Eur. Phys. J. B 31, 305-309 (2003)
DOI: 10.1140/epjb/e2003-00035-5

THE EUROPEAN
PHYSICAL JOURNAL B

Commutation technique for an exciton photocreated close

to a metal

M. Combescot® and O. Betbeder-Matibet

GPS, Université Denis Diderot and Université Pierre et Marie Curie, CNRS, Tour 23, 2 place Jussieu,

75251 Paris Cedex 05, France

Received 8 July 2002 / Received in final form 22 October 2002
Published online 14 February 2003 — (© EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2003

Abstract. Recently, we have derived the changes in the absorption spectrum of an exciton when this
exciton is photocreated close to a metal. The resolution of this problem — which has similarities with
Fermi edge singularities — has been made possible by the introduction of “exciton diagrams” in which
the exciton metal-electron vertex has been essentially guessed. The validity of this procedure relied on a
dreadful calculation based on standard free electron and free hole diagrams, with the semiconductor-metal
interaction included at second order only, and its guessed extention to higher orders. Using a commutation
technique similar to the one we recently introduced to deal with interacting excitons, we are now able to
prove that this exciton diagram procedure we proposed is indeed valid for this problem at any order in the

interaction.

PACS. 71.10.Ca Electron gas, Fermi gas — 71.35.-y Excitons and related phenomena

Interactions with excitons have always been a tricky prob-
lem to handle properly. The interactions being in fact in-
teractions with free electrons and free holes, one a priori
has to crack the excitons into electrons and holes, in order
to really know their effects. This leads to see the exciton as
the sum of ladder diagrams [1] between one electron and
one hole, with possibly, once in a while, an interaction
of this electron or this hole with something else. Although
fully safe, this approach becomes very fast dreadfully com-
plicated, as can be seen from the simplest problem on in-
teracting excitons studied in reference [2], namely an exci-
ton photocreated close to a metallic “mirror”. It is indeed
the simplest problem on interacting excitons, in the sense
that the photocreated electron and the metal electrons are
discernable (being spatially separated) so that there is no
Pauli exclusion between them. This Pauli exclusion, and
the exchange processes associated to the indiscernability
of the carriers, is an additional, but major, difficulty for
interacting exciton problems. Rather recently, we have de-
veloped a “commutation technique” [3,4] which allows to
cleanly identify contributions coming from Coulomb in-
teraction between excitons and contributions coming from
possible exchange between carriers. Using this commuta-
tion technique, we can derive the correlations between ex-
citons at any order exactly. We have already been able
to prove that the effective bosonic Hamiltonian for ex-
citons quoted by everyone up to now cannot be correct:
First, it is not even hermitian [3]; second, it misses purely
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Pauli terms [3]; third, and worse, the concept of effective
Hamiltonian itself has to be given up [5] because, what-
ever the exciton-exciton part is, it cannot reproduce the
exciton correlations correctly, due to the complexity of the
exchange processes. If such an effective Hamiltonian were
correct, exciton diagrams, with boson-exciton propagators
and interaction vertices deduced from the interacting part
of the Hamiltonian, would of course be fully valid. How-
ever, as such an effective Hamiltonian is incorrect, the
validity of the exciton diagram procedure is actually not
established at all in spite of a widely spread belief.

At the time we studied the problem of an exciton pho-
tocreated close to a metal and the changes in the exci-
ton absorption spectrum induced by the semiconductor-
metal interaction, we had not yet developed this
commutation technique. This is why we safely used stan-
dard diagrams [6] with free electrons and free holes and
Coulomb interactions between them. We were able to put
the electron-metal and hole-metal interactions at second
order only. At this order, we proved that the sum of all the
seven complicated diagrams corresponding to these sec-
ond order processes ends up with the same result as the
one derived in an extremely simple way, by using intuitive
“exciton diagrams”: In these, the exciton propagator was
taken to be

1

Ga(w;v, Q) = o Bogtin

(1)

where E, g = ¢, +&q is the energy of the (v, Q) exciton, v
being the relative motion state index and Q the center of



306

mass momentum. The exciton-metal vertex was somehow
cooked in a reasonable way from the bare electron-metal
and hole-metal interactions.

Since there were no hope to calculate standard
electron-hole diagrams with more than two electron-metal
and hole-metal interactions, we assumed that the exciton
diagram procedure, which looked physically quite reason-
able, should hold at any order.

By studying this problem in the light of our commuta-
tion technique, we are now able to prove that this exciton
diagram procedure is indeed fully correct in the studied
case, at any order in the semiconductor-metal interaction.

Let us reconsider this problem from the beginning: A
highly doped 2D quantum well is set at a distance d from
an empty quantum well in which one exciton is photocre-
ated. The metal Fermi sea reacts to the sudden appear-
ance of the photocreated electron-hole, and its change, in
turn, modifies the photon absorption. Of course, similar-
ities with Fermi edge singularities [7-9] follow from this
Fermi sea reaction. Note that in this problem we have one
exciton only, so that we do not have to take into account
any kind of exciton-exciton interactions.

The Hamiltonian of this semiconductor-metal coupled
system reads H = Hg. + Hy + Wye—m, where Hg. is the
semiconductor Hamiltonian and H,, is the metal Hamil-
tonian. The semiconductor-metal potential Wg._,, reads

Weeem = Z Z v(q) (aL_qu - bL+qbk) C_q, (2)

q#0 k
Cq = ZCLJquP ’ (3)
p

aL, bL and CL being the semiconductor electron, semicon-
ductor hole and metal electron creation operators respec-
tively, while, for metal and semiconductor d apart [2],
v(q) = e 992me?/Sq. Let us again stress that there is
no way (and no hope) to rewrite this potential in terms
of exciton operators, i.e., linear combinations of adt as
defined in equation (5). This is why an interacting exci-
ton potential, i.e., an effective exciton Hamiltonian, has to
result from approximations which are usually more phys-
ically reasonable than fully controlled.

The absorption of a photon (2, Q), given by the Fermi
golden rule, is proportional to the imaginary part of the
response function

1

Utli) (4)

where the initial state is |¢) = |v) ® |0), with |v) being
the semiconductor vacuum state and |0) the metal ground
state, (Hm — Eg)|0) = 0.

The excitons (i.e. all bound and extended one-pair
eigenstates of the semiconductor Hamiltonian, (Hg —

EV’Q)BI7Q|U> = 0) are related to the free pairs by

BIvQ = Z<k|x”> aIchaeQ bikJrah,Q ’ (5)
k
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ajl-(e blh = Z<IV|ahke o aekh> Biake"l‘kh ’ (6)

v

where o, = 1 — ap, = me/(me + mp), me and my, be-
ing the electron and hole masses. Using equation (6), the
semiconductor-photon interaction reads

Ul=A4) al obl =4 (u|K) Bl 4
k v, k!

= AZB;Q(xV|r =0), (7)

(if we set the sample volume equal to 1). The response
function thus appears as

S(2,Q) =A%) (r=0[z,) S, (2,Q){w,[r = 0), (8)

v,

1

Sl/'l/(Q) Q) = <i|BV'aQ a—H BI7Q|Z> !

a=2+Ey+in. 9)

In order to calculate S,/ (£2,Q), we can note that

|:H7 BIyQ} = |:HSC7BI7Qi| + {Wsc—mvB,iQ}

= (EV,QBI,Q + VJ,Q) + WJ,Q- (10)

The first commutator, calculated in reference [3], shows
that VJ q acts on semiconductor electron-hole pairs only

so that VlIQ|v> = 0. Using equations (2, 5, 6), the second
commutator gives

WJ,Q: Z @V’V(q)BZ',Qmam

q#0,v’

(11)

v () = (20[v(q) (4T — 71T |z, )

= (2w [V(q)|zy) - (12)
WJ,Q physically corresponds to excite one exciton from
a (v,Q) state to a (V/,Q + q) state, whereas the metal
has one of its electrons excited from p to p — q. Let us
however stress that WJ’Q is not an exciton-Fermi sea in-
teracting potential. Such a potential, which would read
as BZ,’QJran)fqapBl,,Q, does not exist as previously dis-
cussed. It is of importance to note that our commutation
technique avoids such a potential while keeping the exact
Coulomb interaction between the exciton and the metal
electrons.
It is easy to check that equation (10) leads to

1 1
gt o -pt -
a—H Q »Qq—-H-FE,q

1 1
T L P
A +W”7Q)afoEy7Q

+

(13)
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Fig. 1. Response function in terms of exciton diagrams, at
zero order (a) and at second order (b) in the semiconductor-
metal interaction. To the ({2;v,Q) exciton, we associate the
exciton propagator G4 (§2;v, Q) given in equation (1), and to
the scattering of a (£2;v, Q) exciton-(w, p) metal electron into
a (24 wi;v1, Q+q1) exciton-(w — w1, p — 1) metal electron,
we associate the exciton-metal vertex Vyly(ql) given in equa-
tion (12).

As VT qlv) = 0, while VVJr qlv) writes in terms of By, Q-
the 1terat10n of the above equatlon allows to generate the
expansion of S/, (2, Q) in the exciton-metal interaction:

= i S(2,Q) .

n=0

SV/V(‘Qa Q) (14)

The zero order term simply comes from the first term
of equation (13). It reads

! |2)
Qu—H-B,q"
= 0,0, Ga(2:1,Q),

WL(2,Q) = (ilByr.q B
(15)

and thus corresponds to the exciton diagram of Figure 1a.
The first order term appears as

1
Sy(2.Q)= > (ilBsaB]
Chgo:,l/l 17Q+q1 —H - EVI,Q+‘311
X W*q1§V1V|i> G.(12,v,Q), (16)
where we have set Wioqu = 0,,(q)C_q. As

<U|BV’7QBll,Q+q1 |v) = 0,7 1,0q,,0, this first order term is
equal to zero.
The second order term, shown in Figure 1b, reads

SG)(2,Q) =

1
Z Z |BV'7QBV2,Q+q1+q2a —

H-F
q27#0,v2 q1 70,11 v2,Q+q1+qz

G(2;1,Q).
(17)

1
- H- EV17Q+Q1

X W_qsivaun a W_quvli)
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The above matrix element can be split into a semiconduc-
tor part and a metal part. The first one imposes v = v/
and q; + g2 = 0, so that equation (17) becomes

G.(2:/,Q) T)(2,Q) G

S0 (02,Q) = A(21,Q),

(18)

72(0,Q) =

Z @l/llll (*Oh)

q#0,v1

1
x (0]Cq, a

—H, —

C*Q1|0>6V1V(q1)a (19)

EV11Q+C11
with v; being the intermediate exciton state. Following
reference [2], we neglect Coulomb interaction between
metal electrons for simplicity, as it does not play any
role in the excitonic singularity we are studying — which
only comes from the sudden appearance of the photocre-
ated exciton. We then get Hy, ch_qcp|O> = (Eo + €p—q —
€p) CIF(]CI,|O>7 €p being the metal-electron energy. The ma-
trix element of equation (19) is thus equal to

1
- (EV17Q+Q1 tép—ar —

— - (20)
Ipl<kr<Ip—ai] ‘) +in

We can split it into contributions from the exciton
(r1,Q + q1), the metal electron (p —q1) and the metal
hole (p) by using the standard trick,

1
Q—a—b+inp

idw 1 1
- . (21
/27r (w—i—Q—a—i—in) (—w—b—i—in) 1)

Equation (20) then reads

idw
/—1 Go(wi + 2511, Q+a1)

Z/ldw

where g(w,p) = (w — ep + insign(ep — 1))~ " is the usual
metal-electron Green’s function, while G (w;v, Q) is the
“exciton Green’s function” given in equation (1). This

leads to rewrite T( )(.Q Q) as

idw
Z 2771 B(wi,a1)
q170,1
X (O (—a1) Gz (2 + w1501, Q +a1) O, (a1)]

)g(w —wi,p— qﬂ] , (22

72(0,Q) =

(23)

B(w1,q1) being the standard “bubble” contribution as
given by the bracket of equation (22). This response func-
tion second order term, as well as the zero order term
given in equation (15), correspond to the exciton dia-
grams shown in Figure 1, with the exciton-metal ver-
tex being ¥,.,(q). Note that the intermediate exciton



308

(v1,Q + q1) now appears clearly through its propagator
Go(24wiiv1,Q+aqr).

More generally, the nth order term of S,/ (£2,Q) is
given by

S™(2,Q) = G.(2;V,Q) G (2;1,Q)

>

qn—1¢07’/n—1

Z <0|Wan1+'“+Q1;V'Vn71 My Mp—2--- M1|0> )
Q170,11

1

M,, =
- Evr,,L,Q+qr,,L+~~~+<11

(24)

a— Hpy,

The bracket corresponds to all the possible ways to start
with a (v, Q) exciton, to excite this unique exciton into
various (v, Q + q”) states while shaking up the metal
Fermi sea by (—q”) and to end with a (v/,Q) exci-
ton. As an example, the 4th order terms are shown
in Figure 2. They are basically of two types: The first
term (Fig. 2a) corresponds to excite and recombine one
electron-hole pair in the metal Fermi sea, twice. Its con-

tribution to S (Q Q) is given by

(2;7,Q) ZTV@; 2,Q) G.(2;11,Q) T2(2,Q)

X G(2;1,Q). (25)

The other terms of Figure 2 can be formally written as

Go(2%7, Q) TIN(2,Q) G (v, Q),  (26)
where T( (12, Q) corresponds to the transfer of the (v, Q)
exciton mto the (v/,Q) state associated to all possible
connected excitation processes of the metal Fermi sea with
4 semiconductor-metal interactions.

This shows that the sum of all contributions to

Sy (£2,Q) reads

Sy (2,Q) = 6,1, G (2,1, Q) +G(92;V',Q) | T, (2, Q)
+ZTV’V1(Q7Q) (Q V17Q) VlV(Q Q)
x Gz(2,v,Q), (27)

where T/, (£2,Q) corresponds to the transfer of a (v, Q)
exciton into a (¢, Q) state associated to the sum of all pos-
sible connected excitation processes of the metal Fermi sea
with two or more semiconductor-metal interactions. This
expansion of S, (£2,Q) is shown in Figure 3. It corre-
sponds to the expansion of the integral equation shown in
Figure 3.

It is in fact possible to rewrite S,/ (£2,Q), as well
as S(£2,Q), in a quite compact form: For that, we first
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Fig. 2. Exciton diagrams for the response function at 4th order
in the semiconductor-metal interaction.
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Fig. 3. Diagrammatic representation of the integral equation
verified by S,/ (£2,Q) as given in equation (27).
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rewrite the exciton propagator as

Go (21, Q) = (2] (28)

where h, is the exciton relative motion Hamiltonian,
(he — €,)|z,) = 0. By noting that the second order

transfer, given in equation (23), also reads TD(,QZ(Q, Q) =
(x| T?(2,Q)|z,) with

T3 (0,Q) = Z/f—:B(w,q)V(fq)
q#0
1

X 29
Q+w—hy—Eqiq+in (29)

V(a) ,

we can, in a similar way, rewrite the higher order transfers
as T, (2,Q) = (z,/|T(2,Q)|z,). Since §,/, = (zp/|20),
equation (27) is nothing but the expansion of

1
N—h, —T(2,Q)—Eq +1in

SD/V(‘Q) Q) =

|0,

(30)

(To]

so that the response function S({2,Q) given in equa-
tion (8) takes the quite compact form,

S(02,Q) =
1
2—he —T(2,Q) — Eq +1in

A2(r = 0| r=0)- (31)

The above equation is exactly the equation (9) of ref-
erence [1]. The explicit form of this response function
was then obtained in terms of the right and left eigen-
states |#,) and |#,) of the non hermitian “Hamiltonian”
h: +T(£2,Q). As its eigenvalues are complex, the exciton
absorption lines in the presence of a 2D metal have now
tails.
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In conclusion, our commutation technique allows to
prove in a quite transparent way that the problem of the
exciton absorption spectrum changes induced by the pres-
ence of a distant metal, can indeed be solved within ex-
citon diagrams at any order in the semiconductor-metal
interaction. These diagrams visualize the fact that a (v, Q)
exciton is created by a Q photon. This (v, Q) exciton scat-
ters to a (v1, Q+ q1) state and then to a (2, Q+q1 +q2)
state and so on ... At each g; scattering, a (—q;) metal
electron-metal hole pair is excited. The photocreated ex-
citon must end all these scatterings in a (v, Q) state in
order to possibly recombine into a Q photon. From a tech-
nical point of view, these exciton diagrams are such that:

— to each (v, Q') exciton we associate the propagator
Gz (w; v, Q') given in equation (1);

— to each scattering of a (v,Q;p) exciton-metal-
electron state into a (', Q + q; p — q) state we associate
the exciton-metal vertex Vl,fl,(q) given in equation (12);

— as usual for diagrams, we conserve w and q at each
vertex.
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