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In the presence of a strong magnetic field, various
weakly damped collective Bose modes, most of which
have counterparts in the gas approximation, can exist in
the plasma of interacting electrons of normal metals at
low temperatures. The spin waves predicted by Silin [1]
and detected experimentally in alkali metals by Schultz
and Dunifer [2] are the type of excitations attributable
to correlation effects that is characteristic only of the
electron Fermi liquid.

In degenerate conductors with a quasi-two-dimen-
sional charge carrier energy spectrum, the domain of
existence of spin waves is wider than that in metals [3,
4]. In layered conductors with metal-type conductivity,
the propagation of spin waves for any direction of the
wave vector is possible even under conditions of strong
spatial dispersion [4]. This is because the drift velocity
of conduction electrons is a quantity of the second order
of smallness in low-dimensionality parameter 1 of the
electron energy spectrum at certain orientations of the
magnetic field deflected significantly from the layers.
As a result, there is no Landau damping and the spin
density oscillation decays in the relaxation time in the
system of electrons and their spins, i.e., it is undamped
in the collisionless limit. Previously, we considered the
spin waves in the case where the constant-energy sur-
faces are in the form of a corrugated cylinder with an
isotropic spectrum in the plane of the layers. Experi-
mental studies of galvanomagnetic effects in layered
structures [5, 6], in particular, organic conductors from
the family of tetrathiafulvalene salts, show that the
Fermi surface (FS) can consist of topologically differ-
ent elements, for example, in the form of corrugated
planes.

In this paper, we investigate the spin waves in lay-
ered conductors with an anisotropic charge carrier dis-
persion law that admits of open trajectories in p space.
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Let us consider the following charge carrier disper-
sion law:

e(p) = g+ Acos& + Bcos

P1

py

P2

&

Po

+ Ccos

ey

We will assume the constants A, B, and C tobe pos-

itive, with C =1(AB)"? being of the order of Neg, €, is
a constant, €z — €, = €, > 0, and € is the Fermi energy.
The parameters p, = fila;, p, = hla,, and p, = hila, are
uniquely related to the main lattice periods a,, a,, and
ay; d, 1s the interlayer spacing; and 7 is the Planck con-
stant. At A = B, all open constant-energy surfaces are in
the form of a corrugated cylinder with anisotropy in the
plane of the layers. If A differs markedly from B, then
open constant-energy surfaces in the form of corru-
gated planes are possible.

In layered conductors in a magnetic field deflected
from the layers, B, (Bysin®, 0, Bycos®d), at
ntan® < 1, all FS sections by the pg = (p - By)/B, =
const plane are almost indistinguishable and the elec-
tron cyclotron frequency in the main approximation in
1 does not depend on pj. If the angle ¥ is close to ©/2,
then the closed sections are highly elongated and the
electron does not make a complete turn in such an orbit
in momentum space in the mean free time T. At
tand = 1/n, some of these electron orbits are self-cross-
ing ones and the period of electron motion 7(py) in such
an orbit diverges logarithmically.

In a magnetic field oriented in the plane of the lay-
ers, i.e., when 0 = /2, the overwhelming majority of
FS sections by the p; = p, = const plane are open and
only a small number of sections near the FS reference
point are closed. For such a magnetic field orientation,
all charge carriers drift in the plane of the layers and the
fan of all possible electron drift directions fills the
entire xy plane.
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In the main approximation in small parameter
ntand << 1, the term containing the electron velocity
along the normal to the layers may be discarded in the
equations of quasi-particle motion

dpx eBO

7 = Tcosﬁvy,
dp. eB
ary _ (- v cosD + v, sind), 2)
dt c '
p. = Ps — p,tan®d.
cos

As a result, system (2) is reduced to the equation of a
physical pendulum for linear combinations of momen-

tum components pio)/pl + pi,o)/pz. Here, e is the elec-

tron charge and c is the speed of light. Assuming, for
definiteness, that B > A, after simple transformations
we obtain

pi(,);(t’ Ko) = Pl,z{am(Kok(Ko)Q(f + 1), Klo)
(3)
+ am(KOX(KO)Q(I +1,+ C), Klo) }

where

2K(x)) . (A+B)’-g

Mio) = ——> % TAB

am(K?»Qt, 1)
K

is the amplitude of the elliptic integral, K(x,) is the first
elliptic integral,
Tt|e| By/AB
= e C
2K(xg)cpip;

is the cyclotron frequency in the zeroth approximation
inm,

osV

1
1 dz

C=— '
o |

£l/(A+B)/\/(1_Zz)(Z2—1+K(2))

The constant 7, defining the initial phase can be chosen

from the condition pio) (0, xo) =0, then 7, = -C/2.

If the energy spectrum has such parameters A, B,
and g, that K, < 1, then the amplitude of the elliptic inte-
gral is a bounded function,

am(KOKQt, Kl

) = arcsink,sn(AQ1, K,)
0
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and the electron trajectories are closed. In what follows,
sn, cn, and dn stand for the Jacobi elliptic functions.

Although the system of equations (2) is integrable in
quadratures, its solutions cannot be represented in
explicit form. In the case of finite motion, the averaging
method [7] can be used to find the asymptotic solution
of system (2). Let us pass from the variables p, and p,
to the variables y and K using the substitution

P = (W%, py = py (W, K). “)

The parameter \ defines the oscillation phase, while
K is an analogue of the amplitude in the quasi-linear
theory. Instead of the system of equations (2), we will

obtain a system with a rapidly rotating phase:

(0)
de _ _aQ . ( po (Y, K) )
ar - “A(K)Sm(“ p P
10pL (v, ¥)
x_%gnx(\% K),
Pi \Y )
(0)
lay . o . ( P (WK )
Gdr “A(x)sm(“ o P
10pY(y, ) _
XET=1+T‘Y(W’K)’
where
P Py C
o = —tan?, = = ——,
0 pocost” ' T TAp
A(K) = — 2vK v = 2A/AB'

In accordance with the asymptotic methods of non-
linear mechanics [7], the solutions of system (5) can be
represented in the first approximation in 1) as

K=K+nv(e,K), ¥ = ¢+nu(e,K), (6)

where the functions v and u are defined by

%
v(9. %) = [dpX(9. %)

(0)

L

n

TA(K) @)

COos (OC

¢
u(9, %) = [do(Y(e, %)~ (¥(9, ®)y),
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while the “averaged” variables K and ¢ satisfy the

equations
dx -
1 do ®)
ﬁz? =1 +T]<Y((p, K»(p.
Here,
| 2n
(.. = ﬁjd(p... :
0
The solutions of the system of equations (8)
K = Ky,+ AK = const,
®

¢ = Q(1+n(Y (9, K))y)t=Qp(B)1

together with Egs. (3), (4), (6), and (7) define the elec-
tron trajectory p(¢) with the dispersion law (1) in the
first approximation in M, where Ak o 1| can be found
from the equation &(p(f)) = €7 at t = 0. The electron
velocity components can be easily determined from the
equations of motion (2) by differentiating the corre-
sponding momentum components.

If x, > 1, then the FS is a corrugated plane and the
electron trajectory becomes open, but the quasi-
momentum p,(?) in the direction perpendicular to the
magnetic field remains a bounded periodic function of
time. To find the asymptotic of the solutions to the
equations of motion for K, > 1, we should introduce a

new variable, p, (r)=p.(r) - 2p,Qt, and apply the above
operations to the functions p, () and Py(D).

When the quantization of the charge carrier energy
levels is unimportant, €2 < T << neg (T is the tempera-
ture), the Fermi-liquid interaction can be described by
the Landau-Silin correlation function [8, 9]

L(p,6,p',6') = N(p,p')+S(p,p)66",

where & are the Pauli matrices.

As follows from Egs. (2) and (3), in quasi-two-
dimensional conductors at ntan® << 1, not only the
charge carrier energy in the single-electron approxima-
tion &(p), but also the additional energy related to the
electron—electron interaction effects depend weakly on
the momentum component along the magnetic field pj.
This means that the Landau correlation function can be
expanded into an asymptotic series in powers of M. In
the zeroth approximation in small parameter n, the
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functions N(p, p') and S(p, p') do not depend on py and
can be represented as the series

N(p,p) = Y, N, (ep)e ™™™,

. (10)
S(p.p) = Y, Su(ep)e ",

n=—oco

The paramagnetic spin waves are high-frequency
oscillations of the spin density g(p, r, t) = Sp;6p (p, I,

c, 1) at @ > r]' and r;l, where T, and 1, are the
momentum and spin density relaxation times, respec-
tively, and P (p, 1, 0, t) is the density matrix. For small

deviations from the equilibrium state, the function g(p,
r, 1) can be represented as a sum of the equilibrium part

2
2o(e) = -uB, 2

and the small nonequilibrium addition

d
Sa(p. v, = ~E(p,r,n2LE,

where fy(€) is the Fermi function, i = 1y/(1 + Sp), W is

the magnetic moment of a conduction electron, S, =
V(ep)S,, and @(gy) is the state density at the Fermi level.
The components @ = @, + i®, of the nonequilib-

rium addition to the spin density renormalized by the
Fermi-liquid interaction,

= d’p' ([ 9f(€)
®(p, r, 1) ‘“(p’r’t)+J(2nﬁ)3( e’ ) (11)

xS(p,p)E(p,r,1)=E + (SE),
which we assume to be proportional to exp(—io¢ + iK - r),
satisfy the integral equations [4]

¢
o® = fdtp'

0

X exp(QLBJ.dq)"(d) FQ,-k-v(o", PB))]
¢ (12)

X (ig—Z(k -V(Q', p) — Q) By
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Here, ®, =®, cos9 - @ sind, the x; axis is perpendic-
ular to the y axis and to the vector By,

= —ip S
@, = (" dP)/(1), N, =L,
1

p -, 0=0+1i0,

p
By = B, tiB, are the circularly polarized compo-

nents of the variable magnetic field, Q; = o /(1 + S),
and o, = —2,By/h is the spin paramagnetic resonance
frequency.

Since the Fourier series coefficients for the smooth
function S(p, p') decrease rapidly with their increasing

1 oo
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number, it will suffice to retain a finite number of terms
in the series in Eq. (12). Multiplying this equation by
e and integrating it over the variables @ and § =
pil(pocosV) yields a system of linear algebraic equa-

tions for the coefficients &)ﬁ,i) . The spin density eigen-
mode frequency can be determined, to terms propor-
tional to the static magnetic susceptibility ¥, ~ V(€g) ué ,
from the equation

fnp(B) =

2T

d,, is the Kronecker delta.

The condition for the absence of collisionless
absorption for spin waves is reduced to satisfying the
inequality

0FQ-nQ-(k-v),>0.
Outside the domain of ® and k corresponding to condi-

tion (14), the functions fnp([S)have a pole and the disper-
sion equation after the integration over pp acquires an

det Snp_;\’pg(fnp(ﬁ)hi‘ = 07 (13)
where
2n2n . 0]
j dedcpleXp{i(p—n)cp— PP; — QL j do(®FQ, -k - v(q, pB))}
B(P—‘Pl
. 2n 4
l—exp{éj‘d@((ﬁ¢9s—k'V(@, pB))}
0
1 g
(..)p = ﬁde...,
where v; are the roots of the equation
det[3,, - (~1)" ¥ (L, (BNs = 0. (D)
(14) 1,,(B) = kv '
K- V(8K - V(8 + )|
x{cos[(n—p)g} 4 (=) (18)

imaginary part responsible for the strong wave absorp-
tion.

Because of peculiarities of the electron energy spec-
trum, the component of the electron drift velocity vy =
(v), along the direction k,

_ _ Ckx dpy
kov = (o), = e )
k d (15)
¢ J px
eBocosﬂ< dt >(p+ (kxtanﬁ"'kz)(VZ)q,

may turn out to be negligible even if kr, > 1, where

Vo = A/IUB/pO is the characteristic electron velocity in
the plane of the layers, r, = v;/€2 Under these conditions,
there exist solutions to the dispersion equation (11) near
the resonance:

n,Q+ Q.

0=nQtQ +
! s nkr,

(16)

Y, ny=1,2,...,
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T+d

X sin{giB .[ dok - v—(n —P)g} },
3

v, (¢) = 0v(9)/0@; d and & + T are the roots of the equa-
tion k - v(¢) =0.

When it will suffice to retain the zeroth and first har-
monics in the Fourier expansion (10) of the correlation
function, Eq. (17) is a quadratic equation for ;. In
quasi-isotropic conductors at 1| = 1, the existence of
spin waves near the resonance under conditions of
strong spatial dispersion is possible only for k L By,

At K, < 1, the drift velocity is an oscillating function
of o = (p,/py)tanV:

k-vp = nvy(ktan® + k) F(9)sinf, (19)
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Dependence of the function F() on O¥: curve /, at A = B,
k=0.9, and p,/py = 3; curve 2, at B/A =2.547, Kal =0.9,
pi/pp=3,and g1/(A + B) =0.4.

where

F(9) = (cos(ap (@, K)/p))),-

For certain angles ¥ between the magnetic field B, and
the normal to the layers, F(1}) = 0, the velocity vy is a
quantity of the second order of smallness in 1, and there
is virtually no Landau damping. For these B, orienta-
tions, the existence of collective modes is possible even
if nkvy 2 Q and kvy/Q > 1 for arbitrary directions of
the wave vector k.

Solutions to a dispersion equation of form (16) also
exist at X, > 1. When k = (k,, 0, k,), the mean value of
k - v is given by Eq. (19). In this case, the spectrum of
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spin waves near the resonance is defined by Eqgs. (16)—
(18), in which the electron velocity oscillation fre-
quency is meant by .

The plots of F() at K, < 1 and K, > 1 are shown in
the figure for typical parameters.

The excitation conditions for spin waves with fre-
quencies close to the resonance frequencies (16) turn
out to be more favorable than those in quasi-isotropic
metals with similar momentum and spin density relax-
ation times, since almost all of the charge carriers with
the Fermi energy are involved in their formation.
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