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Ref. 8, we estimate that for the Al-Al;O;-GeTe junc-
tions ¢! is approximately 0.45 eV and for Al-Al,O;-
SnTe junctions ¢! is approximately 0.35 eV. For the
In-SrTiO; junction used in Ref. 10, ¢~ is smaller.

If we consider a positive voltage applied to the
normal metal so that tunneling occurs from the super-
conducting semiconductor into the metal, we have

BV depr
Jr->1=
/A(m Z(ew)
where ¥’ (ex) is obtained from F(ex) by replacing ®,
by Py = %(q)l"'@r_qV)'
Expressions analogous to Egs. (28) and (29) may be

obtained for tunneling from the superconductor. We
have, for example,

djrn/dV =—q¢F (B)3[1—V/(V*—A*)"]S,
+¢5' (A)s[1+V/(V2—A%)H2]S,
B—A
VA
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I(V)': +-— / dé[ﬂ( )] e——a(@‘,/_e)l/z , (37)
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F(e)V(8), (35)
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which correspond to Egs. (29) and (30). When ex<<®,
and qV<&®,, ¥'(e) can be obtained from Eq. (32) by
replacing ¥V by — V. Also, I(V)’ can be obtained from
Eq. (33) by replacing ¥V by —V and %(£)? by v(£)%

The derivative of current with respect to voltage for
tunneling into a low-carrier-density superconductor
obtained from Eq. (29) with Z=1, X=0, and A= const
is plotted as a function of voltage in Fig. 2. Tunneling
from the superconductor into the normal metal using
the same parameters in Eq. (36) is given in Fig. 3.

The decrease in conductance shown in Fig. 3 for all
voltages shown may be contrasted with tunneling from
a nonsuperconducting semiconductor into a metal,
where the conductance increases when ¢V >er. The
decreasing conductance shown in Fig. 3 arises from the
superconducting interaction, specifically from the first
term of Eq. (36), which is zero when A=0.

V. CONCLUSIONS

The equations derived for dj/dV in Secs. III and
IV may be used to determine the energy gap function
from experimental tunneling curves in low-carrier-
density superconductors. These equations may also be
used in conjunction with equations for the energy gap™
and knowledge of barrier dimensions to predict tun-
neling characteristics of metal-insulator-superconduct-
ing semiconductor junctions.

These equations, with slight modifications, may
also be used to obtain the conductance for tunnel-
ing from a degenerate semiconductor into a metallic
superconductor.
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The structure of the theory of impurity spin excitations in a one-band model of a ferromagnetic metal is
examined. The existence of a local magnetic moment and an off-diagonal spin correlation in the impurity
ground state is shown to be closely related to the occurrence of localized spin excitations (localized magnons).
Expressions for both the transverse and longitudinal reduced susceptibility functions are obtained in terms of
single-particle Green’s functions. Poles of the reduced transverse susceptibility function are shown to corre-
spond to local magnon states, and poles of the reduced longitudinal susceptibility are identified with fluctua-
tions in the magnitude of the impurity moment. The role of localized electronic states is briefly discussed.
Some of the well-known results for the unperturbed ferromagnet are derived in the Appendix.

I. INTRODUCTION

HE nature of impurity spin excitations in mag-
netic insulators which may be described by the
Heisenberg spin Hamiltonian were first studied in
detail by Wolfram and Callaway® and more recently

1T, Wolfram and J. Callaway, Phys. Rev. 130, 2207 (1963).

by others.? Spin-wave impurity states (localized
magnons) outside of the host ferromagnetic spin-wave
band, as well as virtual or resonance impurity states
within the spin-wave band, may occur when the im-

2 S, Takeno, Progr. Theoret. Phys. (Kyoto) 30, 731 (1963).
( 3D). Hone, H. Callen, and L. R. Walker, Phys. Rev. 144, 283
1966).
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purity spin and exchange interaction differs from that
of the host system. Comments by Jaccarino, Walker,
and Wertheim* on ferromagnetic Fe samples with
dilute concentrations of Mn stimulated calculations of
the temperature dependence of the impurity mag-
netization by Hone and Callen® and also by Wolfram
and Hall® who in addition showed that a spin-wave
specific-heat anomaly should result when low-lying
spin-wave impurity states occur.

We are concerned here with the question of how the
above qualitative features of the impure insulating
ferromagnet carry over to the case of the metallic
ferromagnet. To date, no detailed analysis of localized
spin excitations in ferromagnetic metals has been given,
although, the problem has been briefly considered by
Lederer® who pointed out that localized magnons
should show up as additional poles in the transverse
susceptibility function. In this paper we formulate a
theory for the impure ferromagnetic metal and examine
some of its properties which are relevant to the localized
spin-excitation problem.

The theory of impurities in a ferromagnetic metal is
very complex, and therefore very interesting, because
of the rich structure of the problem. Many impurity
effects, which have been studied individually, are
simultaneously present in the impure ferromagnetic
system and must be treated with equal respect. Ques-
tions concerning the existence of localized electronic
states, localized magnetic moments, and localized spin
canting in the impure ferromagnetic ground state are
inseparable from the questions we wish to ask about the
impurity spin excitations.

In principle, the problem is straightforward: cal-
culate the susceptibility of the impure ferromagnetic
system, identify the poles associated with the formation
of localized spin excitations and determine the depen-
dence of the localized excitation energy on the important
parameters. The problem is greatly complicated by the
fact that the proper impurity ground state, which de-
pends upon the impurity perturbation, is not known
a priori but must be calculated self-consistently. This
leads to the situation described above in which the
problem of the stability of the assumed ground state
must be considered concomitantly with the excited
spin-state problem. The connection between these two
problems is a central feature of this paper.

We consider the Wolf model” for an impure ferro-
magnetic metal having a single band with an intra-
atomic Coulomb repulsion between electrons occupying
Wannier states of different spin on the same atomic site.
The theory is developed in the Wannier representation
using the generalized random phase approximation

4V. Jaccarino, L. R. Walker, and G. K. Wertheim, Phys. Rev.
Letters 13, 752 (1964).

5 T. Wolfram and W. Hall, Phys. Rev. 143, 284 (1966).

6 P. Lederer, thesis, A. La Faculte Des Sciences De L’universite
De Paris, 1967 (unpublished).

7P. A. Wolff, Phys. Rev. 124, 1030 (1961).
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(RPA). We assume that the Hamiltonian describes a
system whose ground corresponds to a spatially uni-
form ferromagnet in the absence of the impurity. The
impurity is characterized by the perturbation in the
Coulomb interaction AU and the core scattering poten-
tial V. In Sec. II, we first calculate by self-consistent
perturbation theory the conditions for the existence of
off-diagonal spin correlation (ODSC) in the impurity
ground state. We obtain an equation which determines
sets of values for AU and V corresponding to a transi-
tion curve in the AU—V plane. A similar equation is
derived for the existence of a local magnetic moment
(different from the moment of the ferromagnetic host).
In Sec. ITI, expressions for the local reduced transverse
and longitudinal susceptibility functions are derived
in terms of the single-particle Green’s functions. Equa-
tions are derived for the localized spin excitations
and it is shown that the conditions for the existence of a
low-lying spin excitation is directly related to the condi-
tion for the existence of either ODSC or local moment
formation in the ground state. In particular, it is shown
that the condition for a zero-energy local magnon is
identical to the condition for the formation of ODSC
or spin canting in the ground state. Similarly, the condi-
tion for the formation of a local magnetic moment is
shown to be identical to the condition for a zero-energy
pole in the longitudinal susceptibility. The role of the
localized electronic state is briefly discussed. In Sec. IV,
the results are briefly summarized and some of the im-
portant features of the unperturbed ferromagnetic metal
are discussed in the Appendix. A brief discussion
of some of the results in this paper has been given
elsewhere.?

II. GROUND-STATE PROPERTIES
A. Hamiltonian

We consider the simple one-band strong-correlation
model” for a ferromagnetic metal with an impurity
atom at the lattice position Ry

H=Z 5ijCiaij¢+Z Umisniy+V 3 mos, (1)

ijo ? o

where Cis' (Cis) creates (destroys) an electron in a
Wannier state at the lattice position R; with spin o
(e=T1, |), and 7, is the number operator for the
Wannier state. The 8,;; are the matrix elements of the
single-particle Hamiltonian between Wannier states
located at R; and R;. These matrix elements are related
to the band energy, e, by the relation,

1
Bij=— 3 exeik RiR0) @
N kx

Single-particle scattering from the impurity core poten-
tial V is represented by the last term of Eq. (1). Elec-

8 T. Wolfram J. Appl. Phys. (to be published).
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trons with different spins experience a Coulomb repul-
sion U; when they occupy Wannier states on the same
lattice site R;. For the impurity system we have

U.=U, (20)

=U+AU (=0). ®

B. Single-Particle Green’s Functions

The single-particle retarded Green’s functions® are
defined by

[Go,or ()Tt =—18()[Cso(H),Crar’(0)]1), 4)

where the brackets indicate the zero-temperature
(T=0) expectation value of the enclosed operator for
the impurity ground state of the system and [4,B7]; ()
indicates the anticommutator (commutator) of the
operators 4 and B. The function 6(f) is unity for t>0
and vanishes otherwise. We use a caret over the symbols
for functions to indicate a matrix. We introduce the
Fourier-transform Green’s functions

(oo ()] =) / e Crw®In. )

The equations of motion for the Green’s functions are
obtained in the usual manner.® Use of the generalized
RPA yields the matrix equation,

0G0t (&)= (840 /2m) I+ (B4P )G o (w0)

+MvGﬁd'(w) ] (6)
where Goer(w) is an N by N matrix whose elements are
[Goor(w) ]k, 860 is a Kroneker § function which is
unity for ¢=¢’ and vanishes otherwise, and we use & to

denote the spin state opposite to that of ¢. The remain-
ing matrices in Eq. (6) are defined as follows:

[E]i=8:,
LB, Jii= Uslnis)bsi+Vdoidoj,
[M,Jij=ULCiCis")8:5,
[1i=0y;.
We shall refer to the quantity (C;,C;s') as the ODSC.

The real and imaginary parts of the Green‘s functions
matrix are defined by

Goor (w)= (21r)—1[R,,,,(w)+i7rJ\7.,,, (w)]. (8)

The ground-state averages, {#:,) and (CiCs') are
related at 7=0 to the Green’s function by the relation®

™

e
(CintCin)= f ol Nowr ()T )

9 See, for example, D. N. Zubarev, Usp. Fiz. Nauk 71, 71
(1960) [ English transl.: Soviet Phys.—Usp. 3, 320 (1960) 7.
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where ¢, is the Fermi energy. Thus in order to obtain
Goolw), Eq. (6) must be solved self-consistently.

C. Off-Diagonal Spin Correlation

In this paper we assume that the Hamiltonian of
Eq. (1) describes a system whose ground state, in the
absence of the impurity, is a spatially uniform ferro-
magnetic state with {#;,)=#,, and vanishing ODSC.
The latter condition means that the local and bulk
magnetization vectors are parallel to the spin-quantiza-
tion axis and that there is no component of local or
bulk magnetization perpendicular to the spin-quantiza-
tion axis.

The conditions for which Eq. (6) has self-consistent
solutions with a small but finite ODSC can be deter-
mined by means of a self-consistent perturbation cal-
culation. There may exist critical values of ¥V and AU
which define a transition curve in the V-AU plane. On
one side of this curve (region Ia) the ODSC exists,
while on the other side (region IIa) the ODSC van-
ishes.!? Let G,,»*(w) be the solution of Eq. (6) for V
and AU corresponding to a point infinitesimally near
the transition curve in region ITa. If V and AU are
changed infinitesimally to give a point in region Ia we
find the new Green’s function to first order in the ODSC
to be ) )

GAM(‘*’) GwA (w); L (10)

Gos(w) = 20G o™ (0) M ,G55%(w)
If we impose self-consistency by means of Eq. (9),
then we must have,

(Ci.,Cia*) =4: Irn [/q dw Zk [G,,,“(w):lij[M,]jk

—00

X[éaaa(w)]ki (1 1)

Substitution of the matrix elements of M, from Eq. (7)
and some matrix algebra yields the matrix equation

bos= AU(f— UX,;)“1X75A¢15 ) (12)

where the N-element columns vectors ¢,z and A¢,s are
given by
<C0¢CO¢7T>

(Clvcl E'T>

¢v6= (13)

(CN vCN 1?1—>
<C0 UCO 171'>
0

A¢¢a= 0

and

(14)
0
10 Transition curves for the various magnetically ordered states

(()f the)pure host are discussed by D. R. Penn, Phys, Rev. 142, 350
1966).
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The matrix A,; has elements

¢
[hvoJis=— [ deo{ [R0s() Tl o0"() s
B H[Roo*@) i Noo*@)]is} . (15)

In alater section, we shall relate A,; to the local reduced
transverse susceptibility matrix. The components of
Eq. (12) give the ODSC functions

{C:sCis"y=AUL(I—URos)" N5 J:0{CosCost). (16)
For i=0, Eq. (16) requires that
1=AU[(I— U?\.ﬁ)_lxgi]oo , 17

in order that ODSC exist. The existence of ODSC for
the ground state would imply that the magnetization is
canted with respect to the unperturbed ferromagnetic
ground state. The magnitude or (C;,Cs') is expected to
be maximum at the impurity site and to decrease
rapidly with increasing distance from the impurity.!*
We shall refer to Eq. (17) as the local spin-canting condi-
tion (LSCC). We are assuming here that a state in
region Ia lies lower in energy than a state without the
ODSC having the same values for V' and AU. Although
this assumption has not yet been established rigorously,
we show in a later section that the converse leads to a
situation in which the ground state is unstable to the
formation of localized magnons. 12

It should be noted that it is necessary to use the cor-
rect impurity ground state for G,/ when investigating
the LSCC. In the derivation of the LSCC no assump-
tions were made concerning the quantities (7:,). The
ground state corresponding to Go»® may or may not
have uniform magnetization depending upon the values
of V and AU.

D. Local Magnetic Moments

Next we turn our attention to the problem of deter-
mining the conditions under which the quantity ()
of the impurity system is nonuniform. We write the
matrix elements of P, appearing in Eq. (7) in the form

[P Ji=[P:*1ii+ AP, (18)

[P, 0ii= (Uns+V80) i+ AUns80idis
[AP ]‘L] UAnw ¢]+AUA71,,,60150]

In Eq. (19), 7, is the uniform value of (#;,) for the un-
perturbed ferromagnet and An;e= (#:,)—n, is impurity-
induced change. There exist critical values for V and
AU which define a transition curve. On one side of this
curve (region Ib) Az, is nonvanishing while on the
other side (region IIb), An;;=0. Choose V and AU

where

(19)

11 This conjecture is based upon an approximate calculation of
the function {[I—UN;]" 1)\.,.5,0 using an unperturbed ferro-
magnetic ground state.

12 The author is indebted to L. M. Falicov for valuable sug-
gestions concerning this point.

T. WOLFRAM

182

correspondmg to a point infinitesimally near the transi-
tion curve in region ITb and let G,,-%(w) be the solution
of Eq. (6) for these values of ¥V and AU. If V and AU
change infinitesimally, so that they now correspond to a
point near the transition curve in region Ib, then the
matrix elements of AP, are small but finite, and first-
order perturbation in AP, yields the new Green’s
function

Gosl)=Gos¥(w)

Gl =Gt (AP G4 Cortl). P

Using Eq. (9) the following set of coupled equations for
the change in the population factors is obtained:

—Ang,= UZ O‘a)wA”Ja'f“AUO‘ )zOAnO& (21)
The matrix elements of A, are given by
e
(o= / do{[Rer @) o) ]
+[wa(“’)]ﬁ[]\7wb(“’)]ﬁ} . (22)

We show in a later section that A, is related to the local
reduced longitudinal susceptibility of the system. Equa-
tion (21) may be written in the supermatrix form

Am) ( 0 —UX¢—AUAXT>
(Am “\—UA, —AUAR, 0

() o

where the N-element column vectors An, are defined by

AnOU
An,= | AT (24)
Anl\l'cr
and
(As\a)z']: 50;‘[5\,:]@'0 . (25)

In order to obtain nonzero values for the Az, it is
necessary that the determinant of the coefficients
vanish;

I UAt+AUAN:
| .: (26)
UM +AUM, I
We may express this requirement in the form
l <i 0>+AUA_1 ( 0 AM) 0 @
0 I A o/l
where .
. I Ak
A =( R ) (28)
U\, 1
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and
(f—UZXTM)”

_‘1_( —Ui\f(l—lﬂiw}q)““l)
AU U ’

(I—U2Ap)
(29)

Because of the simple form of A\, the determinant of
Eq. (27) is easily evaluated, with the result that

{1—=UAUDMI—UAiht) "R Joo}
X {j— UAUD\; (j— UZst\J)_lkf]oo}
- (AU)2[(j— U2$\¢$\f)—1)\¢]00
XLT—=UMA)Jo0=0.  (30)

Equation (30) defines the transition curve for the
existence of nonzero Az, and also for the existence of
local magnetic moments different from that of the host
ferromagnet,

Bio—Niz)ENo—N5. (31)
The magnitude of the local moment is expected to be
maximum on the impurity atom and to decrease
rapidly with increasing distance from the impurity site.
We refer to Eq. (30) as the local-moment stability
condition (LMSC). In the derivation of the LMSC no
assumptions have been made concerning the ODSC.
The V-AU plane may contain two transition curves;
one corresponding to the LSCC and a second cor-
responding to the LMSC. These curves divide the V-AU
plane into the following possible four regions; (i) no
local moment exists and no ODSC exists, (ii) no local
moments exist but ODSC does exist, (iii) a local mo-
ment exists but ODSC does not, and (iv) a local mo-
ment and ODSC both exist.

In a paramagnetic host the two transition curves
coincide and the LSCC is simply a statement of the rota-
tional invariance of the local moment. A ferromagnetic
host is not isotropic since there is a preferred direction
associated with the magnetization and, in general, the
local-moment transition curve and the spin-canting
transition curve are different.

E. Localized Perturbation

It is interesting to consider the form of the LSCC and
the LMSC in limit that only the impurity site is per-
turbed. If we require that the ODSC vanish except at
the impurity site then Eq. (12) yields the LSCC,

1= (U4+AU)[As5Joo-

This condition is structurally the same as the usual
local moment criterion for an impurity in a paramag-
netic host.!® Here [N,z Joo is related to the local trans-
verse susceptibility for a band-split ferromagnet while

(32)

13 See, for example, D. L. Mills and P. Lederer, Phys. Rev. 160,
500 (1967).
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in the paramagnetic case. [Ass oo is the paramagnetic
local susceptibility at the impurity site. Similarly the
LMSC obtained from Eq. (21) is

1= (U"l" AU)ZEijool:s\i]oo. (33)
In a paramagnetic system AM=XA1=\,; and proper
solution of Eq. (33) coincides with that of Eq. (32). In
Eq. (33) for the ferromagnetic system A, and X; are the
components of the local longitudinal susceptibility
matrix as will be shown in Sec. III.

III. LOCAL REDUCED SUSCEPTIBILITY
FUNCTIONS

In this section, we calculate expressions for the local
reduced transverse susceptibility matrix £(w) and the
longitudinal susceptibility matrix £.(w). We show that
the functions A,; and A, of Sec. II are related to the
transverse and longitudinal susceptibility function
% (w) and R.(w) at zero energy. The impurity spin excita-
tions may be associated with the occurrence of new poles
or structure in the susceptibility functions. We show
that the existence of low-energy impurity spin excita-
tions is closely related to the instability of the impurity
ground state to the formation of local spin canting
and/or local magnetic moment formation. In fact, it is
shown that condition for the formation of a zero-fre-
quency localized magnon is identical with the LSCC.
New poles may also appear in the longitudinal sus-
ceptibility corresponding to fluctuations in the magni-
tude of the impurity moment. We refer to these modes
as polar spin excitations. The condition for the occur-
rence of a zero-frequency polar spin excitation is shown
to be identical with the LMSC.

A. Local Reduced Transverse Susceptibility

We begin by examining the properties of the two-
particle Green’s-function matrix S(#) defined by'*

L3 Jisu= —i0(D(CC" () Ca(®),Cus' (O)Cu (0)]). (34
The Fourier transform S(w) defined by

S(w)=(@Gr) f dt S(f)eiet (35)

satisfies in the generalized RPA, the matrix equation,
wS(w)= BAW+JT+NSw)+D, (36)
if the ODSC vanishes for the ground state. The matrices

14 These functions are the Wannier components of the momen-
tum space (Bloch representation) operators [Criqet!()Cii(?),
Ciw1(0)Crriqr(0)] usually studied; see, for example, Refs. 13
and 15.
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have the following elements:
(& Jijer= 818in— Bandis,

(W Jisne=L Ve Jisa— LV Jiinas

[V D= 8udii{ U (njn)+-LAU (nor )4V 1603}

[V diser= 8udoi{ U maa )+ [AU (nor )+ V 1d0i}
[JJiiti= Ubri{ 6:(Cis'Cit )~ 8,:(Ct'Ci1)} ,
[3Jiii= AU 81i{ 8:8:0{C o TCs1)— 8;:80;(Cir 'Cot )} ,

[DJijii= B3m){8;:(CitTCit)— 8:(CrsTCt)} .

In Eq. (36) matrix multiplication is defined such that if
A=RBC, then

(37)

[ATim=2 [BLiinnlCmnre, (38)
and the unit matrix has components
L1 ejri= 8axbsu. (39)

We are concerned here with the calculation of the local
reduced suceptibility functions.’> The local reduced
transverse susceptibility matrix, g(w), is an NXN
matrix whose elements are derived from S(w) by means
of the relation

D‘( (w) ]ij = —2m| [S (w)]iijj . (40)

Our purpose in this section is to express these func-
tions in terms of the single-particle Green’s functions
introduced in Sec. II. We accomplish this task by a
generalization of the procedure used by Mills and
Lederer!® in their treatment of the impure paramagnetic
system.

Let S®(w) be the solution of Eq. (36) in the absence
of the matrices . and 7, then we find that

S(w) =80 () + 5 () (F+AF)S(w), (41)
where the matrixes # and AF have elements
Flii=—21U8:ud:104,
[.] Kl U 81051041 42)
[AF],‘jkl-: —ZTAUaizﬁjkaoisoj.
Using Egs. (41) and (42) yields the result
[8@@)Jin =[S (@) Jijrr—20U T[S (@) Jijmm
X [8(@) Jmmir —2rAULS® (@) Jijool S @) Jookz,  (43)
so that with Eq. (40) one obtains
R(@)=RD () + UL P ()R (@) +AUAR D (w)R(w). (44)
In Eq. (44),
[RD (@) Jij= —2a[S© (@) Juuss (45)
and
LAR® () Jis= [R D (w) Jiobo;.- (406)

18 For a discussion of the unperturbed ferromagnetlc and the
reduced susceptibility functions see T. Izuyama, D. J. Kim, and
R. Kubo, J. Phys. Soc. Japan 18, 1025 (1963).
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Equation (35) is easily solved and gives the result that

[R(w)Ji=[K )]s+ (AU [K (w)]w[K‘(w)]w}/
{1—AU[K(w) oo}, (47)
where
[K(@)]i={[I—URP @) TRV ()}  (48)

The matrix ¥ (w) is the transverse susceptibility
matrix for a system of noninteracting electrons mov-
ing in the effective one-particle spin-dependent poten-
tial . The susceptibility function K(w), includes
the host exchange terms contained in J. The poles of
[I—Uf®(w) ] (see Appendix) correspond to spin
waves perturbed by the impurity part of W and also
by the effect of the entire impurity perturbation on the
ground state of the system. The structure of K(w) is
similar to that obtained for the susceptibility of an
exchange-enhanced paramagnetic system.!

From Eq. (47) we find the local reduced transverse
susceptibility of the impurity site to be

[2(w)Joo=[E () Joo/{ 1 — AULK () Joo}

which has the same form as impurity exchange en-
hancement in a paramagnetic system.!?

Next we express £V(w) in terms of the single-
particle Green’s functions of Sec. II. We find that

LSO Jira=> (Car ()Cu(0))[Gua(t) It
+{(CH(O)C;(O)Gr*(8)

where the symbol = indicates that the function on the
right-hand side of Eq. (50) satisfies the same matrix
equation as the function on the left-hand side in the
generalized RPA .The Fourier transform functions are
given by

(49)

(50)

. 1 o
Re[s(l)(w):]ijkl=; dQ{[Nt 1(Q)Jli[R¢ +(Q4w) Jir

T J—0

H[N (@ i[Re1(Q@—w) ]} (51)

and

. 1
Im[S “)(w)]ijkz=§ /

—00

€

AU N1+ (DTl V44 (Q+w) T

—[N (@ Tl N1+(Q@—) ]} (52)

It is easily verified that the real and imaginary parts
of SW(w) satisfy the Kromers-Kronig relation

1o ol )
- / ImSO (W) =ReSP@),  (53)
T o W=
since [N ()]
0 oo’ \W ) _lij
[Row (@) ]is= / do=—L (54)
w w—w

with the convention that w possesses an infinitesimal
negative imaginary part.
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B. Localized Magnons

The transverse spin excitations of the impurity
system correspond to the poles of the transverse sus-
ceptibility matrix R(w). In general, there are three
types of such excitations. First, are the Stoner excita-
tions! involving the transfer of an electron from a
Bloch state with momentum k in one spin band to a
Bloch state with momentum k+q in the other spin
band. These states are separated from the ground state
by an energy approximately equal to the band-splitting
energy A for q=0. Secondly, there exist bulk-type spin-
wave states with energy w, « ¢* for small ¢. At large q the
spin waves intersect the Stoner excitation band and
become highly damped due to decay into Stoner excita-
tions.!%:16 Last, but of central importance here, are the
localized impurity excitations or localized magnon ex-
citations. These excitations correspond to nonpropagat-
ing spin modes in which the amplitude of excitation is
maximum at (or near) the impurity site and decreases
rapidly. with increasing distance from the impurity
site.l:

For a large system in which the Bloch momentum k
is considered to be a continuous variable only the poles
associated with the impurity localized magnons remain
in the transverse susceptibility functions. The bulk spin
waves and the Stoner excitations are characterized by
densities of states and give imaginary contributions to
the transverse susceptibility functions. The lifetime of
the localized magnons are limited by decay into both
bulk magnon states as well as Stoner excitations. The
poles of £(w) associated with the localized magnons are
according to Eq. (49), determined by the condition

1= AU[K(wL)]oo , (55)

where wy, is the energy for which Eq. (55) is satisfied. If
such a pole exists it indicates that the impurity system
possesses a new spin excitation eigenstate. The new state
is a localized magnon state in which the amplitude of
spin excitation is maximum at the impurity site and
decreases rapidly with increasing distance from the
impurity site. If w,=0, then Eq. (55) gives

1=AUT{I-URP(0)}7'2™M(0) Joo. (56)

It follows from Eq. (52) that Im{g®(0)} vanishes and
from Eq. (51) we see that

Rex®(0)=3,5, (57

so that the condition [Eq. (17)] for the existence of
ODSC in the ground state is identical to the condition
for the existence of a zero-frequency localized magnon.
This result also shows what was stated in Sec. II,
namely, that if the LSCC is satisfied, then a ground
state without ODSC is unstable to the formation of
localized magnons. The localized magnon states neces-
sarily possess ODSC and the zero-frequency state is

16D, C. Mattis, Phys. Rev. 132, 2521 (1963).
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degenerate with the ground state. Consequently, it
it appears that in region Ia (see Sec. II C) the proper
ground state will possess ODSC. Low-energy local
magnons are expected when the ground state is nearly
unstable to the formation of the ODSC.

C. Local Reduced Longitudinal Susceptibility

We now turn our attention to the problem of cal-
culating the longitudinal susceptibility. We proceed in
a manner similar to that used for the transverse sus-
ceptibility. Expressions for the elements of the local
reduced longitudinal susceptibility matrix are derived in
terms of the single-particle Green’s functions. It is
established that the condition for a zero-frequency pole
in the longitudinal susceptibility is identical with the
LMSC derived in Sec. II.

We consider the two-particle Green’s-function matrix

3.0, ) . 3
LS:() Jemr= LS+ () Jisra— LS+ () Jisa, (58)

where
3. Jis= —i0(t)((Css'Cso , Cia’Crt—Cri*Cn]-). (59

The local longitudinal susceptibility functions [£.(w)]:;
are defined by?!®

[Re()]s=1 T [R5, (60)

where

[xo(@) Jis= — 2706[So(e) Jiisi- (61)

In Eq. (61), S,(w) is the Fourier transform of .S,(t)
and 5, is +1 (—1) for spin T (|). In the RPA, we obtain
the supermatrix equation

S (EHW) T+ \/St(w)
w(S;(w)>—<(j;+j1) (K—l—W;))(S;(w))
where the matrices are defined by

. (D') (62)
27 D; ’
CW, Jiswr= 8ardisf U((m)— (mi))
+(V+AU (105)) (80;— 80:)}
[Jodisri=U{Cis'Cio)dra(8j2— bix)
[dedism= AU{Cis'Cia)d11(87100;— dirdio) ,
[Doji:‘k!= (m6/21){{Cis'C1a)8j1— (Cro'Cio)dir} .

If the function S, ® () satisfies Eq. (62) in the absence
of the matrices J, and j,, then

Sv(w) = S‘,(l) (w)+~§c(l) (w)A‘ vsﬁ(l) (“’) )

(63)

(64)

(note & in the equation) where the matrix 4, is defined
by

[4 Jisrr= 27848101 (U+ AU 80) . (65)
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Equation (64) leads to the result that
[Sa(w)]ijkl = I:Sa @ (w)]ijkl+27rU770 Z [Sa(l) (w)]ijmm

X [Sa(@) Jnmir+-20 AU na[So® (@) Jijon
X[So(@) ooz (66)

Using Eq. (61) we find the matrix equation for the
reduced longitudinal susceptibility matrix,

Ro(@) =R (0)+ UL P (@)Rs(w)
+ AUAX m (w)iﬁ(w) )

[R V(@) Jiy= — 2m1,[SD (@) Juii
[ARe P (@) Jii= [Re @ (@) Jioo;.

We note that Eq. (67) is similar in form to Eq. (23)
relating to the local moment criterion. We solve Eq.
(67) for §.(w) and obtain

<§1(<2))>= {I—AUBq(A;z; <1>(zw) Ai(;‘”@) } R

(o) @

where B—1(w) is obtained from A~! [see Eq. (29)] by
replacing A, by £,V (w) and also replacing U by —U.
Therefore, it follows that the perturbed poles of £,(w)
are determined by Eq. (30) if the same replacement of
symbols is made. In order to show that the condition
for a zero-frequency pole in the longitudinal suscepti-
bility is identical to the LMSC it is now only necessary
to show that

(67)
where

(68)

Xﬂ'(l)(w) l 0=0~ X«r- (70)

Biw) @ﬁ—l BN~1> ( (I~ U2y g, )
—w) = = s
W Buml/ N Oy 0 0)1

(For simplicity we shall omit the argument w in some
of the complicated expressions.) If we define

Iat(w) Lit(w
z(w)=Q“( ) L )>=f—AUB(w)“1

1) L)
(g
ARt ()>, o

0
X
ARy D (w) 0
then we find

[eena_l(w)]ij: Osj— AU5oj{ [Baa_lex ® ]io[gﬁ&_lﬁam]oo
—[Bo5 %M Jio(14-[Bor '8V Joo) H{det L}t (78)
and

[Loi (@) ]ii= —AU5oj{[Ba&'lﬁa“)]io[Bw"l)?a(l)]oo
— [va)?u(l)]io<1+ [Baaul)zﬁ“)]oo)} {detL}t, (79)
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We proceed as in the treatment of the transverse sus-
ceptibility. It is easily verified (in the generalized RPA)
that the function

(Cia"(1)C10(0))[Goo(t) ik
H{Cre'0)Cie(Go*()Tu  (71)

satisfies the same matrix equation as does the function
1[Se®(?) Jijna. (72)
Thus, we find in this approximation

. 1 ro .
Re(L5.%26) i) = f UL oo(@) e

L 0

X[Roo(+0) JitF [N oo(D It [Roo(@—w) Jis},  (73)
and

1
T LS. ) i) = /

—00

€f

AN oo(@) ]

X[Nva(9+w):|ij~[Nav(Q)]jk[Nvu(Q'—'w)]li} . (74)
The real and imaginary parts of S®(w) are also related
by the Kramers-Kronig relation. For w=0, the imagi-
nary part of S,®(w) vanishes and it is easily verified

that
(75)

This establishes the result that an w=0 pole in the
longitudinal susceptibility is associated with the forma-
tion of a local magnetic moment in the impure ferro-
magnetic system.

We now develop further the expression for the local
reduced longitudinal susceptibility given in Eq. (69).
The elements of the supermatrix B—!(w) are

72(7((’-’) l w=0"—" Xr-

Uy @ j_UZjal(l)jh(l))—-l
( > . (76)

(I=U%1 O )1

where

det8=(1— AU[BN_I)?; M70) (1— AU[EH“I)ZT M)
— (AU [ Bty %2 D Joo[Bra 84 Do (80)

Finally, using Eq. (69), we obtain

[xu{w)]ij= [Zw—l(w)]w[)?w @ (w)]0i+ D?a @ (w)]if
X (1= 80))+ Loz () Jio[Re @ (@) Jo;,  (81)

NOWN 24D (w)
(o) o)

1@ (w) R (w)
The functions £,® (w) are the components of the local
reduced longitudinal susceptibility matrix which satisfies

Eq. (62) in the absence of the impurity-exchange pertur-
bation matrix 7,. The components at the impurity site

where
(82)
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may be obtained from the two-by-two matrix equation

N okerts

[R4(@)Joo
[+ @ Joo
() 6

D. Localized Longitudinal Excitations

According to Eq. (80), the reduced longitudinal sus-
ceptibility will have a pole at wy, if

detL(wz)=0. (84)
It has been shown that an wz= 0 pole corresponds to the
formation of a local magnetic moment in the ground
state. If poles exist for w70 they may be associated
with longitudinal or polar spin excitations involving
fluctuations in the spin population at and near the im-
purity site. Low-energy excitation of this type would
indicate that the ground was nearly unstable to the
formation of a local moment.

In general, it is expected that the localized spin ex-
citations (transverse or longitudinal) will be damped by
decay into bulk spin wave and/or Stoner excitations in
which case the excitation energy wz will be complex.
Since the lifetime of the excitation is inversely propor-
tional to the imaginary part of wz the concept of the
localized mode is meaningful only if the imaginary part
is small compared to the real part. In such a case, we
may define the excitation energy of the virtual state by
the condition

Re{detL(w)}=0, (85)

for the longitudinal excitations and for the local
magnons by

Re{1—AU[K (w)Joo} =0. (86)

E. Localized Electronic States

Localized electronic states may be formed with or
without a local moment or ODSC. In previous sections,
we have expressed the local reduced susceptibility
functions in terms of the single-particle Green’s func-
tions. [See Egs. (50) and (71).] The single-particle
Green’s functions contain information about the elec-
tronic structure of the impurity system. The formation
of localized electronic impurity states is indicated by
the appearance of new poles in the one-particle Green’s
functions. Usually these poles do not occur for real
energy so that the localized electronic states are virtual
states which decay into the band states.

If the impurity ground state has vanishing ODSC
then from Eq. (6) we have that

Goolw)+ 2m)~[w—e—P, T, (87)

In order to illustrate the features of the localized elec-
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tronic state we approximate the single-particle poten-
tial P, by retaining in P, only the change in the im-
purity population, (10,), and replace all other popula-
tion factors in P, by their unperturbed values 7,. This
approximation is not generally self-consistent and is not
necessarily a good approximation. We employ it here in
order to reveal the gross structure of the electronic im-
purity state. With this approximation for P, we find
that

[Goro(w)Jii=[8o(@) JisHrof [8o(w) Jiolgo(e) Joi/
(1_Va[§a(w)]00)} ) (88)

where
[8.(w)Jis=(2rN)™ % Lo ®RiRD /(w—ex,—i01)]  (89)

and
exo=ex+Un; »

: (90)
a=— 3, &ie Ri~RD),

N RiR;

In Eq. (90), e, is the band energy plus a contribution
due to the Coulomb repulsion and k is the propagation
vector which lies in the first Brillouin zone. The effec-
tive single-particle potential v, is given by

ve= 21 (U+AU){nos)— Uns+V7]. (91)
Localized electronic states will exist when
[&o(w)Joo=1/7s, (92)

and as before we may have virtual or resonance states
when the real part of Eq. (92) is satisfied. The width of a
virtual state is proportional to the imaginary part of’
[2,(w)Joo, that is to the single-particle density of states
[Nso(w)Joo evaluated at the energy of the resonance.
Since the potential v, is spin-dependent, localized states
occur at different energies for different spins in the
ferromagnet. Thus, we expect a local moment will also
exist. It can also occur that one spin state is localized
while the other is not. We also note that localization
does not necessarily require the presence of V, the
impurity core scattering potential.

The occurrence of a localized or virtual electronic
state will lead to an impurity Green’s function with an
energy dependence quite different from that of the un-
perturbed system. From Egs. (51), (52), (73), and (74)
we see that this also leads to significant modifications
of the local reduced susceptibility functions. The effect
of the localized electronic states will be largest on the
local susceptibility at the impurity site, [£(w)J]eo or
[R2(w)Joo, and it is just these quantities which enter
into the localized spin-excitation resonance equations
[Eqgs. (85) and (86)]. One is led, therefore, to the con-
jecture that the localized spin excitations are likely to
be associated with the presence of localized electronic
states.
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IV. SUMMARY AND CONCLUSION

In the preceding sections we have exposed some of
the structure of the theory of impurity effects in the
one-band model of the ferromagnetic metal. The con-
nection between the formation of ODSC or localized
magnetic moments in the ground state and localized
spin excitations is established. Expression for the local
reduced transverse and longitudinal susceptibility
functions are given in terms of the single-particle
Green’s functions. The theory is developed in the
Wannier representation because the impurity perturba-
tion is expected to be short range due to screening effects
by the metallic host electrons. This assumption is, of
course, implicit in the short-range Coulomb-interaction
model Hamiltonian we use. Experimental™® and
theoretical?®=?? results on magnetic transition-metal
impurities in ferromagnetic Ni indicate that localized
magnetic moments are usually formed. In the case of
Co, Fe, and Mn in Ni the excess moment is believed to
be concentrated almost entirely at the impurity site
and while the excess moment associated with Cr or V is
more extended it is still localized within a few nearest
neighbors.

It remains now to apply the theory developed in this
paper to particular situations. It is important to
establish whether or not region Ia (local spin canting)
exists for realistic values of the perturbation parame-
ters.?% Preliminary studies indicate that the results are
strongly dependent upon the type of energy band em-
ployed as well as the degree of self-consistency achieved.

When a highly localized magnetic moment is formed
the localized spin tends to be decoupled from the bulk
spin waves. The spin excitation energy then depends
principally upon the spin splitting of the localized elec-
tronic levels and a situation similar to that envisioned
by Jaccarino et al.* results in which the behavior of the
impurity spin may be approximately described by a
molecular field model. In this case, an Anderson-type
extra-orbital Hamiltonian?* may also serve as an
appropriate model.

APPENDIX: UNPERTURBED FERROMAGNET

In this section we apply the formalism developed in
the previous sections to the unperturbed ferromagnetic
system in order to display some of the features which
were mentioned in the text.

17 J. Crangle and G. C. Hallam, Proc. Roy. Soc. (London) 119,

A272 (1963).

18 G. G. Low and M. F. Collins, J. Appl. Phys. 34, 1195 (1963).

19 M. F. Collins and G. G. Low, Proc. Phys. Soc. (London) 86,
535 (1965).

20 J. Kanamori, J. Appl. Phys. 36, 929 (1965).

21 F. Gautier and P. Lenglart, Phys. Rev. 139, A705 (1965).

22 H. Hayakawa, Progr. Theoret. Phys. (Kyoto) 37, 213 (1967).

28 Variational calculations are being carried out by L. M.
Falicov and J. Ruvalds in an attempt to answer this question
[L. M. Falicov and J. Ruvalds (private communication)].

2 P. W. Anderson, Phys. Rev. 124, 41 (1961).
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1. Local Reduced Transverse Susceptibility

The single-particle Green’s function for the un-
perturbed ferromagnetic metal, g,(w), is given by Eq.
(88). The matrix elements of £ (w) may be calculated
from Egs. (51) and (52). We have

e@k (Ri— R))
[ROuu(w)]Z]——_—P Z ) (Al)
W €xo
where P indicates the principal value and
. 1 .
[Non(w)]u=ﬁz 3w —exr)e™ RmR. - (A2)
%

We use a subscript 0 to indicate that these quantities
refer to the unperturbed system. The real and imaginary
parts of o™ (w) combine into a single expression

1
20 =— X e ERIT @), (A3)
N «

where . e
&t = Jk4ql
Ty(w)=—3 :

. (A4)
B €ppqb —ext —w430T

The sum over k and q are over the first Brillouin zone
with the usual convention that k4q is modulus a
reciprocal lattice vector. In Eq. (A4) the Fermi factors
Jre are unity for e, less than the Fermi energy ¢; and
vanish otherwise and Ot is a positive infinitesimal. The
matrix £o®(w) is diagonal in the Bloch representation;

1
[P @) o == L R R0 (@) e 2
N RiR;

(AS)

=0qq'Tq(w).

In the Bloch representation
LU= UM (@)) " Jog=b4q/[1—UTq(w)], (A6)

and the transverse susceptibility [for the unperturbed
ferromagnet this is equal to K(w)] o(w) is

[520(0’)]%': 84 (Ty/(1—=UTy)).
The local transverse susceptibility is obtained by trans-
forming to the Wannier representation with the result
that

(A7)

1
= iq- (Ri~Rj) . A8
Do) Jy= 2 e 1-UT, 49

2. Local Reduced Longitudinal Susceptibility

We use Eqgs. (73) and (74) to calculate g0,V (w) for
the unperturbed ferromagnet with the result that

1
[Ros P (@) Jij=— 20 e’ RimRIT (), (A9)
N «



182

Wlth
I ko'(w> - } : f f

E €gtqo— €xo—w—107

(A10)

Next we construct the matrix B~(w) defined by Eq.
(76) and find

[B()vv_l(w):qu' = 5qq’/[1_ U2I‘qv(w)rq5(‘d)] (All)
and

[Boai_l(w)]qq’
= qu'UI‘q,(w)/[l— UTqo(w)Tqa(w)]. (A12)

For the case of the unperturbed ferromagnet the
longitudinal susceptibility is given by

Rox(@) =£[Rot @ (@)+Rot @ (@) ], (A13)

since Ko, (w) is equal to Ros(w). Equation (82) may be
employed to obtain

[)A(o.: (w)]qq' = [920«(2) (w)]qq’
s { Tyo(w)(1+UTgs(w))
T 1= U2 o () Ty (@)

} . (A19)

The reduced longitudinal susceptibility in this repre-
sentation is therefore given by

[QOz(w)]qq’
a1 {th(w)—l—I’q¢(w)+2UI'q1(w)I‘q¢(w)
e 1— 0Tt ()T ()

} . (A1D)

In the Wannier representation, the elements of the
local reduced longitudinal susceptibility are determined
by

1
DZoz(w)]if:;V“ 2 e RR R (w) Jog.  (A16)

3. Unperturbed Spin Waves

The spin-wave spectrum of the unperturbed ferro-
magnet is determined by the poles of the transverse
susceptibility. The spectrum is found from the equation

UT4(wg)=1.

Equation (A17) also determines the spectrum for the
Stoner excitations. In the limit of a large system the
sum over the k in Eq. (A4) is replaced by the integral

1 St — frtqt
)= [t
Vs €ipqb — €xt —w1-30T

(A18)
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where Vp is the volume of the Brillouin zone. In this
limit, the discrete poles of £(w) associated with the
Stoner excitations are replaced by a density of states.
The function I'q(w) is then a complex function. The
spin-wave energy is determined by the equation

1— U Re[Ty(wq) . (A19)

The imaginary part of I'q(w) determines the spin-wave
relaxation time for decay into Stoner excitations. It is
easily verified that the imaginary part of I'y(w) vanishes
for small q so that in the RPA long-wavelength spin
waves are undamped. The character of the long-
wavelength spin wave may be established by expanding
T'y(w). If the spin-wave energy is small compared to the
Coulomb integral U then

1 = /—1\"
Re[Ty(w)]= Vol EO (’;‘) /dk(fkT — fitat)
X (exrq—ex—w)™, (A20)
where A is the band splitting energy
A=U(m—mny). (A21)

Consider the case of a parabolic energy band with
= (h%/2m*)k?, (A22)

where m* is the effective electron mass for the band.
From Egs. (A19) and (A20) we find to order ¢* that

1=U Re[Tq(w)]=1/A{(#*/2m.)¢*—w}+0(¢*), (A23)
where the effective spin wave mass is given by!®
m*/me= {1+ —$(e;/A)(1— )}/ (1—5%).
In Eq. (A24) we have introduced 8 defined by
B=1—A/e;, (A25)

and have assumed that A<es. In the case that A2 ey,
m*/ms=%. Thus, in the long-wavelength limit for the
parabolic band the spin-wave energy is given by

we=(2/2ms)q". (A26)

The imaginary part of I'q(w) may also be calculated
but will not be given here. We mention here only that
there is a critical value for ¢, above which decay into
Stoner excitations can occur.

(A24)
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