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Abstract. We present a diagrammatic approach to the calculation of quantum interference
contributions to the Raman light scattering efficiency of doped semiconductors. A three-band
model within a parabolic approximation is used to account for the electronic and optical phonon
Raman scatterings under the condition of resonance coupling of an optical phonon with an
inter-valence-band electronic continuum. Diagram techniques allow us to compare the roles of
various processes contributing to an asymmetrical scattering profile.

1. Introduction

An interesting phenomenon of quantum interference between discrete and continuum types
of material excitations has attracted the attention of many research groups. Fano-type
asymmetric profiles were observed in Raman scattering from doped semiconductors by
Cerdeiraet al [1] after its theoretical description by Fano [2]. During the last few years
renewed interest in the problem was stimulated by observations of Fano profiles in the
magneto-absorption spectra of GaAs [3, 4]. The basic physics of the effect has been well
understood in terms of interference between elementary amplitudes when more than one
different but energetically overlapping final states in a spectroscopic process couple to each
other via some residual interaction.

Theoretical models [5-9] of different complexity have been applied to calculate the
Fano profiles for various types of excitation process, with optical techniques playing a
special role. Both simplified phenomenological approaches [5] and full-scale microscopic
calculations [6, 7] have been used to attack the problem. The well known two-parameter
phenomenological analytic expression for Fano profiles usually gives a good fit to the
data. However, the details of the interference effects, which depend strongly on the types
of process involved, are hidden behind such a fitting procedure, that applies equally to
different but formally similar situations. On the other hand, the full microscopic analysis,
which for solids includes the details of the band structure and interaction parameters,
requires considerable effort, and can usually be carried out only through advanced numerical
calculations. Therefore, giving full credit to both approaches, we give here an example
of an ‘intermediate’ method, which is rather far from a full microscopic treatment, but
takes into account the most important dependences of all of the parameters on the relevant
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guantum numbers and frequencies, and thus preserves the individuality of the process under
consideration. We see the advantage of our approach in the fact that all of the equations
are integrated analytically, allowing us to compare easily the different contributions to the
scattering efficiency. Moreover, the diagrammatic approach gives a very clear physical
picture of the quantum interference effects which lead to the Fano profiles. Preliminary
aspects of this work were reported in reference [10].

The paper is organized as follows. A brief description of the diagram techniques is
given in section 2. In section 3 we derive the equations for one-optical-phonon and
electronic Raman scattering efficiencies, taking into account final-state interactions and
guantum interference effects, leading to the Fano profiles. A discussion and conclusions are
presented in section 4, while the appendix includes some bulky algebraic expressions used
to calculate the scattering efficiencies.

2. Diagram techniques

The light scattering efficiency can be written in terms of the fourth-rank light scattering
tensorSy, g (wr, wy, k1, k) as [11]

2 3

dsg gws = wziw %efaesﬂezyei‘ﬁwm(wz, Wy, K1, Ky) 1)

where w; (w;), n; (ng), and e¢; (e;) are the frequency, the refractive index, and
the polarization vector of the incident (scattered) light, respectively. The tensor
Saypr(wr, wy, k1, k) can be evaluated with the help of diagram techniques similar to those
developed for calculating the scattering efficiency of a multi-phonon Raman process [11].
This technique is directly related to Fermi's Golden Rule and, as a result, gives a very clear
and intuitive picture of the quantum interference between various possible contributions to
the scattering amplitude. The diagrams to be evaluated in the next section are shown in
figures 1 and 2.

The definition of the final state in the scattering process plays a principal role in our
approach. ltis labelled as the vertical section F in all of the diagrams for scattering efficiency
(not scattering amplitude!) in figures 1 and 2. Any line on the left of the final state F must
be substituted for with the corresponding retarded Green'’s function for elect®@qic k)
and vibrational D(w, q) excitations, whereas the lines on the right-hand side of the final
state correspond to the advanced propagdtersG*(w, k) and(—i)D*(w, q), respectively.

The vertices of electron—phonon interaction on the left-hand side(-aig)M(q) and
(—i/R)M*(q) for emission and absorption of a phongnrespectively, wheré/(q) is a
corresponding matrix element. On the right-hand side of the final-state section one has to
change the facto(—i/h) to (i/h). The difference if (w, k) — G*(w, k)] must substitute

for each possible electronic final state, where@s(d}, g) — D*(w, q)] corresponds to the
phonon final state. Note that ftware propagatorghese differences lead to tliefunctions
determining the energy conservation. The interested reader will find more details on the
diagram technique rules in references [11, 12].

3. Scattering efficiency

We employ these diagram techniques to calculate the light scattering efficiency of a p-doped
zinc-blende-like semiconductor whose band structure is modelled by one conduction and
two valence parabolic bands as shown in the lower panel of figure 3. The level of doping

is such that resonant coupling between an optical (O) phonon and direct inter-valence-band
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a)

Figure 1. (a) The diagram for the scattering efficiency of a one-phonon Raman process. The

final state is indicated by the vertical section F which crosses the line of the renormalized phonon
and that of the scattered photon. (b) The diagram representation of the renormalized final-state
propagator expressed through the bare propagators of the electronic and phonon excitations.

(IVB) electronic excitations leads to a strong mixing of both states in the range where they
are degenerate in energy. Obviously, the conventional perturbation theory fails to describe
the process adequately in this case, and one has to solve the Dyson equation for renormalized
propagators.

First, we calculate one-O-phonon Raman scattering, assuming electron—phonon inter-
action of the deformation potential type. After that, pure electronic contributions to the
scattering efficiency, producing the necessary continuum, are taken into account. The
guantum interference of amplitudes for pure electronic and one-phonon processes occurs
via the electron—phonon coupling, and it leads to spectra with Fano line-shapes. For the
profile evaluations below, we use. = 0.5mgq, m; = 0.5mgq, m, = 0.15m for the effective
masses of the conduction and higher and lower valence bands, respeatjvely,0?° cm~3
for the hole concentration, anBl, = 3.4 eV for the fundamental gag'¢s — T'15). This
corresponds approximately to the experimental data of reference [1] for Si.

3.1. One-phonon Raman scattering

A one-O-phonon process is possible only through thep term in the electron—photon
Hamiltonian which has to be evaluated to second order in perturbation theory. The Feynman
diagram for the scattering efficiency is shown as figure 1(a), where the double wavy line
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Figure 2. (a) The lowest-order contribution to the electronic scattering efficiency following from
the A - p term in the light-matter interaction Hamiltonian. (b) The RPA diagram corresponding

to the final-state-interaction contribution to the efficiency of the electronic Raman scattering.
(c) The diagram responsible for the quantum interference of the one-phonon and electronic
Raman processes. The vertices of electron—phonon interaction coupling the two processes to
each other are shown in the dashed box. Two final states in the diagram have to be taken into
account while evaluating the scattering efficiency.

represents the renormalized propagator of the O phonon, which includes an infinite sequence
of transitions between the bare O phonon and the polarization loop of IVB excitations in the
RPA approximation. The use of the renormalized O-phonon propagator implicitly assumes
that not only bare phonons but also bare IVB electronic excitations participate to form
the final states in the scattering process. This point is illustrated by the identity for the
renormalized final-state propagatoDi{w) — D*(w)] represented by the diagrams given as
figure 1(b). This identity shows how the differenc®ifw) — D*(w)] is composed of the
contributions from bare electronic and phonon final states, including all terms to infinite
order in the RPA approximation. Note that the last term in this series corresponds to a
pure electronic final state. The proof of this identity is rather straightforward when all
renormalized phonon propagators in figure 1(b) are expanded in the RPA series.

With the help of the diagram techniques described above, the scattering efficiency of a
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Figure 3. The scattering profiles corresponding to the phonon (dotted line) and electronic (long-
dashed line) final states of the diagrams in figure 2(b) which account for final-state interactions
in the electronic Raman process. The bare electronic scattering intensity and the sum of all of the
contributions from figures 2(a) and 2(b) are shown as the dashed and solid curves, respectively.
The schematic band structure and the one-phonon scattering efficiency according to the diagram
given as figure 1(a) are represented in the lower panel and right-hand-side inset, respectively.
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one-O-phonon process is found to be
& Se = Roo [i(D(0) — D*(@)] 1P (w, w)I? 2
dQ2 dw;
wherep = w; — w;, and the scattering amplitude consists of four terms:
P(wr, 0;) = WEZY(e. v2). Z5(Ve, ) + WEE(ZL (e Y1), Z5 (Ve ¥2))
+ VN Z e, YD)y Z3es v0) + WE(Zo(Ve, v2) Z5(Ve, v2)) ®3)

which take account of the deformation-potential-induced intra-valence-band transi#itins (
and ¥??) and transitions between upper and lower valence bawd$ gnd w2%) with the
emission of an O phonon (see the lower panel of figure 3). The fundtL{)ris defined in
equation (A4). We have also used the following definitions:

do= 2" ot el lp .e*|2(e)41 )
0 w1 cv 1 cv s mo (27T)3C4ﬁzw:glﬁh
and
1 /1VIN*Vo h
(27'[)2 (ha)(;) l;?h ph 2m0a)0 ( )

where V and V, are the deformation potential constant and the normalization volume,
respectively. The renormalized phonon propagator at zero wave vector is

iD(o) = -
[iDo(@)] ™ —iM(e)
i _ iwo
1Do(0) = m (6)

where Dg(p) is dimensionless bare phonon propagator, the polarization loop is given by

(Z3(y1, v2) — k1) (Z3(y1, v2) + kz)} )
(Z3(y1, y2) + k1) (Z3(y1, y2) — k2)
and the Fermi wave vectors in the two valence bands are

m
ky =1y Brn) Y k= 1/m—jkl 8)

wheren; is the hole concentration in the upper valence band. We need to define three types
of dimensionless wave vector which are used to express the scattering efficiencies:

- . r
Z!('y, T'2) :\/M,(wt D 1+ 2)
wo 20)()

if(o) =iRp [2(761 —k2) + Z3(y1, y2) In

9
—wy; I r
Zg(rl,rz):\/ﬁ<wl o5 L 1+ 2)
wo 2&)0
1 mem; 1 /1 1)\1
W=t ﬂ=(—) (10)
mo m, + m; mo \ my mq

wherei = 1 or 2, andr has to be substituted for withands for incident and scattered
light, respectively. The phenomenological broadenifigsl™, stand for the broadenings,

y», andy, of the states in the two valence bands and in the conduction band, respectively.
The broadening. should only be important when the frequency of the incident light allows
for real excitation across the fundamental gap.
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The result from the calculations using equation (2) ia; = 2 eV is shown in the
right-hand-side inset of figure 3 where the one-phonon line is broadened by interaction with
IVB excitations. The broadening has been taken into account self-consistently through the
imaginary part of the polarization operator in equations (6) and (7).

3.2. Electronic Raman scattering

Below the resonance with the fundamental gap, the scattering profile of a pure electronic
contribution must follow the density of states of IVB electronic excitations. The diagram for
the lowest-order electronic contribution to the scattering efficiency is shown as figure 2(a);
it corresponds to thed - p term in the light—-material interaction Hamiltonian, while the

A? term gives a negligible contribution to the Raman scattering by IVB excitations. The
corresponding scattering efficiency is

S,
dQ dw,
where the functionF (w;, w,) results from the bulky but straightforward integration over the
k-vector, and is defined in equation (Al). An example of the scattering profile for the pure
electronic contribution calculated according to equation (11) is represented by the flat dashed

curve in figure 3 foriw;, = 2 eV. As expected, it follows the density of the IVB electronic
excitations which produce the continuous background needed for Fano interference.

= ooF (w;, wy) (11)

3.3. Final-state interaction

The so-called final-state interaction (FSI) takes into account a possible coupling of the final
state to other material excitations. It expresses the fact that the basis of states chosen to
calculate the scattering efficiency does not diagonalize the complete material Hamiltonian.
In our case, the basis of free electron—hole pairs (EHPS) gives a good choice in the range of
energies far from the energy of the O phonon. The FSI with optical phonons leads then to
the broadening of electronic states. However, in the range where the EHP energy overlaps
the energy of the O phonon, the effect of the FSI goes far beyond the simple broadening,
and the Dyson equation for the renormalized propagator has to be solved for a certain class
of diagrams.

The FSI contribution to the electronic Raman scattering is shown as figure 2(b). It is
important to distinguish between the phonon and EHP final states which give the additive
contributions to the spectrum. Therefore, the diagram given as figure 2(b) gives three
contributions. Two of them describe the interference terms with the bare EHP in the final
state, and the third one corresponds to the excitation of the renormalized phonon. The
corresponding equations were integrated analytically, yielding

d2s _
4 (;:zl)s = Roo [l(D(Q) — D*(Q))] IS (wy, )2 (12)
(wp, ;) = w2BP(Zo(es ¥2), Z3(y1, 12)) (13)
d?Ss, _ i}
dQ dclos = —Roo [iD(0)]" (w1, w,)O (w1, ;) + CC (14)

where® and ® are defined in equations (A2) and (A3), respectively.

The contributions to the scattering profile from the processes of figure 2(b) which end
in either electronic or O-phonon excitations are shown in figure 3 by the long-dashed and
dotted lines, respectively. The peak of the contribution from the O-phonon final state



5972 V | Belitsky et al

is always positive, and can be seen as indirect one-phonon Raman scattering. However,
it can be taken into account only together with two interference contributions from the
electronic final state which are negative. One can see from figure 3 that the sum of all three
contributions from figure 2(b) actually gives a negative anti-resonance. The total profile for
electronic scattering taking into account both bare final states (figure 2(a)) and final states
renormalized by the FSI (figure 2(b)) is shown by the solid line in figure 3. The scattering
efficiency is positive for all frequencies, as it should be. In the range far from the frequency
of the O phonon it follows approximately the density of the IVB excitations. However, at

o ~ wo, the profile deviates from the electronic density of states, and the scattering intensity
vanishes following strong renormalization of the continuum. A zero value of the scattered
intensity means that the electronic component of the renormalized final state is negligible
whenp >~ wp. The sum of the contributions in figures 2(a) and 2(b) corresponds to the
case ofT,, = 0 in standard notation [5], where the Fano parameteould be equal to zero

if the real part of the polarization operator were negligible. This however is not the case,
and the real part of the self-energy is responsible for an asymmetry of the scattering profile
which depends on the energy position of the O phonon within the electronic continuum.
Note that the FSI results in the vanishing of the scattering efficiengy-atv, as it should

for T, = 0.

3.4. Interference contributions

So far we have not considered quantum interference between the processes of one-O-phonon
and electronic Raman scattering. Obviously, one cannot speak of direct interference of
two amplitudes which lead to different final states, since that contradicts the principles
of quantum mechanics. Therefore, in such a scenario, it is implicitly assumed that some
interaction couples the two processes to each other. In our consideration, it is the electron—
phonon interaction which joins the two amplitudes in figure 2(c) into one diagram for the
scattering efficiency. The corresponding vertex is indicated by the dashed box. Thus, the
two contributions for two possible final states must be taken into account for the interference
diagram given as figure 2(c).

For obtaining the correct position of the minimum in a scattering profile, it is very
important to take into account the sign of the two vertices of interaction with an O phonon.
The first one (in a dashed box) corresponds to the phonon-assisted inter-valence-band
electron—holerecombination, whereas the second indicates the scatteringhofesby an
O phonon either within the same valence band or in the inter-valence-band transition. The
opposite sign of the two vertices does not play any role in the contributions of the diagrams
given as figures 1, 2(a), and 2(b), where the vertices of each type only occur as pair
products. However, for the interference contribution given as figure 2(c), the relative sign
is very important as regards determining the sign of the Fano parageter

All interference contributions can be separated into two parts, corresponding to the EHP
and phonon final states according to the diagram given as figure 2(c). They can be written as

2
dg ZC’U = —Roo[iD(0)] P(w;, 0)O*(wy, wy) + CC (15)
and
&S = Roo [i(D(0) — D* * P 16
4% dor 0 0) (@)] Z*(w1, wy) P(w1, w5) + CC. (16)

An example of calculations for the contributions of figure 2(c) is shown in figure 4(a)
for the phonon (dotted line) and EHP (dashed line) final states. The total sum of all of the
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Figure 4. The contributions of the diagram given as figure 2(c) for (a) positive and (b) negative
relative signs of the one-phonon and electronic Raman amplitudes. The contributions for phonon
(dotted line) and electronic (dashed line) final states are shown separately. Solid lines represent
the sum of all of the contributions from figures 1 and 2. The signs of the Fano parameters are
opposite for the two cases.

contributions calculated in this section is shown as a solid line in figure 4(a), to demonstrate
that the scattering efficiency vanishes on the lower-frequency side of the phonon peak,
which corresponds to the positive sign of the effective Fano parameteragreement with

the experimental situation in p-Si [1].

4. Discussion and conclusions

Although the electronic contributions to the scattering amplitude result from a well defined
region of the Brillouin zone where the doping level allows for vertical transitions between
the two valence bands (see the lower panel of figure 3), the one-phonon amplitude can
gain contributions from different areas bfspace. Therefore, the relative phase of the two
interfering amplitudes may depend on the full details of the band structure. For illustration,
we show in figure 4(b) the result of calculations for the case where the relative sign of
the two vertices of interaction with the O phonon in figure 2(c) is opposite to that for the
p-doped Si used for the calculations of figure 4(a). The minimum occurs on the higher-
frequency side of the one-phonon peak that corresponds to a negatNete that this is

the situation found for n-type Si [13].

In order to compare our results with the data of reference [1] we have to incorporate
in our model the fact that the resonance behaviour of a one-O-phonon Raman amplitude
is mainly determined by the high density of EHP excitations along the [111] direction—
the so-calledE;-gaps. A rough accounting for that fact can be achieved by scaling the
one-O-phonon amplitude for different laser frequencies, so as to achieve a correspondence
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Figure 5. The results of calculations for a number of laser frequencies, together with the data
of reference [1] (see the text for details).

with the experimental results for pure Si [14]. In figure 5 we show the theoretical set of
curves together with experimental data of reference [1] for different incident frequencies: 1:
275eV;2: 255eV;3: 24eV;4: 2.2eV;and 5: 1.9 eV. To fit the data, we had to increase
the one-O-phonon amplitude by a factor of 5 going from lower to higher laser frequency.
The fit of the experimental data with the well known Fano expression corresponds, however,
to a factor-of-3.5 increase in the Fano parameteiThis means that the direct application

of our model, which neglects the specific band structure along the [111] direction (i.e. the
two-dimensionalE;-gaps), would give a small decrease of the effective Fano parameter
instead of the increase observed in reference [1]. This is because the excitation across the
I',s — I'is fundamental gap in a parabolic model results in a rather weak dependence
of both electronic and one-O-phonon Raman amplitudes when the frequency is within the
interval 1.9-2.75 eV. A small decrease ¢fmeans that the electronic amplitude grows
even faster than that of the one-O-phonon process that follows from the integration over
k-vectors.

Finally, there can be a situation where a Raman phonon is emitted through intra-band
Frohlich interaction, while the resonant FSI can only occur via deformation-potential-
induced IVB transitions. In such a case, the two contributions from figure 2(c) exactly
compensate each other. This compensation emphasizes the general rule which does not
allow interference between the real and imaginary interactions. The total profile is then
the sum of the two positive terms: the electronic contributions (including the FSI) and the
one-phonon Raman intensity. The scattering efficiency does not vanish at the minimum,
and the position of the minimum with respect to the phonon peak depends on the behaviour
of the real part of the polarization operator.

To summarize, the analytical equations for the light scattering efficiencies of a p-
doped semiconductor have been derived within the parabolic approximation for one
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conduction and two valence bands. The roles of the final-state interaction and the quantum
interference between one-phonon and electronic Raman processes have been analysed
through application of diagram techniques which take into account self-consistently the
renormalization of electronic and vibrational excitations in the final state of a scattering
process. Typical examples of the corresponding scattering profiles have been calculated.
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Appendix A. Definition of F(w;, ws) and O(wy, ws)

The scattering efficiency of the pure electronic process given as figure 2(a) is essentially
determined by the function

@o s 1
F(ar, 0)) = —7{M1Mz[®(21(—yc, ), Za(=Ye, —v2)

+ D(Z(—Ver —¥1)s Zo(—Ver ¥2))

— Q(Z5(~Ves V), Zo(—Ver ¥2)) — P(Z(—Ve, —1)s Zo(—Ver —72))]

+ 1Bl (Zi(y1, —ve), Z3(—=y1, ¥2)) + ©(Z1(v1, Vo), Z3(—y1, —¥2))

— O(Zi(y1, Vo), Za(=y1, ¥2) — @(Z1(y1, —Ve), Za(=y1, —V2))]

+ 12Bl®(Z5(v2, —Ve), Za(vz, v1)) + P(Z5(v2, vo), Za(v2, —v1))

— D(Z5(v2: ¥e): Za(ya, 1)) — D(Z5(v2, —¥e). Za(y2, —y))]} (A1)
whereas

O(wy, ws) = —1BP(Z1(y1, V), Z3(=y1, ¥2)) + m1BP(Z1(y1, ve)s Z3(—y1, —72))
— 1B (252, ve), Za(yr, v2)) + n2BP(Zh(v2, ve), Za(—11. v2)  (A2)
is used to express all contributions via tle- p term with the electronic final state.
The functions
1
Z2(F1, Tp) — Z2(T'y, T)
ki —Z([T1,T2) ka+ Z(I'1, I'2)
ko — Z(T'1,T2) k1 + Z(I'1, T'p)

®(Z(T'1, T2), Z(T1, Tp)) =

X |:Z(F1, I2)In

s oo o~ ki —Z(T1,To) kp+ Z(Iq, T
(LT ~(~1 ~2) 2+~(~1 ~2) (A3)
ko —Z(I'1,T2) k1 + Z(I'1, T'2)
and
y S i 14
Wi (Z(T1, T), Z(F1, 1) = =~
b2 b Z2(T1,Tp) — Z2(I'1, Ty)
Z(1, T - o Z([y, T
« |z rpyin W FEILTD 5k w20 ) (A4)
w— Z(I'y, M) w— Z(['1, I'2)

have been introduced to simplify the equations for the scattering efficiencies.
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