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A theory of Larmor waves (recently discovered by Janossy and Monod) is presented, which
takes account of Fermi-liquid interactions (that can be measured by measuring the frequency of
the Larmor-wave oscillations), Fermi-surface anisotropy, and of g-tensor anisotropy. Exact
results are presented for cylindrically symmetric Fermi surfaces, as well as approximate results
for general Fermi surfaces (including effects"due to open orbits). A prediction of the Larmor-

wave spectrum for potassium is made.

I. INTRODUCTION

Recently, Janossy and Monod! discovered a new
type of spin-density oscillation in metals, which they
called a Larmor wave, and which they studied in mi-
crowave transmission experiments. By studying a
model of noninteracting electrons having a constant
scalar g factor and spherical Fermi surface, they
showed theoretically how Larmor waves arise. They
also pointed out that, unlike conduction-electron spin
resonance, the Larmor-wave transmission is associat-
ed with electrons on particular parts of the Fermi sur-
face. Furthermore, they noted that the Larmor-wave
phenomenon could in principle be observed in metals
with large g-factor anisotropy.

The purpose of this paper is to develop a theory
which takes account of some of the effects of the
Fermi-liquid interactions, the momentum depen-
dence of the conduction-electron g tensor, and
Fermi-surface anisotropy, on the Larmor-wave
phenomenon.

The mechanism by which microwave power is
transmitted through thin metallic slabs via Larmor
waves is very similar to the mechanism of
microwave power transmission in the cyclotron
phase-resonance phenomenon.? The microwave skin
depth must be much smaller than the slab thickness,
whereas the electron mean free path should be com-
parable to or greater than the slab thickness. To be
specific, consider the case of a static magnetic field
normal to the slab , and an incident microwave field
of frequency w, circularly polarized so that it rotates
in the same sense as the free precessional motion of
the electron spin. An electron spin enters the skin
depth and has its spin orientation tipped away from
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its equilibrium direction by the microwave field. It
then crosses the slab, precessing at its free preces-
sional frequency, and radiates power into the receiv-
ing cavity upon reaching the far surface of the metal.
If the free precessional frequency of the electron spin
is gspupH/ % (which may depend on the electron
momentum P), the phase lag suffered by the electron
spin relative to the microwave field during its transit
across the metal is

¢=f'1 lo—#gu(F(DusgHldt' | .1
)

where ¢y and ¢; are the times at which the electron
leaves the skin depth, and strikes the far surface,
respectively. Different electrons suffer different
phase lags depending on their momentum-space (or
real-space) trajectories, and their contributions to the
total transmitted field interfere. If the average phase
lag for a given electron trajectory has an extremum,
then neighboring trajectories will have nearly the
same average phase lag, and the constructive interfer-
ence which results will give rise to a particularly large
signal. An experiment measuring the component of
the transmitted field having a particular phase relative
to the incident field will measure a signal proportional
to cos(®,, + a), where « is a constant the same for
all electron spins, and ®., is the extremal value of
the average phase lag just referred to. The phase lag
varies linearly with magnetic field [see Eq. (1.1)] giv-
ing rise to oscillations in the signal amplitude as the
magnetic field strength is varied.

The frequency Q =g,,(P)upsH /% which appears in
Eq. (1.1) is the precessional frequency of a spin with
momentum P, in an external field of magnitude H,
when all other spins aré frozen in their equilibrium
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positions. Thus, this precessiona: frequency is deter-
mined not only by the external magnetic field, but
also by the effective exchange field due to neighbor-
ing spins. Furthermore, if spin-orbit coupling effects
are important, the tensor interactions’® between a
given spin and its neighbors should be considered.
All of these effects play a role in determining the
single-particle g factor, g5,(P), which occurs in Eq.
(1.1), and which is defined more precisely below in
terms of the interaction functions occurring in the
Landau theory of Fermi liquids. Thus, the single-
particle g factor is quite different from the g factor
determining the position of the conduction-electron
spin-resonance line, and is in fact, closely related to
the g factor measured in the de Haas—van Alphen
effect. Finally, it should be noted that although most
of our discussion here and below is in terms of a
scalar g factor g4, (P), a complete theory requires the
use of a g tensor, and some formal results for this
more general case will be given.

There is a relatively simple case of a cylindrically
symmetric Fermi surface, and a constant scalar g fac-
tor and exchange interaction for which an exact solu-
tion is possible (this is studied in Sec. III). The
effects of exchange, and of different types of extrema
resulting from different types of Fermi surfaces, are
studied in detail. ‘Of particular interest is a prediction
of the Larmor-wave spectrum in potassium, which is

known to have a relatively large exchange interaction.

Brief discussions are also given of the effects of
“more general Fermi-surface anisotropy, including
some effects of open orbits.

In the experiments of Janossy and Monod,! the
metallic slab through which the Larmor waves pro-
pagate is coated on both surfaces with a ferromagnet-
ic layer which enhances the amplitude of the spin-
dependent transmission. The role played by the fer-
romagnetic layers in the excitation and radiation pro-
cess is not examined in this paper.

II. KINETIC EQUATION FOR
SPIN-DEPENDENT OSCILLATIONS

The spin-dependent oscillations of a metallic Fermi
liquid were originally studied by Silin* within the
framework of the Landau theory of Fermi liquids.
Because Larmor waves can be observed in metals
with large g-factor anisotropy,! the tensor nature? of
g, as well as tensor interactions® between the quasi-
particles should be taken into account, in addition to
the exchange interactions considered by Silin. There-
fore, we begin by defining a single particle g tensor
Z.p(P) which will be an essential element of the ulti-
mate theory of Larmor waves.

The spin-dependent contribution to the quasiparti-
cle energy will be written

1 — el =\ i3
€op = T,U'Bo'op'g(p)'H

+ G 3 (P, )T (F) (2.1)
<

where an op subscript indicates an operator in spin
space, and the components of @,, are the Pauli ma-
trices. The quantity €(P) is defined by the equation

€op=Top€ (F) . 2.2)

The equilibrium value (designated by a subscript
zero) of the spin distribution function () in the
static magnetic field Hy, can be found from

Fo(F) =2%(5) 2 2.3)
de
where 7 is the Fermi-Dirac distribution function.
This gives an integral equation for €,(P), namely,
&(P) =358 (F)-Ho
T = =\, = [ =t an
+22‘I’(p’p)'€o(p )—, . (2.4)
b= : de
An explicit solution of this equation can be obtained
only if the Fermi surface and interactions are expli-

citly given. The solution will be linear in Hy and thus
has the form

%(P) =T usBy(P)Ho . 2.5)

which defines 2, ().

To study the time-dependent part of the spin-
distribution function 83 (P,T,¢) in the presence of a
microwave magnetic field $ H (T,1), let

7 (7.7.0) =50(p) +85 (P.T.0) ,
€(P,T.0) =6(P) +3€(p,T.0) ,, (2.6)
ﬁ(?,t)=ﬁ0+8ﬁ(?,t) .

8 @ can be expressed in terms of a function G
defined only on the Fermi surface by

8 (p,T.0)

295 E 2.7)
Oe . .
and a quantity G *is defined by

G*(p,70) =G (P,T.1) +8€(p,T.1) . (2.8

Assuming a time dependence exp (—iwt), the kinetic -
equation which determines G (and hence 8 &) is

9 9

—ioG+yG*xHyg+ |V~ +-2|G*
o Y Hen v o ot G|
-GG G | (9
T0 s ’ '

with
y=2us/k ﬁeﬂ=%§sp(~)‘ﬁ0 . (2.10)
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In Eq. (2.9), instead of the variables py, p,, and p,, it-
is convenient to use the variables €, p,, ¢; to denote
the position of an electron in momentum space (¢, is
the arrival time of an electron at a given point on its
trajectory as measured from some fixed reference
point). The times 7y’ and 7,' are momentum and
spin reorientation times, and the angular brackets
denote a Fermi-surface average.

A quantity of physical interest is the departure of
the magnetization density from its equilibrium value,
which is given in terms of the solution of Eq. (2.9)
by

sM (F,0) =— 2 eH

Qnn? ¢

x [ dp, dt, G GotiT0F o) . Q1D

III. LARMOR WAVES AND SPIN
WAVES — EXACT SOLUTION

Here the spin-dependent oscillations of a Fermi
liquid with a momentum-independent scalar g factor
and a momentum-independent exchange interaction,
in the thin slab and magnetic field normal geometry,
with a cylindrically symmetric Fermi surface (the
axis of symmetry being normal to the slab), and with
a specular scattering boundary condition, will be
studied in detail. For this case, an exact solution can
be found.

Thus, by assumption, the g tensor of Eq. (2.1) is
written g(P) =1g, where g is independent of
momentum. Also, the quasiparticle interaction is as-
sumed to have the form p¥ =T1B,, B, being indepen-
dent of momentum, and p being the density of
states. Equation (2.4) can now be solved to yield

gsp=g/(1+Bo) . (31)

The slab has thickness L and a static magnetic field
is assumed normal to it in the z direction. Mi-
crowaves are incident on the surface z =0, and excite
spin-density oscillations, which result in a transmitted
microwave field emanating from the surface z =L.
The distribution function G is independent of ¢, and’
determined by Eq. (2.9), which can be rewritten

—iwG, + v,% —iaQo|G.*

(3.2

G.*—(G.")  (G.7)
TOI Ts'

where the G.’s, a=0, *1, are the circularly polar-
ized components of G [e.g., G +; =2"12(G, +iG,)],
and £Q¢=geupHo. The boundary conditions on
G.*(p,,z) at the surfaces z=0 and -z = L are
specular-scattering boundary conditions which, by
definition, are
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Ga*(pz;0)=Ga‘(_pz.0) »
Gu*(—pan)=Ga‘(pz,L) . (33)

Equation (3.2) with the boundary condition (3.3)
can be solved exactly using a method outlined in a
paper by Azbel et al.,’ the result being

1.
—Flogup
(1+By 7' —iwB

(G*) =

i R .nH onexp(ik,z)
Fo—(R,—-1)

n=—o0

3.4

where we have
kp=nw/L ,
—1fL
H,, =L . cos(k,z)8H (z) dz ,
Ron=A(l1+ (v td07Y
Fo=[r;1~i(0+ awp)l/[(1 + By) 75! —iByol ,
3.5)

hwo=gupHy, kQo=8xupHo ,

tl =1l —i(w+aQy) ,

For the observation of Larmor waves, the skin
depth must be much smaller than the slab thickness
or the electron mean free path, and it is therefore a
good approximation when evaluating Eq. (3.4) to
write

S
Ha,,*H;,o——-L“j; SH(2) dz . (3.6)

The simplest way to proceed to obtain an accurate
evaluation of Eq. (3.4) valid over the entire range of
magnetic fields of interest, is to evaluate it numerical-
ly. First, however, some analytic results will be
presented.

Note that close to the condition for conduction-
electron spin resonance, i.e. ® = wp, one has
|F_] << 1. Also,at small k,, one has

Royn—1 = —k2(v2)12, 3.7

A major contribution to the sum in Eq. (3.4) is ex-
pected to come from the region where the denomina-
tor is small, and where the approximation

L
(G*@) = |iwgus [, ¢z3H_()/DL]  (3.8)
' elk"z
8 ; knz - ks2
is valid. Here we have
k52=(1/D7s)[i(w—w0)Ts"'1]‘ N (3-9)
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and

D =(1+By (v})t_ . (3.10)

The amplitude of the transmitted field is proportional
to the amplitude of the precessing component of the
magnetization density at the transmitting surface

z =L, which in turn is proportional to (G- (L)) [see
Eq. (2.11)]. The evaluation of Eq. (3.8) by contour

integration gives

L
(G-*(L)) =tiwguy f, dz 8H_(z)/Dk,sin(k,L) .
3.11)

This well-known result has been used extensively in
the interpretation of microwave transmission due to
long-wavelength spin waves.5’

Under the condtions (|D7,|)'2 << L, i.e.,
|ksL| << 1, one finds that transmission via the
conduction-electron spin resonance occurs with a sig-
nal amplitude proportional to

—wy

(L) =xX——m—"—
M (L) xw—wo+i/‘rs

1 fL
7 Jo SH (z2)dz , (3.12)
where X is the static spin susceptibility.

The Larmor waves occur at frequencies far from
the conduction-electron spin-resonance frequency
where we have |F,| >> 1, i.e.,when

|+ awy| >> | (1 + Bg) /79— iBow| . (3.13)

A detailed study of the case of a spherical Fermi sur-
face showed that we have |R,, —1| < |F,| under
these conditions and we assume that this 1s true in
general. Thus, to evaluate Eq. (3.4), the terms

(R, —1) in the denominator will be put equal |to
zero. The result

LIvsta > (3.14)

ik L
Ruye" =(——F—F7—
‘? ¢ <sinh(L/v,t.,)

can now be used to show that Eq. (3.4) gives

(G *(L)) =igppo

xj;m 8H (2) dz<;1— Z'expl—-m—+ll£

z n=0 Viita

3.15)

where the average is over those parts of the Fermi
surface for which v, >0 and v,(—p,) =—v,(p,) is
sumed.

Consider electrons with velocity v, normal to the
slab, so that the time taken to cross the slab once is
L/v,. Electrons arriving at the surface z = L at time
t =0 were subjected to exciting fields at times
t=—L/v,, =3L/v,,...,and —Q2n +1)L/v;,,.... Hence
the response at a given time is the sum of the infinite
series displayed in Eq. (3.15). A reasonable guess at

).

the solution in the case of a diffuse-scattering boun-
dary condition (as opposed to the specular-scattering
boundary condition used here) would be the solution
(3.15) with the terms n =1 eliminated (see also Sec.
1v).

Combining the n =0 term of Eq. (3.15) with Eq.
(2.11), one finds

o (p,)
,

sM.(L) = [ dp, Fo(p)e (3.16)

where

.—L ’
F. (p,) =iwg*ujm®e Mo

L
x fo 8H (2)dz 202 B (1 + Bo)v,]-!
3.17)
and

®,(p.) =(w+aQyL/v, . (3.18)

Assuming that the phase lag ®,(p,) varies sufficiently
rapidly in the range of integration, the integration can
be performed by the method of stationary phase; the
principal contribution to the integral then comes from
those points where the phase lag ®, has an ex-
tremum. The condition that the phase lag ®, has an
extremum is equivalent to the condition that v, has
an extremum , in the present case of a momentum-
independent g factor and exchange interaction.

Suppose that the extremal value of v, occurs at a
limiting point (e.g. for a spherical Fermi surface this
occurs when the electron velocity V is parallel to the
external field'Hy). Then the evaluation of the limit-
ing point contribution to the integral (3.16) gives

20 —Lfv 7o [ L

s = - z'0
M, (L) =X, T e J; 3H (z) dz/L]

i (w+afg)L
X exp I—u] , 3.19)

A/
where

X1 =gupm**v, /4w k(1 + By) (3.20)

is a quantity which, for a spherical Fermi surface, is
equal to the spin susceptibility; the quantities v, and
m* appearing in Eqs. (3.19) and (3.20) are to be
evaluated at the limiting point.

If v, has an extremum in the middle of the range
of integration in Eq. (3.16), say at p, = p,, write

®(p,) = ()1 +8(p,—p.)1 , (3.21)

where B is-a constant. We shall call this an ordinary
extremum. The stationary phase method applied to
the integral (3.16) now yields
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FIG. 1. Transmitted field as a function of Hj in the case of
a spherical Fermi surface, and zero exchange interaction. In
the regions far from the CESR frequency, the signal has
been scaled by the factors shown.

12 ,
SMa(L) =x @ w_L] e_L/VzTo

2 wot+taly V.

x [ fo " SH(2) dz/L]

l7x (0+aQyL
X expilmt—— | (22
where
g’ itam
X2 2‘”2"_3(1 +Bo) [ ] (3.23)

has the order of magnitude of a spin susceptibility,
and m* and v, are evaluated at p, =p,.

Finally, it may happen that v,, and hence the phase
lag, are relatively constant over an interval Ap of the
range of integration in Eq. (3.16). 1In this case one
finds

M (L) =iX, [“’TL] P
x [ foL 8H,(z) dz/L)

i(lo+aQgL
exp|—————| , (3.24)

\Z:

where
=gludm*Ap 27?3 (1 +By) . (3.25)

Typical experimental conditions have wL /v, >> 1.
In fact the data in Fig. 2 of the paper by Janossy and
Monod! was obtained for o ~6 % 10'° sec™!, L =0.07
cm, and vy=10® cm/sec giving wL /vp=42. Under
these conditions, the transmission due to Larmor
waves associated with limiting point orbits is the least
intense [Eq. (3.19)], the transmission associated with
ordinary extrema is somewhat more intense [Eq.
(3.22)], and the transmission associated with a finite
D, interval of nearly constant phase lag is the most in-
tense [Eq. (3.24)].

The Larmor-wave observations of Janossy and
Monod! on copper (shown in their Fig. 2) were car-
ried out with the external magnetic field in the [100]
direction and perpendicular to the surface of the slab.
The component of the electron velocity along the
field direction v, has been calculated, as a function of
p,, by Phillips, Baraff, and Schmidt? and is shown in
their Fig. 4. Their calculation shows that v, is ap-
proximately constant over a relatively large p, inter-
val, one of whose end points is the limiting point.
Thus Eq. (3.24) gives a closer approximate descrip-
tion of the observations in copper than Egs. (3.22)
and (3.19). (The fact that this p, interval contains a
limiting point is incidental, and Eq. (3.19) will not be
a good approximation in this case.) The data of Ref.
11 shows that v, has other extrema, but in view of
the remarks of the preceding paragraph, the contribu-
tion of the orbits of the p, interval for which v, is ap-
proximately constant, should dominate.

With a particular model for the Fermi surface, R .,
may be calculated explicitly [see Eq. (3.5)] and an ac-

.5t R

LA
\/wv

X5 X5

o
—
—
—
—
—

Transmitted Field (Arbitrary Units)

-1 1 L L L

i 2 3 4 5 6
Hy(kG)

FIG. 2. Transmitted microwave field as a function of Hy for
a Fermi surface with an ordinary extremum of v,, and zero
quasiparticle interaction.
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FIG. 3. Transmission spectrum for a metal having a spheri-
cal Fermi surface, and strong exchange interaction. The
scale factors are taken relative to the lower plot.

curate numerical evaluation of 8M,(L) can be ob-
tained from Eq. (3.4). Figs. 1—4 show 8M,(L) for a
spherical Fermi surface, where the limiting point con-
tribution should be dominant, and for a surface in
the form of a corrugated cylinder, having an ordinary
extremum of v,. Figures 3 and 4 display the
transmitted field for By = —0.285, which is typical of
potassium.’

In the case of the spherical Fermi surface, charac-
terized by its Fermi velocity vy, R, is a function of
zo=1i/k,Vrt,, and is given by

R, =-;-za[ln(1 +29) —In(1 —z,) —imwsgn(n)] ,

(3.26)

where the argument of the natural logarithm is an
angle 0, with —7 < 9 <.
For a model corrugated cylinder defined by

2
(2o - |2
Po Po

—Po=<p.<pg 3.27

and with the cyclotron frequency chosen to be in-
dependent of p,, the integral in Eq. (3.5) can be per-
formed. For such a Fermi surface, R,, is a function
of \=(1+K?)'2/K and K =k,v,t,, and has the form

vi(p,) =4v?

>

R =Q1/2K*) [In(1 +2) —1n(1 = \) —imw sgn(Im))] .

(3.28)
Here, the imaginary part of the logarithm ranges over
(—m, m).
The figures show the transmission through a sam-
ple 0.7 mm thick, with the microwave field penetrat-
ing to a depth of =4 um. For purposes of compari-

FIG. 4. Transmission spectrum for a metal having strong
quasiparticle interaction, and a Fermi surface in the form of
a corrugated cylinder. Notice that the signal is roughly 500
times greater on the high-field side of the CESR.

son, the mean free times for scattering and for spin
relaxation are taken to be 7=3 x 10~1° sec and

7,=2 X107 sec for all graphs. These values are typi-
cal of some alkali metals at low temperature.” For
the spherical Fermi surface vy =108cmsec™! and for
the cylindrical surface v, =0.75 x 108 cm sec™!; with
these values we have wL /vy >>1, w7ty >> 1, and

L /vp79=2, so that multiple reflections do not play a
role.

In the absence of exchange interaction, it is expect-
ed that 3M,(L) will be symmetric around the CESR,
from Egs. (3.19) and (3.22). This symmetry is evi-
dent in Figs. 1 and 2.

Close to the CESR, the transmission is dominated
by diffusing electrons and when By=0 and
(2D 1,)'? < L, narrow lobes appear.® This is in ac-
cordance with Eq. (3.11). The Larmor oscillations
are found farther from the resonance frequency,
where Eq. (3.13) is valid. In this region, Egs. (3.1),
(3.5), (3.19), and (3.22) predict that 8M,(L) will os-
cillate with a period AH,, given by

1+Bo=gy.B(AH0)L/21Hlv, . (329)

Here, v, is evaluated at the limiting point of a spheri-
cal surface, or the ordinary extremum of a corrugated
cylinder. By measuring AH, it is possible to deter-
mine By. Taking AH, from the graphs of Figs. 1 and
2 gives By =0 for both cases. '

The envelopes of the curves in Figs. 1—4 give the
amplitude of the transmitted field. Although for
B =0 the magnitude is close to that given by the
analytic formula, the amplitude falls off somewhat
more rapidly than (w+a€¢) ! in the case of the
spherical Fermi surface, and faster than
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(w+ a Q)12 for the corrugated cylinder. This
discrepancy arises when the terms (R,, —1) in the
denominator of Eq. (3.4) are put equal to zero.

As the figures show, expressions (3.19) and (3.22)
yield very poor approximations to the intensity when
there is exchange interaction. If we have
| Bowro(1 +Bg)"'| =1, then inequality (3.13) reduces
to | (w — wg)/Bow| >> 1, and is not satisfied within
the domain of Hy shown on Figs. 3 and 4. There is
pronounced assymmetry around the CESR, the inten-
sity on the high-field side being greater than on the
low-field side for By <0, even far from the spin reso-
nance.

Nevertheless, the period of the Larmor oscillations
is given very well by Eq. (3.29). With AH, measured
from Figs. 3 and 4, that equation gives
By=-0.28 +£0.03 for both Fermi surfaces.

IV. LARMOR WAVES IN THE CASE OF

ANISOTROPIC FERMI SURFACES
AND A SCALAR g

In discussing the case of a general anisotropic Fer-
mi surface, a scalar g will be assumed at first for sim-
plicity. Thus, from Eq. (2.10) we have

— l —_—
Heﬂ'= Tgsp(pz,tl) Hp .

Equation (2.9) can then be written

* *
—iw G * +vzai + 3G =—iwde,
9z 6!1
1 1
+|— ——{G,*) ,
7_01 Ts'l< «@ )
4.1)
where « =0, 1, and
w,=w+aQ(p,t) -&-i‘l'o'_l ,
4.2)

ﬁn(pz’tl) =gsp(pzxt1)M«BHo .

As discussed in Sec. I, Larmor-wave transmission
occurs only when a substantial number of electrons
all undergo nearly the same phase lag relative to the
microwave field during their transit through the me-
tal, from the exciting surface z =0 to the transmitting
surface z = L; the signals due to these electrons then
add coherently to give an observable transmission.
The term 7o' 'G,* on the left-hand side of Eq. (4.1)
describes the rate of decrease of G, *(P) at point p
due to the scattering of electrons from point p to oth-
er momentum states on the Fermi surface; the term
proportional to (G,*) on the right-hand side of Eq.
(4.1), on the other hand, describes the rate of in-
crease of G,*(P) due to electrons scattered into state
p from other states. Electrons which have been scat-

tered into state p from other states arrive with ran-
dom phases and therefore will not contribute to the
Larmor-wave signals. Therefore, the term propor-
tional to (G,*) on the right-hand side of Eq. (4.1)
will be dropped.

Also, the contribution of the quasiparticle interac-
tion to de, will be dropped since it is responsible for
the collective spin-wave modes, but is expected to
have little effect on the Larmor-wave frequency.

Thus the equation describing Larmor waves is

. 3G, 3Gt
—iw,Go* +V, P + o, =h, , (4.3)
holz,t) == iwg (1) updH,(z) . 4.4)

Both g and A, depend on p, also, but this dependence
is not shown explicitly in Eq. (4.4).

Recall again that Larmor-wave transmission is due
to the coherent superposition of signals from groups
of electrons which undergo approximately the same
phase lag relative to the microwave field during their
transit across the sample. In view of this, if the
scattering of electrons at the metallic surface is
diffuse, the past history of an electron, which has just
been scattered at the surface z =0 and is starting to-
wards the surface z = L, is unimportant. Thus, it is
appropriate to study the solution of Eq. (4.3) for
electrons with v, > 0 for their entire cyclotron-orbit,
subject to the boundary condition

Go*l,0=0 . 4.5)

The solution of Eq. (4.3) subject to the boundary
condition (4.5) can be found by the method of
characteristics, and is

I‘ 1 : ‘1 1 I]
G,*(z,t) =j:0 dt exp[l J: w.(ty") diy
¢
xhol [ vitdan o) . @6
where ty=ty(z,t;) is determined by the equation
t
] ! !
z =_£0 v,(6) dty' . %)
For cases of interest, the skin depth § is sufficiently

small that we have |w,8/v,| << 1, and thus Eq. (4.6)
can be written )

t
G.*(z,t)) =exp [i f:ol w.(t,") dtl']

x.ﬂ:dt'ha[ f':v,(tl') ary, z']. 4.8)

The situation where the Fermi surface has cylindri-
cal symmetry about the z axis, so that v,, Qg, and g
are independent of ¢; (but dependent on p,) is partic-
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ularly simple. In this case, the combination of Eq.
(4.8) with Eq. (2.11) gives the result (3.16), except
that in the present case F(p,) is smaller by a factor of
4 than the result (3.17). Because of the boundary
condition (4.5), an electron striking the surface z =0
is only excited by the microwave field as it leaves the
surface, whereas for the specular-reflection boundary
condition of Sec. III, the electron spin is excited both
as it approaches and leaves the surface z =0; this ac-
counts for one factor of 2. Furthermore, G,*(L) as
found from Eq. (4.8), includes only contributions
from those electrons with v, > 0; electron spins which
have just been scattered from the surface z =L, and
thus have v, < 0 should also be counted. This ac-
counts for a second factor of 2.

It is clear that the approximate method of this sec-
tion will suffer from the same limitations as does Eq.
(3.16) of Sec. III. Thus, although it is expected that
the frequency of the Larmor-wave oscillations will be
predicted correctly by Eq. (4.8), the amplitude of the
oscillations will not be predicted very well, particular-
ly in the case of large exchange interactions.

The detailed evaluation of the integral (3.16) for
the case of a cylindrically symmetric Fermi surface
will not be repeated here. The main extension of the
work in Sec. III is that now g, and hence ,, depend
on p,. This dependence on momentum must be tak-
en into account in determining those values of p, at
which the phase lag ®,(p,) is stationary (the condi-
tion that ®,(p,) is stationary is no longer equivalent
to the condition that v, is stationary). This can lead
to ®, and ®_ having different extremal values.

The contribution to the Larmor-wave transmission
of electrons following closed orbits will now be con-
sidered for the case where the Fermi surface does not
have cylindrical symmetry. As above, the static mag-
netic field is assumed normal to the slab and only
contributions of electrons for which we have v, >0
for the entire orbit are considered. The distribution
function is again given by Eq. (4.8). Now write

. ‘1 ’ ’ ll ”
:j:o (") dty =i<I)a(t1)—j:0 ' ldy' 4.9)

where the electron collision time 7' has been allowed
to depend on momentum, to(z =L,t;) is determined
by Eq. (4.7) with z =L, and

@, = f" [w+aQ ()] dty (4.10)
o

is the phase lag acquired by the electron during its
transit through the metal. The phase lag is a periodic

function of ¢; (the period being the cyclotron perigd) :

and can be written as a sum of its average value P,
(averaged over a period) and a correction term, i.e.,

®,=3,+50, . ‘ 4.11)

Whereas for thick slabs ®, grows in proportion to L,
3@, will have a magnitude of the order of 27 or less.
Furthermore, 8, will depend on magnetic field in
such a way that, at those magnetic fields at which
electrons for a given p, complete an integral number
of cyclotron orbits while crossing the slab, 8&, will be
zero. This introduces an additional periodicity in
magnetic field strength which was not present in the
case of cylindrical symmetry. Combining Eqs. (2.11),
(4.8), (4.9), and (4.11) yields

sM(L) = [ dp,e*F, 4.12)
where
Fo) =2 [ ang o
: t
X exp i8<l>a—j:ol 70! dt1]
t t
xfto h,,U:o v, (t") dt ]dt . (4.13)

Since the portion @, of the phase lag ®, which is
large for large L has been separated out and appears
explicitly in Eq. (4.11), the stationary phase method
can be applied to Eq. (4.12) in exactly the same way
as it was applied to Eq. (3.16). The new feature
which will affect experimental results and which
comes from the lack of cylindrical symmetry relative
to the z axis, is that there will be an additional mag-
netic field dependence of the amplitude of the oscilla-
tions; this arises because F(p,) is field dependent
through the field dependence of 8&,, for example, as
well as through field dependence of the interval
t — to.

The above formalism is also applicable to the case
of periodic open orbits when the applied static mag-
netic field is normal to the slab.

V. FIELD-PARALLEL GEOMETRY —
EFFECTS OF OPEN ORBITS

One of the more important effects of open orbits,
will be to allow Larmor-wave transmission in the case
where the magnetic field is parallel to the surface of
the slab. Consider the geometry show in Fig. 5, in
which the magnetic field is in the z direction parallel
to the surface of the slab. The electrons are excited
at the surface x =0, and travel across to the surface
x =L, where they radiate power into the receiving
cavity. A Fermi surface in the form of a corrugated
cylinder is shown in Fig. 5 and several open-orbit tra-
jectories (labeled a, b, c; and d) are also shown. It is
evident that the electrons which follow trajectory d
will cross the slab in the shortest time; the average
phase lag of these electrons will thus be at a
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FIG. 5. Part of a Fermi surface in the form of a corrugated
cylinder, with some of the open orbits shown.

minimum and will determine the frequency of the as-
sociated Larmor-wave oscillations. A formal theory
of Larmor-wave oscillations due to periodic open or-
bits for the geometry shown in Fig. 5, is given by
Egs. (4.3)—(4.13) ; in all these equations, however,
let z —x, v, —v, (but keep p, unchanged). The si-
tuation just described is similar to that which occurs
in copper when a [111] direction coincides with the y
direction in Fig. S.

VI. THEORY FOR A g TENSOR

If spin-orbit coupling effects are important, it is
essential to allow for the tensor nature of g in a gen-
eral theory. The starting point is Eq. (2.9) and, in
studying the transmission in the Larmor-wave region
only [defined roughly by Eq. (3.13)], approximations
are made analogous to those made in arriving at Eq.
(4.3) from Eq. (4.1). Also, the field normal
geometry is assumed as in Sec. IV. Thus, the start-
ing equation is
()

Yzi + —

9z 6!1

—iw+L,
To

Gl.=hl »

G*+3 Q4G* +
J

(6.1)

where Cartesian-components have been used
(i=x, y, zas distinct from a=0, +1) and we have

Qy=y 2 €Heg i (6.2)
k
with €y being the Levi-Civita density. Define the
matrix w4 by
wr=wl+iQ , 6.3)

where 1 is the unit matrix, and the matrix elements
of () are given by Eq. (6.2); note that w, is Hermi-

tian. The components G;*and h; define the column
vectors G* h of a vector space, and w4 can be
viewed as an operator in this vector space. Thus, Eq.
(6.1) is written

oD 4D

G*+ *=h . (64
52 ath h (6.4)

—iw+ +_l_,
70

Considering only electron orbits for which v, >0,
the solution of Eq. (6.4) subject to the boundary
condition G* =0 at z =0, is

G*= f,(:‘ ar 7, Jexs|s [ o) ary |
X exP[_ f(: :()t«i_(t;T]
x "Uo nar] 6.5

where T, K is the time ordering operator with respect

to the time variable ¢,' which is the argument of the
operator w,(#;").

The formal solution (6.5) is as far as we have pro-
ceeded with the analysis for the case of a g tensor.
Nevertheless, it was thought to be useful to include it
in order to emphasize some of the shortcomings of
the discussion for a g scalar by way of contrast.

VII. CONCLUSIONS

A quantity of principal importance in the theory is
the phase lag suffered by an electron spin during its
transit across the slab. The electron orbits for which
this phase lag is an extremum give the dominant
contributions to the transmission signal. There are
three types of extrema: (i) the limiting point, (ii) the
ordinary extremum and (iii) an extremum associated
with a phase lag constant over a finite p, interval. In
general (i) gives the least intense signal, whereas (iii)
will give the most intense signal. The value of the
phase lag at the extremum determines the frequency
of the Larmor-wave oscillations; since this phase lag
depends upon the Fermi-liquid interactions, it can be
used to measure these interactions experimentally.
The amplitude of the oscillations also contains infor-
mation, but it is shown above that although our ap-
proximate theory gives the frequency of the oscilla-
tions accurately, it does not predict the amplitude
well in the presence of moderately strong exchange
interactions. In the case of potassium, the amplitude
of the transmission signal can be determined exactly.
Thus, it is possible to find the field dependence of
the excitation, for a potassium foil plated with fer-
romagnetic layers. Finally, it should be mentioned
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that although most of our paper studies the case
where the magnetic field is oriented normal to the
slab, it is predicted that the presence of open orbits
will give rise to Larmor-wave transmission in the case
where the magnetic field is parallel to the slab.
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