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The problem of impurity-induced absorption of light due to a localized mode is studied on the basis of the
Kubo linear-response theory. The equation of motion for the dipole-moment correlation function with re-
spect to the localized mode is derived using Zwanzig’s projection-operator method, and solved with the
assumption that the anharmonic coupling between the localized mode and the remaining modes (the bath)
is of the form QI' and weak enough to allow a perturbation treatment. The variables Q and I' represent
the localized-mode normal coordinate and an arbitrary function of the bath coordinates, respectively. The
first nonvanishing contribution is shown to be of second order in the coupling and to give an absorption band
of Lorentzian shape whose width and shift are given by the real and imaginary parts of the half-interval
Fourier transform of the correlation function {[T',I(£)])°, where {---)° denotes an average over the canonical
ensemble which represents the uncoupled bath. It follows directly from this result that the width and shift
functions satisfy the Kramers-Kronig relations. In an Appendix, the width and shift expressions for the
special case of an anharmonic crystal having up to quartic terms in the potential are derived and shown to be
equivalent to Maradudin’s calculation based on many-body diagram techniques.

1. INTRODUCTION

RANSPORT properties depend upon the inter-
action or coupling between the constituent par-
ticles of the system and the manner in which energy is
exchanged between them. In linear-response theory
(LRT)! the transport coefficients are expressed in terms
of correlation functions the calculation of which is often
made difficult by the complicated nature in which ex-
change processes occur and the lack of sufficient data
on molecular interaction.

Many workers have performed model calculations for
lattice systems based on the LRT of Kubo' using an
assumed form for the potential energy of the coupled
system.? Further progress in the LRT of transport
processes is expected to come from an analysis of the
structure of correlation function formulas rather than
from model calculations as pointed out by Zwanzig.?

The temperature dependence of the shape of an
impurity-induced absorption band is a valuable source
of information for molecular coupling. The impurity
serves as a probe for studying the dynamical properties
of the system when the band lies in an absorption-free
region of the pure system.

The main goal of this paper is to provide a better
understanding of molecular coupling by studying the
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optical absorption due to an impurity mode coupled
linearly to the surrounding or bath. The system con-
sists of a set of coupled oscillators to allow for energy
exchange between bath and impurity. The coupling
determines the absorption band shape.
Specifically, we consider the Hamiltonian of the
system to be
(1.1)

where H is the Hamiltonian for an harmonic oscillator
which represents the impurity mode, Hp is the Hamil-
tonian for the bath modes, and AI'Qy is the linear cou-
pling term, assumed small. Here T' is a function of
the bath coordinates alone which are of quadratic or
higher order and Qr is the impurity mode normal
coordinate.

According to the LRT of Kubo,! the electric sus-
ceptibility which describes light absorption is given by
the Fourier transform of the autocorrelation function
of the dipole moment of the system. For the calculation
of the correlation function we find that Zwanzig’s
projection-operator technique* seems most effective. It
is shown that the absorption band shape of an impurity
mode coupled linearly to a heat bath is Lorentzian. This
is true under mild assumptions: that the impurity
absorption band does not overlap with other bands such
as the restrahl band and that the coupling is weak. The
width and shift of the absorption band are given by the
real and imaginary parts of the half-interval Fourier
transform of the autocorrelation function of I' [see Eq.
(6.10)] and thus it is a simple matter to see that the
Kramers-Kronig relation holds between the width and
shift as it should due to the linear approximation.

H=H;+Hp+NQ;,

4R. Zwanzig, J. Chem. Phys. 33, 1338 (1960); in Lectures in
Theoretical Physics, edited by W. E. Britten, B. W. Downs,
and J. Downs (Interscience Publishers, Inc., New York, 1961),
Vol. 3.
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This is a considerable simplification over the previous
proof.5:

We shall briefly outline the procedure to be followed
in this paper. After a brief discussion of the Hamil-
tonian of the system, we proceed with a calculation of
the electric susceptibility X(w) making full use of the
symmetry relations satisfied by the correlation func-
tions appearing in X (), thereby simplifying the calcula-
tion. In fact, to get X(w) we need the Fourier transform
of only one function, namely, G (f)={aa'(¢)), where af
and @ are the creation and annihilation operators with
respect to the localized mode, and (- - - ) represents the
canonical ensemble average for the natural motion of
the system. Next we transform an exact integro-
differential equation derived for G(¢) into a form suitable
for the weak-coupling approximation, i.e., exact up to
the order of A\ in the coupling parameter A. At this
point we apply Van Hove’s very elegant weak-coupling
method” which involves the double limit, A >0 as
t—oo, with N\ kept finite. We also justify this pro-
cedure by solving the exact integro-differential equation
for G(f) directly. Comparison is also made with the
work of Lax® in which he obtained a result similar to
ours based on a zeroth-order Hartree approximation.
We show that his result does not seem to prevail for
arbitrary field strengths according to his supposition.®

2. HAMILTONIAN

Here we present the Hamiltonian in a form which
determines the absorption band shape in the vicinity
of the impurity mode frequency. The potential energy
¢ of an anharmonic crystal containing a substitutional
point defect can be expanded in powers of the atomic
displacements of ¢;:

1 1
¢=—2_ $iiqigi+— 2 ijrqiqiqx
AR 3! ik

1
+— 2 biingiqiqqit - -
41 ikl

(’l:,j,k,l=1,2,"‘,f), (21)

where f is the total number of degrees of freedom of the
system. The coefficients ¢j, ¢4jx, Pijri, * * *, are the quad-
ratic, cubic, quartic, etc., atomic force constants.

In order to define the quantities involved in the
present calculation we shall sketch a normal coordinate
transformation which leads to the so-called creation and

8 A. A. Maradudin, in Solid State Physics, edited by F. Seitz
alxgd Di Turnbull (Academic Press Inc., New York, 1966), Vol.

, p. 1.

6 A. A. Maradudin, A. E. Fein, and G. H. Vineyard, Phys.
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8 M. Lax, J. Phys. Chem. Solids 25, 487 (1964).
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annihilation operators a;', a; given by
ho\Y? s
w=() Ermoata)
2m1- 8=l
(i=172; “')f)) (2'2)

where B;(®) are the orthonormalized eigenvectors of the
following eigenvalue problem:

7
Z D.,']'Bj(") = wszB,-(") .

7=1
The matrix D is defined by
D= ¢ij/ (mim;)'*

and m; is the mass of the ith particle. By definition the
matrix D is a fXf real, symmetric matrix with f
eigenvalues {w,?}. The quantities w, are the normal
mode frequencies of the system. The operators a;', a;
satisfy the commutation relations

Lai,a"]=6s,
[d,‘,dj] = [aiT)aif:l =0.

Since we are interested in the absorption due to the
impurity mode whose frequency wy is larger than any
other frequencies wp of the remaining modes (referred
to as the bath), we shall write the Hamiltonian in the
form

(2.3)

H=H+NH'=H+Hp+)\H’, (2.4)
HI=Z hw,-(aﬁaz-l-%) y (25)
I
HB=Z hwb(ab'fab—l—%) y (26)
b
H’=ZI: Q- 2.7

where % equals Planck’s constant divided by 27 and
Qr=ar"+a;. The perturbation term H’ describes the
coupling between various modes, and the first sum in
H’ arises from the terms which are linear in the im-
purity normal coordinates. In the following calculation
we keep only this term and neglect the rest, which lead
either to side-band structure™ or to higher-order effects.
The I'; depend upon the bath variables quadratically
in the lowest order. The explicit expression is easily
obtained by using the normal coordinate transformation
given in Eq. (2.2) and using the orthonormal properties
of the eigenvectors B;(®. Then for I'r we have

I=T@O4T®F... (2.8

where

I®=(m+1) ¥

8182+++8n

Prsisp- 800810807 Q8,0 (2.9)

1 A. A. Maradudin, Rept. Progr. Phys. 28, 331 (1965).
1 7. B. Page, Jr., and B. G. Dick, Phys. Rev. 163, 910 (1967).
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Here the prime on the summation denotes the condition
s1#1, -+, 5,7%] and the factor n+41 accounts for
this. The coefficients ®rs;...5, are linear combinations
of the ¢’s given in Eq. (2.1). For completeness we have
given the explicit dependence of I' on the bath phonon
coordinates. However, we may not need these expres-
sions until we compare the present result with that of
previous calculations, which we have done in the
Appendix.

3. ELECTRIC SUSCEPTIBILITY

In order to calculate the impurity-induced absorption
band shape we use the LRT of Kubo! in which the
absorption coefficient @,,(w) for an isotropic system
interacting with light of frequency w and plane polarized
in the « direction is given by

() = (dmwo/cn (@) PXes” (@) (3.1)

where
Xa:x” =—ImX;,

and is given in terms of the Fourier transform of the
autocorrelation function of the dipole-moment operator
M, of the system in the x direction:

(1—efho) =
X! (00) = ~———r / eioreltl (M M. (1))dt. (3.2)

2V

Here V is the volume of the system, ¢ is the velocity of
light, #(w) is the index of refraction, and € is an in-
finitely small positive quantity. In the following we
shall omit e, it being understood that all infinite inte-
grals are taken in the above Abel limit.!

The dipole moment M, of the system in the x direc-

tion is defined by
M.=3 ., (3.3)

where the quantities e;, ¢.? are the effective charge
and displacement in the x direction of the ith particle
of the system. The Heisenberg operator M,(¢) in Eq.
(3.2) is defined by

M (1) = T eminin, (3.4)

while (- - -) denotes the canonical ensemble average for
the natural motion of the system which is described by
the Hamiltonian H, i.e.,

{X)=Tre #2X /Tre—*2, B=1/kT. (3.5)

If we expand the dipole moment of the system in
terms of a;f, a; defined by the normal coordinate trans-
formation given in Eq. (2.2), then we find

(MM (t))y=Ng Z ¢ ((ai+ai") (ai()+a:t (1))

~N1C({a'a(t))+(aa* (1)), (3.6)

where the number of impurity ions Ny has been intro-
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duced to account for a finite concentration of non-
interacting impurities. To obtain Eq. (3.6) we have
neglected the cross terms and the correlation functions
(arar(t)) and (a;Ta;7(¢)) which either lead to higher-
order effects'® or absorption removed from that of
interest."* From general cubic-symmetry arguments we
picked out only one of the three degenerate localized
modes to determine (M,M.(f)) and for convenience
dropped the subscript I on ar' and ;. The constants in
these expansions, ¢;® and C, have been given for a rigid
ion model by Maradudin.?

We can simplify Eq. (3.6) further by means of the
following symmetry relation:

Re / rm(a"a(t))e“"“"dt=e“”’“’ Re / °<,(aa“(zf))e"""dt. (3.7

This symmetry relation may be verified easily in
terms of the matrix representation which diagonalizes
H using the properties of the Dirac delta function. Sub-
stituting Eq. (3.6) into Eq. (3.2) and using Eq. (3.7),
‘we can write X,,” (w) in the form

Xeo' (@) =N1C@ () —¢(—w)),
¥(w)=2(1— %) ReG (w)

(3.8)
where

(3.9)

and G(») is the half-interval Fourier transform of G(2) :

Gw)= /0 G(t)e vt , (3.10)

G()=/(ad" (1)).

Accordingly, the calculation of X,,” has been reduced
to the evaluation of one correlation function, namely,
G()=(aa’ (1)), which we shall consider in Sec. 4.

4. DERIVATION OF INTEGRO-DIFFERENTIAL
EQUATION FOR G(¥)

We shall now derive an integro-differential equation
for the correlation function G(f) using Zwanzig’s pro-
jection-operator method,* which we have found to be
the simplest and most direct for our purposes. Applica-
tion of the method to our problem necessitates the choice
of an appropriate projection operator which projects
out that part of a'(f) which contributes to G(?), i.e.,

(aPat(£))=(aa® ())=G(2). (4.1)

The relevant and irrelevant parts are defined by
art ()= Pa’ (1), (4.2)
atrrr()=(1—P)a'(?). (4.3)

Consequently, a'(f) can be written as the sum of its
relevant and irrelevant parts,

at()=az"()+arrr' (). (4.4)
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A suitable projection operator for our purposes is de-
fined according to its action on any arbitrary operator
X as follows :

PX()=a(aX (¥))/{aa®). (4.5)

This operator is certainly a projection operator since by
definition

PX()=PX (). (4.6)

In order to obtain the equation of motion for G(Z)
we shall make use of the Liouville equation for af (f)
given by

@t (1) = (i/W)[H,at () ]=iLa' (¢). %)

Following Zwanzig’s procedure for the elimination of
the irrelevant part erzz'(f), we calculate the time de-
rivative of @zt and arzr’ to obtain

dr'(t)=4iPLag' (t)+iPLarrr' (1), (4.8)
dIRR1L (t) = 1(1 - P)LGRT (l) +'L(1 —‘P)L(ZIRRT (t) y (49)

where we have used Egs. (4.4) and (4.7). Solving Eq.
(4.9) formally for a;zz'(f) in terms of az'(f) and sub-
stituting into Eq. (4.8), we arrive at

dRT()f)=iPLG/RT(f)
t
- / PLEG-PLY Lapt (t— 1)t/ (4.10)
0

where we have used the following initial condition
[erre'(0) =0], which is obvious from the definition of
P. From Egs. (4.1) and (4.10) we immediately obtain

G ()= (adz' (t))=igG (1)~ / tK(t’)G(t—t’)dt'. “.11)

Here the quantity g is a function of temperature alone
which is defined by

g={(aLa')), (4.12)
the kernel K (?) is a function of time which is given by

K(t)=—(((La)e'*PLt(1—P)(La"))), (4.13)
and the double-brackets notation
{(X))=(X)/(aa") (4.14)

has been introduced for convenience to make {{aa’))=1.
With this notation we immediately observe the follow-

ing rules:
(X PY))=((Xa")){(aY)), (4.15)
{(eLX))=—((La)X)), (4.16)

which we have used in obtaining Eq. (4.13). It is im-
portant to note that the operators P and L operate on
everything which follows them unless otherwise speci-
fied, as in the case of the first L on the right-hand side
of Eqs. (4.13) and (4.16), which acts only on @ as de-
noted by the parentheses.
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5. EVALUATION OF KERNEL KX(f) AND
FUNCTION g TO 0%

As stated earlier, we are interested in evaluating the
correlation function G(!) in the weak-coupling limit.
In the following we shall calculate the kernel K () and
the function g up to O(\?), which for K(¢) is indeed the
first nonvanishing term as usual.

Kernel X(f)

We shall first calculate (La') and (La) in the kernel.
For this purpose it is convenient to write the Liouville
operator in the form

LX=IX+A\L'X= (1/B)[H,X T+ O/B[H,X], (5.1)

where H° and H’ are defined by Eqgs. (2.4) and (2.7)
and L% L’ are the respective Liouville operators. Since
H?° describes the unperturbed motion of harmonic oscil-
lators, we immediately have

(5.2)

Substituting Egs. (5.1) and (5.2) into Eq. (4.13), we
can eliminate L9 from L contained in the parentheses
to obtain

K(f)=—N((L'a)e’t=P (1—P)(L'a"))), (5.3)

where the following identities for an arbitrary X are
used :

Lat=wrat, Loa=—wra.

X(1—P)a'=0, ((a(1—P)X))=0.

Since we are interested in K (f) to O(\2), and A2 appears
in front of the double brackets, we need to calculate the
double brackets only up to the zeroth order in A. Thus
we may replace L, P and ({(---)) by the respective
zeroth-order quantities to obtain

K ()= —X(((L'a)e 0P 10¢(1 — PO)(L/ah)))P

+o0(V), (54

where P? and ((: - - ))° are defined by

P X =at({aX))’=a' Tr(e 8% X)/Tr(e*2aa’). (5.5)

Next the formidable operator P° in the exponential
on the right-hand side of Eq. (5.4) is eliminated by
using the fact that the operators L% and P® commute,
i.e., LYPX=PL°X, since both sides are equal for an
arbitrary operator X. We see this directly from the
relations

L'PX = [0t {(aX))=wra'{{aX))’=w; PX,
P LOX =gt {(aL9X )= —at{{(L'a) X))’ =w; P°X,

where we have used Eq. (5.2). Accordingly, the ex-
ponential appearing in Eq. (5.4) can be factorized to
give

E—POLO (1 — PO X =¢il%(1—POYX,  (5.6)

where besides the fact that L0 and P° commute we have
used the identity P°(1— P%)=0. Thus we obtain for
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K () the form
K(t)=—N{((L'a)ei2 (1— P)(L'a")))*+0 ().
For further simplication it is necessary to use the
linear-coupling assumption [Eq. (2.7)] which gives a
specific form for L’ defined by Eq. (5.1). In this case

we have
L'a*=T/h, L'a=-T/k, (5.8)

where we have used the commutator relations for @ and
at, and accordingly we have

POLat=aM (@)X (T))/hi=0. (5.9)

Here we have used the fact that the matrix ¢ has di-
agonal elements which are all zero. Substitution of
Egs. (5.8) and (5.9) into Eq. (5.7) along with the defini-
tion of L? yields

K (6)= O\/BP(TT (1)))*+0(N). (5.10)

Thus for the linear-coupling approximation the kernel
in the lowest order becomes simply the autocorrelation
function of T, a function of bath variables only, aver-
aged over the unperturbed equilibrium ensemble.

Function g

We shall not calculate the function g up to the
O(N\?). For this purpose we write g given by Eq. (4.12)
in a more convenient form,

g=wr+M(eL'a"))=wr+NB){(al)), (5.11)

where we have used Egs. (4.12), (5.2), and (5.8). First
we shall write the explicit form for ({(aI')):

{{aT'))="Tr(e#4al’)/{aa’)

and the well-known expansion formula for e=## :

(5.12)

i e
T (e f H(-0d)+003), (.19
0

where here we may give the explicit expression for
H(—1):
( ) H’(—t)= —iHOt/h(a+aT)I‘eiH°t/h
= (ate~io1t4-geir)['(—§). (5.14)
Substituting Eqs. (5.12)-(5.14) into Eq. (5.11) and
using the relation

(a'a)/(aa")=eP1+O(N)

and the fact that (a?)°=0, (¢)*=0, which are true since
both a? and @ are matrices whose diagonal matrix ele-
ment are all zero, we have

g=wrt+i(\/B)2S (wr)+0 (), (5.15)
where the function S(wr), defined by
B
S(wr)= / (TT () etertdt, (5.16)
0
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satisfies the following useful symmetry relation :
(.7) S(wr) =818 (—wr) (5.17)

which can be easily proven by changing integral vari-
able from ¢ to ##8—t and using the cyclic invariance of
the trace.

For later use it is more convenient to switch the
integration in S(ws) from the imaginary time axis to
the real time axis by using Cauchy’s integral theorem
and the fact that the correlation function (I'T'(#))° is
analytic in the domain 0<Im¢t<#%B of the complex ¢
plane. Then

0 1 B+o0
S(w)= ] (T (1) Yeiotdi— / voro (LT (1) Yeiotdt

since the contribution from the path at infinity is zero
under the usual assumption! lim ., (I'T (£))°=0. Straight-
forward calculation along with the use of the symmetry
relation given in Eq. (5.17) yields the desired form,

S(w)=¢Fhe [ w(Pr (1) 0eiwtdt— / w(l‘(l)l‘)"e“"‘"‘dt. (5.18)

6. SOLUTION OF INTEGRO-DIFFERENTIAL
EQUATION FOR G(f)

We shall first solve the differential equation for G(2),
Eq. (4.11), in the Van Hove weak-coupling limit” which
is chosen for its elegance and easy application to our
problem. Later we shall justify its validity by direct
calculation.

To begin with we shall introduce a function F(x)
defined by

F(x)=e'G(f), x=N%, (6.1)
where the variable x is introduced to take the Van Hove
limit, i.e., A\— 0, {—, and x kept constant. Then,
in terms of F, Eq. (4.11) may be written as

2 z/22 .
dF (x) — / lK(t ) ] it F (x_ )\%’)dt' . (6'2)
dx 0 S

Since {K(£)/N\?} is of O(1) from Eq. (5.10) and g=wr
4+0(\?) from Eq. (5.15), the Van Hove limit of this
equation yields

dF (x)/dx=—{K (w1)/N}F (x) , (6.3)

where K (w7) is the half-interval Fourier transform of
the kernel K (¢),

R (on)= / K ({)eiord. (6.4)
0
We can write the solution immediately,
F(x)=etR@nN2=F(0) (6.5)
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or using Eq. (6.1) we have for G(¢),

G(f)=elir—k@D}G(0). (6.6)

Accordingly, the half-interval Fourier transform of
G(@) is .
G@)=G(0)/[i(w—g+K (]

The validity of this result based on the Van Hove
limit can be verified in the following manner. We take
the Fourier transform of Eq. (4.11) directly to obtain
the exact result

G(©)=G(0)/[ilw—g)+K(w)].

Comparison of Eqgs. (6.7) and (6.8) shows that the sole
difference lies in the argument of the function K (). If
this function is a slowly varying function of w in the
neighborhood of wy, so that we can write

6.7)

(6.8)

K (w)=K (w)+0(w—w;),

then the first term in the expansion gives the result of
the Van Hove limit. Because of the basic assumption of
separating the impurity mode from the rest which is
valid only near the band center, the Van Hove limit
seems as good as the last expression.

Substituting the explicit forms for K (wr) and g given
by Egs. (5.10) and (5.15), we immediately obtain

G(w)=G(0)/[ilw—wn+ (@],

where in going from the double- to single-brackets form
for K (¢) we used the relation (aa’)°= (1—e—F41)~1, The
function v(wy) is the half-interval Fourier transform
of the ensemble average of the commutator [T',I'(£)]
with respect to the unperturbed bath,

(6.9)

or)= (—:;) / OO, (6.10)

where now we have set A=1.

The main result of our method, which clearly shows
all the approximations involved in the derivation, is
embodied in this simple and interesting form for v (w;).

Based on the zeroth-order Hartree approximation,
Lax® has obtained a similar expression as that given
above; however, his method does not seem to define
the approximation involved in his derivation. Thus his
supposition of the validity of the expression for the
case of high external field does not seem to prevail?
since the present calculation shows that one probably
needs the linear approximation in the sense of the Kubo
LRT.

In order to express the final results for the absorption
coefficient in its simplest form we shall define the real
and imaginary parts of v (w) by

v (@) ="71(w)—#y2(w). (6.11)
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Then by definition from Eq. (6.10) we have

1 00
yi(w)= (;;;) / ([T,T()])° sinwt dt
and ’ (6.12)

va(w)= (;) /0 w([I‘,P(t)])” coswt df.

Obviously the functions vy; and +y; satisfy the following
symmetry relations :

ni(=0)=—m), 1(—0)=m@) (6.13)
and the Kramers-Kronig relations'?3
1 = ya(w)
() =— / kg (6.14)
T o 0— '

One simple way to see this last relation may be to
introduce the expression for v(w) given in Eq. (6.10)
in the matrix representation which diagonalizes the
Hamiltonian Hp for the bath and then to use the prop-
erties of the Dirac delta function.

We may now write the absorption coefficient @, (w)
in its final form:

e (@) = [87w/cn () JCV1(wD{[ (0—wrty2)*+v2]™
FL(wtwrtry)+v2T1}  (6.15)

[ 8mw/en(w) JCv1(wr)
X[ (w—wrt+y2)>+v2T, (6.16)

where we have substituted Eq. (6.9) for the Fourier
transform G(w) into Eq. (3.9), used the definition of
@z, given by Eq. (3.1), and evaluated the coefficient
of ¢(w) at wr. In going from Eq. (6.9) to Eq. (6.10) we
have as usual neglected the second term as small com-
pared to the first to give finally a Lorentzian line shape
for the absorption band when the frequency w is located
near the impurity frequency wr.

7. DISCUSSION

Recently, Berne et al.'* have derived an exact integro-
differential equation for classical correlation functions
in general. Their working equation is essentially identi-
cal to ours in the classical limit. Rice has made the in-
teresting ansatz that the kernel in his equation is
exponential form. We note that our results confirm
Rice’s ansatz and in addition provide an explicit ex-
pression for the kernel in terms of the correlation func-
tion ([T,I'(2)])°; however, the present result is valid
for the classical or quantum domain and for any tem-
perature in the long-time and weak-coupling limits.

Finally, it would seem that the present method is also
suitable for the discussion of other impurity absorption

2 H. A. Kramers, Att. Cong. Intern. Fis. Como 2, 545 (1927).

B R. de L. Kronig, J. Opt. Soc. Am. 12, 547 (1926).

14 B, J. Berne, J. P. Boon, and S. A. Rice, J. Chem. Phys. 45,
1086 (1966).
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phenomena associated with lasers,!s neutron scattering
in liquids,'® and thermal conductivity.}” At least the
correlation functions which appear in the various linear-
response theories are formally similar in structure to
those which appear in this paper. In fact the strong
formal resemblance between our width and shift func-
tions with the linear response formula for the thermal
conductivity itself suggests the eventual possibility of
correlating the optical properties to such other trans-
port properties as thermal conductivity for impurity
systems.

APPENDIX

We shall show that the present integral forms for the
width and shift [Eq. (6.12)] are equivalent to those of
Maradudin’s if we take the form for I' expressed in
terms of the bath phonon normal coordinates given by
Eqg. (2.9). We outline the method only for those terms
which arise from two- and three-phonon processes,
namely, I'® and I'®. From Eq. (2.9) the Heisenberg
operator I'® (¢) can be written as

T®()=3 3" @1,:0-()Q: (1) (A1)

We then have for the correlation function

<[F(2):F(2) (t):Do:g Z, Z, Iraq)r'x’

rs r's’

X{[Q:0:,0r (DQw (1))

By straightforward calculation of the commutators on
the right-hand side of Eq. (A2) we can express them in
terms of the following two quantities :

[QT)Qr(t)]‘—‘ giwrt— g—iwrt ,
(0:0:(1) 0= (n,+1)eirt+-n,etort,
where 7,= (¢#**r—1)~1. Thus we obtain
rere oy
=18 3/ &, (ny+ns+t1)[eiertost—gmitortunt]
) (A3)

(A2)

+2(n,—ng)ei@rwat}

We note that the cross terms from Eq. (A1) have been
removed since, as is readily verified, their contribution
to the ensemble average is zero. We take the half-
interval Fourier transform of the correlation function
according to Eq. (6.10) to arrive at the following result

16 T, R. Senitzky, Phys. Rev. 119, 670 (1960).
18T, Glass and S. A. Rice, Phys. Rev. 165, 186 (1968).
17 R, A. Cowley, Advan. Phys. 12, 421 (1963).
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for ¥® (wr) which describes two-phonon processes:

1 0
v o) / mier((D®, 0 ()] Pd
° (Ad)
18
= ;; ;, ¢I1'32{ (n,-{—ng-l- 1)[0 (O)I"' We— w,)

—0(wrtwrtws) H2(n—n)0 (wrtw,—ws)} ,

where

6(w)= / we"'“““dt= w8 (w)—iP(1/w). (AS)

As usual 6(w) and P(1/w) denote Dirac’s delta function
and the principal part, respectively. Obviously the real
part of v® (wr) describes the width and the imaginary
part describes the shift.

When two phonon processes do not contribute to the
band shape due to the condition 2wn.x<wr, then we
must consider three-phonon processes and accordingly
the function

T®(t)=4 2 1rap0r (DQs(NQ5(1) -

r8p

(A6)

A similar calculation as that presented above for the
two-phonon processes along with the use of Wick’s
theorem!® gives, for the function ¥® (w;) defined by

¥ ®(ar)= (1/82) f giart(T®,® ()T0d, (A7)
0
the following result for three-phonon processes:
96
Y@ (wr)= —h; TZ“:,I PBrea?{ [ (n,41) (st D(nyt1)— Nty

X [0(wr—wr—ws—wy)— 0 (wrtw4wtw,)]
+3[n.(nat-1) (npt1)— (2t Dnan
X[6 (wrtwr—ws—wy)— e(wl_wr+wt+wp)]} y

where the terms corresponding to one-phonon processes
are neglected.

In summary, the results presented above which are
valid for w=wy are in essential agreement with those of
Maradudin at this frequency except for the two small
frequency-independent quartic terms which he included
in his shift expression.’

(A8)

18 G, C. Wick, Phys. Rev. 80, 268 (1950); C. Bloch and C.
de Dominicis, Nucl. Phys. 7, 459 (1958).



