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A study has been made of the effect of the polarization state on linear absorption of radiation in the
submillimeter range (A=90 um) in p-type Ge crystals. The dependence of the current due to electron drag
by photons on the intensity / of linearly and circularly polarized light has been measured. In both cases, it is
observed that inversion of the photocurrent takes place with increasing intensity at / =114 kW/cm? and /=80
kW/cm? (at T=300 K). The polarization dependences of the drag currents corresponding to two-photon
transitions and the nonlinear current due to saturation of one-photon transitions are calculated. The
theoretical results are then compared with experimental data, which makes it possible to identify the two

contributions.

The linear—circular two-photon dichroism that was
predicted in Ref. 1 and discovered in III-V, II-VI, III-VI, and
II-V compounds (see, e.g., Refs. 2 and 3 and the references
cited therein) has so far been observed only for interband
transitions of electrons from the valence band to the conduc-
tion band in semiconductors. We report the first observation
of this effect in the case of nonlinear intraband absorption of
radiation accompanied by one-photon and two-photon transi-
tions of free carriers between the heavy- and light-hole sub-
bands of the degenerate valence band in germanium. The
effect of the polarization state on the absorption of strong
submillimeter radiation in p-type Ge was studied in terms of
the drag of carriers by photons. It was shown earlier that the
current due to drag of holes by linearly polarized photons
changes sign as the intensity of light / increases.> The in-
version of the current was explained in Refs. 4 and S by the
fact that the one-photon and two-photon contributions to the
drag ‘photocurrent have different signs and compensate one
another at some intensity /;. The calculations of Ref. 6 show
that the absorption coefficients K2 for direct two-photon inter-
subband transitions for circular and linear polarizations of
light differ by a factor of 1.5 (K@ > Kj;,®). It could
thus be expected that the inversion point /; shifts toward
lower intensities when the polarization changes from linear to
circular.

In Sec. 1, we explain briefly the experimental method
and present the results of our measurements of the drag pho-
toelectric power for the two polarizations of the radiation. In
Sec. 2 we derive formulas for the two-photon drag currents
Jiin® and j;.@. Since the expressions for @ and K@ have
different structure, the ratio of currents jg;..?/j;;n@ is not in
general equal to the ratio of the absorption coefficients
Kirc@/K;,®. We show in Sec. 3 that resonance saturation of
one-photon transitions, which influences the drag current,
also depends on polarization, which modifies the value of the
intensity corresponding to inversion of the drag current. The
theoretical and experimental results are compared in Sec. 4.

1. EXPERIMENTAL METHOD AND RESULTS

The experiments were carried out on n-type and p-type
germanium samples at 7 = 300 K for carrier concentrations
in the range 10'4-10'6 cm~3. Samples were cut out in the

104 Phys. Solid State 35(1), January 1993

1063-7834/33/01 0104-05 $10.00

form of cylinders of diameter 5 mm and length 20 mm with
thin ring ohmic contacts fused in on the sides. This geometry
was dictated by the need to obtain the maximum possible
photoresponse per unit intensity when investigating the drag
emf for low intensities of light. The strong absorption condi-
tion Kd > 1, where K; is the total absorption coefficient,
was satisfied for all carrier densities.

We measured the dependence of the longitudinal drag
emf on the intensity and polarization of the radiation. We
used as a source of radiation a pulsed NH; laser with optical
pumping by TEA CO, laser. The wavelength and the dura-
tion of a pulse were, respectively, 90.5 um and 40 ns. Lin-
early polarized laser radiation was transmitted through a
quartz N/4 plate (Fig. 1). As the angle 8 between the quartz
optical axis and the polarization vector e of light varied from
0 to 45°, linear polarization changed to circular polarization.
The intensity of radiation incident on the sample was varied
with calibrated Teflon-based filters. During the measure-
ments, the intensity of radiation was monitored by diverting
part of the beam with a Mylar plate and it was detected with
a fast-response photodetector. The light was focused onto the
sample by means of a TPX lens with focal length of 100 mm.
The time resolution of the measuring system was 5 ns.
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FIG. 1. a) Experimental geometry: 1) M/4 plate; 2) condensing lens; 3)
attenuators; 4) sample. b) Dependence of the longitudinal drag emf on the
intensity of radiation in p-type Ge at T = 300 K and for hole concentra-
tion p = 1.5 x 10'* cm™3: 1) linear polarization; 2) circular polariza-
tion.
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The experimental results obtained for p-type Ge with p
= 1.5 x 10!* ¢cm~3 for the two polarization states are shown
in Fig. 1. It can be seen that the drag emf U, changes sign as
the intensity increases for both linearly and circularly polar-
ized radiation. For relatively low intensities, the drag current
flows in the direction opposite to the direction of propagation
of radiation whereas the directions of the photocurrent and
the exciting beam are the same for high intensities. When the
illumination goes to circular polarization the curve U.(I) is
shifted considerably to the left (Fig. 1). Experiments carried
out on a series of samples showed that the inversion point J;
does not depend on the carrier concentration. In n-type Ge
samples where there are no direct transitions, the drag is
associated with indirect transitions and the ratio of the drag
emf to the intensity was found to be independent of the polar-
ization state in the range of intensities under study.

2. THEORY. TWO-PHOTON DRAG CURRENT
FOR LINEAR AND CIRCULAR POLARIZATIONS

When calculating the two-photon drag current j; (2 for
circularly polarized radiation, we use the procedure devel-
oped in Ref. 5 for linearly polarized radiation. We state here
only the final formulas for j ;. .® and jj;,®), explain the nota-
tion, and discuss the expected differences between the two
photocurrents. Using notation similar to that employed in
Ref. 5, we can write the two-photon drag current in the form

Ag L, Kp , (D
fP=e m, — m; T (S 1)he o (ug, + 4y ),
- 2 2
u; = a bz+7"/(£(/)-
dlnt,(E) 7)
YRR o ln’é - BE, @
u',_,=—3—15-(c2+d,—',%ll—+h;:—'og). 3

Here we have for linearly polarized radiation a, = 21/20, b,
= 53/49, ¢, = 110, d, = 21, and h, = —56 and, for the
circular polarization, a, = 28/15, b, = 51/49, ¢, = 87, d,
= 21, and h, = —182/3; e is the elementary charge (e >
0); I labels the heavy- (I = 1) and light- (/. = 2) hole sub-
bands; my is the free electron mass; m, is the effective mass
of a hole in the subband /; m;~ = m, for [ = 1 and m;~ =
my for I = 2; g is the g factor of a 'y hole; 7 is the intensity;
q is the wave vector of the radiation in the crystal; ¢ =
n,w/c, n, is the refractive index of light of frequency w; 8 =
(kgT)~!; EZ = 2hwpu/my; the reduced mass is u = mymy/(m,
— my); and 7@ = 7(E) is the momentum relaxation time
of a hole from the subband / in a state with energy E@. The
two-photon and one-photon absorption coefficients for direct
inter-subband transitions are mutually related by

Kk k0 = L o2 (1 4 ey avI 24+ P ), @)

IO circ
KO = a K2 gy (1 - e, &)
where P, is the degree of circular polarization of light; « is

the fine structure constant eZ/ch; K = (Quw/h)!/2; EMD =
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hwu/m;; fE) is the equilibrium energy distribution function of
the holes; and we have introduced the characteristic intensity

- 2ns WM
= T ®

We have eliminated in our equations (2) and (3) the error in

Egs. (40) and (42) of Ref. 5 derived for linearly polarized

radiation. In particular, a, was reduced by a factor of two.
When calculating ), we need to evaluate the averages

&, = (p, sin 0 cos 6), @)

where angular brackets denote averaging over all directions
of the hole wave vector k,

- Y250 Be
p1 = lel e, ¢, = le,.1%%,,
= ’ . 2 5
p3 = (ele,)" (ek + €2), o, = —ilell’ee,.,

’ .

e_’ = ey — ley; and e, denotes a projection of the polar-

ization vector on the x’, y’, and z’ axes that are related to the

vector k as follows: k | z’, x’ lies in the (q, k) plane, and 8

is the angle between k and the wave vector q of the radiation.
For linearly polarized radiation we have

§,=4/105, £, =1/35, £, =4/105, £,=0

and for circular polarization,

&, =4/35, £, =12/105, & = -2/105, &, = 1/15.

As in Ref. (5), we have calculated @ and K® in the
approximation of spherical bands, where the polarization
dependence of the two-photon absorption coefficient is de-
scribed by the factor (1 + P2 in Eq. (4), the component
of the drag current perpendicular to q is zero, and the longi-
tudinal components is characterized by the polarization depen-
dence

= S (U Pl) + G PG ®

circ” circ *

We note that the cubic anisotropy of the hole subbands
must lead to a dependence of j@ on the direction of linear
polarization. In particular, for q || 001 we must add to the
right-hand side of Eq. (8) an anisotropy term proportional to
(lec|* + |ey|*), where x || [100] and y || [010]. It follows
from the structure of expressions (1)-(4) that the ratio of the
absorption coefficients K ;,(@/K;;,® = 1.5 is fixed, whereas
the ratio of the two-photon currents j;..@/j;;,® depends both
on the frequency of the radiation and on the band structure
parameters m;, mp, g, and the relaxation times 7,(?, which
means that this ratio may be either greater or smaller than
L.5.

Before we compare the theoretical and experimental
results quantitatively, we should discuss yet another possible
contribution to nonlinear absorption of radiation and nonlinear
drag current associated with resonance saturation of one-pho-
ton transitions. As the intensity of the radiation increases, the
steady-state populations of resonance states of heavy holes
with energy close to E|()) begins to decrease rapidly and the
population of light holes with E = E,(1) increases, which
must alter the one-photon drag current and result in an addi-
tional shift of the inversion point J;. Moreover, we shall show
in the next section that the saturation effect and, hence, also
the corresponding correction to the drag current depend on
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the polarization state. We note that the saturation effect was
ignored in Ref. 5.

3. THEORY. SATURATION OF ONE-PHOTON
DRAG CURRENT FOR LINEAR AND
CIRCULAR POLARIZATIONS

The rate of one-photon intersubband transitions per unit
volume for an arbitrary radiation intensity / can be written in
the form

R(r) (k, e)
(1 + 4T\ T,A72RD (k, e) |2 )

W = 27 )L - o) S
K s==

X 0 (Ex — Eyx — hw),

where

RS (k, e) = IMY) . .5 (k, €)1°3

M, D(k, e) is the one-photon transition matrix element
[see Egs. (7) and (9) in Ref. 5]; we neglect the wave vector q
of the radiation; and 7; is the lifetime of a hole in the sub-
band / near the resonance energy E = E,(); which is in gen-
eral much shorter than the momentum relaxation time 7,() =
7(E(D) (see Ref. 7).

Substituting in Eq. (9) the expression for the matrix
element M,,., (D and carrying out summation over k, we
obtain for the linear and circular polarizations

Wan = WA o (1/1,), (10a)
(10b)
o= Wty

where Wy()' = K(DI/Aw; the coefficient K1) was introduced
in Eq. (5); the intensity I; is defined by I, = (Bw?T\Ty)~y;
and

: 3 x=1_ f x \'/ 1

§|;n(,\’)=nll+ 7 arcsin (x+l] , (11a)
_3(VT+y 1 Vy+ T +Vy

é.circ(})"'z" ¥ —Zyﬁ n\/y+f—\/§)' (llb)

The function &);,(x) is identical with the function £(x)
obtained in Ref. 7 in the investigation of the nonlinear ab-
sorption of linearly polarized light.

The asymptotic behavior of the functions (11) for small
and large values of their argument is given by

| for x<<1, (123)
S iin () = 837? for x>> 1,

I for y<<1],
Scire () = *237 for y>> 1. (12b)

Let us clarify the causes of the linear—circular dichro-
ism in the case of saturation of one-photon absorption. For
simplicity, we shall consider the transitions 3/2, k - 1/2, k
and —3/2, k = —1/2, k of a hole with k | q. For linear
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polarization, the squares of such transition matrix elements
Rin® = RE(k | q) are the same. For circularly polarized
radiation, say with right-hand circular polarization, the transi-
tion 3/2 — 1/2 is forbidden and [sic]. For low intensity of
radiation, where the optically induced changes in the hole
distribution function can be neglected, the total probabilities
of these transitions do not depend on the polarization state. In
the saturation case, these probabilities must be multiplied,
respectively, by [1 + 4T ToA 2R;(]-12 apd 1+
4T\ T)h~ 2R (£)]~1/2, The mechanism of the linear—circular
dichroism for two-photon absorption is similar. The only
difference is that, in contrast to the saturation of one-photon
absorption, the intermediate states in the two-photon process-
es are virtual and the lifetime 7} is now replaced by the ener-
gy denominator h/(E; — E;. — hw). It follows that one cannot
neglect the interference of the contributions of different virtu-
al states n’ to the two-quantum process n = n’ — n”; i.e., it
is not enough to sum the squares |[M®(n - n’ - n")|2 over
n'; rather, one must first sum over n’ all the matrix elements
M®(n > n' - n") of two-photon transitions and then take the
modulus squared of the resultant sum.

It follows from the equality R.(7) = 2R (¥) that the
one-photon transitions with k || q should become saturated
first for circular polarization. For high intensities, i.e., 7 >>
I;, the corresponding transition rates cease to depend on I and
their values for the linear and circular polarizations are in the
ratio 2:1. For nonparallel k and q, this difference is reduced.
It follows that an exact calculation that involves summation
over all possible directions of k (see Fig. 2) leads to a small-
er value m/2/4 = 1.1 for the ratio of the transition rates. We
have calculated the correction &) quadratic in the intensity
that is due to the saturation effect and which should be added
to the component of the drag current liner in the radiation
intensity.5

- hq .
D = o "y — my % (=1t ~ (uy, + ul. ), (13)
=5 & 2
Uy =2+ 35, (EP), (14)

A Kl m; mj
uy lo( 3 + 7 m/ + lom—og). (15)

When calculating (D, it is necessary to take into account the
linear term in q in the energy difference Eyk+q — E1x and
the matrix element M, , ..., 4(V(e) and include in Eq. (9) the
second-order correction in R®). The final result is given by

,l 12
o = e 1y KO (L), (16)
V.= —%Ea(l + %V/ (E(/n)) , (17
12 [ - m; my;
v;,,=§5.(c+a7',+ﬁm—;g). (18)
For linear polarization, we have a = |, ¢ = 8, § =
-9, and A = —14, and for circular polarization, a = 11/6, ¢
= 8,d = —20, and A = —28. We note that the quantities

Uy, uyy, and vy, describe the drag effect calculated with
allowance for the dependence on q of the difference E; k+q
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FIG. 2. Effect of polarization on the saturation of the one-photon inter-
subband absorption with increasing intensity of radiation: a) calculated
dependences of the ratio [sic] on I for linear (solid curve 1) and circular
(solid curve 2) polarizations. Here, W) is the average number of one-
photon transitions per unit volume and unit time for the intensity Iy; [sic]
the same quantity but neglecting the effect of saturation. Broken curves
represent the approximate dependence calculated in the second order in I;.
b) Relative difference between the transition probabilities WD for the
linear and circular polarizations as a function of I. Here, I is the charac-
teristic intensity introduced in Eq. (10).

— E that enters the law of conservation of the energy but
neglecting the dependence on q of the matrix element
M,,,,,k+l§,q;,,d((m of N-photon transitions, whereas the contribu-
tions proportional to u, ', u;,’, and vy’ appear solely as a
result of the dependence of the matrix elements on q.

4. DISCUSSION

The nonlinearity leads to a relation between the emf and
the drag current that is more complex than in the case of
linear dependence of j on I. In fact, the measured emf is pro-

portional to the photocurrent averaged over the sample length
d

= 13 j(2) dz. (19)

ot

When the contributions 8¢ and j@® quadratic in / are
included, the dependence of the total density of drag current
on z can be written in the form

j(2) = al () + 1% (2), (20)

where I(z) is the radiation intensity at a point z and the coeffi-
cients @ and b do not depend on intensity. As was shown in
Ref. 8, the absorption of radiation with wavelength A = 90
pm in p-type Ge at room temperature is due mainly to indi-
rect optical transitions with participation of phonons and to
Jattice absorption. We note that, in spite of the dominant role
of direct transitions in the generation of drag current,® their
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relative contribution to the absorption amounts to less than
15%. As a result, it is possible in the interpretation of experi-
mental data to neglect the dependence of the total absorption
coefficient K, on the intensity and substitute in Eq. (20) in-
stead of /(2) the exponential function /oexp(—Kz), where Iy
is the intensity of radiation entering the crystal. We then ob-
tain for the average value of the photocurrent under the con-
dition K4 > 1 the expression

-_ 1 1
1= K.d (jolin + iloq) ’ (21)

where jii,* = alg and j 0 = bly* are, respectively, the linear
and quadratic drag currents near the exterior surface of the
sample. It thus follows that the measured intensity J; corre-
sponding to inversion of the drag current does not correspond
to the point where j; .0 becomes equal to —jg0 as is the case
for Kd << 1 but corresponds to the equality j“no = —jq°/2,
which was not taken realized in Ref. 5.

The e_xperimental and theoretical dependences of the
ratio x = J/ply on I, for linear and circular polarizations are

_shown in Fig. 3. In accordance with Eq. (21), the theoretical

dependence was obtained by dividing the currents §()(Iy) and
j@(I,) by a factor of two and adding to their sum the linear
photocurrent.

We have calculated the relaxation times 7™ taking ac-
count of the scattering of holes by acoustic!%!! and optical!2
phonons. Estimates indicate that the relative contribution to
7,~! due to scattering of holes by ionized impurities is small
in the range of densities considered, which is in agreement
with the observation that the measured ratio j/pl, does not
depend on p (at room temperature).

We have used the following values of parameters for
germanium: m, = 0.045m,, g = —6.8, the acoustic length o
= 4.3 x 10~3 cm, the velocity of sound v, = 5.2 X 10°
cm-s—!, the density p = 5.3 g-cm™3, the constant of interac-
tion with optical phonons E,, = 13 eV, the energy of an
optical phonon hwyy, = 37 meV, and the static permittivity &
= 16. In this case, we obtained 7;(D = 4.5 x 10713 5, 7,(
=37 x%x 10835, 1@ =43 x 10785, r,@®d =28 x
10-13 s, and ypeor? = 87 X 10—24 A-cm3-W~! corre-
sponding to the measured value X, = 80 x 1072
A-cm3-W=1. We note that the values of xpeor? and Xexp'"
for E,y = 11.4 eV differ by a factor of about two.

Then calculating &(D, we should also specify the value
of T,T,, which may be less than r,(D7,(D, as already men-
tioned. Calculations show that the substitution of 7,1 for T;
yields w2T T, = 97 and the inversion points /; obtained, re-
spectively, for linear and circular polarizations are equal to
57.5 and 23.5 kW-cm~2 and the corresponding ratio is
I(lin)/I(circ) = A; = 2.4. If we neglect the saturation effect
for the one-photon drag current, we obtain /(lin) = 682 and
I(circ) = 428 kW-cm~2 and A; = 1.6.

Best agreement with the experimental values I(lin) =
114 and I(circ) = 80 kW-cm~2 is obtained for 0T\ T, =
24, i.e., I(lin) = 138 and I(circ) = 70 kW-cm~2. In this
case, the contribution of saturation to the one-photon drag
current &/ is 2.7 times greater than that of the two-photon
current j and both terms have the same sign opposite to that
of j(D. We recall that we have evaluated §j(!) in the second
order in the radiation intensity. It can be seen from Fig. 2
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FIG. 3. Dependence of the average drag current J divided
by the hole concentration p and by the intensity /o on the
intensity of radiation for linear (1) and circular (2) polariza-
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that for Iy = I, there is a considerable deviation of the ratio
W)/ Wy)(I) from linearity. It follows that our estimate
for w?T T, could be refine by calculating §(D with greater
accuracy.

In conclusion, we have combined experimental and theo-
retical investigations of the dependences of the drag photo-
current on the intensity and polarization of exciting radiation
SO as to separate and compare the contributions to the linear
absorption of radiation due to the saturation of one-photon
transitions and to two-photon transitions. ‘
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