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dependence on phonon relaxation with frequency,
and the strength of the spin part of the many-body
interaction. For the experimentalist we feel this
work suggests the need for further dHvA g-value
measurements where possible, and the extension
of CESR to other frequencies.® By taking due con-
sideration of the importance of g anisotropy and
the relative size of B/(1 + B) compared to O'g/g, it
may now be possible to detect CESR in some of
the many metals which have been examined, but
which have yielded negative results.

Finally, the determination of the many-body
spin parameters may eventually allow the obser-
vation of the finite-k collective modes (spin waves)
as seen in the alkalis.'?
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The variation of g over the Fermi surface leads to a breakdown of Larmor’s theorem
when scattering is too slow to motionally narrow conduction-electron spin resonance,.
We show that electron correlations lead to a collective mode whose position is not that
of motionally narrowed conduction-electron spin resonance, and whose width would be
zero in the absence of scattering. The shift and width of the collective mode are dis-
cussed in general and calculated in one experimentally interesting regime,

We have calculated the position and width of con-
duction-electron spin resonance (CESR) in a mod-
el metal in which there is a spread of “g values,”
due to some kind of spin-orbit coupling, and the
conduction electrons are interacting. When the
mean free time (7) is short, we obtain the expect-
ed motional narrowing of the resonance, and the
center of the Lorentzian line is given by the aver-
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age g value ({2 unpH,); the criterion for motional
narrowing is, as usual, o, ugH,7 <1 (0, is the
rms width of the distribution of g values, uj the
Bohr magneton, H, the dc magnetic field). When
7 is sufficiently long, we again obtain a narrow
Lorentzian line whose center is shifted slightly
from (g)upH,; to observe this shift,. we must
have B{g)upH,7/(1+B)>1 (B is a dimensionless
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interaction parameter defined below; it can be
thought of as similar to “B,” in the Landau theory
of a Fermi liquid). Observation of CESR in both
of these regimes is reported in the prededing
paper. The long-7 regime exhibits the following
features:

(1) The linewidth (1/7,*) would approach zero
as 7 - « if there were no spin-lattice relaxation.

(2) The shift in the center of the resonance is a
combined effect of the spread of g values and the
electron-electron interactions. If there is no g-
value spread, interactions have no effect what-
ever on CESR. If there are no interactions among
the electrons, we should have a non-Lorentzian
CESR which reflected the distribution of g values.

(3) If we neglect the variation of the spin-lattice
relaxation time with temperature, we should ex-
pect the linewidth to pass through a maximum
with increasing temperature, provided the sample
is pure enough for it to be in the long-7 regime

GEaB(k, ’}’) =a6a5tr

3k/

(‘ék)s o (", ¥) + by petr (‘;k)s ok, 7)

at the lowest temperature.

The narrow resonance in the long-7 regime,
which we call the collective CESR, furnishes
some information on the Landau parameter B in
metals with complex Fermi surfaces in which
spin waves' are difficult to observe. Moreover,
as we explain at the end of this Letter, the fre-
quency shift from the motionally narrowed CESR
to the collective CESR can be substantial when
B/(1+B) <0, /g; this large shift may be relevant
to the failure to observe CESR in some metals,

Following Landau,® we view the conduction elec-
trons as forming a gas of quasiparticles with ef-
fective Hamiltonian

E(k) = 8(k) + % g(R) ugH- G + 6E(k, 7).

For simplicity, we use a scalar g(k). Electron
interactions are included by means of 6E(k, 7),
which, to avoid serious complication when & is
anisotropic, we express as

=(a-1b),atr (2 )3 k!, ¥ +2bf2 o k', ),

with @ and b constants; &f=f- n(8; - &), with &y the Fermi energy and f the quasiparticle distribution
function. Our object is to calculate the rf (zero wave number) susceptibility x.(w) for the resonant

rotating wave.®
aéfaﬁ) - 1
( ot . Gfotﬁ +

We have defined
o = 0 +0(8 = 8 ) (4 gupH-5 + OF),

We do this by solving the Landau kinetic equation with collision term

s O(8(6) - (k'»[ Fuslk) +7- Batrdflh ]

which is the deviation of f from local equilibrium. The spin-flip scattering time is 7, the non-spin-
flip scattering time is 7o, 1/7=1/7,+1/7,, and v is the density of states per unit volume for &= 8; (we

have anticipated the fact that 6fc6(& - §;).*

Calculation of x.(w) follows a standard pattern. We define £(f) to be the electron trajectory in %
space; it depends on an independent variable 2=%(0). We further let g(t) = g(k(2)),

B(¢, k) = [ Lgi——‘%——

where Ag=g—- ( & and for any function F defined on the Fermi surface

<F>— 0(8(k) - &) F(R);

(2 )3

2w+1:lt+zuBH fdt’Ag( ),

’

v is the electron density of states at the Fermi surface. We find that

X-(w) = Xy +——2 W“B

185 60 ({50 |

W
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where

G, =(Ag" fomdte SO [ag( = 1) ™).

The functions G,,(w), and therefore the rf susceptibility x.(w), have a series of branch cuts corre-
sponding to power absorption by simple quasiparticle spin-flip transitions. Such absorption occurs
whenever, for some cyclotron orbit characterized by %,

w=[(g)/(1+B) +(Ag),, | hpH,+nw (k,),

where (Ag),_is the average of Ag(t) over the orbit, 27/w (k,) is the period of the orbit, and z is an in-
teger; we put 1/7=0 for the purpose of studying elementary excitations. The shape of the single-parti-
cle absorption spectrum reflects the detailed distribution of g values and cyclotron frequencies. How-

ever, that interesting structure, intrinsic to the material, is blurred by Aw ~1/7,
In addition to the branch cuts just mentioned, x.(w) has poles when

1-[1/7,=iwB/(1+B)]G,(w) =0,

(1)

corresponding to additional absorption with a Lorentzian line shape, At this point we confine our atten-
tion to the one pole whose imaginary part (width of the associated resonance) is dominated by 1/7
rather than by the much larger 1/7,; we shall refer to this as collective CESR. We use as coordinates
on the Fermi surface %, and #, the time required for an electron to move, under cyclotron motion,
from the k&, -k, plane to the point in question. We note that Ag(k,, ¥) is a periodic function of #, and

write
aglk,, D)= 25 Ag,lk,)explimw, (k)]
m:—w
Then for
(QupH i
\g/kpHy Y
1+B w T lAgollJ'BHo<<1, (2)
|ag,| pgHy/mw, <1, m#0, (3)
we can expand G,,(w) in powers of Ag,, substitute in (1) and obtain the complex pole
W=gops hpHy— i/Ty*,
1 _1+B (1+B)AgA)(ppHy)T* o (188, | (pp H) 1 +X7 + (mw 747
T,* T, * 1+X?2 +21+B)7 ,‘Z:'__;l [1-X2+(mw,7%)2] + 4X2 >’ (4)
_ B{Ag ) ug Hy)T*® = [ 1ag, P(ugH)1 +X2—(mwc'r*)z]>]
&obs=(8) [1 + 1+X2 +2BT mz=>l [1-X%+(mw, T92F +4X2 ’ (5)
where 1/7%=1/7,-B/7, and X =[B/(1+B)(g) ugH,7* Note that when w,7* <1, we have, simply,
1 _1+B (1+BKAg)(upH)*T* _ [ B<Ag2>(uBHo)27*2]
Tg*_ Ts + 1+X2 k] g0b5_<g> 1+ 1+X2 ’

and when w_ 7*>1, the terms involving Ag,, are
negligible compared to those involving Ag,. The
regime w,7*>1 is more interesting in practice,
and in the preceding paper the notation (Ag,?) =0,?
is adopted.

We conclude that, for large scattering, IX|<1,
we have ordinary motional narrowing [the factors
(1+B) can be absorbed into 7, and 7*, which al-
ready contain many-body effects]. Many-body ef-
fects do not manifest themselves, and the ob-
served spectrum is shown in Fig. 1. When [X |
>1, on the other hand, many-body effects quali-
tatively change the spectrum from that arising
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l from the free-electron picture. For noninteract-

ing electrons, motional narrowing ceases when
lAglugH,m>1, and we should expect a spectrum
reflecting the g-value distribution [Fig. 1(a)]. In
fact, for IX |>1 the spectrum consists of the
free-electron continuum shifted in frequency by
-[B/(1+B)Kg upH, and the collective CESR
[see Fig. 1(b)]. The narrow line must be under-
stood as a collective oscillation; its width van-
ishes in the no-scattering (7 — «) limit.

We shall demonstrate elsewhere that the collec-
tive CESR always exists for B#0. When |Ag]|



VoLuME 29, NUMBER 20

PHYSICAL REVIEW LETTERS

13 NOVEMBER 1972

———High Temperature (X<<1)
—— Low Temperature (X>> 1) /I

hypothetical g
¢ distribution

x" (arbitrary scale )

Motionally narrowed CESR\

N
!
l
,' _Collective CESR
l

|

|

|
|
|
\
\

- )

=@
1+B L

o
W

FIG. 1. Schematic absorption spectra for (a) free electrons and (b) interacting electrons, drawn to a common
scale, wy = {(gugH,. For free electrons X should be understood as w7, For interacting electrons X =BwT/(1 +B);

motional narrowing requires the stronger condition wt <1,

X ugHyt/1X 1=(1Ag1/2)(1+B)/|Bl«1, almost all
of the oscillator strength (area under the absorp-
tion line) is in the collective CESR; this is the
circumstance for which (4) and (5) are valid. If
we imagine reducing |B|, we should find that the
collective mode approaches the edge of the con-
tinuum, which shifts to meet it; at the same time,
the oscillator strength of the collective CESR
would decrease, and the integrated oscillator
strength of the continuum would increase. In the
limit |B|-0, the collective CESR can no longer
be excited; this limit cannot be studied with (4)
because (4) is only valid if |B|/(1+B)>» |Ag,|/g.
That the collective CESR always lies outside the
continuum may have an important experimental
consequence: Let

ming,(k,) =(g) - Ag.
maxg,(k,) =(g) +Ag..

Then the collective CESR occurs at frequency w
such that

w/upHy>{g)/(1+B) +Ag, (B>0),
w/upH,<{g)/(1+B) - Ag. (B<0),

This is shifted from the position of the motionally
narrowed CESR, observed at high temperature,

by
|w/upHo—g)|>Ag: = B(g)/(1+B)~Ag,

when |B|/(1+B)<Ag,/{g). Therefore, when the
scattering is sufficiently weak, the collective
CESR may be shifted substantially from the posi-
tion of high-temperature CESR.
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