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Existing formulations for systems with complete translational invariance relate the dielec-
tric function to the scattering probability in characteristic-energy-loss experiments. We have
extended this relationship to the case of periodic systems. Energy-loss vs momentum-trans-
fer measurements are of value because they provide a probe of the system for momentum
transfer not accessible to optical measurements. Periodicity is shown to cause the formation
of plasmon bands, and the possibility of long-lived higher-band plasmons is discussed. It is
concluded that materials with a strong crystalline potential are the best candidates for such
higher-band plasmons. The effect of the crystalline potential on the dispersion and damping
of the lowest plasmon band, whose existence is well established experimentally, can also be
obtained from the formulas that have been derived (which include the effects of local field).

1. INTRODUCTION Since that time, both experiment and theory have
developed considerably. Experiments on thicker
At the time when characteristic-energy-loss films have yielded cartographs of energy loss ver-
experiments on thin films were first being per- ~ sus scattering angle which clearly show peaks as-
formed, ! the theoretical apparatus for their inter- sociated with diffraction by the periodic lattice.?
pretation was just being developed. Results ap- In addition, theoretical energy-band calculations
plicable to the free-electron gas and its collective have been able to explain numerous properties of
excitations, the plasmons, were modified in order periodic solids. However, to our knowledge, no
to explain (in a qualitative faghion) the experiments theoretical work has been directed towards ex-
which were being performed on real solids.? These plaining the details of the characteristic-energy-
modifications proved highly successful, so much loss experiments, including the effects of period-
so, that workers in the area were not forced to icity on the local field.
make more detailed studies. However, had such We believe it is now appropriate to make such
detailed studies been necessary, they would have detailed theoretical studies of the energy-loss ex-
been severely handicapped by two major difficul- periments. Neutron-scattering experiments have
ties. First, in most of the early experiments one revealed much about the vibrations of ions in peri-
could not be sure that the thin film was a single odic solids; the analogous electron-scattering ex-
crystal, rather than polycrystalline or amorphous. periments should reveal much about the electron
Second, the calculation of properties of periodic energy levels and wave functions in periodic solids.
solids hinged upon accurate band-structure cal- Such studies should provide more detailed informa-
culations, which were still in an early stage of tion than, e.g., optical studies. We mention that

development. the first detailed calculation of the wave-vector—
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dependent dielectric function of a periodic solid
has recently been performed, * so it should be fea-
sible to perform the electron-energy-loss calcula-
tions as well.

It should be pointed out that, in practice, multi-
ple inelastic scattering cannot be ignored. 5 How-
ever, the derivation we will give neglects such pro-
cesses, as well as multiple elastic scattering, and
elastic-inelastic —scattering combination processes.

Since plasmon creation dominates the broad fea-
tures of electron-energy-loss experiments, it is
important to study the behavior of plasmons in
periodic solids. We find that the eigenvalue equa-
tion for plasmons in periodic solids is that
dete g, o0 (q, w) =0, where €4 4/ (J, w) may be calculated
within the random-phase approximation (RPA) by
the prescription of Adler® and Wiser. " Both the
frequency and the damping rate of plasmons are
affected by the presence of the periodic potential.
For small-momentum plasmons in the lowest plas-
mon band, the dispersion in the frequency and the
plasmon damping will reflect details of the electron
band structure. In addition, if distortion of the
electron energy levels by the crystalline potential
is great enough, some high-momentum plasmons
may be long lived. Specifically, since plasmon de-
cay by particle-hole excitation is dependent upon
the electronic band structure, a material whose
electronic band structure deviates strongly from
the free-electron model might support high-mo-
mentum plasmons with only a relatively weak
damping.

Section II discusses the eigenvalue problem for
plasmons in periodic solids. In Secs. III and IV
we discuss the energy loss of a charged particle
through such a solid. The difference in treatment
of a periodic solid and the free-electron gas may
be seen by comparing Eqs. (3.15) and (3. 16).
Section V discusses sum rules and Sec. VI contains

a brief summary.
J

- 47e? -
Ge,e @, w)= T;f E{(lk
1
b1

Here V is the crystal volume (which we will take

to be unity), 7 and !’ are band indices, K is summed

over the first Brillouin zone, and

(ll:f| e ST ' k+q) =(1/Va)f0 dFu;“K(F) e'iG';u,,E«;(;) .
(2.7)

The integral is performed over a unit cell, which

has the volume V,, and u,k(i:) is the periodic part

of the wave function

(7]1k) = V'”aulg(i‘.)eii'11 .
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II. PLASMONS IN PERIODIC SOLIDS

A plasmon is a self-sustained charge oscillation:
An oscillating electric potential is set up without
the introduction of an external charge density.
This fact will be used to obtain the condition which
determines the plasmon frequencies.

Since the plasmon is a longitudinal mode, it is
convenient to consider the response of a periodic
solid to an externally applied potential which is
purely longitudinal. We set the vector potential
A=0, and take (with q inside the first Brillouin
zone) the total potential qb(i:, t) to be given by

- 1 By -
o(r, t):——4f d%q 25 fdwe'(“c"’ Tt o (q, w) .
(2m)* Jgz G
(2.1)
From the work of Adler and Wiser, it is clear that
one may express the Fourier components of ¢(r, ¢)
in terms of those for the external potential q)""t(z-", t):

96d; ) =2 €4, (, ©) 93 (@, ) - (2.2)
Here €3 o (q, w) is the inverse matrix of the di-
electric matrix €;, ¢ (q, w). This may be inverted
to give

¢°Gxt(51., w)=§ €g,0’ (E, w)‘PG' (El., w) . (2.3)

If there is no oscillating externally introduced
charge density, then ¢&*(q, w)=0 for all G. This
can occur for nonzero ¢¢ (4, ) only if

(2.4)

For a fixed value of 51' , this determines the eigen-
values w. Here the reciprocal-lattice vectors G
and G’ serve as indices in the determinant of the
dielectric matrix.

To be specific, we present Adler and Wiser’s ex-
pression for €g, @, w), which is®"

deteg, ¢ (4, w)=0 .

6,6 @, w)= 0¢,e = Gg, ¢ @, w) lq+G|2%, (2.5)

where

(2.6)

[

In Eq. (2.6) f, denotes the Fermi function and E;;
is the energy of the state | ll-f).

By comparison with e(a , w) as derived by Ehren-
reich and Cohen, ® we see that

€0,0(d, w)=€(q, w) . (2. 8)

In the usual treatment of plasmons in real solids,
one replaces the dielectric function of the free-
electron gas by €(q, w), and then finds the zeroes
of €(q, w). As Eq. (2.4) shows, this is not strictly
correct. Physically, Eq. (2.4) arises because the
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charge density responds at wave vectors q+G for
all G to a disturbance with wave vector §, thereby
producing the so-called “local field.” The crys-
talline potential causes the formation of plasmon
energy bands, just as it causes the formation of
electronic energy bands.

It is instructive to consider Eq. (2. 4) in the limit
of a weak crystalline potential. In that case the
off-diagonal elements of €5, ¢ (6[ , w) may be ne-
glected, so

deteg, ¢ (El., w)= 50,0(;1:, w) 501,01(‘-1:, w)

Xeoz,cz(a, w)...=0. (2.9)

Here the subscripts 1 and 2 refer to a labehng of
reciprocal-lattice vectors. Further, ¢, (@, w)
= 60(51' +§, w) for a weak crystalline potential, where
€, here denotes the dielectric function of the inter-
acting electron gas. Therefore, Eq. (2.9) tells us
that the plasmon bands are formed, in the weak-
crystal-field case, by folding the free-plasmon dis-
persion curve into the first Brillouin zone. Clear-
ly, as the crystalline potential grows, band gaps
form at the center and edges of the Brillouin zone.
Of course, this discussion is academic for the
case of the free-electron model, since the plas-
mons in the higher bands, and even high a plas-
mons in the lowest band, will be strongly damped.
As the crystalline potential becomes more impor-
tant, the damping of the plasmons in the lowest
bands will become strongly affected. We note,
however, that just as high-lying electronic energy
bands are very free-electron-like (since the crys-
tal potential is very weak compared to the kinetic
energy of the electron), so high-lying plasmon en-
ergy bands are very free-electron-like, and there-
fore highly damped. This is because the decay of
such a high-energy plasmon involves the excitation
of an electron into a high-energy electronic state,
These states are nearly-free-electron-like, and
thus permit a near continuum of particle-hole ex-
citations, thereby damping the high-energy plas-
mon. Such may not be the case for the lower plas-
mon bands, for which the decay process involves
electronic energy levels which have been strongly
affected by the crystalline potential. For materials
with strong crystalline potentials, it might be the
case that the second lowest lymg plasmon band has
long-lived plasmons with q 0 (i.e., where there is
an optical band gap). To see if this is the case,

explicit and detailed calculations are necessary.
Strongly covalent and strongly ionic crystals would

be good candidates for such calculations.

We remark that it is probably overly optimistic
to expect truly long-lived plasmons in higher bands
However, it would not be surprising to find diffuse
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peaks in the energy-loss spectra which can be as-
sociated with “incipient” higher-band plasmons.
Such peaks would most likely not appear in samples
which are not truly crystalline. This dependence
upon crystallinity may explain why certain energy-
loss peaks are observed by some experimentalists,
but not by others.

In the next sections we compute the energy loss
of a high-energy charged particle when it travels
through a periodic solid, in order to see how these
plasmons might show up in an energy-loss experi-
ment.

III. ENERGY LOSS BY A CHARGED PARTICLE

We consider here the energy given to a periodic
solid when a high-energy charged particle (an elec-
tron) moves through it. Our calculation in this
section will be classical: We will compute the rate
of work done by a localized particle as it moves
through the solid. The particle, of charge —e, will
be cons1dered to be moving with the constant ve-
locity V (we neglect momentum loss by the parti-
cle), and is localized at T =0 when £=0:

p%Yr, )= —ed(r - V,1) .

p™* denotes the external charge density.
The change in energy when a charge distribution
is changed is given by®

oU= [ dr ¢(r)op(r) . (3.2)

Therefore the rate at which this energy is changed
is given by

(3.1)

au 3p(r)
a ar o) =g,

(3.3)
We want only the change arising from the induced
charge density, or

dW - apind

di T

(3.4)

It is most convenient to Fourier analyze ¢ and
p'™, Use of Poisson’s equation will then exhibit
the relationship of the Fourier components of ¢ and

p'* to those of p°**. We have

e“ (Q, w) f drdwe'”““g) Friot ext(r t)

=-271ed[w-V, (q+3&)] . (3.5)
From Poisson’s equation
vip=—-4mp, (3.6)
one can show that
68" (@ w)=47| §+G | ?pg'@, w) 3.7)

and
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¢o(@, w)=47| d+G |2 [p&*(q, w) +p&(@Q, w)] . $e(Q, w) =412 € (G, w) | +G | 284, w)
Gl
(3.8) (3.9)
Then from Egs. (2.2) and (3. 7) it is seen that From Egs. (3. 8) and (3. 9) one may show that

J

p &G, w)= - p&HG, w)+ |d+G 122;2 € or(d w) |G+G 2084, w)
= %% (- dgc0 + | (-1:+5 !2551,0' (61', w) l ‘-1.+-G' l ]Pc't(q, w) . (3.10)

Using Eqs. (3.9) and (3.10) and the Fourier representations of ¢ and p'*®, Eq. (3.4) becomes
aw__ = 1 a i(@+Q) Fmiwt - o 1 ey i (@48 oFeiwr t  ind(
i —fdr —(Wf dq{)[dwe ¢sla, w) o7 (2”)4 dq% dw'e pG,(q,w)
BZ BZ
ol 2 f ae f dw’ 7@ W ¢6(G, w)p =1, w)
@) )z e
(;421:‘:“5" dq 2 jde’ dw’ e @t ! %:/ Ez;l,c' (a, w)|a+§/ ] -zpo't(q, w)

X2 [=8.0,00 ¢ |d+G %60 (=G, 0) [1=8" [ #1084 (-G 0) . (3.11)

Use of Eq. (3.5) simplifies Eq. (3.11) to

2.
AL b [ ad T e @ LG T, G+ ENT, (<3487
dt 27 BZ GGG

2] q+G’ |?|q+G|?]. (38.12)

bl |a+_G" l-zﬁ_G'Gu + 6-2;1,6”(—5’ ve * (-a-l- a”)) ’a—a”

The time average of dW/dt is nonzero only when G''=-G', so

2. =~
CfitW> o deq 2 3o (@ Vo @+G)) Y, @+ [- | T +G |*06,0r

-

e (=G —T @8 348 12[3+T 4], (.13)

[

Since only the real part of (d W/dt) matters, only In Eq. (3.16) the integral is taken over all g, not
the imaginary part of the term proportional to merely over the first Brillouin zone as in Eq.
0¢,c+ is kept. This is because (3.15). (3 GT. G
4 . - In Eq. (3.15), Im[eZ ¢(q, V. " (q+G))] takes on
€50 (@ ) =[e 3, 5 (-0, — @), (3.14) large values in the vighfity’ofethe freqxgency of
as is shown in Appendix A. Finally, plasmons. I the plasmons are weakly damped,
aw 2 ( 5 this peak will be quite large, which implies that
P=Re < 7 _2£2_ j dq Z} —ﬁ—qa'LZ— the fast charged particle is effective in creating
these plasmons. It is possible that some of the
X Im[ - 6(-; c (q, Ve . (q+G N1. (3.15) peaks seen in characteristic-energy-ions experi-
! ments are due to the generation of higher-band
In the absence of a crystalline potential, this ex- plasmons, since the detailed form of these energy-
pression reduces to the standard result for a trans- loss spectra are not well understood. Application
lationally invariant system: of Eq. (2.4) and (3. 15) requires a detailed knowl-
o . T Ef 1 edge of the electronic band structure, We have
P=—73\|dq —%5—Im not yet applied the formalism to any specific ma-
2n j gl < €@V, d ) terials.

(3.16) It should be remarked that Walter and Cohen®
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have studied (for Si, and within the RPA) plasmon
energies for the lowest band, with the neglect of
the off-diagonal terms in Eq (2.4). They have
also studied Im{ - [€y(d, )]} for Si. Their work
will be discussed later. As has just been shown,
the off-diagonal terms in the dielectric matrix
(i.e., the local field) must be included in an exact
calculation of the plasmon energy and the charac-
teristic energy loss. The effects of including
these terms are not immediately obvious, and
they will most likely not become clear until de-
tailed numerical calculations have been performed.

IV. ANGULAR DISTRIBUTION OF ELECTRON
ENERGY LOSS

In this section we discuss how one may deter-
mine the angular distribution of electron energy
loss. Our arguments follow closely the work of
Pines and Noziéres.!? They show that the probabil-
ity per unit time P(q+G, w) that the electron trans-
fer momentum Ef +G and energy w to the system
(7=1) is given by

P(+G, w)=21|V, +a\22l(nlp’.‘“’( a)]oy |?

X 6(w=w,). (4.1)

Here Vi,g=-47e/1q+G |? is the spatial Fourier
transform of the potential of the incoming electron,

pirdQ)= —e, et @ js summed over all par-
ticle coordinates r;, and the sum on » is performed
over the exact states In) of the system, with the
exception of the ground state, denoted by [0). Al-
S0, Wy, = W, — w, is the energy difference between
the states I») and [0). We note that our p~ -e¢
times the p of Ref. 10, and our V- -e"! times the
V of Ref. 10.

Equation (4. 1) was derived under the assumption
of single scattering, so it is not applicable to mul-
tiple plasmon excitation, which has been observed
‘even for films as thin as 200 A.!! In addition, no
assumption of crystallinity was made, so our fur-
ther results will be applicable to crystals of any
symmetry, Equation (4.1) is conveniently sepa-
rated into two parts:

P(a+G, w)=27 | Viz | 2025(q+G, ), (4.2)
where
S(a+G, w)=e"2 E | (n1p3%(=q) |0) [26(w = wpo)
(4.3)

is known as the dynamic form factor of the _System.
Our purpose is to relate S(q+G, w) to eG o, w),
thereby demonstrating that P(q+G, w) may be ex-
pressed in terms of the inverse dielectric function.
The main results of Sec. III may be derived using
P(q +(_§, w).

We now display an expression for €' ;. (@) in
terms of the exact states of the system, From

2999
Eq. (2.4),
- [
Eal;cl(q, w)_ —gi?'?'éd’—:% . (4.4)
Now
6‘1’6(&’ w)=6¢ce;xt Qrw)+5¢§;“d@ w) (4.5)
80
6¢1 d(a Q))
-1 3 = N —G__ T 4.
€s,¢ (-C.b w) 56.0 + ext(a’ w) (4.6)
since
Gd)ext(‘q,
SO ) =00
Further, from Poisson’s equation,
86¢5°@, w)=4r|G+ G| 260G, w) (4.7)
S0
i - - . ) ind
€Glcl(q,w)=6c'cl+4"|q+él 2 _qng,T((%,LZ—g .
(4.8)

This equatmn has been derived by Martin and
Schwinger.!? We may calculate 5pi2%(q, w)/6¢ 5%
(4, w) using linear-response theory. It should be
noted that only the diagonal elements of ¢! will

be needed, so that the calculation of Ref. 10, for
a translationally invariant system, may be carried

over. Denoting
Gpind(a w)
= ..’ .
Xe,c+ (@ w) 6.¢G2’5_—t(q,_w_) ’ (4.9)
then from Ref. 10,
X6,6@ w)= E | (n| 4= )| 0)| 2 20000
X [(w+2n)? - wa?l™  (4.10)

Here 7 is a positive infinitesimal which has been
introduced so that 5¢%(q, w) may be considered to
have been turned on adiabatically. Xc,c'(?l: w) for
G+ G’ is calculated in Appendix B. From Egs.
(4.8)-(4. 10) it is clear that

2
€@ w)= 1+4ﬁ|q+G1-zzl<nip““ @0y

, ) (4.11)

S — I
W = Wpo +17 W +Wpg+ N
Then

Imeg' (§ w)=-4n2?|§+G|?[ SE+G, w)
-S@+G, ~w)]. (4.12)
For w >0 this gives, on comparison with Eq. (4.3),

= 13+G 12

SE+G, w)= i Imej! (4.13)

@ w),
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S0
8re’

P(+G, w)=|—a+-a—lz [-ImeG,¢ G w)]
(4.14)
The rate of energy loss to the medium due to
all excitations is given by

P=Z>%> wP(d, w)

1
(2m)?

(4.15)

S daqzw P(q+ay (4)) )
BZ G

where w=V,* ({+G). This equation is identical to
Eq. (3.15), derived from classical considerations.

The equations describing energy loss for a sys-
tem with complete translational invariance go over
smoothly to the corresponding equations for a
periodic system. Therefore P(Q, w)df, the prob-
ability per unit time that the electron will be scat-
tered into a solid angle dQ =27 sin©d6, while suf-
fering an energy loss w, can be obtained by only
slight modification of the expression given in Ref.
10. For momentum transfer which is small com-
pared to P,, the momentum of the incoming elec-
tron, P(R, w) is given by'°

P(Q,w)=[P¥/(2r)"] [ dq} P, )6 (w —qiv,)
(4.16)
Here §’ is not restricted to the first Brillouin zone,
and ¢lv,=§' - ¥,. P, w) is calculated using Eq.
(4.14) and §' =4 +G.

With Egs. (4.14) and (4. 16) one can compare
theory to experiment. The availability of detailed
cartographs of energy loss versus momentum,
providing a probe of the solid for appreciable mo-
mentum transfer, should ultimately permit a more
exhaustive test of our knowledge of energy bands
in solids than optical-absorption data have per-
mitted. (This situation, of course, arises because
the wave vector can be varied in electron-scattering
measurements, whereas it must be near the value
zero for optical-absorption measurements.) To
our knowledge, no one has yet attempted to calcu-
late such cartographs.

In addition to studying the details of the band
structure by comparison with data for the lowest
plasmon band, such calculations can indicate the
presence (or absence) of higher-band plasmons.

V. SUM RULES FOR PERIODIC SYSTEM

A number of sum rules which apply to a system
with complete translational invariance also apply,
with suitable modification, to a periodic system.
We will discuss two of them because the presence
of plasmons affects the weighting within these sum
rules, causing this collective effect to outweigh
the individual particle contributions.

The f sum rule will be used in conjunction with
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Eq. (4.11) to obtain the high-frequency behavior
of the dielectric function. Since it is derived for
the exact states of an arbitrary system, it is also
applicable to periodic systems. Specifically, *

> 2 -
2 wnol (ol @|0) = NG+E¥/2m . (5.1)
n
We have dropped the superscript “ind” on the
quantity pf(§). Considering Eq. (4.11) in the high-
frequency limit, use of Eq. (5.1) enables us to ob-
tain the relation [accurate to 0(w*?%)]

E'GI,G(-&, w) —,;::1+“’§/“)2’ (5.2)
where
wi=4rNe¥/m . (5.3)

(The volume V=1, so the number density » equals
the number of electrons N which are not in the
core states. By w— o we mean (> valence to con-
duction-band energies.) In the high-frequency
limit the effect of the off-diagonal elements of

€z' 6 w) can be neglected, so €5 ;. (d, ) may be
inverted simply to give, to O(w™2),

€6,¢(d, w21 - wi/W? (5.4)

Using Egs. (5.2) and (5.4) and the Kramers—
Kronig relations, the proofs given in Ref. 10 carry
over completely, so that we obtain the two sum
rules

fy dwoIm[c@ w)]=-4r0? , (5.5)
fow dwwIm[eg o(q w)=310} . (5.6)

The first of these is a restatement of the f sum
rule. The second is called the “conductivity” sum
rule. ' It is clear that the presence of a plasmon
will cause these sum rules to have a large contri-
bution from the region in which the plasmon is well
defined; conversely, the presence of a plasmon
causes the single-particle or multiparticle excita-
tions to give a weaker contribution to the sum
rules.

VI. DISCUSSION

We have studied the question of characteristic
energy loss by a periodic solid, including the ef-
fects of the local fields and of the detailed band
structure of the solid. The effect of periodicity on
bulk plasmons has been discussed. It has been
suggested that, in materials with a strong crys-
talline potential, plasmons in higher bands may be
long-lived enough to be observed in energy-loss
experiments.,

We note that even in the absence of higher-band
plasmons, the effects of periodicity on the lowest
plasmon band cannot be neglected.
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(i) Plasmon dispersion depends upon the detailed
structure of the electronic energy bands. This can
be seen from the calculations of Ref. 4 on Si, which
[althoughthey are based upon an RPA ¢y(d, w) rath-
er than the full dielectric matrix] demonstrate the
order of magnitude of such effects. In particular,
the dispersion of the lowest plasmon band is found
to be approximately two-thirds the value one would
predict on the basis of the RPA for the free-elec-
tron model (see Fig. 13 of Ref. 4).

(ii) Plasmon damping depends upon the detailed
structure of the electronic energy bands, as can
also be seen from the calculations of Ref. 4
for Si. Even for d=0 and within the RPA, the
plasmon from the lowest band has a finite damping.
This is expected to remain even in calculations
using the full dielectric matrix. In this regard,
DuBois and Kivelson'® have recently performed a
calculation of plasmon damping for the free-elec-
tron gas, including some electron correlation ef-
fects which are not included in the RPA. They
were interested in making comparison with experi-
ments on Al, - 3 material whose band structure
is much more free-electron-like than that of Si,
The theoretical damping was found to be consider-
ably less than that obtained experimentally. Of the
possible additional causes of damping (in addition
to correlation effects not included in Ref, 13, and
in addition to scattering by impurities and by pho-
nons), the effects of the periodic lattice can be de-
termined from Eq. (2.4). We remark that Foo and
Hopfield'” have studied a simple model, with one
reciprocal-lattice vector, for the dielectric func-
tion of sodium. They found the interesting result
that for a narrow range of momentum transfer q,
the presence of the band gap (and the large density
of states associated with it) caused a large peak in
the energy loss plotted as a function of y. This
phenomenon can also be expected to occur in cal-
culations on more complex systems, It is not as-
sociated with higher-band plasmons.
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APPENDIX A
We wish to establish the relationship
52;1,6'(55 U-’) ‘—‘[5:2;,-(;'(_6"'(.0)]*- (A]-)

This is obtained by considering an external po-
tential which is real:

¢ext('f., = ol (§:8)er-iwt et (q+G)er +fwt i (A2)

This corresponds to

3001

>

SSHG , w) = (27T)4[5(a -q)8lw-w") 06,6

+8(d+q") 8w+ w’) 8g,.5:] . (A3)
From Eqgs. (2.1) and (2. 2) this gives
o (F, 7) :ZL_,;, [6(-;1“'0(-6’ w)é @3 ) F-iwt
+ 5:2;",-0(‘&: —w)et (&'+G")-F+twt] . (AQ)

Since ¢°*(t, #) is real, so must ¢ (¥, ) be real,
from which one may deduce Eq. (Al). One may
similarly deduce that

EG,G'(a.: w)z[E-G,_GI("a, "(1))]* . (A5)

APPENDIX B

In this Appendix we derive an expression for
Xe,c* @, w). This will be done by the use of linear-
response theory, as outlined in Ref. 10,

We must begin with the Hamiltonian describing
the interaction between the solid and incoming elec-

tron. This is given by

Hm=%—) V(E, -R,) , (B1)
where

VE -R,)=e¥|F, -R,| . (B2)

Here ﬁe= _Vet is the position of the incoming elec-
tron, and the ¥, are the positions of the electrons
in the solid. Equation (B1) may be rewritten

Hmt=2 DD I (&'+E3’)'($,-ﬁe)(_ e)V, (@), (B3)

i qeBZ G
where
V@) = [ d®r[(-e)/rlet @O F=_are/(|G+C|?) .
(B4)
Then

Hm:é\lz ? PE(-F) V@ et @ Re (g
where

PE@) = - e2s e @O (B6)
1
This can also be written

dw > > -
Hy= 20 2 [ 5 06 (- Q) 63 @, w)e™* ,(B7)
4EBZ G
with
¢&* (@, ) =21 V(@) o[w- G+38) Vo] . (B8)
We note that Eq. (B8) is consistent with Eqgs.

(3.7) and (3.5). Because the interaction is a real
number, we must have

o8 @ w)= [0 (-, - w)]*, (B9)
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which may be verified directly using Eq. (B8).

where H, the Hamiltonian of the solid, satisfies

ish t t i A
We wish to determine H ]n) -E, | ny (B15)
ind
Xe,c0(@, W)= —Wf%—f"—)) (B10) I3 (t)) is expanded in terms of the eigenstates |n):
’ N
o)y = 22 a,()eEnt |n ) . (B16)
To do this we will consider ¢%*(J, w) as a pertur- n
bation in Eq. (B7) and find the response to it. With the boundary condition
We wish to compute
1, »n=0
ind, iwt 1 d —o0)=""
pEUE, w)= [dte'tp@, 1), (B11) a(=<)=y" |0, (B17)
where corresponding to the system being in its ground
pd%@, t)= W, 1) [pF @) | F, 1)) . (B12) state at = —, one may easily show that
As the interaction it will be sufficient to consider i (n |pind( q) 10) ¢Ex't(q ®) o
=("/2m)[p!% (- Do, w)e “trc.c. ], (B13) " 2 W= Wy +i1
where 7 is a positive infinitesimal which guarantees | pina ext
that the interaction is turned on adiabatically. _Sn P8 10) 5 (=g, = w) ‘(wnnw)t) .
Using W+ Wyg — N
(B18)
i o fwe)= @B [y, (B14)  Then
]
G 0= D0 |64 | ) st + (| %) |0) a0 o)
(01p8%@) In) ¢ 1p2%@) 10) $%U = G, )

_e 2( ©1p8@) 1n) ¢ 1p22(=0) 10) $FH, @) riwt _

2r 7, W = Wpo+ 1IN

(n | p4nd(q) 10) (e 1p 223 (= q) 10)* ¢4, w)* o

W = Wyo — N

Note that |») is an eigenstate of momentum (mod-
ulo a reciprocal-lattice vector). Therefore, for
q not on the Brillouin-zone face, (n p}%gq)10)#0
implies that (n |p!%¢(-q) | 0)=0, and vice versa.
Hence the second and third terms in the large

|

e(mm)t

W+ Wy — N

_ {n1p8°(@) 10) (n 1pgd) 10)* =3, - w)* )

W+ Wyo+ 2N
(B19)
r
parentheses of Eq. (B19) are zero. Use of Eq.
(B9) and the relation
(n 10X (=) [0)=(0] p&@) [m)* (B20)

permits Eq. (B19) to be written

oG, =5 —

n

By time-reversal invariance, for each state [n)
with reduced wave vector q there is a state [m)
with reduced wave vector —q, having the same en-
ergy and a complex conjugate wave function. This
permits the replacement of

5 n |p %) 10) (n | pE%(q) 10)*
W+ wno+17

n
by

Z, (0 1p &%) 1m) (0 1p8 (@) Im)*
W +Wo+ Zn

’

so Eq. (B21) may be written

0BG ) Z( 0 1p%a) 1) <0 1pi¥a) In)*

W= Wpo+ 1M

(2108 10) (n 1p 29@) |0>*) (B21)
W+ Wno+27 '

(i w
(g, t)——e——— 63t (@, w) L0 | D |7

2

x(0 | pI2 (@) |n)* 2wno/lw +in)? - iy ] . (B22)

Then, using (1/27)[ dte' ™" =5 (w - w’) and Eq.
(B10), we have
Xa,or (@ )= L0 [p @ |n) <0 | @) |n)*

x 2wy /[(w+in)% - w]. (B23)

Note that =0 is excluded from 3,, since (0 Ip“"’(q)
x 10)=0 for §+G 0. ForG= G' Eq. (B23)isiden-
tical to Eq. (4. 10) of the text,
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EPR spectra have been observed for SrCl,:Y?* and SrCl,;:Sc?* at liquid-helium temperatures. At 1.2 K
the spectra were dominated by anisotropic hyperfine patterns whose line shapes and angular
dependences were explained using second-order solutions of the effective Hamiltonian for an isolated
2Eg state split by large random internal strains. Pronounced asymmetries in some of the
strain-produced line shapes for SrCl,:Sc>* are shown to result from second-order terms in the solution
of the effective Hamiltonian. Coexisting with the anisotropic hyperfine patterns are weak nearly
isotropic hyperfine patterns with typical line shapes. Variations in the apparent intensity of lines in
these weak hyperfine patterns as functions of the applied-magnetic-field direction and temperature imply
that these lines result from averaging by vibronic relaxation of a portion of the anisotropic pattern.
This interpretation is further strengthened in the case of SrCl:Sc®* by the observation of a predicted
anisotropy in the “averaged” spectrum. The effective-Hamiltonian parameters for SrCl:La?*, SrCl,:Y?*,
and SrCl,:Sc’* are analyzed in terms of crystal field theory modified to include a weak to moderate

vibronic interaction, i.e., a dynamic Jahn-Teller effect.

I. INTRODUCTION

For a nonlinear polyatomic complex Jahn and
Teller! have shown that the orbital electronic de-
generacy permitted by a symmetric nuclear con-
figuration is incompatible with the stability of the
symmetric configuration since asymmetric distor-
tions remove the degeneracy and lower the energy
of the system. For high-symmetry complexes in
solids, e. g., ions with ad® configuration in eight-co-
ordinated cubic sites, this instability is a result of
the interaction between lattice vibrations and the
electrons located on the ions. This vibrational-elec-
tronic or vibronic interaction determines the nature
and the degeneracies of the states of the complex,

both of which will generally be different from the
results for the electronic states in the absence of
the vibronic interaction. This subject has been ex-
tensively investigated theoret:‘u:ally.a"1 When suf-
ficiently strong, the vibronic interaction together
with internal strains can produce a stable spon-
taneous distortion of the nuclear configuration to a
symmetry sufficiently low to remove all orbital
degeneracy, i.e., a “static” Jahn-Teller effect.
However, even when the vibronic interaction is
relatively weak, it produces pronounced effects on
the matrix elements of certain vibronic operators
and hence on certain experimental parameters,
i.e., a “dynamic” Jahn-Teller effect. Since the
existence of a significant vibronic interaction in-



