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An analysis is made of the binding energy of an impurity in an ionic crystal in terms of the frequency shifts
in the LO branch, arising out of the coupling of the polar modes through the polarization of the impurity.
Estimates are obtained for the energy shifts of both tightly-bound and loosely-bound impurities. The
connection of this approach with the bound-polaron problem is discussed.

I. INTRODUCTION

In an earlier paper! a simple model of a polar
crystal-impurity system had been used to obtain
the local optical modes generated by the impurity,
and it had been pointed out that there will be a
change in the binding energy of the impurity due to
the generation of the local modes. If the impurity
is analyzed in terms of the hydrogen-atom model, ?
in an ionic crystal the perturbed impurity levels
would be those of a bound polaron which has re-
ceived attention lately.*™® The main object of this
paper is to evaluate the shift in the energy of the
impurity by a microscopic and semiclassical ap-
proach of the sort indicated in Ref. 1. The basic
feature of this approach is the evaluation of the
additional coupling between the dipolar oscillations
in the unit cells through the induced polarization
of the impurity. This additional coupling leads to
frequency shifts in the LO branch (assumed to be
undispersed), and the resulting change in the zero-
point energy of LO oscillations gives the change in
the binding energy of the impurity. The additional
coupling depends on the polarizability of the im-
purity and hence, depends on the particular quan-
tum state it is in. We shall see that this approach
gives the energy shifts for both a tightly bound and
a loosely bound impurity, and in the limit of the
electron associated with the impurity being free,
gives the usual value of this energy obtained from
polaron theory. Also, in the appropriate limits
the results can be compared with those of the ear-
lier workers®'* who have used a macroscopic con-
tinuum model for the bound polaron.

II. LATTICE AND IMPURITY MODELS

For simplicity we consider, as in Ref. 1, an
ionic crystal with an undispersed LO branch with
frequency wy, which is the frequency of the dipolar
oscillations in each of the N unit cells. We will
also assume that the conduction band has an iso-
tropic nondegenerate minimum, so that the donor
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electron has an effective mass m. The dipolar
oscillations in the 1th lattice cell are of an effec-
tive dipolar moment ﬁ; which has associated with
it an effective charge e¢* and an effective mass M.
In the presence of the impurity its equation of mo-
tion can be written in the time-independent form

M(w§ - w®)iz(w) = (e%)? (4m)?
w2 F(T, T )i (w) . (2.1)
-

The force-constant tensor (471)2%‘(1’, T'; w) gives the
force on the 1th dipole due to the 1’th one through
the incuded polarization of the impurity, and it
vanishes in the absence of the impurity giving w,
as the unperturbed LO branch frequency.

It willﬁt')e‘ shown in the Appendix that the explicit
form of F(1,1”; w) is

-

F( 17 w) = j[V;V;G(ﬁ;—F’)]E(E—F')

x[V3 V.G -R;) a3, (2.2)

where (VV) is the diadic formed out of the gradient
operator, G(r —r’) is the electrostatic potential
Green’s function given by

G(r-1")=-~

1 J‘dakexp[ﬂ; (r-11)] L (2.3)

2m)? k®
R is the location of the center of the impurity,
and @(r - R) is a polarizability density which can
be evaluated in terms of the quantum states of the
impurity. @) can be written

BT, w)= f ALK, w) expli(k- D] , (2.4)

where, as shown in the Appendix, for an impurity
which can be approximated by a hydrogenic sys-
tem in a state |n),

a F )= - _eﬁ_z 7 ((m Tolm) (ml expli(k+ ¥,)]1%)

m Wym+ W
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Wy — W

L $mIT, 1) ¢l explik- T, )]Im>> Zk' (2.5)

Here Fe is the coordinate of the electron.
When [#) is a totally symmetric state, such as
| 1s),

& (&, w) = a (K, )T, (2.8)
i.e., it is an isotropic tensor. For k-0,
_Ze  (nlzdmy(mlz,In)
a ((U) 7 ;&U"m wﬁm—u;z . (2.7)

In k space, the secular equation (2. 1) can be
written

T3(w) A(“’)Zfd Rdk (, ‘>a(k K’

’?

x(%) expli(k- R R; - k'« R: )]
xexp[— ik k) R I1.(w) . (2.8)
Here
Aw) = (4m)? (e*)?/M(w] - w?) . (2.9)

Introducing the definition
@) = 2 Hexpl- (k- By, (2. 10)
1

multiplying both sides of Eg. (2. 8) by exp[-i(k
- Ry)], and summing over T we get,

]
(k) = A—z(“)—’}f dsk’d%”(%l;—)
hhaZ)
< &K - K”)(kk,l,{ ) exp| - (K’ = k'’)* R]

><<Z: exp[- i(K’ =K’")- ﬁ;])?(ﬁ") . (2.11)
1
Noting that

Z exp[- iK' = K)- ﬁl] :NZ By iz s (2.12)
i 3

where ¢ is a reciprocal-lattice vector, and from
Eq. (2.10),

u(k+g)=v(K) , (2.13)
and the fact that

v NV,
=gy [ @G

where Vj is the volume of each unit cell, we can
write Eq. (2. 11) in the form

Jd% , (2. 14)

Z exp[—i(kK+g)° R]

&.ﬁg&;ﬁl jd R QK - k'+g)(k’k,)

(K+8

(k) =A(w

xexp[i(k’* R)] (k') . (2.15)

Here p=N/V=1/V,, the density of the crystal.
Using the formula

j Ak FE) =Y f a3 FE 7))
A1l & space T Jy*

(2.16)

where V* =(211)3/V0 is the volume of the first
Brillouin zone, and

N f 3
- a3k (2.17)
fevx V® Jyx ’
we can write Eq. (2.15) as

(E) :A(w)pZ (szl(g}f; .

- - = fV* > -, - -
xexp[-i(k+g)* R]<7,—> _Z ak-k'+g-g’)

gev*
(K +g") (K'+g") (T BT
- expli(k’+g")* R]U(k") . (2.18)
We thus have a 3N X 3N secular determinant
|1-8| =0, (2. 19)

whose roots give the perturbed LO frequencies.
The explicit form of the 3x3 submatrices of S is

V*
S, e vx = Alw) P(T)

e e ey = (R D (E4D)
x 2 exp|l-i(k-k'+ ")« R] —=—g2"
g p[-i( g-¢g')*R] )
e e s e B FE)

!

T el .

g ) (k'+ g/)z (2 20)

Equations (2.18)-(2.20) form the basis of the

present treatment.

III. EVALUATION OF THE ENERGY SHIFTS

The problem of evaluation of the change in the
zero-point energy of the LO modes from the secu-
lar determinant of Eq. (2.19) is exactly analogous
to that of evaluation of the phonon self-energy of
an impurity.7 The change in the zero-point energy

is
AE:—%f(ﬁz(v)dw(—lnII s}>
:4;_5,—§1n|f—§ldw
f}?—@;—(@l (3.1)

In this the contour encloses the positive real axis,
but for our purpose we need to take only the domi-
nant contribution from the pole at wy occurring in

A(w). We shall now apply the formalism to a few

cases.
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A. Very tightly bound impurity

If the electron orbital of the impurity has an ex-
tension small compared with the lattice constant,
Ak, w)= a(w)T, where a(w) for the ground state is
k independent and is given by an expression of the
form of Eq. (2.7). For instance, if in a hydro-
genic system we consider only the transition to
|2p) from |1s),
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-i&+g)-R]. (3.4

The secular equation then becomes,

’ a(w)A(w) ( )Z

B*(K) B(k )lzo. (3.5)
kev*
It may be noted that

32><8) ( E, —E,, ) p*
= 3.2 8
a(w) <243 (E1s—E2p) h.zv e®ay, (3.2) -~ kg_v: P(K) exp(ik R) (27)
where a, is the Bohr radius in the medium. 1 s kK [
When a(w) is % independent, Sg 3 of Eq. (2.20) CT L smed LV explik> (R;-R)]
becomes separable s
- =(2m(V{V1GR; -R) . (3.6)
> o> -
S ryrt e vx = Alw) p<—7\r—> a(w)P(k)P*(k’) , (3.3) Hence,
J
V* R P = V* o o - 1 »> - -
- P*(k)P(k) =— P*E)P k’)(——Zex #k -k’ Ry
N 54 ( (*) N i ( ( NG pl 1]
1 (.Ki Px(i e .)(V* B LS ):l
%4 [ ¥ o BrEenl- ik F])( 5 2 B0 xR Ry
2 6
:(V"*) ;[v;v;cm R)] (3.7)
I
Since V*=(21)°p, we can write Eq. (3.5) as 3V* alw, )( *2>
’ ~ - _.——0- ¢ 3.12
AE Mo Z: TS - (3.12)

T- a(wA(w)(27) Z [V3V3G(Rs -
' (3 8)

The explicit forms of V'fV;G(Rl R) and its square

are
ViViG(R; - R) =—-=‘1‘_=_5
47(R, - RI
x[3R;-R)(R;-R) -T(®;-R)?].  (3.9)
[ViV:G(R; -R))? :m
Fx[s(ﬁ;-ﬁ) R;-R)+ TR;-R)] . (3.9b)

For a substitutional impurity in a cubic lattice
the summation over 1 will render the diadic in Eq.
(3. 8) diagonal, and it reduces to a triply degenerate

set of secular equations
!
&))(Z Tﬂ_ﬁ) b

(2(2n)3a(w)><

&
where d is the lattice constant and in the sum over
1 the divergent term T=0is excluded.

An approximate solution of this equation is
e*?

(2m)° alwg) r 1
: a“%(M )XI:TTTS

d
and the corresponding change in the zero-point
energy is

e*?

M(wg— (3. 10)

WR Wy - (3.11)

Wq

This expression is reminiscent of the sum of the
London interaction energies of the impurity with
the dipolar oscillators in each unit cell.

The quantity e*?/Mw?3V, can be written, using
the well-known Born result, in the form

ex?

——— = Sl 3.14
MwgV, 4mey, ( )
where € is the static dielectric constant. If the

high-frequency dielectric constant €, is different
from unity, then (¢, - 1)/€, becomes 1/¢,, - 1/¢,
and is usually written 1/€. With this notation we
get

3ﬁwo) 212 wp) (3.15)

s lela

AE =~
pe- (M) 2

For the particular choice of a(w) given in Eq.
(3.2), the above expression reduces to

3hw E,.~FE
AE~ — 0 1s 2p >
E E ((Els_EgPF-h—zw%
02)(a0>3[ 2(32><8)2 1 ]
X(ao a) 2" \zas E Tl (818

The expression (3. 16) differs from what would
be obtained from the expression for the frequency
shifts given by Dean e/ al.® in a model based on
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the Frohlich Hamiltonian by the factor (aq/d)?, and
has the necessary feature of vanishing from ay—-0
in the real tight-binding limit, whereas their ex-
pression goes to a finite value in this limit.

B. Loosely bound impurity

If we take the example of an impurity in which
the electron is essentially free, it can be shown
from Eq. (2.5) using box-normalized plane wave
states that

a(K, w) = (e?/Vinw?) s(&)T . (3.17)
Then Eq. (2.18) becomes (with ke V*),
- Alw)e®( V* K+8)E+2)\ -,
v(k) = T2 <(27T)3><§g‘: L ) v(k). (3.18)

As expected in this translationally invariant case,
there is no R dependence of the secular equation.

The summation over § is apparently divergent,
the divergence arising out of the fact that the dipo-
lar oscillators are regarded as points. Since they
are not really points, but have finite size, there
would be a convergence factor with each term in
the series which would diminish quite rapidly with
é. ® We can then take only the term for ézﬁ as a
first estimate, and if we use the formula (3. 1) and
take only the contribution of the pole at w= wy in
the first term, we get

(4”)20*2 ez A}' v * E
2Mw, mwg vV (2md 2

2
Y A (ro ),_
s-dn (Mw(z,) mw, -

In terms of the parameter € introduced in Eq.

(3. 15), the polaron size Iy=(//2muw,)'/?, and the
Frohlich coupling constant® a=(e2/2€l)/fw,, the
above expression can be written

AE = —

AE = - aliwg(4npl}) . (3.19)

This expression for the energy shift differs from
that for a free polaron in Frohlich’s theory by the
factor of the order of p/3. In our approach no ac-
count has been taken of the effect of the finite size
ol the polaron as in Frohlich’s theory. This in-
troduces a cutoff in K space in taking the trace in
Eq. (3.1) at a value of k~1/l,. Replacing the sum-
mation over K in the trace by an integral over a
volume ~(1/7g)° it can be shown that the factor pl3
cancels out giving Frohlich’s result, apart from
an unimportant numerical factor.

If the electron is nearly free,
proximated in the form

a(k, w) can be ap-

a(k, u));(ez,/117w2)f(i§]) . (3.20)

This form can be obtained by following the pro-
cedure used by Platzman, ® who expands the energy
denominator in Eq. (2.5). Here f(K) has a peak

at =0, has a width of the order of 1/qy, and has
the property 7(k~0)=1/(27)°. If we use this in
Eq. (2.18) and (3. 1), take only the term g=g’=0
for the reason stated above, and take the contribu-
tion only from the pole at w=w,, we get a series

AE=Y AE,, (3.21)
7
where
AE, = - afiwy(4mpl}) , (3.22)

which is just the free-electron contribution.
The next term becomes

ey (0 Cay P ()

—~ kk \kK’K’ E'E’ Kk
X L T (—2'
@inerx \T/JE wERE

><f<tE-E'i>f(!E'—El>

A good approximation for the above sum can be
made as follows. Since the width off(lkl), i.e.,
1/a, is supposed to be small, we can set K=Kk,
sum over K and integrate over Kk’ only in the neigh-
vorhood of K. Thus

v*\? KR\(K'K - -
(%) 2 (55 EX )k -x )

~ V*f d3kl/f2(|knl)
sphere of radius 1/ag
_V* 4r
(27)f 3a3"
In summing over K the aforesaid correction for the

finite size of the polaron is neglected. We then
get

4077 e*? )2 et p?
AE,~ — —3
2 3 \Mw? nPw} a}

3
= = 7w,) az(lgp)<;Z°> .
0

If the correction due to polaron size is made we
get

AE, ~-——-(h’w0)a( OY ,

apart from inessential numerical factors.

Since the energy shifts due to the free electron
is always there, in this formalism the lowest-order
correction to the binding energy of the loosely
bound impurity will be given by AE, of (3. 24) and
this is inversely proportional to the ratio of the
volume of the region of spread of the electron orbi-
tal to the volume of the polaron.

(8.23)

(3.24)

IV. CONCLUDING REMARKS

It has lately been demonstrated!!™® that one can
use semiclassical techniques for evaluation of the
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effect of interaction of radiation with an atom,
such as radiative corrections, by considering the
coupling between the atom and the field to be due
to the polarizability of the atom. The results of
this approach are equivalent to what one obtains
using perturbation theoretic methods in quantum
electrodynamics starting with the basic electron-
field interaction (eK‘ 5/mc)u The approach in
this paper is analogous to the above semiclassical
methods. Instead of starting with the Frohlich
Hamiltonian we establish the coupling between the
impurity and the polar vibrations of the host crys-
tal through the polarizability of the former using
linear response theory, and thus avoid the use of
perturbation theory on the Frohlich Hamiltonian.
It would be a simple matter to evaluate quantities
such as the phonon Lamb shifts by this formalism.
Further extensions of this approach will be re-
ported later.
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APPENDIX

The polarization developed on an atom due to an
arbitrary sinusoidally oscillating field

(T, H)=8(F, w) eivt (A1)

can be obtained as follows. The relation between
&(T, w) and the corresponding electrostatic poten-
tial ¢(r, w) is

&(F, 0 =-9o(T, w) . (A2)

In terms of Fourier transforms
é".(l?, w) = J' e'ii’;_g’(F, w)d3r | (A3)

Eq. (A2) can be written
8(K, w)= - iko(E, w)

or

-

(A9)

We are considering only the longitudinal electric
field here, as transverse field effects (retarda-
tion effects) will be negligible here.

The polarizable impurity may be described by
a charge (+e) at R and (- e) at (R+T,). The inter-
action energy of the field with this system is then

H (1) = [ed(R, w) - ep(R+ ;g', w)]eivt

:< i fi-'é(i,w)

PEE 2T [1-exp(ik- T,)]

xexp(ike ﬁ)d3k) et (A5)
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If we have a single K component in the electric

field in the interaction Hamiltonian, so that the
integral over K does not occur in (A5), from linear-
response theory™ the induced polarization of the
atom in state [n) can be written

= 1 ¢ - .
Bi0=% | _ullB= ), Bl [myat’  (as)

where E= e'f‘e, the dipole moment operator, and
E(I —1’) is taken in the Heisenberg representation.
After some simple manipulations Eq. (A6) can be
written

B (0)=8(K, w) 8K, w)expli(k+ R-w], (A7)

- e? ((nli"il m)(m| exp(iK- T,)|n)
(k,w)———;?; Wy + W

+(mlFeln) (nl exp(ik- T,)| m)>_;§ (a5n)

Wy — @

This is in diadic notation with the diadic formed
out of the vectors (n|T,|m) and iK/k2.

If we have a superposition of fields with different
wave numbers, the generalization of (A7) would
be (dropping the time varying factor)

P (w)= fdsk & (K, w) E(K, w) exp(i k- R)
- f FR-T, 0 &(F, wad'r. (A8)

Since @Kk, w) is a peaked function of K with a
spread of the order of 1/a,, where qqis the Bohr
radius, we expect '&n(ﬁ ~-T,w) to be peaked at T
=R with a spread of the order of g, or the atomic
size. Hence T in &(T, w) in (A8) can be set equal
to R to get a polarization density

BE W= &R -7, 0 EE, o . (A9)

For a point dipole [1(r’) at T/, the electric field
at r is given by

@) ==V, 0(N)=-V,[-1+ V,6(F - )] 4n
=47[V,V, G(FT-T"]1 . (A10)

Here G(r — 1) is the electrostatic Green’s function
defined in Eq. (2.3). If we consider a dipole ﬁp

at Ry, use Eqs. (A10) and (A9) to find the polariza-
tion density at ;, we get

(T, w) =41, R -T, w) [V,V,6(r -Rs)| 1.

=413, R -T; ) [V3.V4.G(F - Ry)] by .

) (A11)
The field due to this polarization distribution at a

point ﬁ; will be
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SRy =(4m j ViViG([Ry - D) plr, w) dr

= (47)? f [V:v36(Rs - )] (& - T)

x[v.v7.G(r -Ry)] d®r . (A12)

This field will produce a force on_the oscillating
charge in the dipole o§cillator at Ry, and hence we
get Eq. (2.1) with F(T,1"; w) given by Eq. (2.2)
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