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Calculation of the nonlinear free-carrier absorption of terahertz radiation in semiconductor
heterostructures

C. Zhang! and J. C. Cao?
1school of Engineering Physics, University of Wollongong, New South Wales 2522, Australia
2Gate Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology, Chinese
Academy of Sciences, Shanghai, China
(Received 3 February 2004; revised manuscript received 23 September 2004; published 23 November 2004)

Nonlinear absorption of terahertz waves by electrons in a semiconductor heterostructure is calculated. We
solve the quantum transport equation for electrons strongly coupled to terahertz photons. The electrical field of
the laser radiation is included exactly, and the electron-impurity interaction is included up to the second order.
It is found that Joule heating of the electronic system due to impurity scattering decreases rapidly due to the
strong electron-photon interaction. Our result is the dynamic equivalence of electron localization in a strong
field. In the limit of weak radiation field, the current is linear in the field strength.

DOI: 10.1103/PhysRevB.70.193311

Electromagnetic radiation in the frequency range of tera-
hertz (THz) plays an important role in probing and studying
the optical and transport properties of low-dimensional semi-
conductor systems. Because of the nearly resonant match
between the photon energy (of order of THz) and all charac-
teristic energies of the electronic system such as Fermi en-
ergy, cyclotron energy, subband energy, etc. (all of order of
meV or a few THz), various resonant phenomena and non-
linear properties in the electronic systems can be investi-
gated. THz lasers have been applied to experimental investi-
gation of nonlinear transport and optical properties in
electron gases such as those in semiconductor quantum wells
and heterostructures.’~® The discovery of a new magnetore-
sistance oscillation and zero-resistance state in high-mobility
electronic systems®! has stimulated new theoretical interest
in the transport properties of electrons under electromagnetic
radiation.’>5 A satisfactory understanding of the observed
dc magnetoresistance oscillation has been achieved.!21415
There are three different theoretical methods of calculating
the electrical transport under a radiation. The first is the bal-
ance equation approach®? which calculates the resistivity di-
rectly. The second approach'**> employs the Green’s func-
tion formalism and Kubo formula to calculate the
conductivity or resistivity. We have developed a quantum
transport equation method'® to study the frequency-
dependent phenomena.

All existing theoretical work deal with the electrical cur-
rent response of a strongly coupled electron-photon system
to a weak ac or dc force. In these works, the terahertz field
(E,) is strongly coupled to the electrons and the coupled
system is responding in a linear fashion to another weak
potential (or probing field E). In a recent paper,'® we calcu-
lated the linear response of a coupled electron-photon system
to a weak ac probing field, j(w,Q)=0(w,Q)E, where w is
the radiation frequency and € is the probing frequency. It is
found that the resonant absorption of the probing field can be
achieved when the probing frequency is in the vicinity of the
frequency of E,. In Ref. 16, we used the terahertz field E,, to
tune the absorption of E or j(w,{)). However, we did not
calculate the direct absorption of the terahertz field E., by the
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electrons. The absorption of E,, is much stronger than the
absorption of E. The absorption of E goes to zero as E goes
to zero. However, in the absence of the probing field E, there
is still a strong absorption of E,. To calculate the absorption
of the THz radiation, electrical current in the absence of any
probing field must be calculated. Such a current cannot be
obtained from the previous theory?-1% because the current
obtained there vanishes when the probing field is removed.
Furthermore, in the limit of zero radiation field, all existing
theories predicted a quadratic dependence of the current on
the radiation field while the experiment!! clearly shows a
linear dependence.

In this paper, we study the nonlinear absorption of an
intense THz electrical field by electrons. We calculate the
electrical current driven directly by the THz radiation field
(i.e., without any probing field) to the second order of the
electron-impurity interaction. It is found that photon absorp-
tion due to impurity scattering decreases very rapidly at high
THz field, indicating a suppression of electron-impurity scat-
tering by intense photon radiation. Our result of the electrical
current is linear in the radiation field as E,, approaches zero.

Our model system is a two-dimensional electron gas un-
der an intense laser radiation. We choose the laser field to be
along the x direction, E,(t)=E, cos(wt)e,, where E; and o
are the amplitude and frequency of the laser field. For the
notational convenience, both % and the speed of light ¢ have
been set to unity. Let us choose the vector potential for the
laser field to be in the form

A, = (Ef/w)sin(wt)ey. (1)

The time-dependent Schrédinger equation for a single elec-
tron is given as

9 _ _(p-eA)
|ﬁt¢(r,t)—H¢(r,t)—WL¢(r,t). (2)

The time-dependent wave function can be written as
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i (r,1) = exp(= i2y, wt)expliygk 1 - cos(wt) I}
Xexp[ivy; sin(2wt) Jexp(—igt)exp(ik - r), (3)

where y,=(eEy)/m* w? and y; = (eEy)?/ (8m* w®). The effect
of electrical field is included in this wave function exactly.
Electrical current of the system driven by the terahertz
laser due to electron—-random-impurity scattering can now be
calculated. The Hamiltonian of the system can be written as

H:H0+Hee+He|, (4)

where Hg is the Hamiltonian of a noninteracting many-
electron system,

1
Ho= ome 2 [P * eA, by (0by(D) (5)

where

by (t) = by exp(= i2yrwt)expfiyok,[1 - cos(wt) ]}
Xexplivy; sin(2wt)]

and bﬁ(bk) is the creation (annihilation) operator for an elec-
tron with momentum k in the absence of THz photon radia-
tion. The term H is the electron-electron interaction

= 2 Vabheq(Db], (Db (Dby(D), (6)

qu

where Vq:2we2/q is the Fourier transform of the electron-
electron interaction in two dimensions. Hg is the interaction
between the electrons and random impurities:

- E qu;‘”q(t)bp(t)zi: IR, (7)

where R; is the position of the ith impurity which is assumed
to be singly charged. Now the total average two-dimensional
(2D) current density of the system is defined as

[\ e
j = <5Ty> = $% ([p+eA,lbl(by®).  (8)

The current given in Eq. (8) is directly driven by the
radiation field; i.e., it is not a linear response to any probing
field. The method developed in Ref. 16 can be used to obtain
nonlinear current for the present system. There are two basic
equations to describe the quantum transport of the system.
The first equation is the equation of motion for the single-
electron density matrix F(p,p+k):<b£(t)bp+k(t)>,

i%F(p,p +K) = Lepu — & * koo sin(wt) IF(p,p + k)
+Ev[ Q) - Ze'qR][F( p.p+k-q)

-F(p+q,p+k)]. 9)

Here ep:p2/2m is the kinetic energy of an electron having
momentum p and
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n(g,t) = X F(p,p +k). (10)
p

The second equation describes time-dependent current den-
sity jq(t):

M = __e — iq'R;
= m*% Vqan( q,t)Ei gari, (11)
The key difference between this work and Ref. 16 is that
the present work does not seek a linear current response to a
probing field. Instead, we solve the exact current density
driven by the radiation field. The solution of Egs. (9) and
(11), up to the second order in electron-impurity scattering,
can be written as

_ —ne a0 Ve QD M)
E V go m(qx')’o)eqy D(q,mw)
(12)
where
D(g,mw) = 1 - V4Q(q,mw) (13)

is the dielectric function in the random-phase approximation
and

P+q fp
Qg w) = f e ey (14)

is the polarizability for free electrons. Here, f, is the Fermi-
Dirac distribution and J.,(x) is the Bessel function of the first
kind. The terms with different m represent various photon
emission and absorption processes.

Here it is necessary to point out that the appearance of the
equilibrium distribution f,, in the final result does not mean
that the original nonequilibrium density matrix F(p,p+k)
:<bg(t)bp+k(t)) has been treated in an equilibrium fashion.
Our theory involves decomposing the nonequilibrium den-
sity matrix into successive density matrices for photon side
bands. Such a density matrix for the mth photon sideband is
written in the form of the Ff)m)R(””(t) where Ff)m) is the den-
sity matrix in the absence of radiation field.'® Because of the
different time dependences of R™ for different photon side-
bands, F{R(M(t) is still a nonequilibrium quantity and has
to be determined by the equation of motion including the
electron-impurity scattering. Such an equation of motion is
then solved to the lowest order in electron-impurity scatter-
ing. In the equation of motion, for those F, terms multiplied
by a term proportional to impurity potential, only a zeroth-
order solution is required. Our choice of a zeroth-order solu-
tion is the Fermi-Dirac distribution function.

For isotropic systems, the electric current is along the
direction of polarization of the laser field. The real part of the
electric current is given as
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FIG. 1. Plot of R=w? Re(j)/r versus the reduced electric field r
for several different frequencies: the solid line is for =1 Thz, the
dotted line is for w=2 Thz, and the dashed line is for =5 Thz.

Rel ()] = -~ 3 gV, 3, 2000
q

*
m m#0

1 .
x{lm[w]sm(qﬁo -mmu/2)

1
- Re{m] cos(Qyyg — mW/Z)} .
(15)

We now make use of the following facts: (a) The dielec-
tric function is only dependent on the magnitude of g; (b) the
Bessel functions are symmetric for even m and antisymmet-
ric for odd m with respect to the argument q,. Therefore the
integration over the direction of q will be zero for the second
term in the curly brackets. The real part of the electric cur-
rent is now written as

3
Relj (@)=~ -2 gV S @
q

*
m= w m#0

1 .
X Im{m]sm(qﬁo -mm/2). (16)

The parameter that controls the electrical field depen-
dence of the current is v, We consider the two limiting
cases. (i) At small y, (low field and high frequency), we only
retain the linear and cubic terms in E,. The real part of the
current is given as

Re[] lx(w)] ==

ne? 1
e 2 Ve 'm[ D(q,wJEO

(m

4
ne .
* (m* )4w5§ Vs Im[

1
D(q, w)

S S P
D(q,zw)]Eo' (17)

The current is linear in Eg as Ey— 0. This is in contrast to the
Eﬁ dependence predicted by other theories. It is consistent
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FIG. 2. Plot of R=w* Re(j)/r versus the laser frequency. The
solid line is for r=0.1, the dotted line is for r=0.5, and the dashed
line is for r=1.0.

with the linear dependence found in the experiment.!! Since
the magnetic field is absent in the current calculation, we
cannot make a direct comparison with the experiment. How-
ever, we do not expect that application of a constant mag-
netic field will alter such a linear dependence. It is also im-
portant to note that terms of high order in E, also represent
high-order multiphoton processes.

(i) At large vy, JIn(Gxyo) ~ V2/ 0y COS(Cyyo—Mar/2
+1r/4). Therefore the dissipative part of the electrical current
vanishes in the limit of strong electrical field. This is the
dynamic equivalence of electron localization in a strong
static electric field. When electrons are strongly coupled to
the photons, electron-impurity scattering approaches zero.

We have numerically calculated the real part of the cur-
rent. The parameters used in our calculation are those of
GaAs, m* =0.067my, and rs=m*e?/ e;ke=1.0. All energies
and frequencies are in units of Eg, and all wave numbers are
in units of ke. Here a=keeE/(m* w?) is the dimensionless
electron-photon coupling parameter.

Figure 1 shows electric field dependence of the real part
of the electric current divided by the reduced electric field,
r=keeE/(m* wcz)) (where wy=1 THz). In the plot, we multi-
ply Re(j)/r by the frequency squared so the values R
=w?Re(j)/r at three different frequencies are comparable.
The quantity R is a direct measure of the absorption of THz
photons by the electronic system due to electron-impurity
scattering. At weak electric fields or high frequencies, the
current is almost linear in the electric field. The electron-
photon coupling is inversely proportional to w?. Therefore
the absorption increases as frequency decreases. At fixed fre-
quency, as the laser intensity increases, the current starts to
deviate from the linear dependence and the absorption coef-
ficient j/E starts to decrease with the field intensity. This
behavior is a direct consequence of the electron-impurity
scattering time being affected by electron-photon coupling.
At low field intensity or weak electron-photon coupling, the
scattering time is independent of the electric field. As the
field intensity increases, the electron-photon coupling be-
comes stronger and, as a consequence, the electron-impurity
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scattering becomes less effective. This reduced electron-
impurity scattering is the origin of the reduction of the dis-
sipative current at high fields.

In Fig. 2, we plot the quantity R=w? Re(j)/r versus the
laser frequency. At low frequency, the absorption increases
with frequency due to the increasing phase space for
electron-impurity scattering. The energy loss of the electro-
magnetic waves is weaker but increases more rapidly at
strong field. At high frequency the real part of the current
decreases with frequency due to rapidly decreasing electron-
impurity scattering at the high-frequency region. At high fre-

PHYSICAL REVIEW B 70, 193311 (2004)

quency, electron-photon coupling is weak and therefore the
conductivity under the strong field is very close to that under
the weak field.

In conclusion, we have presented a study of the nonlinear
electrical transport in low-dimensional systems under intense
THz laser radiation. Due to the strong electron-photon cou-
pling, the electron-impurity scattering and its effect on the
energy loss of the laser field are significantly reduced.

This work is supported by the Australia Research Council
and the National Natural Science Foundation of China.

1), C. Cao, Phys. Rev. Lett. 91, 237401 (2003).

2N. G. Asmar, A. G. Markelz, E. G. Gwinn, J. Cerne, M. S. Sher-
win, K. L. Campman, P. E. Hopkins, and A. C. Gossard, Phys.
Rev. B 51, 18 041 (1995).

SW. Xu and C. Zhang, Appl. Phys. Lett. 68, 3305 (1996).

4W. Xu and C. Zhang, Phys. Rev. B 55, 5259 (1997).

5N. G. Asmar, J. Cerne, A. G. Markelz, E. G. Gwinn, M. S. Sher-
win, K. L. Campman, and A. C. Gossard, Appl. Phys. Lett. 68,
829 (1996).

6A. G. Markelz, N. G. Asmar, B. Brar, and E. G. Gwin, Appl.
Phys. Lett. 69, 3975 (1996).

7B. N. Murdin, W. Heiss, C. J. G. M. Langerak, S.-C. Lee, .
Galbraith, G. Strasser, E. Gornik, M. Helm, and C. R. Pidgeon,
Phys. Rev. B 55, 5171 (1997).

8C. Zhang, Appl. Phys. Lett. 78, 4187 (2001).

9R. G. Mani, J. H. Smet, K. von Klitzing, V. Narayanamuri, W. B.
Johnson, and V. Umansky, Nature (London) 420, 646 (2002).

M. A. Zudov, R. R. Du, L. N. Pfeiffer, and K. W. West, Phys.
Rev. Lett. 90, 046807 (2003).

1P D. Ye, W. Engel, D. C. Tsui, J. A. Simmons, J. R. Wendt, G. A.
Vawter, and J. L. Reno, Appl. Phys. Lett. 79, 2193 (2001).

12% L. Lei and S. Y. Liu, Phys. Rev. Lett. 91, 226805 (2003).

18V, Ryzhii and V. Wurkov, Phys. Rev. B 68, 165406 (2003).

14 Adam C. Durst, Subir Sachdev, N. Read, and S. M. Girvin, Phys.
Rev. Lett. 91, 086803 (2003).

15 Junren Shi and X. C. Xie, Phys. Rev. Lett. 91, 086801 (2003).

16C. Zhang, Phys. Rev. B 66, 081105 (2002).

193311-4



	Calculation of the nonlinear free-carrier absorption of terahertz radiation in semiconductor heterostructures
	Recommended Citation

	C:\Documents and Settings\nkeene\Local Settings\Application Data\Mozilla\Firefox\Profiles\xmz0r3o5.default\Cache\E9980FA4d01.pd

