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Raman photogalvanic effect: Photocurrent at inelastic light scattering
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We show theoretically that electromagnetic waves propagating in the transparency region of a noncentrosym-
metric medium can induce a DC electric current. The origin of the effect is the Raman scattering of light by

free carriers in the system. Due to the photon scattering, electrons undergo real quantum transitions resulting
in the formation of their anisotropic momentum distribution and in shifts of electronic wave packets giving rise
to a steady-state photocurrent. We present the microscopic theory of the Raman photogalvanic effect (RPGE)
focusing on two specific situations: (i) generic case of a bulk gyrotropic semiconductor and (ii) a quantum well

structure where the light is scattered by intersubband excitations. We uncover the relation of the predicted RPGE
and the traditional photogalvanic effect at the light absorption.
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I. INTRODUCTION

Photogalvanic effects (PGEs) and photon drag effects
(PDEs) resulting in the DC electric current generation un-
der steady-state illumination belong to a class of nonlinear
high-frequency transport phenomena, bridge optics, and trans-
port [1-8]. The DC current magnitude and direction depend
on the light intensity, propagation direction, and polariza-
tion. The processes of the photocurrent generation are highly
sensitive to the symmetry of the system, fine structure of
the electron energy spectrum, and microscopic processes of
the optical transitions and scattering [4,5]. Furthermore, the
photocurrent generation can be related in some cases to
the topological properties of the charge-carrier Bloch func-
tions [9—13]. It makes polarization-dependent photocurrents
an important tool to study the delicate features of the elec-
tronic spectrum and kinetic properties of charge carriers in
metals and semiconductors and opens up prospects to develop
polarization detectors based on these effects [14,15].

Usually, photogalvanic and photon drag currents are ob-
served under the conditions of light absorption, see Fig. 1(a).
The PGEs are studied in conventional bulk semiconduc-
tors, such as Te and GaAs [4,16], in low-dimensional
structures, such as quantum wells [17,18], and in a wide
range of emergent material systems including topological
insulators [19-24], Weyl semimetals [25,26], graphene-
based nanosystems [8,27-29], and transition-metal dichalco-
genides [30-32]. Both inter- and intraband optical transitions
can be involved in the DC current generation.

It is commonly assumed that, if the light propagates in
the transparency region of the crystal, no DC current is
formed [4,33,34], although this statement was questioned
in recent Refs. [35,36]. It is indeed the case provided real
electronic transitions and corresponding changes in the elec-
tromagnetic field are absent in the system. In such a situation,
the irradiation results solely in renormalization of the energy
dispersion. Thus, after a transient process the current van-
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ishes [33]; otherwise, in violation of the energy conservation
law, such current could generate the Joule heating in the
external circuit.

Here we show that even in the absence of photon absorp-
tion, the DC electric current can be generated if the light
is scattered by the free carriers in the medium. The Raman
scattering of light [37,38] leads to the electronic transitions,
Fig. 1(b), resulting in the asymmetry of the electron distri-
bution in the steady state and, eventually, in the DC current.
A similar idea has been put forward in Ref. [35] without
detailed analysis, here we present an explanation of the effect
and transparent microscopic model. We develop the micro-
scopic theory of the Raman photogalvanic effect (RPGE)
in noncentrosymmetric semiconductors and semiconductor
nanostructures. We mainly focus on the case of the circular
RPGE where the current reverses its sign under reversal of the
radiation helicity. We address the situation where the photon
energy is smaller than the fundamental energy gap. We take as
examples (i) a nonresonant Raman scattering in bulk semicon-
ductors and (ii) the intersubband resonant Raman scattering
in quantum wells. Ultimately, we establish a connection be-
tween two fundamental physical processes, the inelastic light
scattering, and the electric current generation.

II. GENERAL DESCRIPTION

We recall that the DC current linear in the radiation inten-
sity I arising in the noncentrosymmetric media can be written
in the most general form as [4,5]

Jo = Vapile x €*1gl + erﬁu(eﬂez + eﬂe;f,)l, (1)

where e is the complex polarization vector of the incident
electromagnetic field, i[e x e*] = Pt with Py, being the
circular polarization degree and 72 being the unit vector along
the light propagation axis describes the light helicity. Tensors
Yap and Xop, = Xapp describe circular and linear photocur-
rents, respectively, «, 8, u are the Cartesian components.
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(a) Traditional PGE (b)

Raman PGE

FIG. 1. (a) Scheme of the absorption process leading to circular
PGE. (b) Illustration of the scattering process resulting in real elec-
tronic transition. (c) and (d) Basic diagrams describing the effects
depicted in panels above (see Appendix A for details). The green
wavy lines denote the electromagnetic field, @ denotes the current
vertex with magenta filling describing the sum of the ladder diagrams
accounting for the electron scattering by impurities and phonons. The
magenta rectangle denotes the sum of the ladder diagrams accounting
for the valence-band hole scattering.

Notably, the first and second terms in Eq. (1) have differ-
ent properties under time-reversal t — —t. Particularly, since
both current and light helicity change their signs at the time
reversal, tensor y,g is even and tensor x,g, is odd att — —¢.

We assume that the light propagates in the transparency
region of the direct-gap semiconductor,

ho < Eg, w1, > 1, 2)
where w is the frequency of radiation, E, is the band gap,
and 7, is the conduction electron momentum scattering time.
Here, for definiteness, we assume that the system is n doped.
The first condition in Eq. (2) ensures that the real interband
transitions are forbidden, whereas the second one allows us
to neglect the intraband Drude-like absorption. In generic
semiconductor systems with E, 2 1 eV and 7i/7, < 1 meV
both conditions (2) can be readily fulfilled for a wide range of
frequency covering almost three orders of magnitude.

Under condition (2) absorption of light is absent, and the
only possible real processes are the free-carrier light scat-
tering as illustrated in Fig. 1(a). The incident photon with
the frequency fw, polarization e, and wave-vector ¢ scatters
and gives rise to a secondary photon with the frequency 7«’,
polarization e’ and wave-vector ¢’ whereas a resident electron
undergoes a transition from the k' to the k state. Thus, the DC
current density can be readily expressed as

. e n . .
ji= %Tr{vp@)} = j, + Js» 3

with the ballistic,

2
Jp = V_e Z (VT (Eck) — v Tp(E )]
0 kK .q
X W @ fo(Ec i)l — foEcn)l, (4a)

and shift,

. 2e sc
ji=5 Z Ry oW () fo(E. )1 — fo(Eca)], (4b)
kK .q

contributions, respectively [4,5,39,40]. Here e is the electron
charge, V) is the normalization volume,  is the velocity op-
erator, and p(z) is the electron density matrix calculated in the
second order in the incident electromagnetic field amplitude.
In Eqgs. (4), factors 2 account for the spin degeneracy, E. k is
the electron dispersion, fy(E) is the equilibrium Fermi-Dirac
distribution function, vy = ! 0E, x/ 0k is the electron veloc-
ity, Wi (@) is the probability of electron scattering k' — k at
the incident light polarization e averaged over the polarization
and propagation direction of the final photon, and Ry, - is the
electron shift at the transition k' — k [41].

The lack of the inversion center allows for odd in the elec-
tron wave-vector terms in Wlf,i/ (e) and even in the wave-vector
terms in the Ry ;. It makes contributions (4) nonzero. The
contribution (4a) has a clear physical interpretation: In the
course of quantum transitions electrons acquire an “average”
velocity v depending on the light polarization. The velocity
generation rate is given by the rate of electron transitions N,
and the velocity relaxation rate is given by the momentum
relaxation rate 7, !. As a result, the DC current according
to this mechanism is formed during the ballistic propagation
of electrons between the scattering events and given by the
balance of the generation and relaxation processes [4],

j=evr,N. &)
The shift photocurrent in Eq. (4b) can be estimated in the same
manner with the replacement in Eq. (5) V1, by the average
shift of the wave-packet R in the course of scattering [4].
Equation (5) underlies that the current generation requires
real electronic transitions, and N can be expressed via the
light intensity and the extinction coefficient K related to the
scattering process N = KI /ho.

III. MICROSCOPIC MODEL OF THE IMPURITY
OR PHONON-ASSISTED RPGE

Now we turn to the microscopic description of the scat-
tering processes. We focus on the photocurrent generation
process in the bulk gyrotropic semiconductor under assump-
tion that the incident photon energy is smaller but close to
the fundamental band-gap A = E, — hiw < fiw. In this situ-
ation the main contribution to the free-carrier scattering of
light is provided by virtual states in the valence band [5].
Accordingly, the scattering can be described as a three-stage
process where as shown in Fig. 2(a): (i) the incident photon
is absorbed (virtually) and creates an electron-hole pair by
promoting the electron with the wave-vector k from the va-
lence band to the conduction band; (ii) the hole in the valence
band scatters (by phonon or impurity) in such a way that the
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FIG. 2. (a) Scheme of the light scattering process with allowance
for the momentum relaxation. (b) Spectral dependence of the pho-
tocurrent for a bulk semiconductor (solid line) and quantum wells
(dotted line). The inset shows the relevant diagram, see Appendix A.

state k in the valence band becomes filled with electron and
the state with the wave-vector k' becomes unoccupied; and
(iii) the hole recombines with the resident electron so that
finally the valence band remains unperturbed (all the states are
filled), and in the conduction band the state with wave-vector
k' is empty and the state with wave-vector k is filled. The
corresponding scattering rate is given by

. 2w
(€ e) =

=~ 8(ho — ho — Ecx + E, )l

M€ Wi M (e) :

X }
(ha) - Ec,k + Evk)(hw - Ec,k + Ev,k/)
(6)

where M,?bf(e)\/i and M (¢’) are the interband transition-
matrix elements describing the absorption and emission of
photons, respectively, Vi is the scattering matrix element in
the valence band. It is convenient to present

IM{® (e)|* = [Mo|*(1 + Dygkyile x €*1p), (7

where the real second-rank tensor D4 is responsible for the
gyrotropy of the system [4] and M, is a constant. The presence
of k-linear terms in Eq. (7) makes an odd in the wave-
vector contribution to the electron transition rate W/j,;{ (e) =
Zq,’e, Wk“k (¢, e) and eventually results in the nonzero pho-
tocurrent Eq. (4b). Equations (4a) and (6) correspond to the
diagram in Fig. 2(b). Assuming that the carrier’s momentum
relaxation is caused by short-range impurities, introducing
& as the ratio of the conduction- and valence-band elastic-
scattering matrix elements squared, and y, as the radiative
decay rate of the photoexcited electron-hole pair, we obtain
the following expression for the circular photocurrent (see

Appendix B for technical details of the derivation),
0
3

Here n, is the electron density in the conduction band, v =
1 + m,/my, with m, and my, being the electron and hole effec-
tive masses, and

My

A

Jo = eneVrDaﬂﬁﬂPcircI (8)

_ w+Dnv-2w-—-1)
B (v—1y

P (v)

In derivation of Eq. (8) we assumed degenerate electrons with
their Fermi energy Er < A; the general expression is more
bulky but demonstrates similar spectral behavior. The pho-
tocurrent in Eq. (8) increases with decreasing the detuning A
because the smaller A is, the more efficient the light scattering
is, see Fig. 2(b).

The ballistic photocurrent (8) changes its sign at reversal of
the radiation helicity, and Eq. (8) describes the circular RPGE.
To obtain the ballistic linear RPGE one has to go beyond
the three-stage process described above and take into account
additional scattering processes to ensure the correct proper-
ties of the current under time reversal or evaluate the shift
contribution, Eq. (4b), see Ref. [41] for evaluation of Ry
for multiquantum transitions. In any case, the linear RPGE
will have an additional smallness ~(At,/i)~"!, (w7,)~!, and
(Ert,/h)~" depending on the particular mechanism of the
effect.

It is worth mentioning that the main contribution to the
Raman scattering of light by free charge carriers in semicon-
ductors does not require an additional transition of the hole
in the valence band. The electron wave vector can change
due to the variation of the light wave vector in the course of
scattering,

k—-kK=q—¢q. 9)

This process is described by the diagram analogous to that in
Fig. 2(b) but without the dashed vertical line. The momentum
transfer in the course of scattering results in additional con-
tributions to the photocurrent akin to the photon drag effect
in the absorption region. An estimate for the such drag con-
tribution can be obtained from Eq. (5) with [see Appendix C,
Eq. (C3)]

v~ h_q 10)

me

This contribution is polarization independent.

The circular-polarization-dependent photocurrent arises in
the next order in the photon wave vector. Calculation in Ap-
pendix C shows that the resulting circular photocurrent differs
from that derived above in Eq. (8) by a factor of fig*t,/m, < 1.
The smallness of such a contribution is related to the fact that,
in the absence of additional scattering of the hole, the initial
and final wave vectors of electrons are close to each other, see
Eq. (9): The electron wave vector cannot change more than by
a radiation wave vector. It results in a significant reduction of
the effect.

IV. RPGE AT THE INTERSUBBAND RESONANCE IN
QUANTUM WELL STRUCTURES

Additional specifics of Raman scattering of light appears
where the change of the photon frequency corresponds to a
frequency of a resonant excitation in the system. Such a situ-
ation can naturally arise in quantum well structures as shown
in Fig. 3 under conditions of the intersubband scattering [5].
We consider for simplicity a symmetric structure with lowest
occupied conduction subband (c1). As before the frequency
of incident photon corresponds to the transparency region of
the structure, Eq. (2) and E, in this case corresponds to the
gap between the topmost valence-subband v1 and the bottom

205205-3



L. E. GOLUB AND M. M. GLAZOV

PHYSICAL REVIEW B 106, 205205 (2022)

(a) (b)
— A
A
31 S C2
— cl
k
—_—
V4

— — vl
v ’ vl

FIG. 3. (a) Quantum well structure. (b) Scheme of the intersub-
band resonant light scattering process.

conduction-subband c1. A situation of interest occurs in the
vicinity of the intersubband resonance,

ho — ho' = Esx — Eq i, 1D

where the process depicted in Fig. 3(b) becomes possible. In
this case the virtual photon absorption via vl — ¢3 electron
transition is followed by the photon emission process resulting
from the c1 — vl transition. As a result, an electron is pro-
moted from the ¢l — ¢3 subbands (in asymmetric quantum
wells similar transitions involving the ¢2 subband are also al-
lowed). The corresponding transition rate is readily evaluated

[cf. Eq. (6)]
27 Mem(e/)MabS(e) 2
W /’ , k)= == k k
3(_1(8 ¢ ) h | ho — Ec3,k + Eul,k

X 8(hw — he' — Esx + Ecip)l. (12)

We neglect the photon momentum and any additional phonon
or impurity scattering processes, hence, the transitions take
place at the same electron wave-vector k. As above we focus
on the ballistic circular RPGE because it dominates the pho-
tocurrent and using the same Eq. (7) for |M,‘jbs(¢r:)|2 as in the
bulk case we arrive at the following expression for the current
density (see Appendix D for details):
2
o = —eney @ DugitPared 05 o) (13)
V31 AQwh

Here y2W is the recombination rate of the electron in the c1
subband with the v1 hole, we assumed the parabolic disper-
sion E.; = h*k?*/2me1, Eayx = Az + B°k*/2mes with mg;
(i =1, 3) being the effective mass in the ith subband, and
A3 being the intersubband energy gap. In Eq. (13) we have
introduced v3; = mei/me3 + mey /my, T 1S the momentum
scattering time of the cl electron at a Fermi surface, the
detuning for quantum wells Aqw = E, + A3 — fiw, and

AQW 1+e 1
= , =¢f1 ——). 14
¢ V31 ER x(€) 8(11 & 1+8> (14

Equation (13) is valid for degenerate electrons and under
assumption that the momentum relaxation in the ¢3 subband
is much faster than in the c1 subband: It is typically the

case because of optical phonon emission processes causing
electrons to relax to the bottom subbands; the general case
is considered in Appendix D. It follows from Eq. (13) that
the RPGE current at the intersubband scattering tends to a
constant at the absorption edge being much weaker function
of the detuning as compared to the analogous photocurrent in
the bulk, cf. Eq. (8) and Fig. 2.

V. DISCUSSION

A. Comparison with circular PGE in the absorption region

It is instructive to compare the results for the circular pho-
tocurrent obtained here for the transparency region with the
well-known results for the circular PGE at the direct interband
transitions. Considering the bulk semiconductor in the model
described above [see the diagram in Fig. 1(c)] we obtain the
following expression for the conduction electron photocurrent
at fiw > E,:

= D P AT (1)
Here A is the absorption coefficient of the semiconductor, the
electron momentum scattering time 7, is taken at the energy
|Al/v, and A = E, — hw < 0 in the case of direct optical
transitions. One can recast Eq. (8) in a similar form via the
extinction coefficient IC [see Appendix B 1],

23 kg Wi @S0 (Eci)1 = fo(Eei)]
a N(c/n) ’
that describes light attenuation in the system due to the scat-
tering with n being the refractive index of the crystal, and

N = In/(hwc) being the number of photons in the electro-
magnetic wave, namely,

Ki 2AlT, D)
Seatt — oD g P —r_
R Pt Y R YO

K

(16)

a7

with ®(v) = 7/v/[2(1 + /v)?]. Since the factors v> and
®/® ~ 1 for the same value of detuning the traditional and
Raman photocurrents differ by the factor ~A//C which pro-
vides an estimate of the ratio of the electronic transition rates
at the light absorption and scattering, respectively. Hence, the
RPGE is several orders of magnitude smaller compared to
the PGE at the light absorption, see Appendix E for detailed
estimates both for bulk semiconductors and for quantum well
structures. The RPGE can be further increased stimulating
light scattering by an additional beam [37,42,43] and coupling
with plasmonic structures [44,45].

B. Photocurrent caused by the wave-vector-linear
terms in electron dispersion

We also note that in gyrotropic semiconductors and
nanostructures k-linear terms are present in the effective
Hamiltonian of the charge carriers due to the spin-orbit cou-
pling [5,7,46,47],

HSO = hﬂaukaau’ (18)

where o/2 is the electron spin operator. These terms provide
an additive mechanism for the RPGE current generation. It
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can be also described by the general Eq. (5) with
Vo ™~ ﬁa,uﬁupcirc'

The k-linear terms are also responsible for the spin-current
generation at Raman scattering [48,49].

C. Role of real electronic transitions in DC current generation

Equations (15) and (17) can be brought to the form of
general Eq. (5) with

_ A
Vo ™~ EDaﬂnﬂPcirc- (19)

Equations (5), (17), and (19) demonstrate that even for trans-
parent media, real electronic transitions should occur to enable
the photocurrent. In this regard, it is instructive to make sev-
eral comments about photocurrents for /iw in the transparency
region of the crystal related to recent preprints [35,36]. We
reiterate that in the absence of any real electronic transi-
tions DC current is forbidden. It is obvious from general
reasons: If a DC current is generated then this current re-
sults in a Joule heat in the sample or in the external circuit
connected to the sample. It is forbidden by the energy con-
servation law in the absence of real transitions. On the
microscopic level, the absence of the DC photocurrent fol-
lows from the arguments presented in Ref. [33]: Without
of real transitions the only effect of the field is the renor-
malization of single-particle dispersion E.j; — E.j. During
the transient processes of energy and momentum relaxation
the distribution function relaxes to an equilibrium function
fO(E~C,k) of the renormalized dispersion. The DC current
would be

Jae =2 wfolEcx) =0. (20)
k

where U = r! 8E6,k /dk. Thus, real electronic transitions are
crucial for the photocurrent generation.

In the case considered in our paper the real transitions are
induced by the light scattering (this point was mentioned in
Ref. [35]). In a recent preprint [36] the authors discussed the
photocurrent in the optical gap of a metal related to the “Berry
curvature dipole” and the “jerk” effects. In this regard, two
comments are due:

(i) At linear polarization no current can be generated in
the absence of absorption or scattering processes. It follows
from the general relation (1) which explicitly shows that the
tensor x responsible for the linear PGE is odd at the time re-
versal. Thus, it contains odd numbers of dissipative constants
meaning that real electronic transitions indeed occur in this
situation.

(ii) The Berry curvature dipole contribution, at first glance,
seems dissipationless: It appears at the circular polarization
and does not vanish in the clean limit (I' — 0 in the terminol-
ogy of the authors of Ref. [36]). However, as demonstrated
in Ref. [12], this contribution is related to the interference
of real electronic transition processes with the intermediate
states in the same (conduction) band (Drude-like absorption)
and with the intermediate states in the remote (valence) band.
We also note that there is a side-jump contribution to the
PGE which differs from the Berry curvature dipole contri-

bution by a numerical factor only. Obviously, real transitions
require dissipation, and as the authors of Ref. [36] explicitly
check, these processes do not violate basic thermodynamic
principles. Note that the absence of scattering rates in the
expressions for the Berry curvature dipole and side-jump con-
tributions is due to the cancellation of the rates in product
of the Drude transition probability and in the momentum
scattering time entering the general expression for the pho-
tocurrent, Eq. (5) where for Drude-like transitions N « 1 /Tp
at wt, > 1.

Generally, the RPGE can be superimposed over the PGE
caused by the Drude-like intraband absorption in narrow-gap
semiconductors and metals. The RPGE current can be sepa-
rated experimentally owing to its increase with increasing the
light frequency, whereas the intraband absorption decreases
with increasing the w.

VI. CONCLUSION

We have shown that the light scattering results in the
steady-state current in noncentrosymmetric media providing
a link between the basic processes of light scattering and DC
current generation. The RPGE current is generated even if the
light is propagating in the transparency spectral region of the
crystal. Whereas absorption is absent in this case, the current
results from real electronic transitions owing to the Raman
scattering of photons by free charge carriers demonstrating
the importance of real transitions for a DC current generation
in nonabsorbing media. These transitions cause asymmetric
distribution of electrons and also quantum shifts. We have
identified key mechanisms of the Raman-scattering-induced
circular photocurrent for the photon energies slightly below
the band gap of a semiconductor and studied the photocur-
rent generation under intersubband scattering in quantum well
structures.
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APPENDIX A: DIAGRAMMATIC APPROACH TO RPGE

It is instructive to consider the circular photocurrent gener-
ation in the diagrammatic approach.

Figure 4(a) shows the diagram relevant for the circular pho-
togalvanic effect (CPGE) at the light absorption. Taking into
account that in the absorption region of the spectrum /iw > E,
the energy conservation law can be fulfilled, Fig. 4(a) can be
immediately calculated and represents the conduction-band
contribution to the photocurrent Eq. (B11). In the absence of
absorption this diagram vanishes.

Diagrams 4(b)—4(d) describe the RPGE: These diagrams
take into account the photon scattering, i.e., the emission of
the secondary photon; the wavy line marked as fiw’. The

205205-5



L. E. GOLUB AND M. M. GLAZOV

PHYSICAL REVIEW B 106, 205205 (2022)

@ (b)

© , (d)
W
ok My,
v, k
hw' c, k' hw'
v, k
v, k'

hw

FIG. 4. Diagrams relevant for the photocurrent generation (in-scattering terms).

diagram Fig. 4(b) and its counterpart Fig. 5 describe the RPGE
with allowance for the photon momentum. Note that k, k", and
k' are related by the momentum conservation law. Figure 4(c)
(and the diagram, analogous to that in Fig. 5) describe the
photocurrent with allowance for the scattering in the valence
band. The sum of all relevant diagrams with (0, 1, 2, ...)
scattering is depicted in Fig. 4(d).

Figure 6 shows the diagrams relevant for the RPGE at the
intersubband resonant scattering in quantum well structures.
Here extra scattering in the valence band is not required, see
Eq. (12).

APPENDIX B: BALLISTIC CIRCULAR PHOTOCURRENT
IN BULK GYROTROPIC SEMICONDUCTOR

Substituting the scattering rate (6) with the squared matrix
element (7) into Eq. (4a) we obtain the ballistic photocurrent
in the form

8t m|V|?

_21

3 W
Tp(Ec,k)Ec,ka(Ec,k’)[l - fO(Ec,k)]

(Flw - Ec,k + Eu,k)z(hw - Ec,k + Eu,k/)2

e .
o = VO|M0|2|Mem|22Daﬂl[e x e*1g

x D

kk'.q
x 8(hw — he' —Ecx + E. ).

(BI)

Here we assumed the parabolic dispersion E. = ii*k?/2m,
with m, being the effective mass. Here |[M“" |3, is the emission
matrix element summed over the secondary photon polariza-
tion. In calculation of |[M*™ |%: we can disregard k’-linear terms
because they are sensitive to e, we also disregard k> and
higher-order contributions to the matrix elements. Note that
M3 (e) describes the stimulated process (we consider classi-
cal electromagnetic wave incident on the sample), whereas the
emission process is spontaneous. That is why we use different

FIG. 5. Second diagram describing the RPGE with allowance for
the photon wave vector (out-scattering term).

normalizations of M®" and M“S, see the main text below
Eq. (6) for details.

For the following calculations we perform the summation
over ¢’ by means of the energy conservation § function:

4 n|MyV|?

. e .
Jo = —Dqgile x e*]ﬂﬁl—vo Yy

Vo
Tp (Ec,k )Ec,ka (Ec,k’ )[ 1 - fO (Ec,k )]

X 9
%; (w — E.r + Ev,k)z(hw —E.;+ Ev,k’)2

(B2)

where we introduced the rate of emission of the secondary
photon (i.e., the recombination rate of the electron-hole pair
in the vicinity of the fundamental band gap),

2
e 7|Me’“|2E > 8(hw — he) — Eex + E, o).
"

Further calculations can be simplified as follows: We sum
over k' (initial electron wave vector) under the assumption
that Er, T <« E, — lw (T is the temperature expressed in the
energy units). Hence, the k" dependence of the denominators
can be neglected in this case. This summation yields n,Vy/2
with n, = (2/V0) Y_p fo(E. ) being the electron density. Un-
der the same assumption one can omit 1 — fy(E, ) (but keep
the k dependence in the denominators otherwise the integral
diverges at large k), and we finally have

e 2
iy = — Dygile x e*g—In.n;|MyV >y,
J ™ il ]ﬂ3hnn| oVI7y

% Z Tp(Ec,k)Ec,k
— (hw — Eci + Evi)*(ho — Ecic + E, ¢ 2

(B3)

@ . (v)

oy

hw hw

FIG. 6. Diagrams relevant for the RPGE at the intersubband scat-
tering: (a) in-scattering and (b) out-scattering contributions.
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Here all energies are counted from the bottom of the conduc-
tion band. Using,

where & is the ratio of the conduction- and valence-band
elastic-scattering matrix elements squared: & = [V, |? / [V.|2,
g.(E,) is the density of states in the conduction band, we get

nilVPry(Ee) = € s——nm,
g 2w g (E) Jja = eDgygpile x e*],glne|M0|2y,i
o 3
= E.g.(E.)... % E,
> Vofo dEcge(Eo). ., X/ JE. . E5
k 0 (hw — E; — VE.)2(hw — E; — E,.)?
Ex—Ex=VEx+E, v=1+ %, (B4) Calculating the integral,
my,
J
o E, P
/ dE, SN
0 (ho — E; — VE.2(hw — E, — E.? A2
o Dinv—2(v—1 1
c1>(u)=/ dx al _wAbhv=20=D 21 (g
0 (14 vx)2(1 4 x)2 (v—1)3 6
{
we finally get Eq. (8), density at light absorption is given by
Mo|? £® 9 =2e Y WP (€)1, (Ee s )0y (k)S(E, g — Ey i — hw),
i = eneyDagile x €]y A02| 53@) P e; () Tp(Eci)Va (k)3 (Ecie — Evie — hov)
T

1. Light extinction and RPGE

Let us introduce the extinction coefficient /C [cm™!] related
to the light scattering,

22 ki g We @SB — folEc )]

k= N(c/n)

(B8)

It describes light attenuation in the system due to the scat-
tering. Here n is the refractive index of the crystal, and N is
the number of photons in the electromagnetic wave. Taking
into account that I = N'iwc/n and performing a summation
over ¢’ to obtain y,, over k' to obtain n,, and over k by
virtue of

0 C EC c E
/ JE, g(2 ) = )g(3 3)’
0 (w — E; — vE.)*(hw — E, — E;) EJv
E,—h -
E, = g—a)’ d(v) = n—\/ﬁ’
v 2(14 /v)?
and using g.(E,)n;|V|* = £1/[2,(E,)], we have
Eh - hwlMol?
K =n.y, [} . B9
ey 277, ) e (B9)

As aresult for the Raman-scattering-induced photocurrent we
have Eq. (17),

2 Aty(E,) ®(v)
3 )

Ki
jscatt — e_Daﬁi[e X e*]ﬂ

B10
“« hiw (B10)

2. Relation to the photogalvanic effect at light absorption

Let us calculate the (ballistic) CPGE current in the same
system generated at fiw > E,. We calculate the electron con-
tribution only (this is the net electric current if the relaxation
time in the valence band is very short). The CPGE current

(B11)
where the asymmetric contribution to the light absorption
probability at direct optical transition is

abs 2z 2 . *
W (e) = 71|Mo| Dypile x €*]gky (B12)
Then we obtain
jobs = 2e—I|M0| Dypile x e*]g
X 3FZEC kTp(Ec,k)g(VEc,k + Eg - ha))
77 |Mp)? E,|t,(|E,
— eIDypile x ]ﬂ—| o (E, |)—| 17 (Eo])
35
x O(hw — E,). (B13)

It is convenient to introduce the light absorption coefficient
A(w) with the dimension of cm™! related to the direct optical
transitions as

A= T Wevs (B14)
where the direct interband transition rate,
2 )
Woy =2 ZI|M0| 8(Ecx — Eyi — h)
4 (|E,
= A g p8eUEeD) o gy — 2, (B15)
h v
and
(|E,
A = droMoPEED) & iy — E).  (BI6)
v

Finally, we obtain from Eq. (B13) the circular photocurrent
caused by the CPGE in the form of Eq. (14) of the main text,

2|Ey|Tp(|Es])
3vh '

-abs

Al
Jor = e%Da,gi[e x €"]g (B17)
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FIG. 7. Scheme of the light scattering process with allowance for
the radiation wave vector.

APPENDIX C: ALLOWANCE FOR THE RADIATION
WAVE VECTOR IN RPGE

In the previous Appendix we studied the RPGE photocur-
rent that is generated in a course of a three-step process of
virtual photon absorption, valence-band hole scattering, and
virtual photon emission. In this way the electron wave vectors
in the initial k¥ and final k states are decoupled. Let us now
discuss the contribution to RPGE where the valence-band hole
scattering is absent. Such a process takes place with allowance
for the photon wave vector, see Fig. 7, this process is the main
process of light scattering by free carriers in semiconduc-
tors for iw < E, [5]. Corresponding transition probability is
given by

2
h
/ aos 2

M,ff"(e )Mkb (e)
ho — Ec,k =+ Ev,k ’

Wk‘{k, (€.e) = —8(hw — 1 — Ecx + E. 1)k g kgl

(ChH

Here the Kronecker § accounts for the momentum conserva-
tion in the course of light scattering [Eq. (9) of the main text],

K+q=k+q.

The photocurrent is given by [cf. Eq. (4a)]

. 2e
Jy=15 2 [okmp(Eer)

O i g

— v T (B )W (@ foEc )L — folEer)].  (C2)
Let us assume for simplicity that the energy dependence of
the electron momentum scattering time can be disregarded. In
this case the velocity-dependent term in square brackets can
be recast as

h
(T (Eck) — v Tp(E p)] = Tpm_(q/ —q).
e

Note that the difference of velocities in the initial and final
states is now small and related to the photon wave vector. It
results in suppression of the photocurrent.

Disregarding in Eq. (C2) the ¢,q dependence of all
remaining terms we obtain the polarization-independent pho-
tocurrent related to the photon drag effect at the Raman
scattering,

2e h

. _ q _
v = o q)kXﬂ;Wk,k<e)fo<Ec,k)[1 foEei)). (C3)

According to the time-reversal symmetry this effect is inde-
pendent of the circular polarization of light.

Furthermore, to obtain the polarization-dependent current
we need to extract k- and g-linear contributions from the occu-
pancy factors, otherwise, the sum over k in Eq. (C2) vanishes.
The resulting current contains the factor ~h%g?/m, instead of
~&N/t, that appears in Eq. (B3) due to the scattering in the
valence band. As a result, the RPGE without scattering in the
valence band is smaller than the current in Eq. (B10) by a
factor of

hq? 7,
me

For typical conditions this factor is small.

APPENDIX D: INTERSUBBAND-SCATTERING-ASSISTED
PHOTOCURRENT

In noncentrosymmetric quantum well systems, the inter-
subband scattering probability of light W , (e, k) contains,
in general, an asymmetric part. As a result, there is a ballistic
contribution to the photocurrent,

. 2e
J== E [ve3.6Tp(Ecs k)
So &
k.k'.q'

— Vo1 ) Tp(Ec1 ) IW5C_ (e, k) fo(Eci i)l — fo(Eezp)],
(D1)

where S is the normalization area. Substitution of the scatter-
ing rate given by Eq. (11) of the main text yields

. e . o 4 4
Ja = S_ODaﬂl[e x e ]ﬂ?HMOl

y Z Flzk2 ‘Ep(EC3,k)/mc3 - Tp(Ecl,k)/mcl
2 (hw — Ec3 + Evx)?

fO(Ecl,k)

k.q
X [1 = fo(Ez )18 (hw — hiw' — Ec3 k + Ec1.6).  (D2)

For the following calculations we perform the summation
over ¢’ by means of the energy conservation § function:

e 2
Jjo = =—Dypile x e*1g=I|Mo[>y ¥
So A

Z h2k2 Tp(ECS,k)/mcS - Tp(Ecl,k)/mcl
2 (iw — Ec3 x + Ev,k)2

So(Ee1 k)

k
x [1 = fo(Ec.0)],

where we introduced the rate of emission of the secondary
photon (i.e., the recombination rate of the electron-hole pair

(D3)
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in the vicinity of the fundamental band gap),
r® = ZL Mol Y 800 — e — Ecvi+ Ecv)
r A / c3, cl,k)-
q
Further calculations can be simplified as follows: we assume

Tp(Ec3n) K Tp(Ee1 i), fo(Eisx) < 1. Then we have

e 2
Jjo = ——=Dygile x €151 |Mo|*y2"
So h

% Z Ecl,kfp(Ecl,k)

(hw — Ecs i + Ey 1)? JolEera)

(D4)
k

For crude estimation we can assume Ep,T < Eg — i,
where E; = E; + Ajzq, and obtain

2({E)T |Mo|?
. QW . % iy
X —en D, gile x e 1 .
Ja ey of [ ]ﬂ 7 (Eg3 — ha))2

(D5)

More precisely, using

Z"'=Sogc1/ooodEc1--~,

k

1 1
Ear—Eykx =v3iEqp +Eg, v31 = mc1< + —)
me3 my

(D6)

where g, is the density of states in the first conduction sub-
band, we get

, . 2
Jo = —eDygile x €*]g EI|MO|2)/,QWW
1

© E
dE E).
x /o (hw — Eg — V31E)2f0( )

At low temperatures we have

Er E 1 1+e¢ 1
dE =—|(In — ,
0 (hw — Eg — v31E)? V%l £ 1+e¢

Es—Th
e = 5'3—0), (D8)
v31 EF

(D7)

whereas the electron concentration is given by n, = 2g.1Eg.
Therefore, we get for Fermi statistics [when 1, = 7,(EF)]

Egs. (13) and (14),
1+¢ 1 )
n — .
& 14+¢

D9)

My|?t
Ju = —en,yV Dy pile x e*]ﬂlI ol (1

l):)%l hEF

At Boltzmann statistics we have
o0 E fo(E
/ JE Jo(E) .

0 (iw — Eg — v31E)
exp(/T) [  xexp(—x)
- 2 dx—2

V3, 0 (x+b)

exp1/T)
2

"Ei(—b)(1 +b) — 1],
V3

(D10)

where Ei(x) = f fo ! exp(—t)dt is the exponential integral,

X

Egg, — hw
b= , e =2gaT exp(u/T). (DI11)
V31T
As a result, we obtain
Mo|?7,(T)
o = —eny Y Dygile x e* Mol 5(T)
J ency, pil 1g VAT
x [e’Ei(=b)(1 + b) — 1]. (D12)

APPENDIX E: COMPARISON OF RPGE WITH
PHOTOCURRENT IN THE ABSORPTION REGION

First, we present estimations of the RPGE and its compari-
son with the CPGE in the absorption region in the case of bulk
system. Taking & =1, v = 1, and, hence, E, = A/v = A,
and omitting the factor ®(v) ~ 1 we obtain from Egs. (8)
and (B13) the estimate,

sscatt 1 E 3/2 .
J ( F) Vi (E1)

T ne\a)  (a/mye,
We recall that the relation Er < A was assumed in derivation
of RPGE, see the main text for details. Taking Er/A = 1/3
we get

sscatt

J -3 Vr
I iex10—1
]abs (A/h)z‘tp
— 07 x 10-9— V> 10 > ®
(A/10 meV)?t,/ps

Note that at A =10 meV and 7, =1 ps the parameter
At,/lhi = 152,50 Ept,/h =~ 5.

Let us now turn to the case of a quantum well structure.
At the intersubband scattering, we obtain from Egs. (D5)
and (B13) [with the coefficient 8/3 — 4 taking into ac-
count appropriate averaging in the two-dimensional case] with
v=1,

-scatt 1 E 271 QW
PN ( F) L (E3)

jabs ~ g AQW A

Here we used n, = 2g.Ep. We recall that A = iw — E, and
Aqw = Ep3 — hw. At Ep/Aqw = 1/3, A =10 meV, and
1/y» = 10 ns we get the estimate for the photocurrent ratio
1.2 x 1077,
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