ks (51) @ryor (52) @iy (56) @i 16 (54) ). (6-17)

First we calculate the Green’s function for ¢= 1 and ¢"=]. This can be done:
in the following way: '

G" (lelT, ksl s kwsl, k1)

8 B
= I J‘ d51d82d59d546“181+ip”"_iv"a_ip's‘
0 0

xg(—l)" j jdﬁ At [D™ (5153 1,2, -, 7)

X D™ (5354 1,2, --7))om (6-18)
where ‘
D" (51545 1,2, -++m)
Gk;h (51 - 54) Glcld (31 - Z'l)- led (51 — ‘L'g) . 'lea (31 - T"), .
Gdlc, (Tl ) O G12 ............... G'ln
Gd,“ (Ta—s4) Gm ................................. 0

Expanding D"*!(s;s,; 1,2, ---7) with respect to the first row and column and
carrying out the integration over s;, we obtain

G (kwi1, kel ; ksl ki)
=p [Blek. (v Glc,k, (ve) 000,00,

+31 (- 1)" f j deden {3 Gra ) Gar, (1)
X e—iv.!‘j-!- i“”D}lijZ’i’szd (Vz) Gdk, (vs) |

X DY ] (6:19)
By the use of the relations '
| G ) = VGG )G (),
Gu(v) =VGO)GL (v), ) - (6-20)

where G,°(v) is the free electron Green’s function in the absence of the s-d
mixing, (6-19) can be calculated as

(6-19) =BG, () Gr, 02) G, (09) G, W) {BV'G (0,) G (1) 8,,,.0..,.,
+ VG () G (3:) G(v9) G (v)
Xnéﬂ(]n% j;ﬁ,.. j;ﬂcz??l"'dr"[ ] = itreTytivie

n! 7
inel. g=1
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XD?,; Z, e——iv,r,’+ngri;D;,:’i’ eonn) - (6-21)
incl. j/=1" -
If we put y,=0, only the terms with odd 7 remain, because ) ;;D7,=0 as » is
even. Then, the sum in (6-21), the vertex part, is.proportional to Foaa. Compared
with Yo.aa given by (4-6), this vertex part, which should be put as A, is expressed
as
’ 4

A=~ %77-'4 Xoaa

1 .
= - o' Xodd - (6:22)

The two-particle Green’s function for ¢=17 and 0’=" is also calculated in a
similar way and the result is

G" (leVI, ksTye; k3TV3, kve)
| =BV, ) G2, ) G2, (09) G2, 0) [G 02) G 99 B (Brup By — Do)
‘ > [Um 1 (8 8
+GEICICC T o= [ arde, - ar.,
n=1 (271)! ﬁ o 0
X tZ] e“lllfi—il‘4l'j+ ivgri,_ip‘r/D?;j'i’Dzn]conn-
) ALV
Here we put p;=0. Then, the second vertex part identically vanishes since

2n —
1500 =0,
LT
incl. j=1, j/ =i’

which results from (4-4). Thus, we have

Ay=0. (6-23)
Inserting (6- 22) and (6-23) into (6-7), we obtain
i

I——"'_‘A odd( A2 +7> (624)

‘With the results of (6-16) and (6 -24), the imaginary part of the z-matrix
becomes

—Im te=mplt 4 moleal’, (6-25)
mol? '2“%(@1{)2{(4 Iy 71:10 {1_%+2—j}
‘;hxm§~m@f <9, (6:26)
”mm:ﬁiw—mgaﬂﬁ'f%%
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s
The second term of (6-25) expresses contributions from inelastic channels and
plays a role of spinflip scattering in the Suhl-Nagaoka theory® based on the
s-d model. However, here in our case it arises from two-particle scattering
whose mechanism is different from the so-called ‘spin-flip’ mechanism.

22 2
1 1., <7rT a)>. 6-27)

§ 7. Discussion and conclusion

It has been well established that the ground state of the system described
by the s-d model is in a locally singlet state, or non-magnetic state.”® However,
up to date not so much about the low-lying excitations from the ground state
has yet been clarified although the low-temperature behavior is known to be
completely normal. Wilson’s recent theory” was successful in obtaining the
low-temperature specific heat and susceptibility with the aid of numerical
calculations. At the same time, however, it seems to show how difficult it is
to develop the theory analytically. On the other hand, the Anderson Hamiltonian
from which the s-d model is derived in the limit of a large value of U always
gives a non-magnetic. ground state. The small system described by the Anderson
Hamiltonian should have no singularity in its behavior in the whole range of
U from zero to infinity. Thus, it is expected that the low-energy and low-tem-
perature behavior of the 'system described by the Anderson Hamiltonian for not
so large a value of U is essentially the same as the one described by the s-d
model. Therefore, it might be of great help in clarifying the low-temperature
behavior of the s-d model to investigate the Anderson Hamiltonian without using
any approximate methods such as Hartree-Fock, RPA, etc. This is the main
reason for our present work on the perturbation theoretical approach.

In the Anderson Hamiltonian, inelastic channels always exist besides the
elastic channel for scattering of conduction electrons and the former scattering
represents the many-body character of this system, as has been pointed out by
Nozieres.” This inelastic scattering is different from ‘spin-flip’ scattering in the
Suhl-Nagaoka theory on the s-d model and it arises from two or more electron
scattering. .

In this paper, perturbation terms of general order for thermodynamical
quantities—the specific heat, the susceptibility, and the scattering z-matrix—are
investigated and mutual relations between them are examined. The main results
obtained in this paper are that the low-temperature or low-energy behavior of these
quantities is described in terms of the even part F.e. and the odd part ¥.uq of
the local susceptibility at the absolute zero temperature. The Coulomb repulsion
U is included in these two quantities. Therefore, as far as the low-lying ex-
citations are concerned, the thermodynamical behavior of this system is scaled by
these two quantities. This is also true in the s-d limit where the two quantities
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become identical and equal to 74/47Tk. These facts are entirely consistent with
-the phenomenological Fermi liquid theory presented recently for the s-d model
by Noziéres and confirm it from the microscopic point of view.

On the other hand, we have developed the theory of the singlet ground
state for the sd exchange Hamiltonian and calculated the zero-temperature
susceptibility for the s-d system.® Thus, if one combines this separately calculated
susceptibility with the present results, they can be regarded as the expressions
describing the low-temperature behavior of the s-d system.
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Note added in proof:

When the condition of electron-hole symmetry, 2E,=~U, is removed, x;; and X1, defined by
(2-11) and (2-12) include both.even- and odd-order terms in U, because for the unsymmetric case
the determinants constructed by d-electron temperature Green’s functions are no longer antisym-
metric. However, the relation between the 7“-linear specific heat and yeven remains to hold for -
The proof for this can easily be given in a quite parallel way.





