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The presence of an impurity spin in a Heisenberg ferromagnet can give rise to localized modes whose
energies may lie above or within the spin-wave band, depending upon the magnitude of the impurity spin
and its coupling to the host. We have calculated the eigenvalues of the p-like modes for a one-dimensional
chain and a simple cubic lattice when two such impurities are present. In the case where the single-impurity
mode lies outside the spin-wave band, we find two modes symmetrically located with respect to this original
mode. This mode splitting defines an effective impurity-impurity interaction. We find that this interaction
can be quite large when the modes lie close to the spin-wave band. When the single-impurity mode lies
within the band, it is characterized by a redistribution of the density of states. We have also investigated this
redistribution for the case of two impurities. It is found that these results are considerably different from
those obtained by a spin-wave scattering approach. This difference illustrates the importance of the contri-

bution of bound states to indirect coupling.

I. INTRODUCTION

HE localized modes associated with impurities in

crystals have been the object of many recent in-
vestigations. For example, localized excitons have been
found to play an important role in the fluorescence of
optically active materials. Similarly, localized phonons
are a useful probe for studying lattice dynamics. In
this paper we shall be concerned with spin impurities
in a magnetic host and their associated localized modes.
Although this problem has had a long history of study
within the framework of molecular-field theory, the
first exact treatment of localized magnon modes at zero
temperature was made by Wolfram and Callaway.!
Using Green’s-functions techniques they considered
the conditions for the existence of the localized modes
of a ferromagnetically coupled impurity in a ferro-
magnetic host. Ishii, Kanamori, and Nakamura? used
spin-wave techniques to investigate the modes asso-
ciated with an antiferromagnetically coupled impurity
in a ferromagnet. This case has also been investigated
recently by Wang and Callen.? The case of a spin
impurity in an antiferromagnetic host has been exam-
ined by Tonegawa and Kanamori# All these results
were obtained for zero temperature. The thermo-
dynamic properties of such impurity modes have been
studied by Hone, Callen, and Walker.?

In all these calculations the interactions between
impurities were neglected. At first, this might appear
reasonable if the concentration is not large. However, it
is known that nuclear spins in ferro and antiferro-
magnetic hosts are coupled by the virtual exchange of

* Supported by the Advanced Research Projects Agency
through the Center for Materials Research at Stanford University
Stanford, Calif.

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

2H. Ishii, J. Kanamori, and T. Nakamura, Progr. Theoret.
Phys. (Kyoto) 33, 795 (1965).

3Y. Wang and H. Callen, Phys. Rev. 160, 358 (1967).

4T. Tonegawa and J. Kanamori, Phys. Letters 21, 130 (1966).

®D. Hone, H, Callen, and L. Walker, Phys. Rev. 144, 283

(1966).
167

spin waves.®7 This so-called Suhl-Nakamura interaction
is predicted to extend over many lattice spacings. The
purpose of this present paper is to investigate whether
such coupling might exist between localized magnon
modes.

In order to resolve this question, we have considered
the problem of two impurities in a linear chain and in a
simple cubic lattice. We used the Green’s-function
approach of Wolfram and Callaway, which is reviewed
in Sec. II, with application to a single impurity in a
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linear chain, as shown schematically in Fig. 1. In
Sec. III we add a second impurity and determine how
the single-impurity states are split. This splitting is
taken as a measure of the effective impurity-impurity
coupling. In particular, consider two spins S; and
S; (] S:|=]|S:|=.S). In the presence of an external
field H, and the absence of any coupling between the
spins, the first excited state of the pair is twofold
degenerate, with an energy gugH. If a coupling of the
form J$S;-S; is introduced, this first excited state splits
by an amount 2J.S. Thus, the localized-mode splitting
divided by twice the magnitude of the impurity spin
gives the effective coupling J. We find that when the
local modes lie outside the spin-wave continuum, their
interaction depends upon the overlap of the localized
mode wave functions. Thus, if the modes have energies
far above the spin-wave band and are very localized,
the interaction is very small. On the other hand, if the
modes are close to the spin-wave band, their interaction
will be appreciable. In Sec. IV these results are com-

6 T, Nakamura, Progr. Theoret. Phys. (Kyoto) 20, 542 (1958).
7H. Suhl, J. Phys Radium 20, 333 (1959).
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pared with those obtained from a perturbation calcula-
tion. We find that when the impurity is sufficiently
different from the host to produce a local mode, the
neglect of bound states in the perturbation approach
can lead to considerably different results. In Sec. V we
present computer results for the simple cubic lattice.
These are qualitatively the same results as those of the
linear chain. However, the linear chain has the advan-
tage that the results may be expressed in a relatively
simple analytic form.

II. EIGENVALUES FOR ONE IMPURITY

In the absence of an impurity the isotropic exchange
Hamiltonian for a linear chain of spins is

Ho = ""]‘Z Z Sn' Sn+5.

n §=41

(1)

Let us consider the eigenstates of this Hamiltonian
when one spin deviation is present in the system. For
this purpose let us introduce a complete set of ortho-
normal single-spin deviation states

0
0
)

| n)= 1 .

0

0
In this basis the matrix elements of 3C are
(n|3C | m)y=[—2JNS*+4JS]A(n, m)

—27S D A(n, m+8). (3)

§=x%1

Let | k) be a single-spin-flip eigenstate of 3Co; then
%o | ky=Eo(k) | k). (4)

Expanding | k) in terms of the single-spin deviation
states, and multiplying by (n| gives a system of NV
homogeneous equations of the form

[—2/NS* 447 S—Eo(k) J(n | k)
—2JS 2 (n+8| k)=0. (5)

S==%1

Assuming periodic boundary conditions these equations
have the solution

(n| k)y=(1/v/'N) exp(ikna), (6)
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where @ is the distance between spins and % is equal to
some integer times 27/Na. It is customary to choose the
N values from —(w/Na)(N—2) up to +w/a. The
corresponding eigenvalue is

Ey(k) =—2JNS?*+4JS(1—coska)

=FEy(w/2a) —4J S cos(ka), (7)

which is the familiar spin-wave dispersion relation.
Now let us replace the spin at / by an impurity spin
S’, which has an exchange coupling J’ with its host
neighbors. The Hamiltonian then becomes
30=3Co+3C, €]

where
3, =2(JS;—J'S/)+ D Sus.

=41

)

The matrix elements of 3¢; in the basis of single-spin
deviation states are

(n |3 | m)y=—4JS%A(n, m)+4J SeA(l, m) A(n, m)

+27Sp D A(I+6, m) A(n, m) —2J Sy
8
X 2 [A(+8, m) AL, m)+A(L, n) A48, m) ], (10)
)

where

p=(J'S"—JS) /TS, e=(J'—J)/J,

and

v=("/7)(S'/S)H—1. (11)

Let us redefine 3¢, and 3¢; by incorporating the first
term in (n | 3¢, | m) above into (% |3Co | m). This now
means that Ey(w/2a) = —2NJS*+4-475—4S5(J'S'—J.S).
Then (x| 3¢; | m) is an N by N matrix, all the elements
of which are zero except for a 3 by 3 submatrix centered
at l. Since all the sites are equivalent we may choose
I=2. Then (n | 3¢ | m) has the form

[ o=y 0}
—y 2 —v1i0
(n|3C | m)y=27S (12)
0 —v o
0 0

Let | ¥) be the eigenstate of the system in the presence
of the impurity. This may be expanded in single-spin
deviation states,

¥

(13)

W= wlwin=| elv

(N ¥)



482
Thus the Schrodinger equation is the matrix equation

(5Cot3C) | ¥)=E|¥), (14)
or

[I_ (E—SCo)—IC‘Cl] l \I,>=O)

where I is the N by N unit matrix. We shall find it

(15)
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convenient to introduce the Green’s-function matrix

G=2JS(E—3Co)™. (16)
The eigenvalue equation then becomes
[I—(275)7'G3e ] | ¥)=0. (17)

Because of the form of 3C; the matrix product Gic;
has elements only in its first three columns, in particular

1—pGut+vGr2 vGu—2eGre+vGis YGi2—pGis
—pGa+vGr 147G —2eGo+vGezs  vGo—pGas 0
—pGaut+vGr  YGn—2eGutvGan 14+-vGe—pGss
1—(27.8)-'Ge,= - _ - o .38)
. ' 1
—0Gu+vGrr  YGu1—26Gna+vGrs  VYGn2—pGas

This means that the first three components of | ¥),
corresponding to the impurity and its nearest neighbors,
may be solved for independent of the others. These
other components are then easily found from the re-
maining equations. Thus our problem reduces to the
3%X3 matrix equation

[I—(275)'G3e,] | ¥)=0, (19)
where I, G, and 3C; are now 3X3 matrices and | ¢) is
constructed from the first three components of | ¥).

The matrix elements of G are
Gun=2JS{n | 1/E—3Cy | m). (20)
Expanding the spin-deviation states in terms of the
eigenfunctions of 3Co the matrix elements become
G _2JS  explik(n—m)a]
"N 5 E—Ef(k)
Notice that Gu» depends only upon |#n—m |. Thus

there are only three different matrix elements of G in
this part of our problem,

G G Gy

(21)

G=| G G G (22)

G G Go

The general matrix element G, may be evaluated by
converting the sum over % into an integral,

c _2JSNe f”/“ exp(ikna)dk
"N 21J_pe E—Eo(/2a)+4J S cos(ka) +i4T Se
(23)
Introducing
E—Ey(r/2
g =L Lo(r/20) (24)
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this integral may be evaluated by the method of residues
and gives [(e8—1)12—g]r
2(g2—1)12

Notice that for §>1 the Green’s function is real, while
it becomes complex when §<1.

As in all problems involving clusters of ions it is
convenient to work on a basis which is characterized
by an irreducible representation of the point group.
This is equivalent to transforming G and 3C by a unitary
transformation which diagonalizes some symmetry
operator of the point group. For example, the inter-
change of particles 1 and 3 is a symmetry operation of
the system and has the representation

Ga(8) = (25)

0 01
010 (26)
1 01
A unitary transformation which diagonalizes this matrix
s 01 0
U=| %2 0 32 27
w2 0 —32
The new states are
2w
Ulgy=| 22(Q[¥)+3[¥)) (28)

M2({1[¥)—@3|¥))

Because of their symmetrical form, the first two new
modes are referred to as being s-like modes while the
third is a p-like mode.
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The transformed Green’s function and Hamiltonian lead to the determinantal equation

1—2eGo+2vGy
\[Z(VGO—' 2¢G1+7Ge)

0 0

As we see, the p-like mode is relatively simple, depend-
ing only upon the parameter p. As a result of this
simplicity we shall find that we can obtain analytic
expressions for the eigenvalues and eigenfunctions of
this mode. For this reason we shall specialize our dis-
cussion to this mode, arguing later that the results
obtained apply generally to the other modes as well.
The eigenvalue is given by

Dp= I—p(Go—Gz) =0. (30)
Using the results for Go and G obtained from the
general relation for G, this eigenvalue for §>1 becomes

1—[p/2(82—1)12][1—((&2—1)2—€)*]=0, (31)
which leads to
&= (p*+1)/2p.

The behavior of this p-like mode is shown in Fig. 2.
As p becomes large, the eigenvalue of this mode becomes
p/2. Thus, its energy is

E=Fy(r/2a)+27 Sp
=[—2NJS2—4S(J'S'—TS) J+4IS+2(J' S’ —TS).
(33)

(32)

The part in the square bracket is just the ground-state
energy of the impurity system while the remaining
part is the Ising energy required to create a spin devia-
tion on a host spin which is a neighbor of the impurity.
Thus, as the local modes move away from the spin-wave
band, their frequencies approach an Ising limit.
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F16. 2. Frequency of p-like local mode in a linear chain.
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0
0 —D,D,=0. (29)
1—p(Go—Gy)

The eigenfunction of this p-like mode may be ob-
tained exactly. For this mode we have

=p(—1/p)".

Gn
p*—1

(34)

From the first three of our N homogeneous equations
we obtain
2|¥)=0
and
@lo)y=—(@1]|w).

Therefore, the nth equation gives for #>3
(1| ) =p(Gro1—Gas) (1| W) =p*(—1/p)"(1 | ¥).
(35)

Finally, (1| ¥) is obtained by the condition that the
total spin deviation be one, i.e., that the function be
normalized. This condition gives

21<1I\I/>P+21§l<n1\1'>l2

—[ 14t sz/: (—1/0)»]] (1] %) P=1, (36)

and therefore

p—1 1/2
) lz{zw—l/(pzv—@]} :

As p goes to zero this approaches 1/4/N. In the limit
of large NV it becomes

| A1) |=(1/p)[5(p2—1) Jv2.

Choosing (1 | ¥) as positive we have

B ¥)=—(1/p)[%(p*—1)

37)

(38)
and

n | O)y=[3(—DT"*(=1/p)"?  »n>3.

The resulting wave functions are shown in Fig. 3. The
origin of the term “p-like” mode is now evident. Since
| (| ¥) |2 is the probability of finding the spin deviation
at site # we see that as the mode moves away from
the spin-wave band it becomes more localized.

Notice that the eigenvalue (32) is defined for all
values of p. However, for p<1 the solution does not
correspond to a localized mode. To see this let us con-
sider the eigenvalue condition in its original form in-
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Fic. 3. Wave functions of p-like mode in a linear chain.

volving sums over k. This becomes
la 1—cos(2ka) N

= 39
k=tn/Nain|Na,-» &Fcos(ka) p (39)

The left-hand and right-hand sides of this equation are
plotted schematically in Fig. 4. The solutions correspond
to the intersections of these two functions. We see that
when p is large there is always a solution at point 4
with 8> 1. As p decreases the horizontal line N/p moves
upward, eventually intersecting at &=1 (point B).
The value of p at which this occurs is obtained by
evaluating the sum on the left-hand side of Eq. (39)
with §=1. This may be accomplished by grouping the
terms for #=#2m/Na with those for k= (N/2—n)2r/Na.
The result is that the sum has the value N. Thus we
find that when p=1 the solution just begins to enter
what was the original unperturbed spin-wave band. At
this point the separation of this solution from the next
solution at B’ becomes comparable to the separation
between the spin-wave states themselves. Therefore,
any formalism employing an integral representation
of the Green’s functions is not capable of distinguishing
local modes from band modes beyond this point. In
order to describe the situation for p<1 we must con-
sider the density of states. The density of states 7(8)
of the perturbed system is related to the Green’s func-
tion G(8) of the perturbed system by

1(8) = — (2/7) ImTrG(&+ie). (40)

R. M. WHITE AND C. M. HOGAN

167

The perturbed Green’s function is defined analogously
to the unperturbed Green’s function, i.e.,

g=2JS(E-3)L (41)
This is related to G by the identity
G=[1-(2JS)7'Gre, I'G
=G+ (278)71Gse,[1— (27 8)71G3C, G, (42)
Taking the trace, we have
TrQ:TrGJrn?mjp Gni(27.5)71(3C) 1m
X[1—(278)7 'G5 Jmp 'Gpn-  (43)
This may be written as®
Trg=TrG+-(1/2D) (d/d8) D, (44)
where
D=|1—(278)7G3e, |. (45)
Therefore, we have
1(8) =m0 (&) — (1/m) Im(d/dg) InD, (46)

where the unperturbed density of states is given by
70(8) = — (2/7) ImTrG(&+1e)

=—(2/m) ImNGo(&-+1e)

=N/m(1—82)12, (47)

The singularities at §==1 are due, of course, to the
one-dimensional nature of our problem. The contribu-

tion of the p mode to the density of states may be
determined explicitly by recognizing that the deter-
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Fi16. 4. Schematic description of local-mode solution.

8Y. Isyumov, Advan. Phys. 14, 569 (1965).
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minant D factors into an s part and a p part, thus

1p=—(1/m) Im(D;'/Dy)
_ImD, ReD,'~ReD, ImD,/

ALReDF@mDy
For €<1, D, becomes
Dp=1—p&+ip(1—82)12, (49)
and therefore
np=p(8—p)/m(1—8)2(1—208+p?).  (50)

This is plotted in Fig. 5 as a function of & for p=4 and
p=%. The unperturbed density of states divided by N
is indicated by the dashed curve. Notice that

p<1

+1
| n@)as=0
-1 o>1.

=-1 (51)
This minus one corresponds to the fact that the localized
mode appearing outside the band does so at the expense
of one mode inside the band. We see that the construc-
tion of the local mode results in a nearly uniform
depletion of states within the band. For p<1 the
perturbation is not strong enough to produce either a
localized mode or a resonant state, but merely causes
a redistribution of the states.

In the three-dimensional case when a mode appears
inside the band it manifests itself as a definite “bump”
in the density of states. Presumably, the one-dimen-
sional nature of our problem is responsible for the
absence of such a bump in this case.

III. EIGENVALUES FOR TWO IMPURITIES

Consider, in addition to the first impurity at site 2, a
second identical impurity at the site »+22>5. Thus
n—1 is the number of intervening host spins. The
perturbed Hamiltonian then becomes

1 2 3 n+1 n+2 n43
o —v O
-y 2 -y
0 —v
30, =2JS
P - 0
-y 2 —v
0 —v p)

(52)
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Fi16. 5. In-band density of states for p-like mode.

The reduced eigenvalue equation in this case becomes

[I—(278)1G3e.] | ¢)=0, (53)
where
(Go G G Go  Gua Gups)
G1 Go e Gy Gn  Gpua
G‘l Gl GO Gﬂ.—2 Gﬂ.—l Gn
G= , (54)
Gn Gn—-l Gﬂ-—2 GO Gl GZ
Gn+1 Gn Gn——l Gl GO Gl
Lwaz Gupn Gn G2 G G
and
( P — 0 L\
—y 2 —v 0
0 —y »p
3 =2JS
p = O
0 —y 2 —v
0 —v p
and
1]¥)
2w
31¥)
)= . (55)
(n—1]%)
(n|¥)
(nt1] W)
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Just as in the case of one impurity we can block-di-
agonalize the eigenvalue matrix by making use of
symmetry operations. Again, the s-like modes are
extremely complicated while the p-like modes are
determined by

D, DD, =0, (56)
where
D,® =1—p{Go—Get[Gat5(Gni2tGu2) 1}, (57)
For §>1 this gives
2(g2—1)1
b ( (58)

T1—[(e—1)r—gpr2e[(—1)—g "

For a given value of p there are two solutions, shown
in Fig. 6 for n=3. The splitting of these two solutions,
A8, is shown in Fig. 7 as a function of #. By comparing
Fig. 7 with Fig. 4 we can see that the coupling between
two localized modes appears to depend upon the overlap
of their wave functions.

If the perturbation for p<1 were strong enough to
produce an identifiable mode within the band, ie., a
bump, then we could proceed in the same way to
find the splitting of such a mode and thereby determine
the interaction between in-band modes. However, the
one-dimensional nature of our problem seems to pre-
clude this possibility.

IV. PERTURBATION THEORY

It is interesting to compare results with those ob-
tained from a spin-wave scattering approach. Consider
impurities from the single-ion point of view. The
longitudinal part of the exchange interaction between
an impurity and the host produces a molecular field,
while the transverse part enables the impurity to emit
or absorb spin waves.

For our one-dimensional chain of V spins, the Hamil-
tonian is given by

3¢ =3Co+3C, (59)
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where
JCo= —-2]N5'2+Z e (ot art%) —4T'(S?) Sy’
%
—47'(S?)Sny2'*  (60)

and

3oy =—2(2S/N)12J" Syt D"y, exp(—ik2a) at
k
+c.c.—2(28/N)V2J" Spya't D i exp[ —ik(n+2) aart
k

+c.c. (61)

Here a; and a;' are the spin-wave annihilation and
creation operators, respectively, and are related to the
spins S, in the usual manner. The spin-wave energy is
e=4JS[1—cos(ka)] and

vi=3% > exp(ikéa).
é=d1

We shall take the thermal average (S?) to be S. Notice
that we are neglecting any effect which the impurity
may have on the original spin-wave spectrum.

We now apply second-order perturbation theory to
obtain an effective interaction between the impurity
spins. Those terms leading to coupling between the
spins are

— 2T ot (So"Sapa TSt Snt27), (62)
where
4S5 cos?(ka) exp(ikna)
Jogf®=— 2 3 63
W=7 FE; St (63)

This anisotropic exchange interaction leads to a split-

0.3
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Fic. 7. Mode splitting as a function of impurity separation.



167

ting of the single-ion levels equal to Jess(s). This
result differs from the Suhl-Nakamura result in two
respects. First of all, since we are dealing with electronic
spins instead of nuclear spins we must retain the impur-
ity spin-flip energy in the denominator. Secondly, there
is the cos?(ka) factor which arises from the fact that the
impurity spin couples to the host via a nearest-neighbor
exchange interaction instead of a contact interaction.

Converting the sum in Jes™ into an integral, the
mode splitting is given in units of 475 as

1 (1492346 [24e—[ 2+ — 1]}
4s [2For—1T" ’

where € is defined as

e=(J'=J)/T=(14+p) (S/S")—1.

This result is plotted as the dashed curve in Fig. 7 as a
function of # for S’=S=% and p=3, 3.5, and 4.

We see that the result obtained from a spin-wave
scattering calculation differs appreciably from the
exact solution. Part of this difference undoubtedly
arises from the fact that our exact results apply to a
p-like localized mode whereas an s-like mode calculation
provides a more appropriate comparison with the
scattering theory. Nevertheless, we feel that our exact
determination of the impurity coupling illustrates that
bound states, which scattering theory neglects, are very
important.

A&

(64)

V. SIMPLE CUBIC LATTICE

An impurity spin in a simple cubic Heisenberg ferro-
magnet gives rise to a 7X7 perturbation matrix. This

4.6—
4.2
£
3.8~
3.4~
3.0
SPIN  WAVE BA:/ /
vV /A i I l ]

5.0 5.5 6.0 6.5 7.0 75 8.0 8.5

_J's'=ys
Js

Fic. 8. Frequency of p-like local mode in a simple cubic lattice.
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F16. 9. The p-like mode splitting for the simple cubic lattice.

factors into two s-like modes, three p-like modes, and
two d-like modes. An analytic representation for the
eigenvalues of any of these modes analogous to Eq. (32)
is not possible since the three-dimensional Green’s
function is an integral over three Bessel functions. The
numerical results for the triply degenerate p-like mode
are shown in Fig. 8. Again we notice that as the mode
moves away from the spin-wave band, its frequency
approaches the Ising result for a spin deviation at a
site adjacent to the impurity.

If we now add a second impurity separated by #»
lattice spacings along, say, the x axis, then the p, mode
splits. This splitting as a function of # is shown by the
solid curves in Fig. 9. We see that the mode splitting
decreases very rapidly as the mode moves away from
the spin-wave band. The dashed curves in Fig. 9 are
the results of a perturbation calculation analogous to
the one-dimensional calculation described in Sec. IV,
Again we see that the neglect of bound states gives
results which differ appreciably from the exact results
as the modes move away from the band.



