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Dynamic Ruderman-Kittel-Kasuya-Yosida indirect interaction

G. M. Genkin*

Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208
~Received 16 August 1996!

We consider the Ruderman-Kittel-Kasuya-Yosida~RKKY ! interaction between two spins, when they are
affected by a frequency-dependent magnetic field. It is shown that the RKKY indirect interaction, i.e., value of
the coupling, its spatial dependence, and the periods of spatial oscillations, in the three-dimensional free-
electron gas for transversal component of the spins depends on the frequency. For the high-frequency range
hv<eF three main uncommensurable periods of oscillationskF , (11&)kF , (&21)kF are found. The
spatial dependence of the coupling for largekFr contains terms proportional tor

21 andr22. The value of the
coupling is of the order (kFr )

2 as much as in the static case. For the frequency rangehv!eF the dynamic
RKKY interaction contains the terms whose values and spatial periods are determined by the frequency of the
magnetic field. It is shown that there is a frequency-dependent anisotropy of the dynamic RKKY interaction.
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The spin polarization of a degenerate electron gas
been used to describe the coupling@the Ruderman-Kittel-
Kasuya-Yosida~RKKY ! indirect interaction# between two
spins in metals. Nowadays such RKKY interactions are
vestigated widely, particularly with the problems
coupling1 in magnetic superlattices.

However, in the well-known RKKY interaction betwee
two spins it is usually supposed that the spins are not
fected by a frequency-dependent magnetic field~static case!.
We will consider the RKKY interaction, when our system
affected by a frequency-dependent magnetic field~dynamic
case!. We suppose that this external field is a circularly p
larized uniform magnetic fieldH1(t) of the frequencyv ~the
dimension of our system is much less than the wavelengt
a high-frequency electromagnetic field!.

The response of a system of localized spins2 to such a
field has a rotational component that is determined by
field H1(t). Let us consider the RKKY interaction betwee
the rotational components of two spinsSj

1 and Si
1. The

RKKY mechanism is produced by a contact potentialV be-
tween the localized spin~position Rj ! and the conduction
electronsel ~position r !. For our componentsV is given by

V52ASj
1sel

2d~r2Rj !, ~1!

whereS65Sx6 iSy .
Each conduction spin therefore experiences3 an effective

field and the Fourier transform of this field
Heff~q,v!52A/(gm)Sj (v). The response of an electron g
to such field is determined by the transversal componen
the dynamic susceptibilityx21~q,v!. Then the induced rota
tional component of the conduction spinsel

2 arises; this com-
ponent is caused by the alternating magnetic fieldHeff . An-
other localized spin in positionRi interacts with the induced
rotational component. As a result, we have the effect
interaction4 to a second approximation inV

HRKKY5J~v,Ri j !Si
1~v!Sj

1~v!, ~2!

where
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J~v,Ri j !52
A2

g2m2V0
(
q

x218 ~q,v!exp~ iqRi j !,

~3!
Ri j5Ri2Rj .

In Eq. ~3!, the real part of the transversal component
the nonuniform dynamic susceptibility of the electron gas2

x218 ~q,v!5
2g2m2

V0
(
k

f k,↑~12 f k1q,↓!

ek1q,↓2ek,↑2hv
,

~4!

ek,s5ek1mH0s,ek5
h2k2

2m
.

For Fermi distribution atT50 we have

x218 ~q,v!5
12mm2g2N

V0

m

h S 1

kF↑
2 1

1

kF↓
2 2g~v1 ,kF↑!

1g~v2 ,kF↓! D , ~5!

where

g~v,kF!5
m2v22h2q2kF

2

hq3kF
3 lnUmv1hqkF

mv2hqkF
U, ~6!

for H050

v65v6
hq2

2m
, ~7!

kF↑ andkF↓ are the Fermi wave vector for spin-up and sp
down electrons, respectively.

It is necessary to note that the frequency dependenc
J(v,r ) is very essential. Moreover, the value of the co
pling, its spatial dependence, and the periods of the sp
oscillations are frequency dependent. Note that the sign
the functionJ(v,r5Ri j ) corresponds to a value of a differ
ence of initial phasesdf between the alternating rotationa
5631 © 1997 The American Physical Society
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componentsSi
1 andSj

1 ~the plus sign ifdf50, the minus
sign if df5p!. The largest value of the coupling is in th
frequency rangehv;eF .

Let us present now the results for two frequency rang5

hv<eF and hv!eF . We obtain the results following the
mathematical scheme~Ref. 6!: the contour of integration in
Eq. ~3! is deformed to go infinitesimally above a cut alon
the realq axis extending fromqi to 2qi in the complexq
plane, where at6qi there are the logarithmic singularities o
the functiong(v,kF). In the dynamic case these function
generate quadratic equations inq and the roots of these equa
tions determine the logarithmic singularity.

We derive results forJ(v,r ), however, the general for
mula is very cumbersome for all valueskFr . Therefore we
present results forkFr@1.

When (eF2hv)/eF!1, we obtain

J~v,r !5
A2Nm

4pV0h
2r S 2$coskFr coser1~A221!

3cos@~11A2!kFr #2~A211!cos@~A221!kFr #%

1
1

kFr
$2 sinkFr coser1~2A221!

3sin@~11A2!kFr #1~2A211!

3sin@~A221!kFr #% D , ~8!

wheree5[(2m)/h] 1/2(eF2hv)1/2.
Note that the static case7 is determined by the static non

uniform paramagnetic susceptibilityxzz~q! of the electron
gas. In contrast to the static case, where there is only
period 2kF for the free-electron gas, in the high-frequen
hv;eF dynamical case the spatial dependence of the RK
interaction has a complicated form and there are three m
uncommensurable periods of oscillation,kF , (11&)kF ,
(&21)kF . The reason is that in the dynamic case quadr
equations are different forg(v1) andg(v2). The rootsqi
of these quadratic equations in the first order ine/kF are
kF6e, (&61)kF . In the static case there are only two roo
qi562kF for the free-electron gas. The spatial depende
is r21 and r22, which are slower than in the static cas
where there is the dependencer23 for the three-dimensiona
free-electron system. If we compare the values of the c
pling for the static case and the dynamic case in this
quency range, we have the same coupling forkFr;1. But
for kFr@1, in the dynamic case the coupling is of the ord
(kFr )

2 as much as in the static case.
Let us consider the rangehv!eF . In this range we have

J~v,r !;
1

r Fcos2kFrr 2
~cosur1ur sinur !

1
4u sinur

r
~122 cos2kFr !

18u2 cosurcos2kFr G , ~9!

whereu5(mv)/(hkF).
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In this frequency range, besides the term that is prop
tional to cos 2kFr /r

3, there are terms which have slow sp
tial dependence,r22 andr21. These terms are determined b
the frequencyv. Although for ur!1 the main term is
cos2kFr /r

3, for ur;1 there are essential oscillations of th
coupling with the period 2kF , which are amplitude modu
lated by an oscillation with the large spatial periodu21.
These oscillations have an amplitude that is also determ
by the frequencyv.

Let us now note that for a static RKKY interaction
coupling is the same for all components~z and'!, therefore
a pairwise spin interaction between two spinsi and j is pro-
portional to cosQ i j . For a dynamic RKKY interaction there
is a different situation. Indeed, by the action of a circula
polarized frequency-dependent magnetic field there is the
tational component of the spins and their pairwise RKK
interactionJ(v,r ), which depends on the frequency of th
magnetic field. However, thez component of the spins is
static and their RKKY interaction is determined by the we
known function7 Jz(r );cos2kFr /r

3 for largekFr . We intro-
duce the anisotropy of the dynamic RKKY interaction

A~v,r !5
J~v,r !2Jz~r !

Jz~r !
. ~10!

The anisotropy of the dynamic RKKY interaction betwe
two spins depends on the frequency of the magnetic field
on the distance between the spins

A~v,r !;~kFr !2S hv

eF
D 2. ~11!

The anisotropyA(v,r ) is not equal to zero if the fre-
quencyvÞ0 and only forv50 the RKKY interaction is
proportional to cosQ i j . The anisotropy increases with th
growth of the frequency and it has a maximum athv;eF .
For large distanceskFr@1 the dynamic RKKY interaction is
very anisotropic withA(eF ,r );(kFr )

2@1.
The dynamic RKKY interaction might be observed in th

neutron magnetic scattering experiment. Let us conside
composite system consisting of two thin ferromagnetic~FM!
layers FM~1! and FM~2! separated by a metallic laye
~trilayer!. A linear-polarized laser beams on the frequencyv
simultaneously imposed to both sides of the trilayer. By
action of a linear-polarized8 light there are excited9 linear-
polarized dynamic components of spinsSix(v) andSjx(v)
on the frequencyv of the FM~1! and FM~2!. And the spin
correlation function between two components of spinsSix
andSjx for trilayers with different thicknesses of a metall
layer ~under conditionkFr.1! can be determined in the
neutron-scattering experiment in the presence of pump
sers.

In conclusion, we have shown that the RKKY indire
interaction for dynamic cases, i.e., the value of the coupli
its spatial dependence, and the periods of spatial oscillati
depends on the frequency of the alternating magnetic fi
This behavior is caused by the frequency-dependent dyna
magnetic susceptibility of an electron, which determines
indirect coupling.
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