identified for the first time. The significance of the ob-
tained results goes beyond the limits of the present pa-
per; the magnetic multipole moments can manifest them-
selves in the interaction of any rare-earth ion with the
ligands and the external fields, and can, consequently,
be observed by the methods of the electron-nuclear dou-
ble resonance and optical and y-ray spectroscopies.
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Spin waves in a medium with nonequilibrium spin
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The small exchange interaction which exists in any material leads, in the presence of nonequilibrium
polarization of the electrons, to the appearance of spin waves with a quadratic dispersion law at small
momenta. The spin waves exist for either sign of the exchange interaction and for any degree of
degeneracy of the electron gas. The Landau damping of these waves is small compared with their

frequency.

PACS numbers: 75.30.Ds

In the discussions of the phenomena that arise during
spin injectionm and optical orientation of spinsm in
semiconductors and metals the exchange interaction has
been disregarded on the grounds that it is small. In this
article we shall show that allowance for the small ex-
change interaction leads to a qualitatively new phenom-
enon—the existence of spin waves in a medium with
spins oriented in a nonequilibrium manner. Moreover,
we shall show that these waves exist for either sign of
the exchange interaction and for any degree of degener-
acy, and that their damping is small compared with their
frequency.

The simplest way to obtain the dispersion law of the
spin waves is to calculate the spin part of the magnetic
susceptibility, just as is done, e.g., in the Stoner mod-
el of ferromagnets (cf., e.g.,'™), and investigate its
poles. In the self-consistent field model the exchange
interaction between the electrons leads to the result that
the energy of particles with a given spin depends on their
distribution function.

For simple parabolic bands,
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£a (k) =k*/2m— 2’ Veexna (K). )

Here, V., is a Fourier component of the potential of the
exchange interaction. In Landau’s Fermi-liquid theory,
Vip is related to the antisymmetric scattering ampli-
tude. For a nondegenerate electron gas the simplest ap-
proximation for the potential V, p» is a screened Coulomb
potential, However, despite the fact that it is possible
to establish the dispersion law at small momenta for any
form of the potential, it has not been possible to calcu-
late the constants, even for the screened Coulomb poten-

tial. Therefore, in the following we take it that
k? I .
w(k) = — — = ’
ea (k) TN A nq(k'). 2)

We observe immediately that the constant I~Ne?/mT
< T for a nondegenerate gas and I~e?N'/3<  in the case
of degeneracy.

Calculating the response to an external magnetic field
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H(r, ) =(HoAill,) e, ®3)

we obtain for the corresponding susceptibility the follow-

ing expression®®):

o . Tag) '
x(o, 9)=2ps T/’ @)
Nxiqr2,3Nk—g/2,4 -
gm—enux,f*’et—l/!.f'*'iﬁ r(e.) ®

Here, ng o is the distribution function of the electrons
for which the z-component of the spin is @, and N is the
total electron concentration.

The dispersion equation for the spin waves is obtained
by equating the denominator of x(w, @) to zero and has
the form

vz Mgzt
NZ o—qv_IR+i5 ' )

where we have used the fact that, to within an unimpor-
tant constant,

k* IR k2 IR
Ek.t—?’;“'—z-, Bk.e=5’;‘- T; (7)
here,
1
R= —N-_g [C— ®)

is the degree of polarization of the electrons, deter-
mined by the pumping. It is convenient to bring the dis-
persion equation to the form

I v

O W A iR ) ©

We notice immediately that the dispersion equation for
waves of the other polarization will differ from (9) only
in the sign of w +#56. This means that the real parts of
the frequencies of waves with opposite polarizations dif-
fer in sign while their imaginary parts coincide.

A. The nondegenerate case

If the electron gas is not degenerate and the energy
relaxation of the nonequilibrium electrons proceeds suf-
ficiently rapidly, the distribution functions 7,(k) are
equilibrium functions and

na (k) =exp{(Ma—ex, o) /T}. (10)

Introducing p,=p+6u/2 and u, = -06u/2, we obtain for
the degree of polarization R the equation

R—th 6p.+IR, (11)
2T
which is, in fact, an equation for 5u for given R. If the
exchange interaction is sufficiently small, so that R =0
when 6u =0 (this is the condition I<2T), the sign of 6
coincides with the sign of R.

Assuming the frequency w to be real and separating
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out the real part of Eq. (9), for w, qvy<<IR we obtain
the dispersion equation

1 1 a
© =IR_‘NZKI (!IV)'(nu—"n)—mg (W)’g;("n"’"kt)‘ (12)

Substituting (10) into (12) and taking (11) into account,
after simple transformations we find

o=-Ll 4 T (3)
m IR 2mR
Since, usually, 7> IR, we have
o~—qg*T/mIR, (13a)

i.e., the sign of the frequency is determined by the sign
of IR, For a ferromagnetic interaction (/>0), w<0.

For comparison we give the results for the dispersion
law of the spin waves in a ferromagnetic metal:

o=¢*I*R/64my’. (14)

It can be seen from (13a) and (14) that in the nonequilib-
rium case the effective mass of the spin waves is pro-
portional to the degree of polarization and to the magni-
tude of the exchange interaction, whereas in equilibrium
it is inversely proportional to the polarization and to the
square of the exchange-interaction energy. In the treat-
ment of the degenerate case below we shall return to a
qualitative discussion of this fact.

We shall calculate the collisionless damping of the
spin waves. Taking the imaginary part of (12) we obtain
I
Im o=—n TV—ZI qv8 (0—IR—qV) {nxyas24—Nk—q/a.t}- (15)

Using (10) and performing simple calculations, we find
that, for arbitrary q and w <7,

Imo=

(m IR)sh——-e Xp

{ n—¢*/8m m(w—IR)?*
‘Z.nq 2r

T 2¢T } (16)
As we have already said, sign du =sign R, and, there-
fore, sign Imw=-1, i.e., the spin waves are damped.
In the region of small ¢ their damping is exponentially
small, and, therefore, the spin waves behave like sharp-
ly defined quasi-particles. Of course, there is always
the damping due to spin relaxation and characterized by
a time 7, and the collision damping, which, for gl>>1,
is small compared with the collisionless damping.

B. Degenerate statistics

The study of the behavior of the spin waves in the case
of degeneracy is of special interest for metals, in which
practically the only method of producing nonequilibrium
orientation of the spins is spin injection. In the degen-
erate case it is easy to convince oneself that the connec-
tion between R and 6 is determined by the relation

Su+IR 1 ON 3 Su+iR

Rm——— =
2 Nop 4

(17)
The condition for the appearance of spontaneous magne-
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tization (the Stoner criterion) is

10w

2 Nop
We assume that I <2 N9 /9N, and so the sign of R coin-
cides with the sign of 5p.

For g <pp the dispersion equation can be represented
in the form

an,
0=— 2 —qv—IR+ 5 OutR+qn) =2 (18)
or
dan,
°= —(GWHD) 2 qv—IR+t6 Be (18a)

Equation (18a) can be analyzed in general form without

using the assumption of small gvg <IR and w <IR, As-

suming w to be real, we obtain after simple transforma-

tions the following dispersion equation:
qur O

qur=(IR—0)th—

IR pto (19)

It follows from (19) that, since sign 6u =sign R, there
are only two nontrivial cases: I>0 and I<0 for R>0.
It is obvious that we need not analyze the cases with R
<0, since, like the wave of the opposite polarization,
they differ only in the sign of the frequency.

In the case of a ferromagnetic interaction (I>0), Eq.
(19) has a solution only when w<0, as in the nondegen-
erate case, In fact, for w>0 the derivative of the right-
hand side with respect to ¢ is always smaller than or
equal to vg.

The spin-wave spectrum terminates at w; == 6u, which
corresponds to

qi=(IR+6p)/ve="/\Rps<ps. (20)
For small values of ¢ the dispersion law is quadratic:

o=—(qur)*/3IR. (21)

The w(q) dependence is given in this case in Fig. 1.
The fact that the frequency has the opposite sign to that

IR-gu.

FIG. 1. Spin-wave dispersion law for a ferromagnetic ex-
change interaction I >0.
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FIG. 2. Spin-wave dispersion
law for an antiferromagnetic
¢ exchange interaction I<0.

IR)

N

in the case of the equilibrium ferromagnet is connected
with the following circumstance. In equilibrium, the
loss in kinetic energy of the electrons with the onset of
spontaneous polarization is compensated by the large
gain in exchange energy, and, therefore, a spin flip
(which corresponds to the appearance of a spin wave) is
associated with the expenditure of energy. In the non-
equilibrium case, the loss in kinetic energy is not com-
pensated by the gain in exchange energy, because of the
small magnitude of the latter. Therefore, the excita-
tion of spin waves is energetically favorable, and their
frequency has the opposite sign. The same arguments
are also valid in the case of nondegenerate statistics,
but in this case the entropic contribution TAS appears
in the role of the kinetic energy.

For an antiferromagnetic interaction (I<0) the dis-
persion equation (19) is conveniently represented in the
form

qur_ Sp

=(lIIR+ .
avr=(l TR IIIR tpto

(22)

It follows from (22) that a solution exists for w >0 and
for w<-56p, if 6u>1IIR. However, as we shall see be-
low, the oscillations with w<=56p turn out to be strongly
damped, and we shall not consider them. The solutions
with w >0 also only exist when 6u>II|R, Because of
(17), this condition is always fulfilled, since

Su=("sp+|I|)R>|I|R. (23)
For w> 6, from (22) we have, using (23),
—=th (145, 24)
3 11

where w=w/q. Thus, the spectrum coincides with the
spin-wave spectrum in a normal metal."® But if 0 <3y,
then

o={(quvr)*/3IR. (25)

A plot of w(q) for this case is presented in Fig. 2.

In the presence of pumping of the spins there is a
sharp change in the spin-wave spectrum in the region of
small wave vectors, i.e., in precisely the region in
which experiments to detect spin waves in normal metals
have been carried out.™!

A. G. Aronov 303



We now calculate the damping of the spin waves. It is
obvious that, at T'=0, so long as the frequency satisfies
the condition -qvp<w «IR<qvg, the waves are undamped.
It can be seen from analysis of Eqs. (19) and (22) that
the frequencies of the waves investigated satisfy this
condition, and, therefore, the waves are undamped. At
finite temperatures damping appears:

n N 1 duto m(o—qur)*
= = 0D (0—IR)I {——__— , 2
Imo 4 du N qus (@ Yo 2¢* p.} 26)

where ny(x) is the Fermi function. Using (19), we can
convince ourselves that Imw <0 for all the oscillations
considered.

We shall now discuss why, despite the inverted spin
populations, the spin waves are damped. The point is
that the exchange interaction conserves the total spin.
Therefore, it cannot itself lead to the creation of waves.
The Landau damping is loss of kinetic energy of a wave
to kinetic energy of random motion of the individual
particles, with conservation of the moment. Thus, after
the disappearnce of a wave all that remains is the flipped
spin of one electron. Of course, other interactions,
e.g., interaction with a phonon via spin spin-orbit cou-
pling, will lead to the creation of spin waves and to the

generation of these phonons. If further damping mech-
anisms were absent we would have a laser situation,
However, the usual mechanisms of damping of phonons
are much stronger than the amplification associated with
the creation of spin waves, and, therefore, a state with
nonequilibrium orientation of the spins is stable.

I wish to express my gratitude to M. I. D’yakonov,
V. L. Perel’, G. E. Pikus and E. F. Shender for inter-
esting discussions.
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Bound states of fast electrons axially channeled in the

single crystals
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A model of bound states of channeled fast electrons in crystals is developed. The case of axial channeling
of particles with E =0.5-15 MeV along the principal crystallographic directions of silicon is considered
in detail. The essential role of the high-lying states in anomalous passage through the crystals is
demonstrated. A criterion is determined for separating deep-lying electronic states that determine the
orientation dependence of the anomalous strong elastic scattering by atomic chains. It is shown that the
deep-lying states are transformed into strongly absorbed states when the electron energy is increased. The
quantitative data are used to discuss the angular distributions obtained by electron diffraction with an
ESG-2.5 MeV accelerator. The bound-state model is used to explain the orientation dependences of the
anomalous Rutherford scattering of electrons in single crystals. The orientational passage of relativistic
electrons through thin crystals is also discussed. The energy dependence of the formation of bound states
and the influence of neighboring atomic chains on the electron motion are considered. The possibility of
realizing bound states of the molecular type in single crystals is discussed.

PACS numbers: 61.80.Mk

Under certain conditions of the passage of charged
particles through single crystals, the correlation in the
scattering of periodically disposed atoms becomes ap-
preciable, thereby changing the character of the elastic
and inelastic collision processes. New phenomena such
as channeling and blocking of fast heavy positively
charged particles and the ensuing secondary orienta-
tional effects have been investigated in sufficient detail
arid have found practical applications.’=*! To some de-

304 Sov. Phys. JETP 46(2), Aug. 1977

0038-5646/77/4602-0304$02.40

gree of approximation, the principal regularities and
physical premises developed for the case of heavy
charged particles can be extended to orientational ef-
fects that take place when fast electrons and positrons
pass through single crystals,”**! However, many fea-
tures, such as the small particle mass, the effects of
positron annihilation, or the negative sign of the elec-
tron charge, call for an independent study of the orien-
tational phenomena involving electrons and positrons.
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