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The addition theorem for radiative multipole operators, i.e., electric-dipole, electric-
quadropole, or magnetic-dipole, etc., is derived through a translational transformation.
The addition theorem of uth component of the angular momentum operator, L, (r), is
also derived as a simple expression that represents a general translation of the angu-
lar momentum operator along an arbitrary orientation of a displacement vector and
when this displacement is along the Z-axis. The addition theorem of the multipole oper-
ators is then used to analytically evaluate the matrix elements of the electric and mag-
netic multipole operators over the basis functions, the spherical Laguerre Gaussian-type
function (LGTF), L2 (ar?)r'y), (F)e=*. The explicit and simple formulas obtained
for the matrix elements of these operators are in terms of vector-coupling coefficients
and LGTFs of the internuclear coordinates. The matrix element of the magnetic multi-
pole operator is shown to be a linear combination of the matrix element of the electric
multipole operator.

KEY WORDS: Addition theorem, multipole operators, translational expansion, matrix
element

1. Introduction

To study the lifetime and decay mechanism of excited molecules via radi-
ative transitions [1], one must calculate the radiative transition probability per
unit time from an initially excited state W; to final states W ;. The total transition
probability is in terms of transition matrix elements of radiative operators, i.c.,

*Corresponding author.

57

0259-9791/06/0100-0057/0 © 2005 Springer Science+Business Media, Inc.



58 M. Moharerrzadeh et al. | Matrix elements of radiative multipole operators

electric-dipole, electric-quadrupole, or magnetic-dipole, etc., over the electronic
wave functions of the initial and final states [2, 3]. These electronic wave func-
tions are expanded as linear combinations of atomic orbitals and are therefore,
multi-centered. The atomic orbitals refer to various nuclear centers and the radi-
ative operators are centered at the center of mass of the molecule [2]. Conse-
quently, the transition matrix elements of the radiative operators for a molecule
are multi-centered.

In this work we will develop a technique to analytically evaluate these
multi-center transition matrix elements of the radiative operators for a homo-
nuclear diatomic molecule (the results derived here are also applicable to poly-
atomic molecules), by expanding the radiative operators from the center of mass
to nuclear centers. The translational expansion is essentially an addition theorem
for these operators.

Although the addition theorems as three-dimensional Taylor expansions for
various functions are well known [4], we have not encountered many examples
of translational expansion of operators (especially differential operators, such as
the angular momentum operator) in the literature. Chiu [2] was able to expand
the spherical components of magnetic-dipole operators, L,,(m = 0, 1), from the
center of mass of a molecule to atomic centers in a right-handed coordinate sys-
tem along the z-axis, also taken to be the internuclear axis. In this work, how-
ever, we will derive the addition theorem for the magnetic multipole operator
which contains the angular momentum operator. To carry out this expansion,
the angular momentum operators will be expanded along an arbitrary direction
which reduces to Chiu’s result along the z-axis.

In section 2, we will review multipole radiation [5, 8] and present the gen-
eral form for electric and magnetic multipole operators, as well as the addition
theorem for these operators.

In section 3, we will apply the addition theorem to analytically evalu-
ate the radiative transition matrix elements of these oPerators over spherical
Laguerre Gaussian Type Function (LGTF) [4, 6, 7], L,,Hl/ 2)(oerz)rl Yim (f')e“"z,
where Lif(l/ 2 (ar?) is a generalized Laguerre polynomial and Y, (f)is the well-
known spherical harmonic.

2. The addition theorem for multipole operators

The interaction Hamiltonian for the electron j of spin S, momentum P, and
position r moving in an electromagnetic field with vector potential A is given as
follows [3, 8, 9]:

Hy(r;) = — <2123c> {a[Ag(r)) - P; +P; - A (x))]+ gh1S; - VxA,(rj)}. (2.1)
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In the above equation, e¢; and m; refer to the charge and the mass of the elec-
tron j, respectively. Furthermore, ¢ is the velocity of light in vacuum, g; and g
are the orbital and the spin g-factors, respectively, and ¢ refers to the polariza-
tion of light. The first term describes the interaction between the electromagnetic
field of light and the orbital motion of electron j, while the second term refers to
the interaction between the light and the spin of electron j. We choose the space-
fixed Z-axis to be the direction of light propagation so that A, (r;) = &,e’*%/, k =
2mv/c, and €, is the unit vector of the polarization and is defined as follows:

A | PSS

Here €, and €_; represent right and left circular polarization, respectively, and
€y represents the linear polarization along the Z-axis.

Expanding A,(r;) in terms of vector spherical harmonics, for circularly
polarized light propagating along the Z-axis with wavelength long compared
with molecular dimension, we obtain the following multipole expansion of the
interaction Hamiltonian:

k )
Hy(rj) == (;)_( 1))”\/ {(Ein + E},) —ig(Myn + M},)}, (2.3)
l

where Ej,, and Ej,, respectively, are the charge and spin contribution to the elec-

tric mutipole radiation with parity of (-)'. Similarly, M;,, and M, , respectively,
are the orbital and spin contributions to the magnetic radiation having the parity
of (-)*1. The explicit form of these multipole operators, in the long-wavelength

approximation [5] (kr « 1) with 8 = eh/2mc, is given as follows [5, 9]:

~ TT
Elm(rj 2l—|—1?gl vYlm(rj)'V"i_v'VYlm(rj)]= mejlelm(rj)a
(2.4a)
M@= |2 (2Bis\ gy, .1 = 28G4T0
=N a1\ +1 S e
X Z C(l - ls l,l; m— [, :U“)Yl—l,m—;,b(rj)Lu(rj)s (24b)
"
4r V2 4]
E’ . S.) = — LY, ) -Si=—|——kBig,
m (T3 5;) [21—1—1] (X)) - S; (T 1) Pis
x Y CA L Lm = )Y i (1) S (24c)

“w
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, 4
M, (x;,S;) = \/ %—_HﬁjgsVYlm(rj) -S; =vanlB;g
x Y CU=11Lm =, WY impyG)Su. (2.4d)

N

In the above equations, Y, (r;) = rj.Y,m (t;), is the solid harmonics referred to
the space-fixed coordinate system, and L, (r) is the uth (u = 0, £1) spherical
component of the angular momentum operator given by:

1
L =F (L +ily). Lo =L (2.5)

7

In this work, we will focus our attention on the matrix elements of the radi-
ative operators Ej,(r;) and M, (r;), i.e. <w(rA) ‘OA(r)’ 1//(rB)>. Here ¥ (rp) and
¥ (rg) are LGTF atomic orbitals referring to nuclear centers A and B, respec-
tively, and O(r) is the electric or magnetic radiative operator in equations (2.4a)
and (2.4b), referred to the center of mass of the molecule. In order to evaluate
the matrix elements, we will expand the radiative operators from the center of
mass to the atomic centers using the addition theorems for these operators.

The translation of the radiative multipole operator, O(r), by R can be writ-
ten as [10]

O +R)=e®"VOme Y, (2.6)

which is basically a unitary transformation of the operator O(r) by the transla-
tion operator e®V.

This follows from the fact that the exponential operator, eRV = ¢/ T, is unitary
since the operator R - IX is Hermitian [11]. Equation (2.6) can be expressed in
terms of commutator brackets, as follows [12]:

R-V R-

O +R) =eRVOme ™R = O(r) + [R V. é(r)]

+% [R v, [R v, é(r)]] 4o 2.7)

In the case of the electric multipole operator given in equation (2.4a), the addi-
tion theorem can be written as [4] (see Appendix A)

Y@ +R) = eRVY,, e ®Y

1
~ DN — 1)L + 1)} o
= g; <(l)!(211 DI — 20+ 1)!)2(1’ ho 1= bz m, m)

Y;klml (R)YIZ_llsm'H’ﬂl (r), (28)
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where the Gaunt coefficient denoted by Z in the above equation, is used in
the coupling rule for spherical harmonics and is given in terms of the Clebsch—
Gordan coefficients [4, 6] by the following expression:

@h+DHeh+1)
4 (23 + 1)

12
:| C(lilbl3; mymams3)C (1112135 000).

(2.9)
The addition theorem for the magnetic multipole operator, as given in equation
(2.4b), is given by (see Appendix A)

-1

M +R) =47B > "3 o, 5, RY 1yt (1)

mwoU'=0 m'

Z(lilhl3; mymam3) = [

x {L,l(r) + (47”) V2 (=D = ) x Y R)Y (V)
(2.10)

where ozll,’;;,u is given in equation (A1Y).
The quantity inside the curly bracket in equation (2.10), represents the trans-
lational expansion of the uth component of the angular momentum operator,

L,(r).

3. The Laguerre Gaussian-type function (LGTF) and the matrix elements
of the radiative multipole operators

3.1. The laguerre gaussian-type function (LGTF)

The spherical LGTF, v, (ra), used here as the basis function in the
matrix elements of the radiative operators, is defined as follows [4,6,7]:

Yo (ra) = CL, LD (@r2)e iy, (ra), (3.1)
where the constant C;; , is given by
Ce = (=) 2% tla(n 1) (@) e (3.2)
and the generalized Laguerre polynomial, Li;’f(l/ 2 (arﬁ), is defined as
LI+ (gr2) = g}: (na J}rqja_+t1/2>(—6;_!rf2x)’ (3.3)
and
Y, (0a) = 7' Vi, () (3.4)

is the solid harmonics. The coordinate of electron referring to nuclear center A
ISry=r—A.
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The spherical LGTF in equation (3.1) can be generated by operating a general-
ized gradient operator on a Gaussian exponential function as follows [6, 13, 14]:

Youm(Va)e™ % = (= D)'Y o (Ve )e ™% = 98, (k0), (3.5)
where the generalized spherical gradient operator,
Yuim(V) = V'Y, (V) (3.6)

is defined by replacing the components of the variable r, i.e., x, y, and z in the
homogeneous solid harmonics, Y, (r) = r*Y,,(r), with the components of the
corresponding gradient operator, i.e., d/dx, d/dy, d/dz. The differential operators
with respect to the Cartesian coordinates of the nuclear center A = (A, Ay, A;)
and the electronic coordinate ry = (x4, ya, z4) are V4 and V,,, respectively. As
irreducible tensor operators on the same kinematic space, the spherical gradient
operators, follow the coupling rule for solid harmonics [6,11], viz.,

Yot (V)Y sty (V) = Y~ Z(hlols mim) Yoty 4y (V), (3.7)
I

where
2n+1=2n+2n+04+5h (3.8)
and the Z coefficient, the coupling coefficient of two spherical harmonics, is

given in equation (2.9).
Combining equations (3.5) and (3.7), we have

Yot (DY @® = (=D Z(U bl mima) Yy o, ®), (3.9)
I

where n is given by equation (3.8).

In order to evaluate the matrix elements, we will make use of the well-
known Gaussian product theorem [15] which states that the product of two s-
type Gaussians having different centers A and B is itself a Gaussian (apart from
a constant factor) with a center P, located somewhere on the line connecting
center A to center B, i.e., Rag. Specifically,

efarAzefbré — e*UahRKBe*PrPZ’ (310)
where
ab
a+b’

Center P is the weighted mean point of A and B and is given as [6]

Oab p=(a+b), Rag=B—-—A and rp=r—-P. (3.11)

P = oA + BB, (3.12)
where @« = a/(a+b) and B =b/(a + b).
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The Gaussian product theorem in equation (3.10) can be verified by making use
of equations (3.11) and (3.12), and replacing ry with ry = rp + Rup and rg with
rg = rp + Rgp, where rp =r — P = ary + Brg, Ryp = P — A, and Rgp = P — B.
Rup and Rgp are position vectors pointing from centers A and B to center P,
respectively.

From equations (3.5) and (3.10), the product of two electronic LGTFs, centered
at A and B may be factored into a nuclear part and an electronic part as follows:
[6,13,14]

b —Ca 2 - 2
U @Y () = [Yotum, (VA Y nytym, (VB)e ™7 Rasle=PT7

= (=D 3" Z(Ualplaps —mamy)

Zal)

_ 2 2
XYn,,la,fmaerb(vA)e UabRAB]e Pre

= [~ D" 3" Zlalplaps —mamp)¥, . Rap)le "7,

NablapsMap
lah

(3.13)

where my, = my, —m, and 2ng,, = 2n, +2np + 1, + 1 — Lyp.

In deriving equation (3.13) we have used the transformation Y,,;., (V) =
(—1)’3Ynh1bmh(VA), and subsequently we have coupled the two nuclear gradient
operators of the same argument using equation (3.17). The final result contain-

Oab

ing ¢, . (Rap) s obtained by using equation (3.5).

3.2. Matrix element of the electric multipole operator

Using equation (2.4a), the matrix element of the electric multipole operator can
be written as

(Vs o, @A) | Em (b ), (kB)) = A / Y @Y VL, (kB)dT,
(3.14)

| 4
A= . 3.15
! 2l+1€gl ( )

The coordinate of an electron referred to nuclear center Bisrg = r — B
and rc =r — C is the coordinate of the same electron with respect to the center
of mass C (which can be taken as the center of nuclei A and B by a very good
approximation). The coordinates at centers A, B, and C are mutually parallel
and also parallel to a frame of reference which may be arbitrary or space-fixed.
These coordinate systems are all right-handed. The atomic center A is displaced

where




64 M. Moharerrzadeh et al. | Matrix elements of radiative multipole operators

from center B through a vector Rag and the center of mass C is separated from
the weighted center P through vector Rcp, as follows:

RABIB—AII'A—I'B and RCP:P—CZI'C_l'P. (316)

Here Rap is the vector from A to B, and Rcp is the vector pointing from center
C to center P.

The integral on the right-hand side of equation (3.14) is a three-center inte-
gral. To evaluate this integral, first we expand the solid harmonics, Y, (r¢), refer-
ring to the center of mass of the molecule, to the weighted center P by using the
vector identity in equations (3.16) and (A4) (see Appendix A),

Yin(@c) = Y (Rep + 1p) = eRe¥ VoY, (1p)

4 : DN =ID'2L+ D!
=4
= LWL + DI@E =20 + D!
xZ(, I, L =1i;m,m)Yy, (Rep)Yioiy mtm, (tp). (3.17)

The three-center integral on the right-hand side of equation (3.15) becomes

l
ax b _ DI = IN'2L+ 1)!
/ Vidam, OV (V1 (1B} = A ,Z:;, Z [(1)!(211 T IR — 20 + 1)!}

xZ(, L, —1i;m,m)Y[, (Rcp)

Xfw;?{ﬁan1{l(rA)Yl11,m+m1(rP)w:blbmb(rB)dT.
(3.18)

Applying equation (3.13) for the product of LGTFs and the transformation
Yo, 1,m, (VB) = (—l)lBY,,blbmb(VA) [6] and subsequently making use of the coupling
rule in equation (3.7) for Y, i m,(Va) and Y,,;,m,(Va), we find that the integral
on the right-hand side of equation (3.18) becomes

b
/ w;f:lama (rA)Yl—ll,m+m1 (rP)thlbmb (rB)dT

(=1t Y Zlalplap; —mamy)
lab

T
2(a + b)3/?
Xw%h (RAB) X 811,18m1,—m~

NablapsMab

(3.19)

Making use of equations (3.18) and (3.19), the matrix element of electric multi-
pole operator in equation (3.14) becomes

(Vs ) &) [Em @O Y (p)) = Ay Tk (Rag, Rep), (3.20)
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where A; is given in equation (3.15) and
I4 (RypRep) = / o Y COYL, ()T
z x \32
= (=) tmatm (—) Z(ldyl; —mam
(—1) " ,Z (lalblab »)
XYim(Rep) V) . (RaB) (3.21)

NablapMap

is a three-center matrix element of the electric multipole operator, Y, (rc).
In the above equation,

Mmep =my —m, and 2ng, =2n,+2np +1, + 1, — 1.

3.3. Matrix element of the magnetic multipole operator

The matrix element of the magnetic multipole operator is written as

(W (0) [ Min GO () = / e MY, (p)de, (3.22)

where the magnetic operator M, is defined in equation (2.4b) and is referred
to the center of mass C. The coordinate of electron referred to center C is r¢c =
r—C. The LGTFs ¢, (ra) and l//’fblbmb(rB) are defined by equation (3.1). Using
equation (2.10) for the addition theorem of the magnetic operator and the vector
identity rc = Rcp + rg, the magnetic multipole operator M;,, in equation (3.22)
is expanded at center B as

-1
(W rome ) | My @O, () = 4B > D " e, Y, (Rep)

nwo =0 m'

X {/ ll,;::[“m“ (rA)Ylfl’fl.mfqum’(rB)Lu(rB)wfb[bmb(rB)dT

32
+H 5T Z (=D C 111 v — u, WY1, (Rep)
X / 1/’:::1“,"“ (rA)Ylfl’fl.mf;H»m’ (rB)Yl,lL*V(vl’B)lpfblhmb (rB)dT} .
(3.23)

Using equation (3.1) and the well-known result of operating the angular momen-
tum operator L, (r) on the spherical harmonic Y, (t) [5,11],

L)yl ., (p) = (=" [, + D]/
X C(lpUp; mp + 1, =Y 1+, (TB) (3.24)
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the first integral containing the angular momentum operator L, (rg) in equation
(3.23) becomes

/ Vit m ®A)Y1r 1 m— s (tB) L, (TB) l/ff,,z,,m,, (rp)dt

= (=" [pp + DIV CUpLly; myy + p, —p0)
X Il’l_l —Lb (RABv RBP)- (325)

Mmg,m—pu+m',mp+u

In the above equation,

Li-I'—1. b
L iomt my+ (RaB, Rpp) = /W,?:}uma(rA)YZ—I'—l,m—Mer’(rB)‘ﬁnbzhmh(l’B)dT

3/2
— (_l)lb+m(l+m—u+m’ T
a+b

X Y Zlalplap: —mamp + Y1 _p—1 m—psm (Rep)
lab

x g (Rap), (3.26)

nablub’nub

where m,, = m, +u —m, and 2n,, = 2n,+2n, +1,+1, —1,, is a two-center elec-
tric multipole integral which can be easily derived from the three-center electric
multipole integral given in equation (3.21) by replacing center C with B, [ with
[—1I'—1, and m with m — u +m’.

Making use of equation (3.9) for the gradient operator Y ,_,(Vy,) operat-
ing on the LGTF v, (rp),

Yo (Ve W, @08) = (=D > " Z(Upjis po = v mp) Yl (), (3.27)
J

where 2n + j =2n, + 1, + 1,
we see that the second integral containing the gradient operator Y ,—,(Vy,) in
equation (3.23) becomes

/ r(ll:lama (rA)Yl—l’—l,m—;H—m’(rB)Yl,u—v(vrB)wy}:hlhmb (l'B)dT
. I=1'—1,j
= (D" ZAljip—vomp) e TN (Rag. Rep).
J

(3.28)
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le

In this equation, 77" " +m My

integral and is glven by

(RaB, Rpp) is a two-center electric multipole

lad=1'—1,j b
Ly eyt my+—v (RaB, Rpp) = /‘ﬂnazama( YA)Y it —tm—ptm (OB) Yy 4 v (FB)AT

3/2
— (_1)j+mu+mfu+m’ il
a+b
X Z Z(lajlab; —mamp + U — U)Yl—l’—l,m—u—i-m’

lab
x(Rep) ¥, (RaB),

(3.29)

where my, =mp + . —v —m, and 2n,, =20, +2n 41, + j — L.
Finally, the matrix element of the magnetic multipole operator in equation
(3.23), after using equations (3.25) and (3.28), becomes

-1
(Wit o, O [ M RO, () = 4B D D> g, Y, (Rep)

w '=0 m’'

x [ D" Unly + DI Clp 1y my + 2, —p0)

_r— 32
XLty B, RER) [ 5 30 (=)™ v = o, o)

xY1,(Rep) D" Z(Uy ji pv, mp) L' 0T (Rap. Rep) . (3.30)
J

where B; and a,l,”;l,u are given by equations (AS5) and (A15), respectively.

The matrix element of the magnetic multipole operator becomes a linear
combination of two-center electric multipole matrix element, I (Rag, Rgp), as
shown in equation (3.30).

A. Discussion

The three-dimensional translation operator, T = RV = e%rR'P,where P
is the linear momentum operator, is a linear operator whose effect is to shift
the coordinates by a constant distance R. The effect of this operator on a func-
tion f{r), is to generate f (r + R) = e®'V f(r) by doing a three-dimensional Taylor
expansion of f around r [4]. However, in the case of an operator, or a function
of an operator. O(r), the effect of the translation operator is to transform the
operator into O(r + R) = R VO(r)e RV, which is equivalent to a unitary trans-
formation of the operator O(r)
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In this work, the operator é(r) represents the electric multipole operator,
Y, (r), and the magnetic multipole operator which is the electric multipole oper-
ator coupled with the angular momentum operator, Y; ,,(r)L,(r).

It is shown in Appendix A that the unitary transformations of these opera-
tors lead to translational expansions, also known as addition theorems for these
operators given by equations (A4) and (A15). These results are obtained by Tay-
lor expansion of the exponential operators in eRVO(r)e RV, leading to the com-
mutation relationships in equation (A1) [10,12]. These addition theorems are
then used to analytically evaluate the matrix elements of the electric and mag-
netic operators, centered at the center of mass C, over the LGTFs, ¢, | (ra)
and v (rp), respectively.

To evaluate the matrix element of the electric multipole operator, which is a
three-center integral, the operator, Y, (rc), was expanded using equation (3.17),
from the center of mass to a weighted mean point P, as defined by equation
(3.12). This gives rise to the integral shown in equation (3.18). Making use of
equation (3.13), the expression for the matrix element is now reduced to a lin-
ear combination of LGTF of internuclear coordinate Rag, ¥/ oy, (RAB), and
a one-center electronic integral which is easily integrated. This one-center inte-
gral containing the electronic Gaussian exponential factor with respect to cen-
ter P, ie, e - , and the electric multipole operator with respect to I, Y (rp),
when 1ntegrated will truncate the summations which were generated in the first
step by the expansion of the solid harmonic from center of mass C into cen-
ter P. The final result for the electric multipole matrix element is quite sim-
ple and it only contains one finite summation over the LGTF of internuclear
coordinate Ryp, (RaB), and the solid harmonic of internuclear distance
Rep, Yim(Rep).

It should also be mentioned that expanding the operators from the center
of mass C into either nuclear centers A or B, or vise versa, did not generate
simple expressions and also the intermediate integrals were tedious. One obvious
reason for this difficulty is due to the fact that when this expansion (from C to
either A or B) is carried out, the solid harmonic of the electronic coordinate of
the new center, Y, (ra) or Y, (rg), generated through the addition theorem in
equation (A4), will be coupled with the LGTF of center A or B to generate a
function that is not a LGTF.

In the case of matrix element of the magnetic multipole operator, the mag-
netic operator was expanded from the center of mass to atomic center B by
using the addition theorem of this operator as given by equation (Al5) in
Appendix A. The expansion generated a linear combination of intermediate inte-
grals which were finally reduced to the two-center electric multipole matrix ele-
ments. These two-center integrals were easily evaluated using the three-center
matrix elements of electric operators evaluated in section 3.2. The final results
are in terms of finite summation over vector-coupling coefficients and functions
of internuclear coordinates.

n blabmab
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Appendix A: addition theorems for electric and magnetic multipole operators

For any two non-commuting operators X and Y, we have [12]
1
eXYe X =Y +[X, Y]+ 3 XY+ (AD)

where eX =14+ X + %—,2 +---, is the exponential operator and [X, Y] = XY — YX
is the commutator of operators X and Y. Equation (Al) can be verified by the

Taylor expansion of eX and e X. Writing equation (Al) in a compact form, we
have [16]

_ X"
Xve X =) Y= XY (A2)

in which x"Ydenotes the commutator nested to the nth degree,
XY =[X,[X,[X,...[X,Y]...]]]

When X is a differential operator, as it is in our case, (i.e., X = R- V), equation
(A2) becomes

eXye X = Y= eXY (A3)
n.

n

a result that is valid only because operator X possesses the derivation property
[17]. It may be easily verified by induction for n = 0,1,2,... in Eq. (A2). For
example,

Y=Y, xY=[X Y] =XY, xY=[X[X Y] =XY,etc.
Making use of equation (A3) for the electric multipole operator, which is effec-

tively a solid harmonics operator, we have the well-known result for the addition
theorem of solid harmonics [4,6],

Yin(® +R) = e*VY,, (r)
l
B (I — DL+ 1)!
= ;; ((D!(zzl F NI — 20 + 1)!)

xZ({, L =Ly m,m)Y] L, RY iy e, (1), (A4)

limy

where the Z coefficient is given by equation (2.9).
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To derive the addition theorem for magnetic multipole operator, Mj,,(r), in
equation (2.4b), we note that the translation operator e®V transforms the oper-
ator M, (r) into eRVM,,, (r)e RV [5,10-12],

Miyy(r +R) = XMy, (e ™Y = By CU— 1 Llim — . )
"
XYY (L (e, (A3)

_ 2Bigi@mh)'
where B[ = IIT
We also note that

RV L, e ™Y =eRVY, L me RYeRVL (e RV
= Ylfl,mf;/.(r + R)Lp_(r + R), (A6)
so that

M@ +R) =B Y CU—1,1Lm—p, W)Y 1w @ +RL,(r +R). (A7)

i

To complete the addition theorem for this operator, we now need to derive an
expression for L, (r + R), the uth spherical component of the angular momen-
tum operator given in equation (2.5). Replacing X with R-V and Y with L, (r)
in equation (Al), we have

L,r+R) = VL, me™*Y =L,0) +[R-V, L]
1
+§[R-V,[R-V, L+ (A8)

Using the expansion of R -V in terms of its spherical components [11],

4
R-V=)RV,= (?”) > DY RY (), (A9)

where we have used V_, = ,/%”YL,,,(V) and R, is defined similarly, the commu-
tator [R-V, L,(r)] can be expressed as,

4
[R-V,L,(n)]= (?”) Z (=D"Y1,(R) [Y1,—u(V), L, (0] (A10)

Y1, (V) is the spherical gradient operator [6,13,14], which is obtained by replac-
ing the Cartesian component of the variable r in the solid harmonic Y; _,(r) with
the corresponding components of the gradient operator V, for example,

/|3 (9 .0 [3 8
Yia(V)=7F g(a—xﬂ:l@> and Yio(V) = ey
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Making use of Racah’s definition of irreducible tensor operators [5,11],
[Y1-0(V). L] = V2(=D*CALL v = i, WY1y (V). (A1)

One finds that the basic commutator [R -V, L,(r)] in equation (A10) becomes

4
[R-V.L,®]=V2 <T”) > =DTECAN Y = )Y 1RV ()
' (A12)

By using equations (A9) and (A12), it can easily be seen that the operator R-V
commutes with the commutator [R-V, L,], so that the doubly nested commuta-
tor [R-V,[R-V, L,]], as well as all nested commutators of higher degree in equa-
tion (AS), vanish. The substitution of these results into equation (AS8) reduces
the addition theorem for the uth component of the angular momentum opera-
tor to the more simple form,

L,ad+R) =e®VL, @e®Y =L,0r) +[R-V, L,]
— Lm0+ (47”) VIS (DA v — )Yy (R (V).
U (A13)

The importance of this rather simple result is that it represents a general trans-
lation of the angular momentum operator along an arbitrary orientation of
position vector R. It is interesting to note that when R is along the Z axis,

Y1, (R) = /2 Ré, 0. and equation (A13) now becomes
L,(r+R) =L, +v2(=D)*C(111; =, @)RV,,, (A14)

where we have used, Y;,(V) = «/%Vu- Equation (A14) represents the transla-

tion of the uth component of the angular momentum operator along the Z-axis,
which is in agreement with Chiu’s result [2].

Upon substituting equations (A4) and (A13) in equation (A7), the addition the-
orem for the magnetic multipole operator may now be written as

-1
32
Min(c+R) =478, Y Y i Vi ROY 1yt ey (F) {Lu(r) V97

n =0 m’
X Y (=D HCA1T; v — p, ) X Ylv(R)Yl,u—v(v)}7 (A15)
v
NHIRI-DIA-I'-1! . / / .
where of, = oot CU — L Gm — w,wZd = 1,11 =1 — 1

m— u,m).
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For translation along the Z-axis, equation (Al5) is simplified, since Y}, (R) =

(—1)’"’,/3/471Rl/5m/,0 and Y;,(R) = 1/%RSWO. By using these expressions for the
solid harmonics of argument R, the addition theorem of the magnetic multipole
operator as given in equation (A15), can be expressed as

-1
Min(@ +R) = V1278 Y > " afit R'Y 1 (0L (¥)
n 1'=0

+V2(=D*C(111; =, )RV, }. (A16)
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