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A theory of the spin exciton capture by a magnetic impurity in a 2D electron gas is developed. We

consider a resonance model for the electron scattering by a transition metal impurity and calculate the

binding potential for spin excitons. This potential is spin selective and is capable of binding a spin

exciton with zero angular momentum. In order to trap an exciton with a nonzero angular momentum m,

the potential must exceed a certain threshold value, depending on m.

PACS: 73.20.Dx

1. Introduction

Shubnikov—de Haas effect is a powerful tool for
studies of a two-dimensional electron gas (2DEG)
in a strong magnetic field. In particular, the oscilla-
tory behavior of the electronic g factor in a 2DEG
was investigated with the help of this effect (see [1]
and references therein). Two important parameters
which predetermine the properties of the 2DEG in
a strong magnetic field B are the cyclotron fre-
quency W, = eB/mc and the effective Coulomb ener-
gy E = eZ/KlB (g= (fic/eB)!/2) is the magnetic
length). In the limit of ultra high magnetic fields,
when E, << 7wy, and only the lowest Landau sub-
level is filled, the low-energy branches of the exci-
tation spectrum are represented by the well sepa-
rated bands of spin waves, magnetoplasmons, etc.
These excitations were studied in details during
recent decades (see, e.g., Refs. 2—7). Various forms
of spin excitations can be observed experimentally
using the inelastic light scattering method as de-
scribed in Ref. 8 where features are observed, at-
tributed to collective excitation in a 2DEG. Presen-
ce of magnetic impurities may account for additional
features due to localized spin excitations.

The spin waves, formed by the electrons in the
down-spin and holes in up-spin # = 0 Landau sub-
bands, make the lowest branch of magnetic excita-
tions. These states are separated by the Zeeman gap

© V. Fleurov and K. Kikoin, 2001

Ap = gugpB from the ground state and form a band
with the width of LJE, . The exciton dispersion law
is quadratic at small wave numbers and saturates in
a short-wave limit, where the excitons, in fact,
transform into free electron—hole pairs [2].

This paper studies the interaction between spin
waves and a magnetic impurity in a 2DEG. To be
more specific, we consider doped heterojunctions
GaAs,/GaAlAs and related materials, so we refer
below to a III-V semiconductor as a host material,
in which some cation atoms are substituted for
magnetic transition metal impurities. It is known
[9], that transition metal atoms create deep levels
in the forbidden energy gap of the host semiconduc-
tor, and the main mechanism of the electron—impu-
rity scattering is the resonance scattering by the
d-levels of the unfilled 3d shell of transition metal
ions. The intraatomic exchange interaction leads to
the Hund rule which governs the occupation of the
deep levels. As a result, the transition atoms in a
semiconductor are magnetic. We will show below
that the interplay between the magnetic impurity
scattering and attractive electron—hole interaction
in excited 2DEG results in a bound spin exciton.
The spectrum of these bound states is the subject of
the present study.



2. Model and approximations

We start with the model of 2DEG doped by
magnetic impurities which is discussed in detail in
Ref. 10. This model is described by the Hamiltonian

H= Hb + Hi )
where
_ +
Hb - Z Enc dnm,c anm,c (2)
nmao

is the Hamiltonian of a 2DEG, strongly quantized
by a magnetic field. It is convenient to use the
symmetric cylindrical gauge for the vector potential
A =((-B/2)y, B/2, 0), so that the index m in (2)
describes different orbital states in a given Landau
level
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Then, assuming a small impurity concentration,
the impurity related part H; of the Hamiltonian (1)
can be written in a general form

H =% Gr|E|ir O
r
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y nmao
r U +
+ 5 @mlAViem'Oa,, a,.,. - (4)
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Here the state of an isolated impurity ion is charac-
terized by a configuration d” of its unfilled d-shell
in a crystal field preserving the point symmetry of
the bulk semiconductor (we assume that the poten-
tial, responsible for the confinement in the z direc-
tion does not perturb the crystalline environment of
the impurity site). Then the electrons in the d shell
are characterized by the representations y=t¢, , e of
the tetrahedral point group, and the many—electron
states [ Cof the 3d shell may be represented as

n— " ol ¢Ts 44
dr - gleT €, t21 t2¢D

S e
-~ 1
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(1 and 1 are two projections of the electron spin).
The scattering part of H, consists of two compo-
nents [9]: the second term in Eq. (4) describes the
resonance part of the impurity scattering; the third
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one represents the short-range substitution potential
AV =V, (r— Ry — Vy(r — Ry), where R, is the
position of the substitution impurity in the host
lattice. The resonance scattering arises together
with the usual «potential» scattering due to the fact
that the energy level €y = E(d") - Ep. (d"1) en-
ters the fundamental energy gap of the host semi-
conductor or appears in the lowest conduction band
of the topmost valence band. Here the configuration
d™! misses one electron in a state y=e or ty in
comparison with the state d”.

The impurity problem with the two scattering
mechanisms can be solved in the general case
[11,12]. In our special case its solutions are essen-
tially different for e and £, channels. As is shown in
[10], the ¢,-component of impurity potential results
in deep levels in forbidden energy gap or resonances
in the conduction band, but only weakly perturbs
the Landau levels E , - On the other hand, e-scatter-
ing results in an appearance of the bound Landau
states with m = 0 between Landau levels with non-
zero orbital quantum number and in a splitting of
the lowest bound state from the Landau grid. The
reason for this difference is in the short-range na-
ture of both components of the scattering potential.
The eventual reason for this difference is the orbital
dependence of the matrix element

ml

BmAUNO0 Sﬂg
080

for m# 0 [9]. Here p is the radial variable in the
cylindrical coordinates (p, ¢, z). When estimating
this matrix element one should choose p of the order
of the atomic radius. As a result only the orbitals
le100 |2 - 322000 Y,y with m = 0 may be strongly
hybridized with the Landau states.

According to[10,12], the localized eigenstates of
the Hamiltonian (1), (4) are given by the following
equation

<<1 6)

By~ =M, (E ) =0, )
where
_ < lAUBOmAUyO
My (Ezyc) - Z E _ E ) (7)
B iyo B

where |B0= |brolktand for the eigenfunctions of the
magnetically quantized electrons captured by the
local potential AU. The latter problem was solved
in Ref. 13 for an attractive potential AU < 0. It is
shown that the short range potential also perturbs
only the zero orbital states m =0. The general
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Fig. 1. A schematic representation of the interacting Landau
and impurity levels. £, are the impurity levels for up- and
down-spin electrons. They result from the prime impurity levels
€, shifted to new positions due to their interaction with the
Landau levels with m = 0. The Landau levels with m =0 are
also shifted to their new positions £, . The insert illustrates
the case when an impurity prime spin-down state is nearly de-

generate with the lowest Landau spin-down state.

structure of the electron spectrum of doped 2DEG
is sketched in Fig. 1.

This observation allows us to divide the states in
the Landau band (2) into two groups,

Hy=H,+H . (8)

Here H,, includes only the states with the zero
angular moment m = 0, whereas H; includes all the
remaining states. Only the states with m =0 are
involved in the formation of the bound Landau
states given by the solutions of Eq. (6). Similar
reduction can be made in the manifold {iyo} due to
the «selection rule» (5): when considering the re-
normalization of the states |B0due to the resonance
scattering, we retain only the state |e10in the
corresponding sector of the secular matrix. As a
result, one has the following equation

©0) _ DmwlAUle1o0@10jAUbrol]

E bno ~ E

bno E + 6]\4(Ebnn)

bno Ez’ec

9

for the energy shift of a given level Eg?c which
according to Ref. 13 appears in the gap between the
bare Landau levels E,_, and E, . Here we have
picked up the direct mutual repulsion of the nth
Landau level and the d-level in the first term of the
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right-hand side of Eq. (9). The influence of the
other bound Landau states is given by the second
term,

AUleloO@10/AU
(E-E.

1e0

i BOE - EY)

OM(E) = Z
p#p
The role of these states is to keep the renormalized
levels in the same energy interval E o <Eps<E,.
An important feature of the resonant channel of
impurity scattering is its spin selectivity, which
stems from the spin structure of the transition metal
d shell. It is known in Ref. 9 that the transition
metal impurities follow in their main features the
«Aufbau principle» of the quantum mechanics of
isolated atoms. This means that the d-shell is usu-
ally filled in accordance with the Hund’s rule or, in
other words, the exchange interaction makes the
level E,,. lie always below the level E;,, . Then the
splitting A, = E,,, — E,,, generates the spin split-
ting A”S) of the bound Landau states via Eq. (9).
This splitting can be estimated as

- O
) (£ - EY)

A s @v ’ v, s 2 o
= +y —————=. (10
bs — am) g(m) L en 0 _ 00

AT AL E n'zn Ebn Ebn'D

Here A® =E,,-E
es

iec * " en

=K, —E(iog (the spin dependence of the two last
quantities is neglected). It is important for the
further classification of the spin excitons that the
sign of Ag”s) , unlike the sign of A, , can be both
negative or positive, since the energy differences
A(T”) and AS”) can have either the same or the oppo-
site signs depending on the type of the transition
metal ion and the host matrix (see discussion in
Ref. 10). According to Eq. (10) the resonance
impurity scattering results in a «transfer» of the
exchange splitting A, of the impurity d-shell to the
spectrum of the Landau electrons. This transfer is
illustrated by the level renormalization in Fig. 1.

Now we know the general structure of the one-
particle spectrum of a magnetically doped 2DEG,
which should serve as a background when magnetic
excitons and magnetoplasmons are formed. This
spectrum consists of equidistant Landau levels with
m # 0 which are unperturbed by the impurity scat-
tering. The states with m = 0 form their own grid: a
pair of spin split states £, - appears in each energy
gap E(no) —Eslo_)1 , and the lowest pair of bound
states E, arises in the fundamental energy gap of
the 2D semiconductor below the Landau level E .

V,, =klAUbeD 3, =
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3. Energy spectrum of localized spin excitons

According to the general classification of the
multiparticle excitations from a filled Landau level
in 2DEG [4], the lowest branch of the electron-hole
excitations is that of the spin waves. These spin
excitons arise as bound electron-hole pairs with
parallel spins as a result of a spin-flip excitation
from the lower filled sublevel E;, of the lowest
Landau level to its higher empty sublevel £ . To
calculate the spectrum of the localized spin exci-
tons, one should keep only the states with » = 0 in
the bare Hamiltonian H, (2), take into account the
Zeeman splitting of the Landau states explicitly,
and then add the electron—hole Coulomb interac-
tion H.

int ’

Hy =5 (E, Jaya, + Egbib )+ Hy oo (11)

ex
14

Operators a*(a) and b*(b) describe creation (annihi-
lation) of electrons with the up or down spins G,
index n = 0 being omitted. Here the electron wave
functions are written in the asymmetric Landau
gauge A = B(y, 0, 0). Then the total Hamiltonian of
a doped 2DEG takes the form

— g0
H=H +H, . (12)

The impurity related term H; was analyzed in the
previous Section using the symmetric gauge. Now it
should be re-derived in the Landau gauge.

Using the solution of the impurity problem
found in the previous Section and taking into ac-
count that the Landau levels with m =0 are in-
cluded in H__ contrary to the «extraction» principle
formulated in Eq. (8), we can write H, in the form
(see Appendix),

_ 2 B
H, = (|A00| Epor ~ Egy) ”zo ot

+ By "Eyg, = Eq) biobig + H, - (13)
Here E,,, are the solutions of Eq. (9) for the
lowest bound Landau state, and the operators aj,
and b}, create the corresponding eigenfunctions in
the symmetric cylindrical gauge. The coefficients
Ay » By, are defined in Eq. (A.2). The off-diagonal
term H,,, contains the contribution from the
higher Landau levels with » > 0 whose value is of
the order of 0|4, > /E, << 1 and will be neglected
in the further calculations.
In principle, the scattering potential contains
also the terms corresponding to the spin-flip proces-
ses,
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H_ =]}, d, ba

iet Tiel 10 10

d::eidzm :-Obzo) (14)
The spin-flip terms are inessential in comparison
with the leading spin-diagonal terms (13) because
each spin flip costs the Hund energy A, = E,, - E, . ,
so that J 0|V [>/A,. . The spin- fhp processes, in
principle, result in a multiple creation of spin exci-
tons, but the contribution of these processes to the
spin-wave spectrum is at least [JJ2, and we also
neglect them in the further calculations.

Then, we turn from the cylindrical gauge to the
Landau gauge,

+ _ + + _ +
a, = Apap , biO = Z prp ) (15)
P
where

A= [0t |pt O, B, = {01 |p O. (16)

As a result the impurity Hamiltonian in the
Landau gauge has the form

— n,t nz,t
H; =% LU (p, p)apap, +U (p, p)bpbp,] 7
pr'
where

U(p.p)=KJ T,

n ) = U
prdp Ul(p’p)_KlJplP

(18)

Here J EIJb0|l|Jp ogld and lIJ 00 Are the wave func-
tions of the lowest Landau level

1 , 0 (x + p)°0

U oo 9) = =575 €Xp (ip2) exp [T 0.
p,O (2,”3/2)1/2 D 2 D
(19)

Here x, y are Cartesian projections of the dimen-
sionless vector /1, . The coefficients K are calcu-
lated in Appendix.

To derive the impurity Hamiltonian in the Lan-
dau gauge, we use the identity

dqx a. pip

a;ap, = 5
D (20)
b+b
2

where the electron den51ty operators are
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with q=(q, , q,). Then inserting Eq. (20) into

p(@=> aa, exp %qx EDZP + ﬂ% Eq. (17), we get after straightforward calculations
<, gl g 2
@0 H=Y Ufae " pq) (22)
+ 0o o0 4,0 i o o
P(@=) b, explq, p+- 9.0
P v D00 2m
where the matrix elements of the impurity potential
are
) 7?0 @O0 O, -rf0
U (q =K J.a,’rdrlp =0y, -Oexp O ——Ox
o] o] 17 "2%bo 20 bo 20 0 0
i . , .
xwp%ua<@%+@;awfwm+%mﬁaa+%m;«a+%mpymH (23)
O
Here the coefficients K determined in Appendix 0)
depend on the specific form of the scattering impu- ‘Pex = Z f (k) Lpex,k Q7
k

rity potential acting on the electrons in the Landau
subband 0o [see Egs. (16), (A.3), (A.6), (A.8)].
We discuss here the limit of a strong magnetic field
when the cyclotron energy 7w, = 12/ 2ml p is large
compared to the Coulomb energy e?/kl p - It is
essential that the impurity potential is spin selec-
tive, i.e., its components acting on the electrons in
the two Landau subbands can differ significantly in
magnitude (see below).

We consider the case of the filling factor v =1,
when the spin-up Landau band is totally full and
the spin-down Landau band is completely empty.
Then the eigenfunctions of the Hamiltonian (11)

O 0O k,m
0) _ + , Yy
‘Pex’ K= Z bpap+ky exp %kx %7 + ) %MD 24)
P

correspond to the free spin—excitons with the en-
ergy spectrum €_ (k),

HOYOR) = ¢ ()W) (25)

ex,k *

Here k =k, k, is the wave vector of a spin exci-
ton. The exciton dispersion law is

0e? O’ 2
e (=0, +g—ogn H-e* Ik /o=
SEZBD o O O
_ 2 26
= A, + Q(F) (26)

(see [2-4,14]). Here Ay =|gugB| is the Zeeman
energy; I, is a modified Bessel function.

The wave function of a bound exciton is looked
for in the form
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The function (27) must be an eigenfunction of the
Hamiltonian (12). The standard procedure leads to
the equation

le, (k) — €] / (k) +

+ 24 f]+(k -k) sin% [k' xk]_f (k) -
kY

-2 U (k-k) cos% [k'x k] f (k) =0, (28)
kv

for the envelope function f (k). Here
i ! ~4'/4 < ~¢*/4
U,(q) = 2 (U, (@ +U (q)e =U,@)e :

As is discussed in Appendix, the localization
radius p, of the impurity wave function is essen-
tially smaller than the magnetic length. Then the
g-dependence of the matrix elements (23) is insig-
nificant, and they can be estimated as

0w a
U U
U =K ()0 I dEw, OO =K I, . (29)
U 5 S
U

Taking into account the cylindrical symmetry of the
problem, the solutions of Eq. (28) are looked for in
the form

f &) = [, (k) €™ (30)
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where the integer quantity m is the quantum num-
ber of the bound exciton.

Now we substitute the functions (30) in Eq. (28)
and carry out the integration over the directions of
the vector k'. Then the term proportional to U,
contains the integrals

21
d¢ CRE' 0. [kF
J. exp G- cos ¢|]sm — sin ¢|]s1n m =
0
_ (k)
- 2|m|+1|m| sign (i) 31
in which the sign function is defined as
gl, m>0,
sign(m):BO,m:()y (32)
1, m<0.

The term proportional to U_ contains the integrals

2n
do CkE' CkE'
J.— exp [F— cos ¢|]sm — sin ¢|]cos m =
) m g2 0 O 0
’ |m|
- L&) 33)
2|m|+1|m|

for all values of the quantum number m.
The equations defining the radial parts f, (k) of
the envelope functions (30) are

2 1
R=WrmMe®A__— __F
[B) = W R e T8 —— @ n (34)
ex
where
=t U 11+ sign ()] - U, [1 - sign ()]
” 2|m|+1| k sign (m X sign (m 0
and

=y AR ).
k

The energy €, of the bound exciton with the
quantum number m can be found as a solution of the
equation

=W M), (35)
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where

2l e—k2/2

M (€)=Y ——+.
% € - aex(k)

(36)

We introduce now the new variable w = k2 and
convert summation in Eq. (36) in integration. Then
the fact that at small w the dispersion law Q(w) O
O w allows us to find the behavior of the quantity
M,(e) at e - A,

D

M (€)= J.dw

W2

-1, — 0w

—2TVnIj In mD |A g, m=0 (37)

~B’V1(A) M @e -, e~ A, -0, m#0.

Here m = 2kI2/e? (2eB,/Tic)! /2 is the effective
mass of the free exciton at small momenta [2],
M, (Dp) <0, M'(D,) = (dM(e)/de) |s—A >0

Now using the normalization condition
S If, (0P =1
k
one finds that

F =W |[ME)]"*. (38)

This equation closes the procedure. Now the
spectrum of spin excitations in 2DEG pinned by the
resonance impurity with its own localized spin is
determined by Egs. (35)-(37). The coupling con-
stants are determined in Egs. (29), (A.7), (A.8),
and the wave function of the bound spin exciton is
given by Egs. (27), (34), and (38).

Starting the analysis of the bound exciton solu-
tions with the case of m = 0, we see that in the weak
scattering limit the magnitudes of both coupling
constants (29) are determined by the coefficient
(A.7). Then the potential in Eq. (35) is given by
the following equation

es

eb b ATAl

W =-U =- —>0.

0 = VLB -B) =Y
(39)

The scattering potential (39) is repulsive and the
Eq. (35) for m =0 has no bound solutions below
the exciton band.
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Such a solution appears when the resonance
scattering for the spin down electrons is strong (see
insert in Fig. 1). This is a realistic condition for
transition metal impurities [8]. In that case we use
Eq. (A.7), for the potential acting on the spin up
electrons, and Eq. (A.8), for the potential acting on
the spin down electrons. The coupling constant is

1
Wy=-U=-2(V, -

0 )1, . (40)

0
Due to the logarithmic divergence of the function
M (€) near the bottom of the excitonic band (see
Eq. (37)), the discrete solution of Eq. (35) appears,
provided the resonance component of impurity scat-
tering is stronger than the potential one, V , > w, ,
ie., W, <0 (see Fig. 2).

The selectivity with respect to the orbital quan-
tum number m of the bound spin exciton is intrinsi-
cally connected with the spin selectivity of the impu-
rity potential. The orbital momentum is the sum of
the electron and hole momenta, m = m, + m;, . As is
shown in Refs. 10,13, only the electrons or holes
with m, ;=0 can be captured by the short-range
impurity potential which is U, for electrons and
-U, for holes. Therefore, in a bound exciton with
m %0 one of the carriers (electron or hole) must
have zero momentum. Then the momentum of the
whole exciton is, in fact, the momentum of the
second carrier. This second carrier is bound by the
combined action of the Coulomb attraction of the
first carrier and the diamagnetic contribution of the
Lorenz force. The sign of the orbital momentum and
the charge of the carrier predetermines the sign,
attractive or repulsive, of Lorenz force contribution
to the total potential. As a result, only the electrons

Ag

M ()

with m, >0 and the holes with m, <0 can be
captured in the limit of a strong magnetic field.
Hence, the sign of the exciton orbital momentum
provides an information on which carrier is bound
by the short-range potential. It is the hole, bound
by the potential ~U, , in the case of m > 0 and the
electron, bound by the potential -U, , in the case
of m < 0.

In the case of m = 0 both carriers are captured by
their corresponding short-range potentials and then
their total coupling strength, U - U, , determines
the binding energy of the exciton.

4. Conclusions

To conclude, we have found that a magnetic
impurity can bind a spin exciton in a 2DEG. It
turned out that the mechanism of the exciton cap-
ture is the spin-selective resonance scattering by
the deep impurity levels. This spin selectivity stems
from the Hund rule in particular case of transition
metal impurities. The interaction in the second
order in scattering potential can be described in
terms of an indirect spin exchange J (see Eq. (14)),
and only the longitudinal component of this ex-
change is essential for the formation of a bound spin
exciton. The transversal components of this ex-
change give a contribution to the binding energy
only in fourth order in the scattering potential.

It is found that the spin-selective impurity poten-
tial is always capable of binding the exciton in a
state with the moment m = 0 due to the edge van
Hove singularity of the density of states in a 2DEG.
Excitons with m # 0 can be also trapped, but then
the conditions for the capture are more severe.

€ . |A
I] B e
-1 \
W
M, ()Y b

Fig. 2. A graphical solution of Eq. (35) for m = 0. Due to the logarithmic divergence of the function M () at €= Ay, a spin—exciton
can be always bound with an energy €, below the bottom of the spin—exciton band (a). A graphical solution of Eq. (35) for m = -1.
The function M_,(€) is now non-divergent. Hence, a spin—exciton can be bound with an energy €_, below the bottom of the spin—ex-
citon band if the parameter W_, is larger than the threshold value W_, =1,/M_;(Ap) (b).
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The analysis of the electronic structure of 3d
transition metal impurities in GaAs-related systems
shows that the strongest binding potential is cre-
ated by the light elements (V, Cr).
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Appendix

In order to derive the impurity Hamiltonian for
2D electrons in the Landau gauge, we use the fact
that the resonance scattering involves only the Lan-
dau states with m = 0. These states are included in
the Hamiltonian (11), so one should subtract them
from H; which then acquires the form

_ + o
H =E aja,+Eyy bioby
+ +
—Ey aya,-Eyy 0 b - (A1)

Then the bound Landau states with m =0 can be
re-expanded in free Landau states,

Qg =Y Agy Ay s b= By, b,y (A2)
n n
[13]. As a result we come to Eq. (13).

In order to calculate the expansion coefficients
A, Bp in Eq. (15), one needs the wave functions
ofp the bound electron in the lowest Landau level.
The wavefunctions of the lowest localized Landau
states correspond to the solutions E,,; of Eq. (9).
If these states are deep enough below the unpertur-
bed Landau spectrum, one can neglect the contribu-
tion OM(E) of the higher Landau levels, and the
eigenfunctions y,, has the form [10]

inc =~ sin 90 lpiec + cos 90 llJbc (A~3)

with the mixing coefficient given by tan 26 =
=2V, /D, , and V , = 21|AUb00 The wavefunc-
tions g, describe the Landau state bound in a short
range attractive potential [13],

e W, o®
1, L2y €)' €l

P,0(8) = , (A4

where 2& = (p/lB)Z, ¢ and W, are gamma
function, trigamma function and Whittaker func-
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tion, respectively. Index o is determined by the
corresponding eigenstate, a =271(1 - 8600%) with
e= =2m'E/F?> . When the level €0 15 deep
enough or the magnetic field is weak enough, i.e.
|£b00|l% >> 1, the wave function @,  (A.4) has the
standard asymptotic,
-0
llJbt:r D?— '
VO
Here |a| = lé/Zp% , 0 =p/p, and p,' =¢, . Thus,
the localization radii of the d-electron (p,), bound
Landau electron (p,) and free Landau electron (/)
obey the hierarchy p; << p, <<l . As a result one
can safely neglect the contribution of the d-compo-
nent Y, (A.3) in the overlap integral (16). Then
in the case of a week scattering, B; =V, /A; << 1,
(6 << 1) and the overlap integrals (16) can be
approximated by the following equations

(A.5)

A =01-6)J

— 2
o B =B

(A.6)

Thus the spin dependence of the matrix elements
(A.6) is determined by the energy differences A in
front of the integral and by the index o of the
Whittaker function. Having in mind the difference
in localization degrees of the wave functions (A.4)
and (19), the magnitude of the overlap integrals
JPG can be estimated as JPG D(pbc/lB), i.e., these
integrals are sensitive both to the spin splitting and
to the magnetic field. The energy differences in the
Hamiltonian (13) are determined by the short-range
component of the impurity potential which in our
theory enters as a phenomenological parameter ¢, .
In a weak scattering limit £, - E; = -w, + B,V
(if the short-range potential is attractive) [10]. As
a result the latter factor is dominant in this limit, so
that

Kc =" (OOO - Bc Veb) ’ (A'7)

In accordance with the Hund’s rule for 3d-impu-
rities AT >4, soKT >K¢ .

Next we consider the situation where one of the
resonance d-levels, namely €0, » IS above the lowest
Landau level, and the scattering is strong for the
down-spin electrons, 8, [l-m/4. The inequality
8, << 1 still holds, since the estimates (A.6) and
(A.7) for up spin states are still valid. As for the
down spin states, the coefficient sin 6, is (1,2 and

1
K :_5((00+Veb).

l (A.8)
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The magnitudes of the scattering potentials U, and

U

1

, differ noticeably in this case.
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