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The magnetic field dependence of the average spin of a localized electron coupled to
conduction electrons with an antiferromagnetic exchange interaction is found for the ground state.
In the magnetic field range uH ~ 0.5T (T, is the Kondo temperature) there is an inflection
point, and in.the strong magnetic field range uH > T, the correction to the average spin is
proportional to (T, /uH)?. In zero magnetic field, the interaction with conduction electrons also
leads to the splitting of doubly degenerate spin impurity states.

1. INTRODUCTION

In the low-temperature and weak magnetic field region, even a weak interaction of magnetic
impurities with a degenerate, electron gas becomes strong [1-3]. In this region, perturbation
theory is violated. Two scenarios are possible in such a situation. First, an assumption can be
made that in the low-temperature region, an increase in the magnetic field takes the system
out of a strongly coupled state and into the region of applicability of perturbation theory. This
nonobvious conjeciure was used in Bethe’s ansatz method in the problem under consideration.
As the result, in a strong magnetic field uH > T, (T, is the Kondo temperature), the correction
to the mean spin impurity value has logarithmic behavior [3],
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Such spin dependence of the magnetic field value is too slow, and is inconsistent with the
experimental data [4], which yields power-like behavior. The level of spin saturation in the
magnetic field in Ref. [4] (Fig. 8) can be reached according to the expression given above only
at the magnetic field value H ~ 50 T, instead of the experimental value of 6 T.

The second scenario is connected with the assumption that an increase only in the magnetic
field value does not move the system from a strongly coupled state to a weakly perturbed state.
The second conjecture is supported by the fact that the correction to the wave function of
a system consisting of magnetic impurity plus degenerate Fermi gas, in some state with low
energy, contains corrections of two types obtained with the help of perturbation theory. The
norm of one of them decreases in an increasing ' magnetic field, whereas the norm of the other:
is divergent in the limit T — 0 for a finite magnetic field. Consideration of the norm of states
in the problem involved is very useful, because it contains direct information about the average
value of magnetic spin. )

Below we consider in detail the second conjecture and confirm it. In the low-temperature
region (I' < T.), the average spin of magnetic impurities is found for an arbitrary value of
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the external magnetic field. States for both signs of interaction constant are investigated. The
strong coupled state arises in both cases, but the magnetic field dependence of the average
value of spin is substantially different. The definition of Kondo temperature T, is also slightly
different for different signs of the interaction constant.

2. THE MODEL

We will suppose that the interaction of magnetic impurity with the Fermi sea of electrons
has an exchange nature.. Then the Hamiltonian H of the system under consideration can be
taken in the form

H=Hy+ /d3r1d3r2V(r1 = r)Xa(r)ep(r)xa(r)palr:) —

H
-t / (101 = 010 ) . M

In Eq. (1), operators Lpﬂ, X» are creation operators of an electron in a localized state on
a magnetic impurity and in the continuum spectrum respectively. For simplicity, we consider
‘the case with one unpaired electron in the localized state (spin 1/2). The first term in Eq. (1)
describes the degenerate electron gas in some external field that leads to creation of one localized
state. The spin interaction of electrons in the continuum spectrum with magnetic field leads
only to small renormalization of the magnetic moment of a localized electron, and a small
shift in the kinetic energy of electrons with spin up and down in such a way that they have
the same value of chemical potential (no gap for transfer of electron with spin flip over the
Fermi level). For this reason we omit this term in Hamiltonian (1). The last term gives the
interaction energy of a localized electron with the magnetic field.

Consider now the limiting case as T — 0 and H finite. We search for the lowest-energy
eigenfunction |¢) of Hamiltonian (1) in Fock space in the form

2K 2L—1 2K -12L-1
[¥) = |10; 11;11;.. +ZC2L '|01;10; 10 +Zc§,@:‘l|10; 01; 10 )+
2K 2L, 2L-1
+> " 0 10; 01 + Y ar §§( INlo1; 10 10; 01 10) +
K,<K
2K,—1 2K 2L, 2L—1 i K—1 2L,~1 2L-1
+3 " OISR NIL0; 01 5105015 10 )+ > Cipa i NjoL; 10,701 ;710 10 )+
‘ L,<L
A 2K,—1 2K— 12L|—1 2L-1
+ S CMiaoi R0 01 ;01 ; 10 5 10 ) +
K\<K;Li<L
2K, 2K 2L, 2L
+ ) CIRkN|10; 105 105 01;01) + Q)
K\ <K;L,<L '

In Eq. (2), all single-particle states (solutions of Eq. (1) for one particle) are ordered and
- numbered. Indexes K, L label states under and over the Fermi surface. Each box has two
places. The first one means a state with spin up, and the second with spin down. As an

2K 2L
example, the state | 10;01) means that the state 2K (spin down) under the Fermi surface
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is empty and the state 2L (spin up) over the Fermi surface is filled. The first cell is always
reserved for an electron in a localized state. The first term in Eq. (2) gives the ground state of
Hamiltonian (1) without interaction (V (r) = 0). The number of upper (or lower) indexes in
C':: gives the number of excited pairs. For P excited pairs, there are 2P + 1 different symbols
C:::. Operator N is the ordering operator, and each rearrangement of two neighboring filled
states gives a factor (—1). In Eq. (2) in each box below Fermi surface, only one place can be
. empty and above the Fermi surface in each box, only one place can be filled.

The equation for the wave function |¢) is

|Hy) = Ely), €)

where E is the energy of the state.

Inserting expression (2) for the wave function |¢) into Eq. (3), we obtain a set of linear
equations for the quantities C"'. Due to the structure of Hamultonian (1), each quantity C::;
with index P is coupled only with quantities C' with indexes P, P+ 1. From the first equation
of this system, we obtain the energy of the state,

E=FEy— uH/2 - §E, ’ 4)

o8 = Y (36" Ot - (357" ek,

where Ej is the energy of the ground state without interaction. For convenience, we leave the
magnetic energy of the localized state out of the correction term §E. The quantities ' in
Egq. (4) are the transition matrix elements. As an example, we have

“1—/%wnmmmwmmmmmwm-n> 5)

The Hamiltonian (1) possesses deep symmetry properties. To see some of these, we will
keep indexes on I’ that indicate energy and spin in the initial and final states. The next three
equations for the quantmes C: are '

B SO R - YOl - S
2L-1 4 o2Lil—1 2K
+(,uH+5L—EK SE)Cix Z T A N

K, <K
2Li2L—1 2K, 2L2L—1 2K,—1____ .
- Z Cikar, br, ZczK,-uK 0,
K<K, (6)
2L -1 2K, 2L 1 2K.—l —1 ~2L,—1
L~ - Lt C ZCZK,——I 2Kt Z 2L,— Gkt
2L 1 2L1—12L 1 2K,
Htep —ex —0E)CT, Z k-1 bp,—1
L, <L
2L—-1;2L,—1 2K| 2L,—1;2L -1 2K, —1 _ 2L,—1;2L—-1 72K,~1
- z : Cykpky Lot Z Gk Ziak 15,5 Z Cyk—tak—1hr = -
L<L, K<K;L,<L . K1<K~L1<L
2L—1;2L1—1 712K,—1 2L—12L,—1 72K,—1 _
- Z Cok_ 12K.—II2L,—1 + Z CZK. 12K - 15 =1 0,
L<L;;K<K, K\ <K;,L<L,

-
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_ 2L,—1 _ 2L2L,—1 2K
ZI 103~ + (€L —ex — 6E)Cife + ZC2K2K. Lp_ -
K<K,
C2LAL—1 2K, 2L2L,—1 2K, ~1 _
Z 2wk - +Eczk,-1zx -1 =0.
Ki<K

In Egs. (6), the quantities e, i are the energies of single states. As mentioned above, index
L means a state above the Fermi level and index K means a state below the Fermi level. The
equations for C_ are given in Appendix A. Since the equations for C:. have a special structure,
each quantity C'"’ with index P is coupled only with quantities C.; with indexes P,P £+ 1, it _
is possible to leave quantities C'.’ with indexes P>2 out of Egs. (6). As the result, we obtain
three equations for the quantities 02 C"‘ 1 and C . They have the following form (see
Appendix A):

2L 1 § : 2L— 1 2K § : 2L— l 2K,—1 z : 2L, y2L—-1
+ CZK, 2Kl C’2Kl—112kl C lIZLI +
1 2L—1 2L—-1., ~2L-1., ~2L
+(uH+eL—eK—5E— £ )OIkt = Ay (CIE CRk2ls ik ),
2L-1 2L 1 2K 2L—1 12K 2L,—1 2L 1
LgZi - § O GR + E :sz— Lro z O DL\ +

+(er —ex = 6B - 2ue)) CIE4 = 4y (R C2ETh; 2R ),

)

- BL oG+ (eL —ex —6E - Z<K,L>)szzf% = A; (szzL('l;szﬁill;szﬁ)-

The linear operators A;,3; do not contain terms proportional to the quantities
ciE ekl ok w1thout integral over one of variable K, L with some function of K, L.

These terms form the ):( KLy Z(K,L) terms in Eq. (7). All off-diagonal elements of such a form
are equal to zero. The, linear operators A, ;3 also do not contain terms proportional to the

" convolution of quantities C;; with I'./ over one of variable K, L without of denominator with
the same variable. In Appendix C, we give the expressions for quantities Eg)( Ly (kL) in the
fourth order of perturbation theory. Quantities C"‘ l 22,L{ ‘1, C in the third order can
be found from equations given in Appendix B. It is easy to check that in the fourth order of
perturbation theory,

~8E-Xucw| _ =0 ®)

EKTELTEF

This equality holds in all the orders of pcriurbation theory. Below, we put

—6E - Z(K,L) =A. (9)

EK=EL=EF

In Eq. (9), A = A(H) is some function of the magnetic field that must be determined from
self-consistency. This equation is given below. Very important properties follow from the
normalisation of states defined by Egs. (2) and (7). To simplify the investigation of Egs. (7),
we give also the expression for operators A, 3 in the lowest-order of perturbation theory in
. Appendix D. All statements made above are mdependent of the exact form of spectrum e, €,
and potential V(7).
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3. WAVE FUNCTION OF THE GROUND STATE

The average electron spin (S,) in a bound state at zero temperature can be found by
dlfferennating the energy 6 F with respect to uH
1 O6E
S,)==z-—. 10
In accordance with qliantum mechanical rules, the quantity (S’z) in the ground state is also
given by an expression containing only norms of the states in expansion (2):

(s =5{1+ e + o] - o+ |oskzta + ez +
*leskik] - etk - edkapee + ) »

el o] o+ ekt dG=
closa] sloks | s T @

Below we use both Egs. (10) and (11). To solve Egs. (7) and (9), we consider A as a
parameter. Then the right-hand sides of Egs. (7) can be taken into account in perturbation
theory. In the leading approximation we obtain :

L 2L—1 2K 2L—1 PK - 2L, p2L—1
+Y OG- Y O =) CRLET +

+wH+eL-€K+MC”‘ 0,

2L-1 C2L-1 2K C2L—1 2K 217201
Lk~ Z 2k, Dl Tt Z w1k “Zczx' IIZL,—1+

CL-1 =
+(5L—5K+A) 2K —1 0,
o C2L =
Z 2L,—1 K tleL —ex +4)C

Below we make the usual assumptions about the energy-independent value of the density
of states near the Fermi surface, and that the characteristic energy in transition matrix elements
I’ is also the Fermi energy ¢r. As a result, we can put

(12)

EF Aep
}:12';((...)49/@(...), Sty / dy(...), (13)
K 0 L 0

EL —EFP <Y, ‘EF—E:K:.’B.

In Egs. (13), g is the dimensionless coupling constant. The potential V (r) in Hamiltonian
(1) is in natural units, hence the smallness of the coupling constant g is connected only to the
small radius of bound state.

Due to the energy independence of the transition matrix elements I/, Egs. (12) can be
. substantially simplified. To do this, we define new quantities that are convolutions of functions
C:: with overlap integral I’ over only one variable, K or L, that is

ZL = ZI2K|C221%1 l’ ZK = Z L|_1 2L1-l
K, -
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Y = ZI H-lol v =) BE\ciko), (14)
L, . R

- 2L 2L 2L—1 2L
Xp = ZIZL.—ICZKI’ Xk = Zsz, K -
L] L]

Inserting Egs. (14) into Egs. (12), we obtain

1

2L-1 _ + +

cL uH+y+a:+A{I ZL+YL XK},
1

2L—1 _ _ _

LA /AR AR (15)
k=1 7
2K ytxz+A K>

where [ is the value of the transition matrix element I’ for states near the Fermi surface.
Now from Egs. (14) and (15) we can obtain a complete set of equations for the quantities
Zk,1,Yk,L, XK, only. In addition, the quantities Xg ; are very simply related to
Zk,L, Yk, ‘Eliminating them, we obtain a set of equations for just the quantities Z 1, Yy 1:

EF EF  _
ZL(1+glnuH+y+A) _YLglnuH+y+A_

EF
=Igln___€ﬂ_+ 2/d-’BZK1n[A5p/(:1:+A)]
uH+y+A ’ HH+y+;v+A )

A AEF
Zx (1 g'ln z+Alan+x+A>

Acep
Aep / dy(Zy -YL)

=Igln — —_—,
gnp,H+z+A uH+y+x+A

(16)

EFR

EF EF EF dxYy
Y(1+1 — Zgl = _Igl + ,
L gny+A) Lgny+A gny+A g/y+z+A

Aerp ‘
Aep Aep dy(Zy - Y1)
Y (1 —gl ) = _Igl + WAL L
KU 79T InTFA 9/ yFz+A

Equations (16) are valid for both signs of the interaction constant g. But their solutions are
substantially different for g < 0 and g > 0. Consider first the case g < 0 (attractive interaction
in the Kondo problem). In such a case, the quantities Z;, Y are large in comparison with
Zk and Y. To obtain this, we introduce a formal definition of «Kondo» temperature T,

EFR 1
=_ 7
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Now we also put
TL(y) =2, -YL. (18)

Eliminating terms Z, Yx from (16), we obtain one equation the quantity T

, 1 EF " EF
= + +
) = TS gl /G + ) +gln[ep/(uH+y+A)]{Ig (lny+A i uH+y+A)

+£27d ( 1 + 1 ) gzln[Aep/(:c+A)]ln[A5p/(uH+/2:+A)]
2 ) J: pH+y+z+A y+z+Aa/|1-g2In[Aep/(z + A)]In[Aep/(uH + z + A)]

gln[Aer/(x +A)] ]_9_27dz( 1 b ) *

1 —gln[Aer/(z + A)] 2 pH+y+z+A y+z+A
0

y gln[Aep /(z + A)] y
1 — g?In[Aep/(z + A)] In[Aep /(uH + z + A)]

Aep Aer
N / dyTe(y) 1 / dnTr(y1) (19)
pH+y +z+A 1—gln[Aer/(z + A)] pnrz+Al(’
0 0

It can be shown that the last term in Eq. (19) can be omitted, because it is small in the
parameter (|g|In(1/|g|). We then obtain from Egs. (17) and (19)

1/2

2
Tr(y) = ! -1 - I/dt <__t-—-2- - .t_) i (20)
|g|ln[(y+A)(,u.H+y+A)/Tc2] ; -2 1-t

And finally
-1
lg/1n[( + &)(uH +y +8)/T2]’

1n3+ln%. (21)

N —

Tr(y) = B=

Inserting Egs. (18) and (21) into Eqs. (15), we obtain the expressions for coefficients 022,13‘1‘,
Cak-i

1))
pH+y+z+A’

Tr(y)

-1 LV
Cix My

CciE-l = (22)
Now we can determine the value of A. Equations (10) and (11) should give the same value for

average spin (S, ). This condition, with the help of Egs. (4) and (22), gives

S S—
S (uH +y+ 8)In? [(y +A)uH +y+ A)/Tg] In [A(uH + A)/Tg]

_ oA 1 + / &y @)
OuH In[a(uH + A)/T2] (H +y + A)In? [(y +A)uH +y+ A)/Tc’] |

0
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We seek a solution of Eq. (23) in the form
ApH+8)=TX1+7), 0<y<Ll. ' (24)

Terms proportional to y~! cancel on the right-hand side of Eq. (23). This condition yields

2
oA + T, =0. (25)
OuH (uH + A)(uH +24) '
The sohution of this equation is
AuH +8)=T?, (26)
H A
A= ‘Ei" + ((Ez_) +T3) , | (26a)

and confirms our conjecture (24) about it. Of codrse, Eq. (24) has two solutions for A. One
is given by Eq. (26a) (ground state), and the other is S

H H\’ v
A=_“T_<(”T) +T3) . (26b)

Solution (26b) corresponds to the excited state. In the limit uH >> T, this state transforms to
a state with spin orientation along the magnetic field. The excited state is separated from the
ground state by a «gap» 2((uH /2)*+T2)!/2. The gap results in the independence of the position
. of the maximum of impurity heat capacity from the magnetic field in the range pH < T,
(Schottky anomaly). Such a residual Schottky anomaly is always presented in experiments [5].
In Sec. 4 we will show that renormalization of the term pH in (7) leads to a change from pH
in Eq. (27) to uI:I “defined by Eq. (43). As a result, we obtain the mean spin (S ) as an implicit
function of the magnetic field uH.

An attempt to obtain such an equation at nonzero temperature was made in Ref. [6]. But
the mean field approximation used there is incorrect for the problem considered.

In Appendix D we show that the right-hand side of (7) leads to renormalization of the
coefficients in Egs. 16, but does not alter the main result of the paper, Egs. (27) and (43). Of
course, renormalization changes Egs. (17) for the Kondo temperature. The quantity v can be
found only from correction terms to Egs. (20) and (22). Fortunately, we do not need these
correction terms, because in the leading approximation, + also drops out of Eq. (11) for the
spin value. With the help of Egs. (11), (22), and (24), we obtain

(S.) = 5‘57 i >-
z 2 J (y+ Ay +pH +A)(y+y(H +28)[T?)? [ ~

= pH . Q7)

4(Tc2 + (MH/z)z) e

Equation (27) is in good agreement with the experimental data of Ref. [4].
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4. FERROMAGNETIC CASE (g > 0)

As mentioned above, Egs. (16) are valid for both signs of the «interaction» constant g. In
the case g > 0, we can define the characteristic energy of the problem from the relation

AEp
1 =

c .

1 (28)
for Kondo temperature T.. For g > 0, the quantities Zy, Yy, Xk are large in comparison
with Z;, Y7, X;. We can eliminate Z;, Y; from Egs. (16). As a result, we have

AEF
pH+2z+A

AEF In AEp
r+A pH+z+A

Zy (1 —¢*In ) =1Igln

Ae
" dy 1 2

L

-9 . - Igin — F 4
pH+y+z+A 1+ gln[ep/(y+A)l+gIn[er/(uH+y+A)] (y+A)(pH+y+A)
0

+gz7dxlzx(xolnm5p/(wl ra) 7dx1YK<z1>

uH+y+z +A ytz+A
0 0 .

. Acep Aerp
[1-— = - +
Yk (1 gln ) Igln

(29

r+A

A ' '
I dy < L Igln EZF +
y+z+A Tginfer /@rAN+ Infep/(Hry+a)] |7 o) (uH+y+a)
0

+g

EF EF
+ z/ydleK(xl)ln[Ae:p/(a:l +A)] _ /d:clYK(xl)
g pH+y+o +4 yt+tz +A
0 0

In the range z << er, Egs. (29) yield the following values for Yy, Zk:

1D 1D

Tom@+ayT] 2K g v aYuH + o+ &)1 o

YK =

where D is a number of order unity. Inserting Egs. (30) into Egs. (15), we obtain

1 ID
pH+y+z+A gln[(z +A)(pH +z+4)/T2]

2L-1
Gk =

L1 = 1 1D

2K'l——y+x+A gln[(a:+A)/Tc] ’ S

1 ID
y+z+Aghn[(z +A)pH +z+4)/T]

2L —
CzK -

In the same way as in the case g < 0, with the help of Egs. (10), (11), and (31), we obtain
) 1271



Yu. N. Ovchinnikov, A. M. Dyugaev XI3TD, 1999, 115, éwin. 4

A 1 + 1 _
OuH | In(A/T:) In[A(uH +A)/T2]
',‘[1‘ : D* : / _ dz 32
“D%mmﬂvﬂmeﬁmﬂﬂ)O(MWWH”nhﬁMWH“ﬁM”ﬂ
The solution of this equation is
AEITC. , (33)

Relation (33) means that in the leading approximation, the spin value in the magnetic field is
saturated,

(S:) = (34

N —

Correction terms to Eq. (34) come only from an energy range & of order &
x epexp(—1/ g%). Note that a similar energy scale also arises in the problem considered by
Nozieres and Dominicis [7]. Our conjecture is that in temperature range

T ep < T < T, | (35)

the leading correction to the average spin arises from the cutoff of integrals with respect to
energy in expression (11) over an energy range of order T'. If such an assumption is true, then
the average spin in the magnetic field uH > T is

sa=4-L ] - y
. T2 T @1+ pH/T) [+ )@ + L+ pH/T)]
T 7 » dz

(36)

1
L 5
LI . [z+ (1/2)In[1 ~ (uH/T.)e1]

In the limiting cases of weak (uH <« T.) and strong (uH > T,.) magnetic fields, the average
spin is ’

1, T
(S’)—5(1~;ﬁ)’ TKpH LT,

1 T 37
(5:) =3 (1 - 2Tcln(pH/Tc)) » HH>Te

5. SELF-ENERGY TERMS X}, Iy IN PERTURBATION THEORY

As mentioned in the Sec. 1, there are two self-energy terms in the problem under
consideration, 28} %) and k7). In second-order perturbation theory, they coincide. They
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start to differ in third-order in the coupling constant. In third-order perturbation theory, we
"obtain from Appendix C :

) LR L
Lk, — Zk.p = L' L, Ly

1
x —
((/LH+ epter, —ek —ek,)(wH tep tep, —ex —¢€k,)

1
— . 38
(epter, —ex —ek,)eL e, —EK—EK.)) (38)

A simple calculation of sums in Eq. (38) leads to

. s

(230 — 2 = —ut g1t (3£), (39)
. ELTEK=EF Ec

where ¢. is the cutoff energy. In Appendix C, we obtain the following term in cf(pansion 39)

for the self-energy:

—uHg* 1n(E )+2qu 1n(5)-... 40)

EK=EL=EF c c

(v
(Z(K,L) - 2<K,L))

Comparison with the expression for § E obtained in perturbation theory shows that

6z = (zg;;m - z(K,L)) = ,quln(i—F) [_%] = _%(_% + (s,)) . (41)

EK=EL=CR ¢
To obtain Eq. (41) we used Egs. (17), (10), and an assumption that e, ~ Te.

Equation (41) means that some corrections should be made in the first of Egs. (12).
Specifically, uH in the first of Egs. (12) should be corrected by 6

pH — pH — 6= pH. (42)

The main result of this correction is a decrease in the initial slope of the magnetic field
dependence of the average spin value by 3/4. This phenomenon was probably found in the
experimental Ref, [4] (Figs. 8 and 9). The average spin (S.) is given by Eq. (27) with the
substitution

pH — pH=p -—(--(52)). ' (43)

This equation determines (S,) as an implicit function of yH. From Egs. (27) and (43), we
find that (S,) as a function of 4 H has an a inflection point -at uH /2T, = 0.2426. Such an
. inflection point was obtained in Ref. [4].

6. CONCLUSION

Thus, we show that at zero temperature and finite magnetic field uH < e, a singularity
exists in the convolution of amplitudes C; 2L-1 and 022{31"_11 over energy € i, with amplitude 122{(,( '
As a result, in, the high magnetic field reglon, uwH > T, the correction to the spin impurity

1273



Yu. N. Ovchinnikov, A. M. Dyugaev XOTD, 1999, 115, guin. 4

value is proportional to (7, /pH)? instead of 1/ In(uH/T.), as predicted in Refs. [1-3]. We also
find that renormalization of the magnetic field discussed in Sec. 4 leads to an inflection point
in the dependence of spin impurity on the magnetic field. The initial slope is a function of z,
which enters into the definition of the Kondo temperature (see Appendix D). Our consideration
shows that the interaction of the spin of an impurity with an electron gas does not lead to the
appearance of the localized state, as assumed in Refs. [8-10]. The Kondo temperature T, is
given by Eq. (D.7), where z is the root of the equation

f@=0. (44)

We find here three terms in the expansion of f in Taylor series (Eq. (D.8)). This equation was
also studied in Refs. [8, 11]. Our result for the first two terms in Eq. (44) coincide with the result
of Ref. [11], because this is also the result of parquet approximation. But, our consideration
(Eq. (44)) is conceptually closer to the Ref. [8]. The difference even in the second term is
probably related to the assumption of Ref. [8] that in the problem under consideration there
is a localized state with spin 1/2.

In fact, such a localized state does not exist. Without interaction there are two states
associted with impurity spin 1/2. In zero magnetic field, these two states are degenerate.
Interaction removes such a degeneracy and the splitting energy is 27.. Of course, interaction
does not change the number of states, as in our consideration, and is not fulfilled in Ref. [8].
Note also that the driving term is missing in Refs. [8-10].

Nevertheless, the average value of spin of impurity (S,) as a function of magnetic field
found in Refs. [9, 10] coincides with our result except for the effect of renormalization of the -
magnetic field (Sec. 4) and the expression for the Kondo temperature.
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Prof. P. Fulde for hospitality at the Max-Planck-Institute for Complex Systems (Dresden). The
research of Yu. N. O. was supported by CRDF (grant Ne RP1-194). The research of A.M.D.
is supported by INTAS and the Russian Foundation for Basic Research (grant Ne 95-553).
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APPENDIX A

The wave function of a system consisting of one localized electron plus degenerate electron
gas can be taken in the form

’ 2K 2L-1
[¥) = [10;11;11...) + > C3£7'[01;10; 10 ) +

- 2K-1 2L-1 ) 2K 2L
+ 30 ORI 01 5 10) + 37 O3k 11010;01) +

2K 2L, 2L-1 K,—1 2K 2L, 2L—-1
+ Y szfézzﬁ Ujot; 10; 10; 01; 10y + 37 c2l2E1 o 01 5 10; 0137 10) +
Ki<K
-1 2L.—1 2L-1
+ 3 CrRaRiT N oL 10 01710 0 )+
L, <L

2K,-1 2K-1 2L,—1 2L-1
+ Y cHzibot Ao 0T 015 105 10) +
K1<K;L|<L .
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) 2K, 2K 2L, 2L
+ S cik10,10510;01;01) +
K\ <K;L,<L
2K, 2K 2L,2L, 2L-1
+ 3 vcf,i;;i?g;fzﬁ("mm 10,10 10; 0701; 10 ) +
K:<K\<K:L:<L,
—l 2K, 2K 2L;2L, 2L-1
+ Y cf,ﬁ;‘iﬁ;;ié;;}(N|10 01 ;10;10;0701; 10 ) +
K\ <K;L,<L,
K;—1 2K, 2K—1 2L;2L,-1 2L 1
+ Y c;{ng;;,g;;ﬁ;gzv|1o 01 ;10; 01 ;01 10 ; 10 )+
K:<K;L,<L
) , 2K, 2K—1 2L,2L,—1 2L—1
+ Y okl o 1010, 01 ;0110 5 10y +
Ka<KyLi<L ’
. 2K,~1 2K—1 2L,—12L,—1 2L—1
+ 3 c2Libitalot fior 10, 70T 701 10 10 5 10) +
K\ <K;L,<L:<L
2K,—-1 2K—1 2L,—12L,—1 2L—1
+ > c;,ﬁg:ii@;‘f{,;‘lN|1o o101 ;01 ; 10 1o ;10 )+
K< K, <K;L,<L,<L

K,—1 2K,—1 2K 1 2L,2L, 2L
+ Y Crpak N|10; o0 1050101501) + .. (A1)
K,<K\<K;L,<L,<L ‘

The notations here are the same as in the text. As we note above, there are (2P + 1) different
symbols C: of order P. Inserting Eq. (A.1) into Eq. (3) for the wave function, some simple
but tedions calculatlons yield a set of equations for the coefficients C:'. The five equations for
the C.; are

CZL—I[ZL. CZL—IIZLl CZL| 2Ll—-1 + CZLlIZL 1+
20201
+(uH tepter, —ex —ek, —O0E)Cyhg  +
2Li;2L—12K; 2Li;2L—1 2K
o 3 ctkaeas- Y o)

K,<K K<K,

2L,;2L—1 2K1 2L,;2L—-1 2K2
+( Z Cyk\ak, Lr' — z Cokiak, Lk )_
K,<K; K< K,

2L,2L—1y2L, 2L;2L, 1 2L 1 2L1;2L, 12L—1
- z :CZK,;2K Iz Al ( Z CzK, oKL - Z CzK. ZKIZL; )‘

L,<L, L, <L,

2Li2L—1 [2K;—1 2L,;2L—1 72K,—1
(Z Gk Ziak ik, _ZCZK1—1;2K,I )

2L,;2L,;2L—-1 12K,
- >, G DL
K\ <K<KL:<L,
2L32L,;2L—-1 12K, 2Ly;2L,;2L—1 r2K.
+ Z Cykvakiax hary — Z Cokvakink Lot
K, <K;<K;L,<L, K< KL< Ly
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2L 2Ly2L—1 2K,
+ Z sz,;zK;zx, Ly} —
Ki<K<KyL,<L,
_ - m2L2L2L-1 12K, 2L,;2L;2L—1 12K, .
Z Cikiakink L+ Z Cykiakiak Dt
K\ <K< K;L,<L, K)<K\<K;L,<L,
203201201 72K,—1 2Li;2L2L~1 2Ka—1
+ E Ck-iskax b, — E : Gy, “iskak b, 0,
Li< LK <K Li<LyiK <K
2L, 2L -1 2Ly g 2L—1 2Li2L—1 12K, 2Li2L—1 72K,
=L Gk~ O D z: Cikiox hri- E: Cikok, D1t
K,<K K<K,

20,201 2Li2L—1 2Ky—1_ 20,2L,—1 12L—1
+(5L+€L1_EK_EK1_6E)CZK1—1;2K+ZCZK;—I2K 2K, —1 ZC2K|—1;2KI2L2—1+
C2La—12L-1 2L, 2L—12L,—1 y2L,
Z WK1 b1~ Z Cokak,~1 Lt
L,<L L<L,

z : 2L;20,—1;20—1 12K, § : 2L|,2L;—1;2L—1 2K,
+ CZK;ZK;;ZK,—- IZL;—I CZK;,ZK;ZK,—] IzL;—l
L:<L;K<K,; L,<L;K,<K

C2LiRL—12L—1 2K, 22120, —1 72K,
Z ki1 dap,—1 t Z Corkyakakio1 b1~
L<LjK,<K

z : 2L\;2L,—1;20—-1 y2K,—1 E : " ~2Li;2L,—1;2L—1 72K,—1
- CZK,—1;2K;2K1—II 2L,—-1 * CZK;—I;ZK;ZK.—II 2L,-1 +

L,<L;K,<K, L,<L;K < K,

2L;2L—1;2L,—1 12K;—1 2L;2L—1;2L,~1 72K,—1 _
+ Z Cyk\Ziakak,—1hr, o — Z Ok “ipkak,—1hr, =1 =0,

L<L;K <K, L<LyKi<K,
2L—1 2L1—1 2L|—1 —1 2L;,2L—1 2L|—1 2L,;2L,~1 2L -1
Cik—ihk,™ — O + Z ok, — Z o L'+
3 2L,—1;2L—-1 2L,—-1;2L—-1 2K
t(pH tepter, —ex —ex, —O0E)C LT E Cikiak =1 Lt

+ C2L,—1;2L—1 2K,—1__ CZLx—l ;2L—1 2K¢—1 2Lz,2L,—] 2L—lI2K1
2K-1;2K,—-1 2K, 2K1—12K—1 2K| 2K;2K — 2L,

K< K, K, <K K\ <K,
2L,2L,—1;2L—1 12K, 2L3;2L,—1;2L -1 72K,—1
- Z sz,;zx,;zx- Isz - E C2K—1;2K,’;2K2—II ) +
K;<K, K<K,
2L;2L,—1;2L—1 72K;—-1 _
+ Z CZK1—1;2K,;2K—112L1 =0,
K, <K

2Ll 2L2Ly—1 2L, 2Ly;2L,—1
(eL teL, —ex — ek, — 6E)C) 2wkt ZCH(, ok hr,-1 ZC2K1;2K IzL,_1

2Li2L2L,—1 2K, 2L1;2L2L,—1 12K,
- Z Cykakak, br—1 Z Cykakiek -1~

K\ <K<K, K <K;<K
2L,;2L;2L,—1 2K; E : 20,;2L2L,—1 12K,~1 _
- Z C2K1;2K|;2K 2L,-1 + CZK1—1;2K1;2KI 2L,-1 =0 ’
K;<K,<K
2L1—1 2L—1 2L—1 2L|—1 2L|—l 2L-1 2L|—1 2L—1
2K1—IC2K—1 CZKl—l 2K-1 +CZK—1 2K —1 CZKl—l +

2L,—1;2L—1
Hepter,—ex—ek,—O0E)CiK k1~
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2L,—12L~1 12K, 2L,—1;2L—1 12K,
ZCZK;;ZK-I T Zczk,;‘zx.— IZK—-I +

K,<K K< K,

2L,—1;2L—1 y2K,—1 2L,—-1;2L-1 p2K,-1
Z Cok 1ok, -1kt — E Cik—tak,-1hKE
K<Kz KI<K2

2L,—1;2L—1 y2L,—1 2L,—1;2L,—1 2L —~1
Z C2K.—l;2K—]IZL;—1 - Z C2K.——1;2K— I2L1—1 +
L,<L L,<L,

2L,-1:2L—1 12K;-1 2Li-12L—1 2Ka=1 | _
+ ( Z Coky—tak—11akiz1 — Z Cok—i2k -1k

2L—1;2L;~1 72L,~1 2L,—1;2L,—1 y2L—1
+ (Z CZK,—I;ZK—II 2L,—-1 — Z CZK,—lzK—IIZL,—l -

L<L, L <L,
2L,—1;2L,—1,2L—1 12K, 2L,—12L,—1;2L—1 12K,
- z : CZK;;ZK.——I;ZK— IzL,— + Z CzK,;zK,-mK—l IzL,-l
L,<L,<L L, <L,<L R
_ CLi=12L=12L,~1 2K, ' C2La—12L=12L~1 2Ky—1_
KK 12K -1 Dt 2K, —12K —12K,—1420,—1
L, <L<L, L,<L,<L;K<K,;
: 2L,—1;2L,—1;2L—1 72K,—1 2L,—12L,—1;2L—1 72K,~1
- Z CZK,-—1;2K1—I;2K—II2L;—1 + Z CzK;—l;ZKl—l;ZK—lI2L;-I
K\ <K;<K;L,<L, K)<K,;L,<L,
2L, —1;2L,—1;20—1 72K;—1 2L,—1;2L,—12L—1 72K;—1
- C2K.—I 2K-1; 2K,—112L,—1 + C2K.—1;2K2—1;2K-—112L;—1 -
K<Kjy;Li<L,<L K\ <K;<K;L,<L.<L
_ 20, —12L,—1;2L—1 72K;~1 2L, 120 —12L,—1 j2K,—1 _
E : C2K,—1;2K,—1;2K—11 21 T Z C2K1—l;2K—1;2K1—II 2L,—1
K,<K;;L,<L,<L K\ <K<KyL<L,
v 2L,—12L—1;2L,—1 72K;—1 2L,—1;2L—1;2L,—1 72K,—1 _
- E : CzK,—J;z}(,—];zK—lI a1 T Z 021(,—121(.—121(—11 2L,—1 =0.
L<L;K, <K<K Ki:<K;,L<L,
Equations (A.2) are exact.
APPENDIX B

Our purpose is to obtain an expression for the self-energy terms EEI} L) and Zk ) in

fourth-order perturbation theory. To do this we should obtain equations on the quantities
C: in the «leading» approximation. Really, we need only six equations in the six quantities
entering into Egs. (A.2). The required system can be obtained from Eqs (3) and (A.1). These

equations are
2L,;2L,;2L—1
(hH *ep tep, Yer, —ex — ek, — €x)OK KK —

_ [ Lan—1 2L2 _ 2Li2L-1 2Lz 2Li2L -1 p2Ly
{C2K,;2K Cikyak + Cokyak,

2Lz;2L—l 2L 2L;2L—1 2L1 2L1,2L—-l
e +C2 c Bi}-

2K 2K 2K2 2K2K 2K. 2K;2K,
2Ly2Ly g 2L—l 2L:2L 1 2L—l 2Ly2L, r2L-1) —
{CZK. 2K CZK; 2K K, + CzK, 21(, 2K } =0,
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2L- 12 -1;2L-1

2 1
C;ZK,— 1;2K,-1; 2K - 1
1]
1
-1 /éZL‘- L2121
/. 2K- 1L2K-1 T N2k 2K-li 2K -1
I 1
1 1 .
2L - 120~ 1;2L-1 120,20~ 1;2L- 1
/?21(- | — (fzx,; b) 4% Q2K,- 12K 2K - 1
] : 1 i
1 I ]
‘aL-1 1oL 201 L2 - 12— 1
° Tt 2 ; 21
et C;ZK ?2](1_ 1,2 . E‘ZK,; 2K,;; 2K -1
1 1 ]
] I ]
CI‘ >< ‘aLgaL-1 \2L; 2020 - 1

2L
) ?21(,; 2K ' €2x,-1; 2K,; 2K
I 1
i | 1
ézL,; 2L C',zL,; 2L;2L-1
2K,; 2K 12K, 2K, 2K
\ ]
]
C‘,zL,-, 2L;2L
2Ky; 2K,; 2K

Fig. 1. Relation between various terms C*. Dashed lines represent scattering process

2L3;2L,;2L—1
(er ter, ter, —ex — ek, —ex)CK (hrak ™t

2L1,2L1 2L-1 2L,,2L—~l 2L, 2Ly2L—1 2L, =
* CZK 2K ZK;—l + {CZK, 2K 2Kz——l C2K1 2K 2K;—1 =0 )

- 2L2L,—1;20 -1
(WH +ep ter, ter, —ex — ek, — €O 0K k-1 —

2L;2L—1 2L1—\ 2Ly2L—1 2Ll——l 2Lz,2L.—l 2L—-l 2Ly;2L,—1 y2L—1
{CZK—IZK, _CZK—I;ZKz C —12K, C2K—1;2KZI2K,

2L,—-1;2L~1 2Lz 2L, —1;2L—-172L, | —
- {CZK.;2K— ZKZ CZK;;ZK— IZK.} 0 ’

' , 20,20 —1:2L—1
(ep ter, ‘er, —ex — €k, — EKz)szi_l'zx.,zk—lJr

2Ly2L—1 p2Li—1 2L52L—1 2Li=1_o2La2li=1 2L —1 2L;2L,—1 g2L—1
C -C -C +C. I

WK tak, LK1 2K;—-12K, k-1 ~“ak 12K, 21(,—_1 2K, — 12K, 12K —1
. (B.1)
20,—~12L—172L, 2y—12l-ipl; .
{C2K, ak—1 fki—1 — Cikipk,—1 DhK } 0,

‘ 2L,—12L,~12L—1 _
(bH tep tep, ter, —ex — ek, — €x)CO K Zak 21

2L,—1;2L—1 2Lz—1 2L,—1;20L—1 2L,—1 2L,—1;2L,—1g2L—-1| —
- {C2K,—1;2K-—1 2K, C2K,-—12K—1 CZK,—1;2K—II2K2 } 0 ’

C2La—120 1201
(ep tep, *er, — €K —EK, — ex,)C. 2K, —1; 21{,—121(—1+

CZL,—IZL—I IZL;—I 2L;-1;2L -1 2L1—1 CZL,—I;ZL—I IZL;—-I_
2K —-1;2K—-172K,—1 2K,—-12K—1 2K,—1 2K, —-12K,—172K -1

2L,—1;2L -1 2L;—1 2Lz—l;2L—l 2L,—l 2L,—1;2L—1 2L1—1
CZK,—I 2K——1I2K —l 2K;—1;2K—1 2K1—1 CZK;—I 2K.—II +

2L,—1;2L,~172L—1 2L;—1;2L1—1 2L—1 2L,—1;2L,—1 y2L-1
+CZK|—1;2K—II 2K,—-1 CZK;—-I;ZK-—I 2K -1 CZK;-—I;2K,—1‘[ K—l} 0.

Equations (B.1) can easily be supplemented by scattering terms, and Egs. (7), (A.1), and
(B.1) will still form a complete set. The structure of interaction Hamiltonian (1) is such that
scattering leads to connection of the given term only with itself and with two (or one) neighboring
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terms. These terms can be obtained from the given one by a change of patity of one of the
upper or lower indexes. The relationships among the various terms C'.; are presented in Fig. 1.

1

APPENDIX C

We are now able to obtain the self-energy parts Zfl,} 1y and Zk,r) in fourth-order
perturbation theory. Straightforward elimination of terms in C;; with P > 2 from Egs. (6)

using Eqgs. (A.2) and (B.1) gives

s = Izzé{.' %
HB uH + ey(L, L1, K, K\) — |BE_\es — | R/ (uH + e6) — 6B
2K, 2K, r2L,
x { L — Dk, ‘ 2Ly Lk, +
' pH+e(L,L, K, K)) * pH+ey(L, Ly, K, K>)

1 Ll = 1 1
. LIy . BpT'DR L
pH +ey(L, Ly, K,K3) esL, Ly, K, K3)

2L3+

T uH el Ly, K, KD

L, LDy, LI
X |- - —_
0" pH+e(L, Lo, K, K2) pH +e(L, L3, K, K1) e(L, Ly, K, K2)

- 54(L,L1’K7 KZ)

K;— 3 1 31— '
L™ (pn __ BB Db
21{2?1 /J'H+E4(L)L1’K3>K) 54(L7L17K) K3)

L L I . LR Ly,
pH +eg \ puH +eo(L, Ly, K, Ky)  pH +eo(Ly, LK, K;)
LR LR, e s A N
pH + e4(L, Ly, K, K) es(uH +e4(L, Ly, K, K1)

2K, -1
I2L,

+ X
ea(L, L1, K, Ky) — |1 )2/ (uH + &6) — |17 |2 /es — 6E

2K r2L
L

2K,
xdpL _ Dk 2L _ K, 12K, 4
K=l yH +eo(L, L, K, Ky) \ 2%+ uH +e4(L, L1, K, K3)
A LLR, _BeTBR Y Beo
/‘LH+E4(L3L2)K7K2) 64(L1L1)K3K3) 54(LaL11K1 KZ)
N Y - 00 - S - oy (Y
2K—1 /‘LH + 54(L7L17K, K3) 54(L,L11Kv K3)
- L‘;F L, 2— 2— 1
N LI\ ' De Ry e
(uH +e4(L, Ly, K, K\))es(L, L3, K, K1) egea(L, L1, K, K3) [’
) 2K
Ik,L) = — 2L X
pwH +ey(L,L1,K,K)) = 6E — |I;i2 _\||*/es — |2 |*/ (H + €6)
2 / . K, 1—
B (o meme
2K pH +eo(L, Ly, K, K,) \ "3 uH +e4(L, Ly, K, K3)
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IZKJ—IIZLl-—l I2K;~—l IZK; I2L1—-l

b, B ) 2K, 21 _ 2K, 12K, +

54(L5L17K7 K3)> 54(L’L15 Ka KZ) ( 2Kt ﬂH + 54(L)L15Ka K3)
2L,—172L,—1 2Ky —1 420, —1 Li—=172L; 72Ls—
12L1—1]2K1—1 _ IZKr—lIZKJ—-l I22L1 l‘[22L;—1122K1 ! _
54(LvL21KaK2) 54(L)L1)K)K3) 54(L)L27KaKl)(uH+€4(LvL37K7K1))
2K, 2L, y2L,— '
_ I2Lz I2K112K1 :
(uH +ee)(uH + es(L, Ly, K, K3))
K,—
ea(L, Ly, K, K\) — | I 2 /(uH + e6) — |27 2 fes — 6E
12K, 2Ky y2L,—

% d PLi-1 _ Lk P2L-1_ L Ly _
Pl uH +eo(L LK K) \ 5 pH + ey, Ly, K, K)
2Ky—12L,—1 2K,—1 .

BRI Lo 2L—1 _

es(L, L1, K, K3) eo(L, L1, K, Ky) \ 207!
2K, 2L,-1 2L,—1y2L,—1 2K;—172L,—1
_ 12K1—1I2K3 IZL;—-IIZK;—I _ IZK;—II2K;—1
wH +eo(L,L1,K,K3) es(L,L,K,Ky) es(L, L, K, K3)
L,— K, L,—-1
RO (e DEDE
ea(L, Lo, K, Ky) \ 297" pH + e4(L, Ly, K, K>)
L,—172L,— 2K,—172L,— 2K,—-1
e =l A
54(L>L37K5K1) 54(L’L2’K7K2) ' €6
2L —1 y2L,— 2Li—172L,—1 2Ly—1 72L,—1
IZKl—llIZK;—ll _ I2K1—1I2K1—1 _ IZK,—IIZKZ—I _
54(L’L: K’K2) 54(L’L27K’Kl) 54(L7L1)Ka KZ)

- C.2
(WH + e0)eal, Lo, K, K)) €2

2K; p2Li—172L,—1
L L B }
From Egs. (6) and (A.2), the quantities CZZIL(‘l and Cf,L(j can easily be obtained in the
third order of perturbation theory. We do not give these expressions here because only one
statement is essential for us: direct comparison of the quantities § E (Eq. (4)) and self-energy
Zk,r (Eq. (C.2)) shows that

SE +Ex, 1| =0. (C.3)

EKTELTEF
Equation (C.3) is valid for arbitrary spectrum ¢y, ¢y and arbitrary transition matrix elements
I::. Our conjecture is that Eq. (C.3) holds in all orders of perturbation theory, and hence we
can put
6F + ZK,Ll = —A, (C.49)

EK=EL=EFR
where A is exponentially small and can be considered as an order parameter. We also obtain
from Egs. (C.1) and (C.2) that self-energies ):(KI)L and Xk coincide only in the second order
of perturbation theory. They start to be different in the third order of perturbation theory. In
the fourth order of perturbation theory, we obtain from Egs. (C.1) and (C.2)

1280



XOTD, 1999, 115, evin. 4 \ Strong coupling in the Kondo problem. . .

1
s = 2Ki 2L 2L, _
a0 = 2w = L b b\ GE LT o R KRG + eT, I, K, KD)

1 2K, 72K, 2Ly 12L
— — 2 lI II 2
e4(L,LI,K,KI)a(L,Lz,K,Kl)) faxian har, g, X

x ! + 1 x
pH +eiL,L,K,K)) e4L,L), K, K))

1
. ((uH T ool Ly, K, KD GH +eall, L K, )

1 1
- - + +
64(L, Lh K, K2)€4(L; LZ; K7 K2)) . (IJ/H + 54(La L2y Kv KZ)

1 1
+ -
€L, Ly, K, Kz)) ((MH +teL, Lo, K, K))(uH + e4(L, Ly, K, K1)

1 1 1
—-54(L7L2,K,K1)54(LaLlaKyK1)> - ('U'H+E4(L3L2yK:KI) - 54(L1L27K7K1)> %

1
x +
((/LH +e4(L, L3, K, K1))(uH + e4(L, Ly, K, Ky)

1
+ +
54(L7L3$Ka K1)64(LaLl)K» Kl))

1
+ : -
(ea(uH +ei(L, Lo, K, K1))(pH + eo(L, Ly, K, K1)

1
- +
(uH +eg)ea(L, Lo, K, K)ea(L, L), K, Kl))

1 1
+ —
((ILH+€6)(#H+€4(L,L1,K, K1)> (#H+E4(L,L2, K,K))

1 1 1
_F’H+E4(L7L27K7K2)> - (54(L1L2vK7K1) B 54(L7L27K3K2)> 8

\

1
C.5
X€5€4(L,L1,K,K1)}’ (C35)

where

elL, Ly, K,Ky) =€ te, —€x — €k, C6)

e =€ tep, teL, — €Kk — €K, — €K,-

Straightforward calculation of the integrals in Eq. (C.5) leads to Eqs. (40) and (41). Both
. Egs. (40) and (41) are proved in two orders of perturbation theory. Our conjecture is that
Eq. (41) is exact.
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APPENDIX D
In this Appendix we consider the role of the right-hand side of Egs. (7) for a negative value
of the coupling constant, g < 0. In the first order of perturbation theory, we obtain from (A.2)
oLl = 1 %
2Ki2K [LH+€4(L,L1,'K,K1)+A ‘

2L—172L 2L-172L, 2L, j2L—1 _ 2Ly 72L—1
X [sz, L' = Ok L, + 'L, 2,k ] ,
Li2L—1 1 2L 2L—1 3L, 72L—1
chil-l = ot _cibg (D.1)
2K,—-1;2K €4(L,L1,K, Kl) +A 2K, —-1Y2K 2K 2K+ 1|
CLi—12L-1 1 C2Li=1p2L—-1 _ m2L-12L,~1
1K 2K —1 = 1k-1142K 2k—112K )
' ﬂH+€4(L,L1,K,K1)+A ! !
CLi—12L-1 _ 1 »
2Ki—- 12K -1 54(L7L1)K7 Kl) +A
2L,—1 ~2L—1 2L—1 y2L;—1 2L;—172L—1 2L,—172L—1
X [IZK:—ICZK—I = Cir kT + O 5L~ — G5 I2K1—1] .

Inserting (D.1) into (6), we obtain

20K, [ ~2L—172L 2Ly y2L— 2L, y2L—
A (CZL—I.CZL—I C”‘) _ z Lt (0221(, D+ O g = G D 1)
K TK-n K uH +el(L, L, K, K1) + A
2K,~1 PL—1 2Ly

Ly LGk
- E ! ! ‘ D.2
€4(L,L1,K,K1)+A ’ ( )

(s o) -
gL, L, K, K)) +A B

2K, 1 ~2L—1 20,1 2Ly—1 j2L—1 2L—172L—1
z L' (CZKl—IIZK—l -G bk T 6 I )
2K, p2L—1~2L,—1
_Z L b Cak's

2K—1"2K,—-1
pH+eo(L,Li, K, K))+ A’

WK, [ ~2Li—1 20,1 2L,—1
b it o g (cl' Bk - 'k, - Ck k)
A3(sz ‘;Czk—lvczx) = Z z
,U/H +€4(L1L1)K1 Kl) +A
2K, -1 2L,—1
_ Z Lo 1221L<.—102K
' E4(L,L1,K,K1)+A.
The quantities 4, ¢¢ here are the same as in Eq. (C.6).
As before, only convolutions Zy/, Y are large for ¢ < 0. Furthermore,

|Z, +YL| ~ |21 — Y. (D.3)
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As the result, Egs. (7) can be reduced to just one equation:

EFR - EF

1 +gln T L —
ytaA uH+y+A

(2.1

g I L
+2 L +
2 glq[sp/(uH+y+A)] gln[ep/(y +A)]

=Ig|ln ! +1n —=£ +g/dz = Xk - Y ,
pH+y+A y+aA uH+y+z+A ytzta

where

I=/ dx dy dzx;
VS wHAyt s O@H g+ A pH Ay taty to +a)

dz dy dx;
rz+tAy+z+A)y+z+y +z+4)

Iz=

A simple calculation of the integrals (D.5) gives
L
I == 11’13 (——..—EF— ’
3 \pH+y+a

1. 3f eF
= -1 .
L 3n(y+A)

Now we can define the Kondo temperature T, to be

EF _

1
lg|In T,

2,

where z is a root of the quadratic equation

2
1-2:+%5 =0,  2=3-+v6=05505

From Eq. (D.4) we obtairi
18

ZL it YL = - = )
lgl(1 = 2/3) ln((uH +y+A)y + A)/Tg)

where B is a number of order 1. Instead of Eqs. (41) and (42) we have now

pH=pH - 8%,  6T=—pHz(-1/2+(S,)).

(D4)

(D.5)

(D.6)

(D.7)
(D38).

(D.9)

(D.10)

As before, the average spin (S,) is given by Eq. (27) with the replacement uH — uﬁ :

(S.) = il
AT+ (uH/2)?)
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%S
0.8F
0.6f - .
b Fig. 2. Magnetic field dependence of the
0.4F - average spin (S.). Dots are experimental
of Ref. [4]
0.2p
0 0.5 1.0 1.5 2.0

wHI2T,

The magnetic field dependence of the average spin (S,) (Egs. (D.10) and (D.11)) is given
in Fig. 2. Dots are the experimental results of Ref. [4].
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