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Abstract

A magnetic plasmon (MP) is an acoustic mode of the degenerate electron gas
which exhibits spin modulation but not charge modulation. It is driven by the ex-
change interaction. Its energy lies within the continuum of one particle excitations.
Here we estimate the life-time of the MP and its cross section for the inelastic scat-
tering of spin polarized neutrons. We conclude that its detection might be feasible

in simple metals with large electron densities such as Aluminum.
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INTRODUCTION

When a degenerate electron gas is considered as a two-component plasma, one with
spin-up and the other with spin-down electrons, it exhibits two collective excitation modes.
One of them is the well known optical plasmon, whose frequency in the long wave-length
limit is given by w, = (47e?N/m)'/?, where ¢ and m are the charge and mass of the elec-
trons and N the total electron density. The other mode is an acoustical excitation.! While
the optical plasmon? describes a charge modulation, the acoustical plasmon describes a
neutral magnetic modulation where the charge modulation of the up and down-spin gases
compesate each other. Thus, it was called magnetic plasmon (MP) in Ref. 1 (hereafter
referred to as (I)). For a one-dimensional electron gas these two types of modes describe
the complete spectrum of excitations; this is not the case in three dimensions®, where
single particle excitations are also possible.

Acoustic plasmons are modes common to multicomponent degenerate Fermi
systems.*® For example, they were observed in photoexcited electron-hole plasmas in
GGaAs®. Their existence in MOS structures as a result of carriers in different subbands
was theorestically studied with application to GaAs.” Acoustic plasmons in two® and
one”!® dimensional systems have also been discussed. We want to emphasize that the
MP here considered is entirely different in nature from those just mentioned, as it results
from plasma components of two spin states and not on the existence of particles with
different effective masses or belonging to different subbands.

The energy dispersion of the optical and magnetic plasmons are shown in Fig. 1,
together with the one particle excitation spectrum, in the case of non-magnetic electron
gas. Since the frequency of the MP lies within the continuous spectrum of individual
particle excitations, no further attention was given to this mode. It was believed to be
quickly Landau damped, as was explicitly stated in Ref. 1. Nonetheless, it is clear from
the hydrodynamic treatment of the electron liquid that the optical plasmons alone cannot
give a complete description of the collective modes of this system. The transformation to
collective modes requires also the magnetic plasmons for the description of electrons with

spin. To the best of our knowledge the existence of these modes was no more discussed
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in the literature, most probably due to the belief that they are overdamped. In closer
scrutinizing the problem, however, we became aware that the MP is only driven by the
exchange interaction which, in some cases, could be weak enough to allow the realization
of the MP. We thus decided to evaluate the life time of the MP using the simplest, albeit
widely used, model of replacing the exchange interaction by an adequately parameterized
effective local potential.

In this work two basic points are discussed. First, it is shown that within traditionally
accepted approximations for the exchange interaction the concept of MP is meaningful in
the sense that its life-time is larger than its reciprocal frequency. Secondly, since the MP
is an electrically neutral excitation possessing magnetic modulation it could be excited
by polarized neutrons through the magnetic dipole-dipole interaction. The corresponding

cross section is calculated.

LANDAU DAMPING OF THE MAGNETIC PLASMON

The life-time of the magnetic plasmon is limited mainly by its interaction with the
individual particle excitations (conduction electrons) since its energy dispersion falls en-
tirely within the one-particle spectrum (Fig. 1). The interaction of magnetic plasmons
with conduction electrons is, however, weaker than that of optical plasmons since only
the spin dependent exchange coupling can act.

For simplicity we consider the case of a non-magnetic metal, although the following
treatment can be extended to a magnetized electron gas as well.

The decay rate of a magnetic plasmon of wave vector q, in the first Born approxima-
tion, is given by

g = (27/h)[Mg[*I(q) (1)

where

) = G [ BB = J(Biy ) Ficrq = Fie = 16) (2

is an integral over the available phase space. f(F) is the Fermi distribution function and
Fx = (hk)?*/(2m) the conduction electron energy dispersion. A normalization volume

V =1 is used. The factor two in front comes from the contribution of the two spin states
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of the electron. The dispersion of the acoustical magnetic plasmon is given by Qg = voq,

with!! 1/2
2 1/3
oo = o (1 _ M) 3)

mu?
where v = (3/5)Y%(hkp/m), kr = (372N)'/? and the constant G = (6/7)"/° = 1.24 is a
parameter of the exchange interaction.'* The integral in (2) is straighforward; we obtain

m2v0

Ha)= 555 for  q/(2kp) <048 (4)

My is the matrix element for the scattering of an electron by the magnetic plasmon.
It does not depend on k as a consequence of the local approximation of the exchange
interaction by an effective potential. As a result Mq and I(q) are decoupled. This matrix

element is here calculated using the electron-plasmon interaction Hamiltonian H., derived

in [:

4re? Gle?
Hep = Z Cl;;_kﬂap,cr ( 12 (pk,T + Pk,l) - 3N2/3Pk,0) (5)
pk.o o
Here ai'; and ap are the creation and annihilation electron operators and pq,, are density

fluctuation operators which are given in terms of creation and annihilation plasmon op-
erators in Eq. (28) of I. N, is the density of electrons with spin o. In the case of a non

magnetic metal considered here N, = N/2. We obtain

h? Ge2(zv/2)1/3) :

Mq|? =
i (6

The concept of magnetic plasmon is meanigful if the quantity P = (7q€0q) ™" is consid-

erably smaller than one. From Egs. (1), (3) and (4) we obtain, with Er = (hkg)?/(2m),

gyr (GeQ(Z\;/Z)l/?’)Q (1 - Ge2(zv/22)1/3)‘”2 |

P= (7)

muv

Values of P, vy and kp for several metals are given in Table I. For values of
kr < 1.1 A™' the MP cannot exist, its velocity vy, given by Eq. (3), becomes imagi-
nary. P is independent of ¢ within the range ¢/kr < 0.96 and goes approximately like

kR
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INELASTIC CROSS SECTION FOR THE SCATTERING OF SPIN PO-
LARIZED NEUTRONS BY MAGNETIC PLASMONS

13,14 vields the following formula for the

The general formalism for neutron diffraction
inelastic scatering cross section of a neutron with creation of a magnetic plasmon of

momentum q:

d*c P ( M,

- 2rh?

2
£ 1ot 2 B
d0dE ~ p ) | <P’ s ali[p, " 8(Bp — Epr — 12 (8)

Here M, is the neutron mass, p and s, are the momentum and z-spin component of
the neutron in the initial state and p’ and s/, the corresponding values in the final state.
q = p — p’ is the momentum of the created magnetic plasmon. Ep, is the neutron energy.
The Hamiltonian H describes the dipole-dipole magnetic interaction between the neutron

and the magnetic plasmon:

H= /d3R UH(R)H,(R)U(R) (9)
where
U(R) = cpoe®Fs.) (10)

is the neutron field operator with ¢ ;. the neutron annihilation operator, R the neutron

position coordinate and |s,) and eigenstate of the neutron spin operator ..
H,(R) = —/d3r i.1(r)Bs(r — R) (11)
where
fipl(r) = gepsp(r)z (12)

is the density of magnetic moment of the MP, z is a unit vector in the z-direction, g, is

the electron gyromagnetic factor, ug the Bohr magneton and

p(r) = (pa1 — pa1)ed” (13)
q
is the MP spin density at the site r.

Bs(r — R) = curly (%) (14)
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is the magnetic field operator.!* It corresponds to the magnetic moment operator of the

neutron at position R:
" M, c

which acts at site r through the dipole-dipole interaction. Here ¢, = —1.91 is the neutron

S (15)

g-factor, ¢ the velocity of light and S the neutron spin operator.

Replacing Eqs. (12) and (13) into Eq. (11), we are left with a Fourier transform of
Bs(r — R) which can be carried out analytically. Finally, the integral in the space R
in Eq. (9) leads to a delta function of momentum conservation, namely é(p — p’ — q).
The integrals can be performed easily because Eq. (9) is clearly a Fourier transform of a
convolution. We thus obtain

H=C Z C;)r—q,s; ps-(Pat — Pq1)G(S, q) (16)

!
Sz,8,

p.a

where C' = 2xh*e?g.g, /(mM,c?) and

z.9)(S.q)

G(S,q)=S.z — ( o2 . (17)

It is convenient to introduce the spin operators S* = S, £S5, and the variables ¢ =
¢ £ 1q,. Thus,
¢ (ST +S7¢"

Let us consider the case of incoming neutrons with spin polarized along the +z-

+ quz) : (18)

direction (up-spin). We then have

1 2\’
W= f e R - 1 (1- ) (19
for scattering without spin-flip, and
- 21 q: 2 2
Wo(=1/21G(S,q)l1/2)]" = 7 q—4(q — ) (20)

for scattering with neutron spin-flip. The inelastic cross section then becomes

d*o*  p'N(hqgegaro)® s
= — S(E—E' —hQ). 21
dQdE’ 2pmh W=s( ) (21)
Here ro = e*/(mc?) is the classical radius of the electron and the indices + refer to

scattering with and without neutron spin-flip. £ and £’ are the initial and final neutron
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energies respectively. In view of the finite life-time of the magnetic plasmon, it is more

appropriate to replace the delta function in Eq. (21) by the lorentzian distribution'®

T/

1+ (E+ B — hQq)?r?

(22)

CONCLUSIONS

Within the hydrodynamic approximation, the degenerate electron gas considered as
a two component plasma, constituted by the electrons with up and down spin, displays
two collective modes: the usual optical plasmon and an acoustical magnetic plasmon with
dispersion ) = voq where vq is given by Eq. (3). The later, however, is meaningful only for
sufficiently large electron densities such that P = (Q7)~" is considerably smaller than one,
where 7 is the life-time. Table I lists some metals in which the magnetic plasmon could
be detected. Aluminum seems to be a good candidate. The inelastic cross section for the
scattering of neutrons shows a broad resonance centered at {}q. The order of magnitude of
the MP inelastic cross section, given by Eq. (21), is comparable to that of magnons, given
by Eq. (75) of Ref. 13, with an “effective form factor” |Fg|* ~ 2¢/kr. In the present case,
however, energy and momentum conservation require neutrons with the Fermi velocity of
the electron gas, which means neutron energies of the order of (M/m)Ep which is in the
range of several KeV. The experiment is thus difficult. If feasible, experiments with spin
polarized neutrons in which the scattered beam is both energy and spin analyzed might
detect the magnetic plasmons also through the difference between the cross sections with

and without spin flip and their q-dependences.
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FIGURE CAPTIONS AND TABLE

Fig. 1 - Excitation spectrum of the electron gas displaying the individual particle con-
tinuum (between the full lines), and the optical (OP) and the acoustical magnetic
plasmon (MP) dispersions (dashed lines). The values are appropriate for Aluminum
(kp = 1.75 A™", Er = 11.6 ¢V, hw, = 15.7 ¢V). Note that the acoustical plasmon

dispersion falls entirely within the continuum.

Table I - Values of kp, P = (Qr)~! and vy for several metals. Q, 7 and vy are the
frequency, life-time and group velocity of the magnetic plasmons, respectively, and

kr 1s the Fermi wavector of the metal in a free electron model.
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TABLE I
ELEMENT | kp(A=Y) | P | hvg(eV.A)
Al 175 | 012 | 6.67
Sn 1.63 | 0.15| 5.95
Pb 1.58 ] 0.16 | 5.55
In 1.50 ] 0.19 |  5.06
Au 120|042 284

CBPF-NF-017/94



- 10 - CBPF-NF-017/94

REFERENCES
1) J.S. Helman and W. Baltensperger, Phys. Rev. B 22, 1300 (1980).

2) D. Pines and Ph. Nozieres, The Theory of Quantum Liquids, (Benjamin, New York,
1966).

3) G.D. Mahan, Many-Particle Physics, Plenum Press, New York 1981, Chap. 4.

4) P.M. Platzman and P.A. Wolff, in Solid State Physics, Ed. by H. Ehrenreich, F. Seitz
and D. Turnbull (Academic, New York, 1973), Suppl. 13.

5) F.C. Schaefer and R. von Baltz, Z. Physik B 69, 251 (1987).

6) A. Pinczuk, J. Shah and P.A. Wolff, Phys. Rev. Letters 47, 1487 (1981).

7) Y. Takada, J. Phys. Soc. Japan 43, 1627 (1977).

8) S. Das Sarma and A. Madhukar, Phys. Rev. B 23, 805 (1981).

9) B.S. Mendoza and W.L. Schaich, Phys. Rev. B 6590 (1991).

10) Y.C. Lee, S.E. Ulloa and P.S. Lee, J. Phys. C: Solid State Phys. 16, L995 (1983).

11) Here vy is larger than in Ref. 1 by a factor v/3. The classical treatment of 1, which
amounts to an hydrodynamic approximation, involves an average electron velocity
whose value has to be reasonably estimated. In this paper we chose the value
of vy to reproduce the normal plasmon dispersion obtained in the random phase

approximation.?

12) H.A. Bethe and R. Jackiw, Intermediate Quantum Mechanics, 2nd. edition, Ben-
jamin, New York, 1968. Chap 5. Note that in this paper we use the electron density
for a given spin (N/2). The value of G can only be prescribed within certain ap-
proximations; the value used here would, in any case, be overestimated by a factor
of two according to the exchange corrections to the frequency reported in Ref. 4.

Thus we are most probably obtaining an upper bound for 771,

13) C. Kittel, Quantum Theory of Solids (Wiley, New York, 1963), Chap. 19.



- 11 - CBPF-NF-017/94

14) J. Callaway, Quantum Theory of the Solid State (Academic, New York, 1976), Chap.
2.

15) A.H. Morrish, The Physical Principle of Magnetism (John Wiley, New York, 1965).



