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The photon drag effect (PDE) of current carriers upon a
nonlinear absorption of polarized light in semiconductors with
a complex band structure consisting of two closely located
or two degenerate branches has been studied theoretically.
The components of the drag current, provided two-photon
light absorption, have been analyzed phenomenologically. A
contribution of the Rabi effect for one-photon optical transitions,
caused by the saturation of the final states of photoexcited holes,
to the drag current has been taken into account in quantum-
mechanical calculations. Theoretical results are compared with
experimental data concerning the PDE in p-Ge.

The PDE in semiconductors is connected with the
transfer of a photon momentum to current carriers. The
photocurrent, which arises at that, is described by the
phenomenological formula

Ja = ICapyueseyqu (1)

where € is the vector of polarization, ¢ the wave vector,
I the intensity of light, j the density of the DPE current,
and (g, the PDE tensor (o, 8,7, 14 = 2,y,2). !

The photon momentum is transferred to a system of
current carriers not only at the one-photon absorption
of light but at the multiphoton absorption as well,
with the photocurrent depending on the degree of light
polarization [1]. In work [1], the PDE was considered in
the range of small light intensities, where perturbation
theory is valid. Below, we will consider the case of an
arbitrary radiation intensity.

We note that the photon momentum transfer
can induce an ordered motion of current carriers
either along or across the crystal surface depending
on its orientation with respect to the specimen’s
crystallographic axes. In this work, we have calculated
only the longitudinal component of the drag current
in semiconductors of the p-Ge type. The optical

transition probability was supposed to depend on
the photon momentum not only in accordance with
the conservation laws of energy and momentum but
also through the dependence of the matrix element
square on ¢. In this work, we have demonstrated
that the account of this contribution is essential
when considering transitions between the branches of
degenerate bands.

The PDE is caused by the photon momentum
transfer to electrons and holes at the event of
light absorption by them and by the subsequent
relaxation of their ordered motion owing to the processes
of their scattering by the nonhomogeneities of the
crystal structure. We note that the PDE possesses
many interesting properties. The drag current can
change its sign depending on the light frequency.
Such an opportunity is explained by the fact that
the light momentum is transferred to the “crystal
+ electrons” or ‘“holes + phonons” system. The
distribution of the photon-transferred momentum
(and its sign) between the neutral and charged
subsystems of the crystal depends on the light
frequency.

In a number of cases, the change of the geometry
of experiment results in a current, which is produced
by either the linear or the circular photo-galvanic effect
(PGE) ? and is quadratic in the intensity of light. The
physical nature of this current has not been investigated
enough until now [1-3]. Our report is devoted to this
issue.

To analyze the symmetry properties of the effect,
we rewrite Eq. (1) taking into account that the

symmetrized, (eﬁe; +eveg) /2, and antisymmetrized,

(eﬁe;—eveg) /2, products are transformed by

In the case where the intensity of radiation varies in time, a non-stationary current proportional to the value of B—P, where P
is the specimen polarization vector under the action of an external electric field, emerges in the medium due to the effect of optical

rectification.
2see, e.g., [3].
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independent representations. Then, we have

. egel +ezey e el +ele
]&2) — [2 Daﬁ’yul/)\ Y B8 A wov
2 2
. o e €BEYL T efey
+iFugyau X (€X €F), 5
+Gapyr (X €7)5 (€% é’*)w>q>‘. (2)

Since the values of the quantities [e,,e}] and i(€* x &)
and of the stationary current f@) are real, the same
is true for the tensors Dagyuvn, Fagyur, and Gagya in
Eq. (2). The tensor of the fifth rank Fi,3, has non-zero
components in crystals without the center of symmetry.
Tensors Dagyuvx and Gagyx are non-zero in crystals of
arbitrary symmetry, including those without the center
of inversion.

The photocurrent, which is connected with the third
term in Eq. (2), differs from zero for the elliptically
polarized light only and does not emerge at illuminating
the specimen with the linearly polarized or non-polarized
light. Therefore, it is convenient to call the effect,
described by G o3+, the two-photon circular drag effect.
The effect, described by the tensor Dagyuwva, is usually
observed provided a linearly polarized exciting radiation,
so that it is convenient to call it the two-photon linear
drag effect.

The photocurrent, which corresponds to the second
term in Eq. (2), differs from zero if the specimen is
simultaneously illuminated with elliptically and linearly
polarized light. It is this contribution to the total
photocurrent that distinguishes two-photon polarization
photogalvanic effects from one-photon ones.

Taking into account the symmetry properties of the
tensors Dogyuvr, Fagyur, and Gagya With respect to the
operation of time inversion, we can analyze whether the
effects described by them are connected to the processes
of dissipation. For example, the linear PDE is connected,
while the circular one is not (see the table). Drawing
this conclusion, we took into account that the current j,
wave vector of a photon ¢, and quantity i(e* x €) do not
change their signs.

1. Quantum-mechanical Description
The expression for the density of the N-photon drag

current, f(N ) in semiconductors with a cubic symmetry
and a hole conductivity can be presented in the
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framework of the electron representation and in the
approximation of the relaxation time as follows [1]:

=€ ZI: *Tp]. k Wl(rerka Nq
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(e) (e)
x (152 = 1L )0 (Bripne— Bog = Nhw),  (5)
(e) _ 1 _ (x+Ej)/ksT
f”g =1l-¢ IR . (6)
Here, N = 1 or 2, e > 0, E”;:—’Zz—rsz is the
energy spectrum, o = 2’;’; the velocity, Tp(l,k:)

the momentum relaxation time of electrons of the [-th
branch, [ the index of the heavy (I = 1) or light (I = 2)
hole subzone, m' and m the indices of the degenerate
states of heavy (m' = £3/2) and light (m = £1/2) holes
or, to put it more precisely, of the electron states in the

corresponding subzones; M (M) 7 the matrix element

i
of the direct N-photon tran51t10n and X the chemical
potential of holes.

According to work [1], if the intensity of light
with the wavelength A = 90.55 pum increases, the
longitudinal photon drag current, j || 7, changes its sign,
notwithstanding the light polarization, linear or circular.
Following [1], it can be explained if one assumes different
signs of the one- and N-photon contributions to the
total drag current and takes into account that the role
of multiphoton contributions grows with the intensity.
As was shown in work [1], the main contribution to the
drag current at room temperature and A = 90.55 um
was given by direct optical transitions, in spite of the
fact that the light absorption coefficient was governed by
indirect transitions under those experimental conditions.

Tensor Name of effect Time Availability in
inversion | crystals with the
parity | center of inversion
Daogyuvx  Two-photon linear + Yes
photon drag effect
Gagyx  Two-photon circular — Yes

photon drag effect
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In this work, we will not concentrate our attention at

the details of calculations of the two-photon current ]élr)c

excited by the circularly polarized light, because, when
calculating it, we used the procedure described in detail
earlier in work [1]. Therefore, only the final formulae
for jgr)c and jl(ii) are reported here. We shall explain
the introduced notations and discuss an expectable
distinction between the contributions to the total drag
current.

We have to consider another probable contribution
to the nonlinear drag current. The matter concerns the
effect of resonant saturation (or the Rabi effect) of one
and two-photon light absorption (see, e.g., work [2],
where the Rabi effect was considered for a gyrotropic
medium). Let us consider the contribution of the Rabi
effect to the PDE, which is connected with a saturation
of one-photon light absorption. In order to take the Rabi
effect into account, the substitution

R e R I AN

= (A=) -+ )]

x %hF ((aB)* + w°r2) , (7)

is to be executed under the sum sign in the expression
for the one-photon transition probability W) where
I is the attenuation factor [1], 77 and T, are the
times of escape of heavy and light holes, respectively,
from the region of saturation, and AFE is the energy
difference depending on the type of optical transitions
(as a rule, it is equal to the energy difference between
the initial and one of the intermediate states). Then,
after cumbersome but not very difficult mathematical
transformations, we obtain the expression for the current
of the N-photon drag effect, where the dependence of
the probability of optical transitions on the photon
momentum is neglected,

NMJ h

(N)
J N mq

N—q{[Tp(l, k) = 7p(2, kn)]x

).
)

X COS 6 k3|Mm m|
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and the correction to the one-photon drag current owing
to the Rabi effect

5i) = " DT ue {muh) (2, k1)]x

ma mo
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where # = 1/knT, ay, = 6w*T{V TV L Iy = <l
(Ip = 13420 Y for p-GaAs at fiw = 17 meV), my =
0.045my, and <p is the angle between the hole and photon
wave vectors; the other notations are standard.

In the range of small light intensity, where the
methods of perturbation theory are applicable, relation
(9) becomes

hq 2T1T2 2 9
w X
10v2

§5i) = _ex M g
J € mip — Mo h2

1 AL
X —_— 1,k)—1,(2,k
(%) e {mm - ne k-

2 [ 01n(r(E)) hw |
+?Tp(1,k1) <7alnE ) _k'B—Tm_l -

2 [ 91n(r(E)) hw g ]
_§Tp(2>k2) _(76111}5 )k:k2 - kB—Tm_g }> (10)

where 7, = 7,(1, E), K¥) is the coefficient of N-photon
light absorption, and u the reduced effective hole mass.
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The expression for the one-photon drag current,
derived neglecting the dependences of the matrix
elements of the examined optical transitions on ¢, reads

. 3 hq
5 = S eK<1>J S{D1Qi+ D>Q1}, (11)
where
D1 = Tp(l,kl) - Tp(2>k1)7

212 /(om.) O _ B8Rk /(2my
Dy =k <66h ki/(2 1)%<Tp(l,k1)e BRZkL /(2 )>—

_eﬁhzkf/@mz)%<Tp(2,k1)e—ﬁh2kf/(2m2)>> ,
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0Ly 2
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2
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For the linear polarization,
I 3+a 14 l1+aa—-3 . a
= arcsin 4/ ——
>7 8a? Va a+3 l+a]’

while, for the circular one,

Ly = (R1 + R2 + R3),

1
2v/2a
where

1—§[ T+2a+
V2
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2
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Ry = —=— l(4a —V3)V1 + 2a—

In(v1+ 2a — vV2a)|.

3
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In the range of small light intensity, expression (11)

takes the form

5j(1)

2

2 ch %ml—mgx
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where
v = gh/(2moB) = —2gu_[my,

and g is the hole g-factor.

Thus, possessing the temperature and energy
dependences of photohole relaxation times and the
equilibrium distributions of photoholes in the final state,
as well as the corresponding absorption coefficients, it is
easy to compare the experimental and theoretical results
obtained for semiconductors with certain symmetry.

For the calculation of the PDE in p-Ge, the following
parameters were used: m; = 0.33mg, ms = 0.045my,
g = —6.8, the acoustic length Iy = 4.3 x 1073 cm
the constant of interaction with optical phonons E,p =
13 eV, and the energy of optical phonon fw,pt = 37 meV.
In this case, the theoretical value of the quantity x =
J/(pI) for one-, two-, and three-photon light absorption
Was Yiheor = 83 x 10724 ACng, while the experimental
ONe Xexp = JM) /ply = 80 x 1024 ACng, where J is the
average value of the resulting photocurrent. We note
that Xtheor at Fopt = 11.4 €V is 1.7 as large as Xexp-
When calculating the contribution 6J™) of the Rabi
effect to the photocurrent, it is necessary also to set the
value of Tfl)Tél), which, as was marked in work [1], can
be smaller than the product 71(1)7'2(1). The best agreement
with the experimental values I;(lin.) = 114 kW /cm® and
I;(circ.) = 80 kW/cm® was achieved for szl(l)TZU) =
24, namely, I;(lin.) = 129 kW/cm® and I;(circ.) =
76 kW/ cm”. In this case, the contribution of saturation
to the one-photon drag current §J() is 2.82 times the
sum of the two- and three-photon contributions, J(2)
and J®)_ respectively, with the signs of the latter two
currents being the same and opposite to the sign of J(!)

The theoretical dependences of the resulting PDE
signal xppr = J/pI on the light intensity, calculated for
hole germanium at ms = 0.045mg and w = /T; T, and
taking the Rabi effect into account, are presented in the
figure both for the linear and circular light polarization.
Those dependences qualitatively describe the results
of experimental researches [1] of the PDE in p-Ge at
T = 300 K, where an NHs-laser optically pumped by a
CO-one was used as a source of emission. The emission
wavelength and the pulse duration were 90.6 pm and
40 ms, respectively.
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Theoretical dependences of the photon drag effect signal on the
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temperature: 1 — linear, 2 — circular polarization
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JIO TEOPIT EGEKTY 3AXOIIJIEHHSA
Y HAMNIIBIIPOBITHUKAX 31 CKJTA/THOIO BAJTEHTHOMO
30HOK 3A HEJIHIMHOI'O T[OTJIMHAHHS CBITJIA

I.M. Kokxanbaes, P.2I. Pacysos, B. Mamadasies,
B.P. Pacynos

Pezwowme

TeopeTuyno mOCTiIKEHO edeKT 3axomnaeHHs (HOTOHAMHU Yy HAIiB-
NpOBigHUKAX 31 CKJIAJHOK 30HHOK CTPYKTYPOIO, IO CKJIAJAETH-
csl 3 ABOX OJMM3BKO PO3TAIIOBAHHX ab0 ABOX BHPOKEHHX TiJIOK,
npu HesMiHIHHOMY MOIIMHAHHI HOISPH30BAHOrO CcBiTiia. PeHOMEeHO-
JIOTiYHO TPOAHATII30BAHO CKJIAJOBI CTPYMY 3aXOILJIEHHS IS BH-
majaKy ABOMOHOHHOrO IOIVIMHAHHS. Y KBAaHTOBO-MEXaHIYHUX PO-
3paxyHKaX BpPAaXOBaHO BHECOK Yy CTPYM 3axomieHHs edekty Pabi
st OGHOMOHOHHUX ONTHYHHX [IEPEXOdiB, 3yMOBJICHHH HACHIEH-
HSIM KiHIEBUX CTaHiB (poT030ymKeHux aipok. Teoperndni pesyiib-
TATH MOPIBHSHO 3 eKCIIEPUMEHTAJIbHIMHU JaHuMu st p-Ge.
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