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Abstract

Feynman diagrams are essential tools used in the quantum field theory approach to con-
densed matter problems. It is typical to represent diagrammatic techniques in momentum
space assuming implicitly that we have an infinite domain at hand. However, in finite
nanoscale systems the momentum is not well-defined, so that the theory has to be reformu-
lated. We espouse the coordinate space description, with the formalism having to satisfy
geometric constraints of the physical domain. We show that the finite element method
(FEM) is well suited for the quantum field theoretic modeling of nanoscale systems. The
FEM uses a discretized physical domain that is faithful to the geometry at hand, and the
wavefunctions are solved using a discretized form of the action and its variation.
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1 Introduction

Quantum field theory provides a systematic approach to the perturbative inclusion of the
effects of interactions between fields. Its successes in quantum electrodynamics and quantum
chromodynamics are based on the use of Green’s functions (GF), or Feynman propagators,
to account for the inhomogeneous terms in equations of motion in the presence of interacting
quantum fields. The interaction terms lead to nonlinear coupling that in principle demands
a solution to all orders.

In general, terms from higher order perturbation theory have complicated expressions.
However, Feynman developed a convenient and intuitive diagrammatic representation of
those terms which can be easily and visually understood.!*? Feynman diagrams show the
different paths that particles can follow while transiting from one particular state to another
as the system evolves from the initial state to the final state. The collection of all possi-
ble paths gives the exact GF, which represents the transition amplitude from one state to
another. In typical treatments of quantum field theory and the development of Feynman di-
agrams,®® it is assumed that the physical system is over an infinite domain, so that particle
states can be represented as eigenstates of momentum. The equations of motion satisfied by
the quantized fields have inhomogeneous terms arising from the interaction between fields.
In momentum space the lowest order propagators are derivable in a very straightforward
manner. The higher order corrections to propagators are also expressible in momentum
space by using Feynman rules at the one-loop level®*%7 to account for virtual excitations in
the intermediate states leading to self-energy corrections.

In view of the interest in modeling finite domains at the nanoscale it becomes necessary
to employ alternative descriptions to the momentum space approach. In particular, we con-
sider the real space description for the propagators and Feynman diagrams of higher order
perturbations. For this purpose, we employ the finite element method (FEM).® The FEM
is a numerical method for simplifying the geometric constraints in physical problems. The
finite element approach uses a discretized physical domain that is faithful to the geometry at
hand. The wavefunctions are obtained using a discretized form of the action integral and its
variation. It enjoys the advantages of variational (stationary action) analysis for eigenvalues
and eigenfunctions in domains with arbitrary geometries where the method provides a sys-
tematic approach to improving the accuracy of the results. The real space representation of
the Feynman propagators and the higher order loop diagrams lends itself to this discretiza-
tion in nanoscale systems in a natural manner. It is applicable to higher-order perturbative
and nonlinear effects.

By discretizing the domain in order to solve for eigenfunctions and eigenvalues of the
excitations in the system. We can construct the lowest order discretized version of the
GF. By representing the Feynman diagrams in the framework of FEM, we substantially
simplify the issue of solving for eigenfunctions on complex domains. The FEM is very
effective in tackling boundary conditions of any type including mixed Dirichlet, Neumann
or Cauchy boundary conditions. Calculations can be performed on each element without
concerning ourselves about the entire physical domain. This “divide and conquer” approach
additionally simplifies the calculations because the behavior of any function in each element is



approximated by specific polynomials chosen by us. The spatial integrals can be immediately
performed so that the GFs are expressible in terms of bilinear combinations of the nodal
values alone. The complete result can be obtained by summing up the contribution from each
element in the discretized domain while we ensure continuity conditions at the inter-element
level. The eigenfunctions and eigenvalues are subsequently used in the determination of
other quantities of interest, such as the lowest order propagator, the self-energy and vertex
corrections.

The freedom to consider any type of boundary condition has the advantage that we can
directly obtain wavefunctions that are consistent with derivative boundary conditions or
mixed boundary conditions as are needed in scattering theory and carrier transport.®

In Sec. 2 we begin by very briefly reviewing the standard theory of propagators and
one-loop diagrams for the infinite domain. In Sec. 4 this is followed by the development of
the same theory over a finite domain. A final overview is given in concluding remarks in
Sec. 5.

2 Feynman diagrams for the infinite domain

a Lowest order propagators

We begin by reviewing very briefly the derivation of Feynman propagators for the infinite
domain. For the moment, we consider particle excitations above the ground state, |0),
which is the vacuum state in field theory.®%7 This is readily generalized to the case of the
many-body ground state, |¥g).? 11

The initial state at ¢ = —oo evolves with time to its final state at ¢ = co. This evolution
is generated by the time evolution operator U (oo, —o0) acting on the initial state. The single
particle GF defined in coordinate space takes the form

iGap(w,a') = (0T [nal@)dlys(2)]|0)
(OIT [ra(x)i]5(a")U(00,—00)]|0)

- 010 (o0, —o0)[0) ‘ @

Here © = (x,t), and the operators {yq(z) and ¥4(2) are the Heisenberg and Interaction
picture field operators, respectively. defined in the Heisenberg picture, with the first being
the annihilation operator and the second one is the creation operator. The second one is the
definition in interaction picture. With these definitions, the GF defined in Eq. (1) gives the
probability amplitude of creating a particle at 2’ and annihilating it at z, in the physical
ground state. The time evolution operator U allows us to take matrix elements in the same
basis. The time-ordering of fields denoted by T is included in order to make the expression
compatible with the causal nature of this evolution. It is useful to recognize that only the
terms representing connected Feynman diagrams from the numerator will survive since the
denominator cancels the terms corresponding to the disconnected diagrams. With these
simplifications we write

iGas(w, 2') = (O|T [{ra(2))5(2")U (00,~00)] 0) (2)

conn.’
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Since the evolution operator can be expressed as

Ut t') = T{exp [—ih™* /t t dt  H (4]}, (3)

the GF takes the form

iG(z,2") = Z(%) %/ dtl---/ dt,

X(O|T[Hi(tr) - - Hi(ta) ()9 (2)]10) o (4)

From now on, the system is assumed to be spin independent so that the spin indices will
be suppressed. Also, since we shall continue working in the interaction picture, the subscript
“I” is suppressed. The field operators in the interaction picture are related to field operators
in the Schrodinger picture by

O(z) B eiﬁot/ﬁqﬁ()o o—iHot/h i
{ &T(I) }_ eiﬁot/hqﬁT(X)e—ilA{ot/h : ( )

Here, 9(x) and 1! (x) are the field operators in the Schrodinger picture, and are related to
the lowering and raising operators by

d(x> = Z¢a(x>caa
P = S, (0

where a, b are sets of quantum numbers. Combining Eq. (5) and Eq. (6), one has the free
electron propagator

iGO (x, 2") :Z {H(t — t/)e twn(t=t)

X (0](x)|n) (n] ) (x)]0) (7)
—0(t' —t)etn (=1

x<0|@E*<x'>|n><n|d<x>|o>}.

For the moment, in order to be brief, we can focus on the retarded GF since the advanced
GF and the Feynman GF can be derived from it. Fourier transforming the first term in
Eq. (7) to frequency space, the retarded GF is given by

b(x)|[n) {(n]dt (x!
(0 3 I 1 ) N

- W— Wy + 1 '



Figure 1: The first order phonon emission diagram is shown for an infinite system. The
incoming electron has momentum and spin (p, s), while the outgoing electron has (p/, s’). The
emitted phonon has wavevector and frequency of (q,w,).The coupling is v = e. The phonon
field has a derivative coupling with the electrons, and the Frohlich interaction parameters
are included in the field ((q,w,) for convenience.

Before considering the perturbative expansion of the exact GF in detail, it is useful to
investigate the infinite space with translational symmetry, where the GF depends on the
spatial displacement x — x’. Now Eq. (8) can be rewritten as

b(0)|n) (n|dt ek (')
it )5 OO I 0

W—Wy 411

Y

n

where E, = hw, has been used. Fourier transforming this equation into (k,w) space we
obtain

W—wp+1in e

01 ) =3y Ol 0)0) .

The significance of the Kronecker-delta is that for each state m, there is a corresponding
wavevector k; therefore, each state can be represented by k. Inserting the wavevector k into
the expression, one obtains

0]%(0)[k) (k2'(0)]0)

R0 _ o
G (ke w) = VS T S (10)

3 Phonon emission and self-energy

a Phonon emission

Consider the Frolich coupling of electrons with lattice vibrations in polar materials. The
electron-phonon coupling is given by

Hy =~ / e (@)i(@) E(x). (11)
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Here the gradient of the atomic displacement field W (r, t) is represented by ((z).

The transition amplitude for e(k;) — e(ks) + ((q;) is given by the lowest order pertur-
bation term

—1
= %2w5(wki—wkf—wq) A/d?’rei(ki_q_kf)"r
= TA(2W)45(wki—wq—wkf)é(ki—q—kf). (12)

The transition rate per unit time per unit interaction volume can now be calculated in the
usual manner by integrating |Sy;|* over available phase space for the particles in the final

state. We have
\sz
Ri = 53

spms

922
- 7}12 (2m)4 6@ (k;—q— k)G i, (13)

Here Gy; is the overlap function for the initial and final electron states. The resulting

linewidth is given by
dq [ dk
1—\ o — 2 f .
emission V /(27’(‘)3/(27{')3wa

corresponding to 1 incoming particle in volume V.

b The self-energy diagram

For the second order contribution shown in Fig. 2, we write %%

. —1
iGP(z,2') = 57 d*z d*ry
x (0|T {lﬁ(x)w(xf) Hy(20) Hy(zy): } 0). (14)
Expressed in terms of single-particle Green’s functions we have
A2
’LG(2) (ZL’,LE‘/) = 2—;2 d4I1d4SL’2

<7 | ()01 (22)) (90 01)
« (i) (o) 10,

= ;;2 d4LE‘ d4.§(72 G( (I—LUQ)G(O) (IQ—l’l)

XD(O)(SL’Q—Il)G(O)(Il—I/). (15)
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G(O) (332 y b1, W — U.}g)

Figure 2: The second order self-energy diagram G®)(x,x’,w) of the electron-phonon inter-
action is shown for an infinite system.

For illustrative purposes, we have retained only the one loop electron-LLO phonon self-energy
diagram while dropping the “tadpole” diagram that also appears in the second order.
The GF can be Fourier expanded in frequency space as

iG(x,2') = z/ ;l_w e wtG(x — ¥, w). (16)
T

Using this relation, Eq. (14) can be recast as

2

iGP(z,2) = -1 d*rid*zy [ dw dwydwsdw’
2h?

—iw(t—tQ) —iw2 (tz —t1 ) e—iwl (tz —tl)

X e e

(2m)!
x e~ (=) G0 (x—x2, W)G(O) (X2 =1, w1)

XD(O)(Xz—XLWz)G(O)(Xl—X,7W/)7 (17)

Integrating over time variables we have

_72 —iwt+iw't’
iG(2)(x7x/> = ﬁ d4x1d4$2/dde1 4 2
T
x GO (x =g, w) GO (x2— %1, w1 ) DO (x5 — X1, wn)
X GO (31— X', ') w1+ w3 — ) (0 — w1 — ws). (18)

The last factors in the equation are the d-functions associated with energy conservation at



each vertex. Collecting terms, Eq. (18) can be rewritten as

d - Ny
iGP(x,2) = /%e_“(t_”[Q—;/dgmld%z

x/dwl G(O)(x—xz,w)G(O)(Xz—Xl,wl)

o
x DO (xg—x1,w — w))GO (% — X/, w)] : (19)
The factor in square brackets in the above is identified as G(x—x’,w) to the second order in

perturbation theory. The Fourier transformation of iG(x—x’,w) is given by

iG(x—x",w) :(227)3/0[31{ ek )Gk, w). (20)

With this relation, we have

iG?(x—x'\w) = - PrdPry | =

X ) / Pk Pk P ad® K €™ 2 (21)
™

Xeik-(x—xz)eikl-(xz—xl)eikz-(xz—xl)eik’-(xl —x')

x GOk, w)G (ky,w) DO (kg, wy) GO (K, w),
with wy = w — wy. Integrating over the coordinates @y, €2, we obtain

2
iG(x—x,w) = z—%@# / duwr / & d®ky dPkod®l
Xeikhx_ikl'XIG(O) (k, W)G(O) (kl, wl)D(O) (kz, wg)

xGO (K w)6® (kg +ky— k)6 (K —ky—ky)

_ 1 37, ik-(x—x) ~(0) —° /4
_ (%)3/(1 kGO s [t

x GO (k) DO (k — kl)} GO(k). (22)

Here, k£ = (k,w), and the delta functions in the intermediate step represent momentum
conservation at each vertex. One can also recognize in the square brackets the self-energy

_r 1
- 2h2 (27)*

ix@ (k) / d*ly GOky)) DO (k—ky). (23)

In polar materials, ((x’) is the phonon field for the electron-phonon coupling. Following
the procedure for evaluating a general phonon propagator in momentum space as displayed



in Appendix ¢, one obtains

e 27’(’th 1 1
Do) = T (-0

x[ L1 } (24)

w—we+in  wHwr—in

Using the (many-body) electron propagator introduced in Appendix e the self-energy term
can be written as

-2
@ _ B (1 1 /ML
=7k, w) 2(2@371(600 . Tk —k,|?

1 1
% [w—wl—wg—l—in B w—w1+we—i77]
[ Oki—kr)  O(kp—k) }
wy —w(ky) +in wr —w(ky) —in]

(25)
The integration in w can be performed by contour integration to obtain
-2 /1 1 d3k
Oy — — (L1 / I
2h \€éx €0 (2m)3 |k — kq|?

" 0(ki—kp)
w—w(ky) —wy+in

O(kr—k;) ] . (26)

w—w(ky) +we —in

The imaginary part of ¥ is given by

271 1 A3k W
ImX® (k,w) = S / ! ‘
m 3 (k, w) <€w EO) 20272 [k—ky|?

X [H(kl —kp)d(w — w(ky)—wy)

==

+9(kF—k1)5(w—w(k1)+Wg):| . (27)

Let k; = ykp, the retarded contribution (from the first -function) can be rewritten as
22 dydS)
my®(kw) = 0/ frydy
(k/kp)"+y?—2kycos0/kp

hiy* k%
x0(y—1)o (w— ng—wg)

C’/ 2mh~ Yy dydQ
B (k/kp)? + y2—2ky cos 0/ kg

<03 ), (29)




where we let

oo (L 1Y kewe
2k \ewo €0/ 2(27)%

Let us substitute z = cos, v = y/kp; then Eq.(27) can be rewritten as
4mmC / y2dydx
h v? +y? — 2uyx

2m(w—wy)
hk?,

Im¥®(k,w) = O(y—1)

X6 —y).
Since 6(z* — a®) = [06(z — a) + §(z + a)]/(2a), we have
sy = 2O / s

ha v? +y? — 2uyx
x[0(w—y) + o(@w+y)].

Here, © = 2m(w—wy)/(hk%). Performing the y integration first, one obtains

2rmC [* (0 —1)
Im¥® (k,w) = d
m E (k,w) ho o )y x{vz+d)2—2vd)x
0%0(—w0 — 1)
02 + 02 + 2ukx

By elementary integration we get

2mmC
h

O(—w —1) | [v? + @02 — 2vd|
|02 + @02 + 200
27TmCS (~)9(|w| 1)<1n |v*+© —i—2v|wH)

R e T, 02+ 32— 20(d|

Im 2@ (k,w) =

O(w—1) ! 0% + &% + 200
2v |02 + @02 — 20|

4 Feynman rules for the finite domain

a Finite element analysis for eigenstates

(31)

(32)

(33)

We first describe the FEM for the evaluation of eigenstates in a given nanoscale system.

In FEM, the physical domain is discretized into subregions called finite elements; within
these elements the wavefunction is expressed in terms of the values of the function ;4. at
special points X;,0q4, called nodes in each element, multiplied by interpolation polynomials.
The polynomials are chosen such that they can capture the behavior of the wavefunction

over individual elements. In other words, in each element iel we write

90D = 3w N ().

7
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Here, N;, i = 1,...n represent the n interpolation polynomials used in each finite element,
and the set {¢;} can include function values (Lagrange elements) as well as derivatives
of the interpolated function v, , (Hermite elements). In order to obtain high accuracy
we represent the wavefunctions in terms of Hermite interpolation polynomials having C?
continuity.® The wavefunction defined in this manner is valid only within the element iel
and is zero outside. The full wavefunction is made up by putting together the wavefunctions
at the nodes and ensuring continuity across element boundaries. A sum over all the elements
can be expressed in terms of a global index a that together identifies the element and the
nodal polynomial.

=D N =2 talal (35)

el 1

The actual values of the coefficients 1, of the interpolation polynomials is determined as
follows. We have the action integral that generates the Schrodinger equation on using the
principle of stationary action

A = /dt/w(r) <%%€+(v<r> —E))w(r),

with the vector arrows indicating the direction in which the gradient operators act. The
discretized form for a time-independent problem is written as

AT = f (wN ) (% 3 v ) <¢5N5(r)). (36)

The horizontal lines through the integral sign are used to indicate that this is an integral
discretized over the finite elements.

The integration over space can be performed since the interpolation polynomials have a
form chosen by us to work with the discretization. The functional variation with ¢f(r) is
replaced by parameter variation with respect to ¥7. The resulting discretized Schrdinger
equation is a generalized eigenvalue matrix equation

(Kaﬁ + Vaﬁ)¢a = EBaﬁ¢a- (37)

By y(w)
(Nt () s | N3 (x))

Figure 3: The notation for the lowest order propagator in a finite domain is shown. Here &
is the matrix operator for the propagator in the space of finite element global interpolation
polynomials.
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Figure 4: The first order phonon emission diagram is shown for a finite domain.

The matrices K and V are the ‘kinetic’ and potential energy terms, while B is the overlap
matrix generated by the basis functions being not orthonormal.

Equation (37) is solved using standard methods for the eigenenergies and the correspond-
ing nodal value array, of eigenfunctions, (E,, w,(l")). The full eigenfunctions are obtained by
using the same interpolation polynomials used in the dicretization to reconstruct the wave-
function of the physical domain as in Eq. (35).

b The phonon emission process in a finite domain

The incoming electron has quantum numbers (a, s) while the outgoing electron has (b, s’).
The emitted phonon has the quantum numbers (c¢,w.).The coupling is v = e. The phonon
field has a derivative coupling with the electrons, and its field is given by (. The Frohlich
interaction parameters are included in the factor A. The spatial integration using a finite
element interpolated representation for all the fields is represented by I'**°. The coefficient
vector arrays in the discretized representation of the wavefunction are in the factors ¥, ¥,
and (5. For a particular incoming electron state labeled by (a,w,, s) going into an outgoing
electron with quantum numbers (b, wy, ') and an LO-phonon with quantum numbers (¢, w.)
we have the matrix element for the transition given by
i

wiclssli) = 3 {o [ mnemm]
(U0 ) b

= %Faﬁ”- (%L(a)%b)dc)) (27)0 (wa —wp —we)- (38)

Here, we have specified all the quantum numbers of the incoming and outgoing states. To
obtain the lifetime of a given discrete eigenstate, we have to sum over the available phase
space (quantum numbers) for the discrete final states that contribute to the process in a
manner consistent with energy conservation.

11



Bi(we)
Bvu ’ N rtdov

v A

&) (wa) @”@u@—wﬁ) &%) (we)

(Na(x)] N, (x))

Figure 5: The second order propagator Gaﬁ (x,x’,w) in a finite domain is shown in terms of
the electron-phonon bubble diagram.

¢ Discretization of the lowest order propagators G(* and G®

The lowest order propagators, G(©) and G, for electrons are obtained within the finite
element framework as described below.
We use Egs. (6,35) in Eq. (8) to obtain

o)l 20 ) 1Nt

W — Wy + 1

iGRO (2,2 w) =

= (Na(2)|&|Ny(2)). (39)

Observe that the interpolation polynomials are independent of n and the sum over the
eigenstates can be cast purely in terms of the nodal parameters representing the eigenfunc-
tions. Here the eigenstates are labeled by n, and «, § are the indices from the finite element
discretization. The operator & acts in the space of the nodal vectors, while the spatial
dependence comes through the array of interpolation polynomials (shape functions) N, (z)
used in the discretization of the wavefunction. The numerator contains the direct product
of two arrays

5 =y oyl (40)

giving a matrix representing the corresponding field operator product in the usual propaga-
tor. Just as in the usual propagator we have a sum over intermediate states, here we have a
sum over n in Eq.(39) and each intermediate state n gives rise to a matrix ™ divided by
the frequency denominator in the Green’s function.

In practice, this sum over intermediate states can be truncated to go over only a few
quantum numbers assuming the energy denominators lead to a desired error tolerance in the
converging sum.

The notation for the discretized propagator G(¥ is shown in the lowest order in Fig. 3.
In the second order of perturbation we begin with Eq. (17). Employing the finite element
form of the propagator Eq. (19), the integral over intermediate coordinates xi,xs can be
performed since the spatial dependence is again given by the interpolation polynomials. The
integrals can be calculated on each element and then assembled over the global domain. The

12



eigenstates are labeled by lowercase letters a, b, ¢, ... Let us define the vertex factor at z; in
G® by Vied,

Viea = 7/61322 1O (z)9 (22) ¢V (22)
_ {7 / d322N5(z2)Ny(z2)N5(z2)} <¢;<b>¢ff> §d>>. (41)
The integral over the coordinate 2z is independent of eigenvalue indices, and we write
Tans =7 [ d2aNo(a) Ny () Ni(aa). (12)
The vertex V.4 is then reduced to
Viea =T (¢L<b>¢§c><§d>). (43)
Similarly, the second vertex at z; in the one-loop diagram of Fig. 2 is given by

Vi= 4 / 020 9T (2 ) (21) (1) (2)

_ {7 JEERARA Nu<zl>} (wi%,&q)cz<8>)

= I‘LW : ( 1) w(q ¢ ) (44)

With the above results we obtain the propagator G in terms of the nodal values and
interpolation functions at zero temperature

. -1 [dw
6P = o [

Xz<wa i 6 (wa—wF>_wé“wy“’e(w—wa))

W—Wq+11M W—We—11

a

xFﬁV“Zw i <w(wb_wF)_9(wF_wb)>

1—Wptin W1 —wp—1n

) J(d) C Cu
> Z + M : FT&TV
w— wl—wd+m Ww—witwg—1n

" Z(% Y0 (we—wp)

W—We+1n

AT G ), (2. (15)

W—We—11

[

13



The second order discretized propagator is shown in Fig. 5. This leads to

OO a ) <Na<z>\[

W—wg+1n W—Wg—11M

a

{Fﬁw <2h2 Z w“’ 1(0) g(d CT(d ) FT5V0}

(A ) oot

xY <¢a B (we—wr) N 0(wr—w.)

W—We+1n W—we—1n

Jvyta)

where I; is the two-pole integral

dw1 _1

ha = /27r [(wl—wbﬂn)(wl—(W_‘*’d)_”’)
1

(w1 —wp =) (w1 = (w+wa) +in)

+

1 1
= — — — |-
{(w—wb—wd)ij (w—wb—l—wd)—m]

(46)

(47)

The step functions in Eq.(45) represent Fermi functions for particle creation above the Fermi
level and hole creation below wg. The electron self-energy is identified easily, and we have

g = FW( Zw OO, )PW“

Then, the real part of the self energy is given by

-1
Re 250 = hw [ﬁ Z wa(,b IS C(d CT(d
bd

» 1 1
W—Wwp —Wg W—wp+ wy

and the imaginary part is given by

T (b
WX, - FBW{Q_WZW%(@%(@
bd

2h?

1’1"'61/0"

X [5(w — Wp — wd) + (5(&] — Wy —|—wd)]}FT5VU.

(48)

(49)

(50)

The further developments of the above calculations will require explicit values for the

wavefunction arrays.
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5 Concluding remarks

We have developed the formalism in this article that allows us to use configuration space
methods for quantum field theory calculations. A follow-up article will treat applications of
quantum mechanics in realistic nanoscale structures.

We list below our finite element version of Feynman rules that are modified
for finite domain quantum field theory and for quantum many-body systems:

1. Draw all the topologically distinct connected diagram. The total amplitude corre-
sponds to the sum of all the diagrams.

2. For each incoming or outgoing Fermi line, include a factor corresponding to interpola-
tion polynomial N, (x;).

3. Assign a direction to each line to show the time flow, which determines the order of
interpolation polynomials.

4. Each Fermion line corresponds to a factor

o gl)w;(a)
(G = E _ 51
O‘B(w) - W — Wg + 1€ (51)
5. Each phonon line corresponds to a factor
) T(d)
- 52
wlo Z Wip — Wy + i€ ( )

6. Denote each electron phonon vertex by a triangle. Each vertex corresponds to a factor

Do = 7 [ @ Nalx) N, ) No(x,), (5%

where ~ represents the coupling coefficient e. Also, conserve energy at each triangle;
affix a factor (i/h)™ where n is order of perturbation.

7. Integrate over internal energies.

We should mention that there are other equivalent methods to investigate quantum cor-
rections, such as the functional methods espoused by Schwinger,'? ' and the path-integral
methods that are used in gauge field theory. We have confined ourselves to the Feynman
diagram approach which allows a straightforward extension to finite domain field theory in
real space through the use of Green’s functions or Feynman propagators, in domains that
have complex geometries, using FEM.

This extension developed by us goes beyond the usual treatment of layered nanoscale
semiconductor structures or quantum dots in that we can investigate quantum phenomena
in arbitrarily shaped 2D and 3D nanoscale systems. The FEM allows us to treat arbitrary
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boundary conditions such as Dirichlet, Neumann, and mixed or Cauchy boundary condi-
tions.®

The importance of LO-phonon and electron interactions are well appreciated. The elec-
tron self-energy due to LO-phonons,'® and the consequent band-gap renormalization in wide-
gap materials such as diamond is well documented.!” 2! In diamond, the estimated bandgap
renormalization is ~ 600 meV, which is enormous. When we go from the infinite domain to
finite systems, the boundary conditions alter the phonon spectrum?? as well as the electronic
states. The effective coupling constants are also altered. Thus, small structures of diamond
can be expected to have different bandgap renormalization because the Frohlich coupling be-
tween the LO-phonons with electrons will be altered by the presence of boundaries. Through
the use of “cutting rules” of Landau and Cutkosky?*?! we can connect the self-energy dia-
gram calculation with the life-time calculation for the electron in phonon emission. In finite
domains, we expect this carrier life-time estimate also to be altered and it can be readily
calculated using the methods developed here.

We note that the “long-wavelength” phonon coupling to electrons is given by the usual
Frolich coupling developed in the Appendices. The phonon coupling parameter actually
varies with the momentum transferred to the phonon, and we have shown? 26 that the
coupling depends on the location of ¢ in the Brillouin zone of the crystalline solid.

A Polar materials and phonons

The concept of the polaron was introduced by Landau??3* to describe an electron moving in
a dielectric crystal. The crystal lattice is deformed due to the moving electron, thus creating
a cloud of lattice vibrations around it known as the phonon cloud. This deformation of the
lattice alters the mobility of the electrons thereby changing the effective mass. The polaron
is a quasiparticle defined to be the electron coupled with its surrounding phonons in a polar
material.?®

For simplicity, the physical domain is assumed to be extended over the quantization
volume V' in this section, but the considerations presented here are readily adapted to the
finite domain.?®37 The electric polarization field

displacement W = u+/M/V, where M is the reduced mass of the dipole in each unit
cell and u = (uy —u_) i s the atomic displacement that induces the polarization. We have
the coupled equations® #!

W = —wiW +by,E,
P = b21W+b22E. (54)

We can separate out the transverse and longitudinal parts of the ionic displacement to write
W = W+ W, The transverse motion of ions does not produce a depolarization field. Hence

.. 9
WT = —MTWT,

so that
Wo = Wwr.
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The Maxwell displacement D = E + 47P = ¢(w)E allows us to relate P to the electric
field. Furthermore, at high (optical) frequencies the ions cannot follow the electric field and

hence
€oo — 1

P(w > (A)Opt> = bpE = e E (55)
Hence
47Tb22 = €0 — 1. (56)
With a time dependence of exp(—iwt) for all fields we have
Wz = —M?Wg. (57)
From Egs. (54,56) we arrive at
bglblg E(OO) -1
P=|ppt 212 g7 g 58
et 2 o o
leading to
41 b2
e(w) = (1+47mby) + W2 —w?)
€0 — €xo
= €5 T+ 2 2 ?p (59)
40,41

This is the lattice dielectric function.

If no electrons are present we would have
V-D=0=V-(E+47P). (60)
Substituting for P using Eq. (54) we have

V-E = —47V.-P
= —4W(621V'W5+622V'E).

Rearranging terms we obtain

1
V-E = ——47r621V : Wg. (61)

€0

Since the electric field E and the ion displacement W, are longitudinal, we conclude from

the above that
4 b21

€0

E=-"2W, (62)

Combining Egs. (54), (55), and (62) we have

% 47ba1 12
W, = —wW, - —=W
¢ WT ¢ 1 + 471'622 ¢
_ 2
_ (w% + (60 EEOO)WT) W, (63)
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leading to the Lyddane-Sachs-Teller*3 relation
2 2 €0 64
W, = wp —. (64)

€0

In the presence of free electronic charges in the lattice the Maxwell displacement field
satisfies the equation

V-D=V-(E+47P) = 47p,. (65)
Eliminating P using Eq. (54) we have

_47’(‘b21v W—|— 471'621

€0 €0

V.-E= pe (66)

The equation of motion for W now takes the form

47ha1b12

V-W, = —w%VWe—mVWHme-E
47h
= _wlngé_‘_ :12V'Evaca (67)

by identifying V - E,,. = 47p.. From energy considerations and reciprocity we have

bia = bay = wrp/ (€0 — €x0) /4T

and wr = wy \/€x/ €0, We can express the last term in Eq. (67) as arising from an interaction
energy between the phonon field and the external charges.?® We have

Wy 1 1 / 3
Hyy=—=|| ——— | [ &’ Wi Eq4. 68
* V 47 €0 €o ‘ ( )

We note here that the Frohlich coupling is treated as a constant defined in the long
wavelength limit, or at the [-point in the Brillouin zone in the crystalline solid. This is a
severe approximation. We have shown?>2¢ that the coupling parameter in fact depends on the
momentum transfer ¢ to the phonon. We have used density functional theory to demonstrate
that the coupling parameter depends strongly on ¢ as it varies over the Brillouin zone.

a Quantization of the phonon field

The longitudinal optic phonon field W(r) couples to the electron. We begin from the

Lagrangian density
1.
L= §W§ — §w§W§ (69)

The canonical momentum is then given by 0L/ OW, = W,. The equal time commutation
relation satisfied by the vector displacement field is

1

[WZ’(I'), Wj (r/>]t:t’ = Zhé(s) (I' — I'/)éij. (70)
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The longitudinal lattice displacement field W, is assumed to be of the form**
WZ(I' t) — i Z E (eikr—iwtaz(k) + e—z’k-r+iwtaT(k)) (71)
VT WA )

where X is the yet to be determined normalization factor. This normalization can be cal-
culated using the commutation relation Eq. (70), which is a nonlinear relation in that the
left side is bilinear in the field operators while the right side is not. Using the commutation
relation between the creation and annihilation operators, [a, a'] = 1, we have

NlNQ kzk:§
Vo k||

[Wi(r, ), W(r', t)}

kk’

{ ( ikr— zwt ik~r+iwtaT (k)) ’
( ik v/ —iw't k/) —zk’-r’-i—iw’taT (k/)):|

NNy k2

- = (21wkek(r_rl)> (72)
k

N2 4 /
= Z v (2iwke’k'(r_r )> = ihd® (r —1').
k

Here, despite being labelled differently, N; and Ny are the same normalization factor and
therefore can be rewritten as W in the final step. Comparing with Eq. (70), one obtains
h/(2wy), so that the quantized field is given by

h k[ . o 1
— | e"""a,(k T Ta,(k
Ek 20rV K (e ap(k) + " a,( )), (73)

where (k-r) =k -r — wt.

b The interaction Hamiltonian revisited

The interaction Hamiltonian, Eq. (68), can be cast in terms of quantized fields. Writing the
electric field E,,. in terms of the gradient of the potential arising from the charge density

we have fo Noa
Evac(r) — —Vr/dsT/e¢e(r )’QDE(I' )d T ) (74)

v — /|

The density of electrons is given by 1]¢,. The electron field v is not specified further here,
but will be expressed differently depending on the application. Using the vector identity
V- (Ag) =V - A+ A - Vo, the above expression can be rewritten as

_ —ew (1 1\"? 3,011 (] ' 3 Vi Wy
H - @(;—g) /drwe<r>we<r>/dr‘r_r,|. (75)

19




Here, the surface term arising from Gauss’s theorem is dropped since the energy is con-
served. For the infinite domain the factor 1/|r —r’| can be Fourier expanded and the spatial
integration with respect to r can be performed. This leads to

r — /|
h ik-(r—r’) iq-r—iwt 1 —iqr+iwt
me (aqe —aqe )
q
247”’ iqr’ —iwt t _—iq-r/4iwt
= ( aqe —aje ) :
ql

Substituting the above equation into Eq. (75), we arrive at
o= e [ @)

/27 1\ Y2 - -
|: iy Z ™ WZ (_ __) <aq€—zq.r o agezq-r ):| (76)
ilalVV \éo €

N / gt (e e () ().

q

Here, the term in the square bracket is denoted by ((r’), and the coupling constant by v = e.
The field

27‘(‘th 1 12 iq.r—iw T _—iq.r+iw
() = - Z v|q|z< %) a4 = aye T
_ Z (A aqeiq.r—iwt+A*a:[16—iq~l‘+iwt> (77)

q

is the effective field that represents the LO-phonon field in its coupling with the electron
density. Here we have simplified the expression for ((r) by defining

Comhw, /1 1\ Y2
A=—iy| (=== . 78
' V|Q|2 <€oo 60) ( )

The stimulated emission of plasmon-polaritons using the above formalism is given in
Ref.45 and Ref.46 in very narrow bandgap n-doped materials, such as Hg; ,Cd,Te and
Pb;_,Sn,Te.

¢ LO-phonon propagators

The longitudinal phonon propagator defined in the interaction picture takes the form**
D a,) = I (W)W, ) 0 (79)
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Fourier expanding the fields we have

z'DZ(jQ) (x —a)=

(2;)4 / d'k e @ DO (). (80)

The propagator in frequency space can be written as
(0[W2:(0)|n, k) (n, k|W1,;(0)[0)
W—Wpk + 11

_«W%A@Mckﬂm—MWhmﬂml (81)

W+ Wy —k — 11

DY (k,w) = iV

Using Eq. (73), each matrix element can be calculated as in the following

. ho ks
O O0) 1) =\

Then the propagator can be written as!%44
h 1 1 kik
iDO(k,w) = — —_— )
7 2w \W—wpx+in  wtw,x—in) k?
in kik,

= ) 2
w? —wi(k) +in k2 (82)

The LO-phonon frequency is usually treated as being dispersionless; this is the typical ap-
proximation. The phonon propagator in intermediate states (bubble diagrams) can be sim-
plified considerably by using the expression for ((r) given in Eq. (77). We can define

DO — ) = @H(dﬂ«ﬂ)@- (83)

In momentum space we obtain

DO (qw) = <47Th“3) (L_l)(; (84)

1912 )\ €0/ (W2—wi+in)

d LO-phonon propagators in finite domains
With a finite element representation for the phonon wavefunction {(r) we have
C(r’t) = Z (A a, Na(r)cép)e—iwpt + A*a;[) Na(r)cl(p)e-i-iwpt) ) (85)
p

Here the index p refers to the phonon modes in the finite domain and the label « refers to
the expansion of the wavefunction in terms of interpolatnarraylynomials V.
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The phonon propagator in a finite system can be expressed in terms of the finite element
representation of the wavefunctions using Eq. (85) . We have

DO tx #) = <0|T(<<r,t>,<*<r',t'>)|o>,
— 0 — )0 (<<r, H.che, t’>) 0)
o - ><0|(<T<rt> G, >)|o> (36)

We evaluate the matrix elements in the above equation and do a Fourier expansion in fre-
quency to obtain

zD(O (r,r',w) ZC(n CT(n Ng(r )|A|2

« /ood(t . t/)ei(w—wn—l—in)(t—t’)
0

+ 3N () N () A2

0
x / d(t — )eilerren—im(e=t), (87)

After some simplification we obtain
~ 2wy,
DO (r, v w) = (N, AP ) [Ng(x). 88
DO ) = N (TR INs(r') (58)

— w2 +in

n

Again, we can cast this relation in operator form by writing

- 2w,
D) = LA ey )
We then have
iDO(r,x',w) = (Na(r)[Ds (w)|Ns(x')). (90)

e Fermion propagators

The free fermion field operator in Schrodinger’s picture takes the form

Z Ve (X) ien (91)

The k, A\ refer to wavevector and spin quantum numbers. The single free fermion GF is
given by

. ~(0

IG5 (x,2') = (O[T [da(2)i}(2')]]0). (92)
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The subscripts «, [ refer to spin quantum numbers. The coordinate z denotes (x,t). If
the ground state is a many-electron state we denote this by replacing |0) by |€2). Since
the particles can only be created to fill unoccupied states, above the Fermi sea, the free

propagator is given by? 1!
iGg]B) (z,2") = dup Z gtk (x=x) g vk (t=t) (93)
k

x[0(t — t')<9|}ﬁ(0)|k> (k|@(0)|9> (94)

—6(t — t')(Q¢"(0) k) (k[:(0)]2)] (95)

= GagV 1Y et (96)

K
x[0(t —tY0(k — kr) —0(t —t")0(kr — k)] (97)

In the infinite domain, the summation over k becomes an integration, and V! is replaced
by (27)73. Similar to the phonon propagator, the free fermion propagator in momentum
space is given by? 1!

. ~(0) _ 0(k—kp) 0(kp—k)
iG o5 (K, W) =0ap ( 77) . (98)

w—w(k)+in w—wk)—i

In finite domains the spatial part of the wavefunctions have to be determined based on
the geometry. In the finite element method, the wavefunction with quantum number n can
be expressed as 1, (r) = ¢&n)Na(r). The wavefunctions expressed in terms of interpolation
functions can be used in the Feynman propagators so that

L REDS [mew(na—w)(%)mk/)
—O(nr—ng) Nx(x) (%)Nu@')} . (99)

Here the index a refers to the eigenstates that are summed over in representing the Green’s
function, the indices A, p are the nodal array of wavefunction values at the finite element
nodes, and the interpolation polynomials are denoted with the same indices. The inclusion
of many-body considerations is done through the use of Fermi distribution functions (step-
functions at zero temperature). Each term in the sum over a represents a global matrix
representation of the contribution of the corresponding eigenmode. The first term corre-
sponds to the excitations above the Fermi level (electrons above the Fermi sea) so that
ng > np and the second term with nyp > n, is for excitations below the Fermi level defined
by the occupied states and corresponds to the contribution of holes to the Green’s function.
We can cast the sum in an operator form by writing

iGO (3¢, %, w) = (N () |65 ()| Nu(x))- (100)

The Fermion distribution functions are incorporated into the operator for convenience. We
are thus able to carry over all the concepts associated with the infinite domain into the
nanoscale finite domain arena.
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