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Induced charge-density oscillation under a quantizing magnetic field
and intense terahertz radiation

M. Fujita,* T. Toyoda,* J. C. Cao,? and C. Zhang®
1Department of Physics, Tokai University, Kitakaname 1117, Hiratsuka, Kanagawa 259-1292, Japan
2Shanghia Institute of Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai, China
3Department of Physics and Institute of Superconducting
and Electronic Materials, University of Wollongong, New South Wales 2522, Australia
(Received 27 August 2002; revised manuscript received 15 October 2002; published 12 February 2003)

The time-dependent Schrodinger equation for a two-dimensional electron gas in a strong magnetic field and
an intense terahertz laser field is solved by constructing unitary transformations. We calculate the charge-
density fluctuation under a weak probing potential. It is found that the induced charge density oscillates rapidly
in time with two characteristic frequencies, the cyclotron frequency and the laser frequency.

DOI: 10.1103/PhysRevB.67.075105

I. INTRODUCTION

Terahertz frequency resonantly matches with virtually all
characteristic energies in low-dimensional semiconductors,
such as quantum wells and quantum wires. Because of this
energy resonance, terahertz radiation plays an important role
in understanding the electronic and optical properties of low-
dimensional semiconductor systems and many optoelectronic
devices. Recently there has been a rapid development of tun-
able terahertz (THz) laser sources based on semiconductor
structures,>? and a widely tunable continuous-wave terahertz
(THz) generation was achieved experimentally in strained
Ge.® These radiation sources can provide linearly polarized
laser radiation in the terahertz regime.*~** THz lasers have
been applied to an experimental investigation of nonlinear
transport and optical properties in electron gases such as
low-dimensional semiconductor systems. Many interesting
terahertz phenomena have been investigated, including reso-
nant absorption,* the photon enhanced hot-electron effect,’
THz photon-induced impact ionization® the LO-phonon
bottleneck effect,? THz photon assisted tunneling,'® THz cy-
clotron resonance,'* and the Thz switching effect in resonant
tunneling diodes.1?-%4

The problem of an electron subjected simultaneously to a
quantizing magnetic field and an intense terahertz laser is of
particular interest due to the interplay between terahertz pho-
tons and cyclotron orbits. In the previous work,'>® we cal-
culated the electronic states using unitary transformations for
a free electron in a magnetic field. If the laser field is polar-
ized in the y direction and the Laudau gauge is used for the
static magnetic field, these unitary transformations depend
ont, x, and py.

In this work, we study the problem of electronic proper-
ties of a two-dimensional electron moving in a weak poten-
tial V(x,y) under a quantizing magnetic field and an intense
laser. We first construct the unitary transformations that
eliminate the laser field. For a weak potential V(x,y), the
problem can be solved with two different approaches. In the
first approach, one constructs the unitary transformations in
the absence of V(x,y) and obtains the exact wave function in
the presence of the magnetic field and the laser field. One
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then use this time-dependent wave function as the base state
to calculate the wave function to the lowest order in V(x,y).
In the second approach, one constructs unitary transforma-
tions in the presence of V(x,y), such transformations will be
dependent on all dynamical variables t,x,p,,y, and p,. Af-
ter eliminating the laser field, the potential V(x,y) becomes
time dependent, V[x(t),y(t)]. One can then obtain the ap-
proximate wave function to the first order of this time-
dependent potential. These two approaches are equivalent for
the single electron states. However, the statistical properties
of many electron systems cannot be easily defined in the first
approach because the base states are not formed by eigen-
functions. This problem can be avoided in the second ap-
proach. In this work we shall use the second approach to
calculate the density fluctuation due to V(x,y).

I1. UNITARY TRANSFORMATIONS

We consider a two-dimensional electron gas under a uni-
form static magnetic field and an intense laser radiation. We
choose the static magnetic field to be along the z direction
and the laser electric field to be along the y direction, E(t)
=Essin(wt)e,, where E and « are the amplitude and fre-
quency of the laser field. We use the following vector poten-
tials for the static magnetic field A, and the time-dependent
laser field Aq(t):

A=At A(1), 1)
Ap,=Bxey, 2)

Ec
Ae(t)zA(t)ey=?cos(wt)ey, (3)

where B is the magnetic flux density. Then the Hamiltonian
for the Schrodinger equation,

d

if [ W (1) =H(D)|¥(D)), (4)
is given as
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Hit)= — pi+ L (5,- Sei-Sac 2+v“
()—2* e | Py g BX A (x,y),
5)
where m* is the electron effective mass and e is the electron

charge. The last term in the Hamiltonian is an external po-
tential with an explicit dependence on the spatial coordi-
nates. Following Refs. 12 and 16, we define the unitary
transformation

W (1)) =U(0)]D(1)), (6)

with the unitary operator

U(t)= eXp( Ug(t) eXp( | Ua(t)X exp( Us(t)px)

X exp

Us(t)py) ()

Now we require that the Schrodinger equation for the state
|®(t)) does not contain the A(t) term, i.e.,

Ifi—|<1>(t>> {Ho+VIX—us(t),y—us(t) T} P(1)) (8)

with

1 1 e .\2
H0=2 *px py——Bx . 9

This requirement leads to the following differential equations
for the u;(t)’s:

o 1 [eB e 2 5
—U1+U2U3=2m—* TU3—EA(t) +——U5, (10)
—eB(eB e
—Up= o TU3_EA(U , (11)
. 1
_USZFUZ’ (12)
. 1 [eB e
_USZF Tus—EA(t) : (13)

To solve these differential equations we impose the initial
condition that

u1(0)=u,(0)=u5(0)=us(0)=0. (14)

The solutions are
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© e[ 1\ of (2000

u = — ——SIN(Zw

' 2m* | 02— 0?] [20? ¢
w [ 3w? 1 | sinc2 w0l - w?
+Z 7— sin(2wt) + > t

w3
——{sin[(we— )t]+sin[ (g + w)t]}} , (15)
w

—eF W [_wc . . 1
Us(t)=e g_wz Tsm(th)Jrsm(wt) , (16)
_ eE o 1
u3(t)_F; —wﬁ—wz [ — cos(w¢t)+cos(wt)],
(17)
eE 1 we . .
u5(t)=F wﬁ—wz ?sm(wct)—sm(wt). (18)

We note that the electron charge density is unchanged
under these unitary transformation, i.e., |W|?>=|U®|2.

I11. CHARGE FLUCTUATION

The function ® now satisfies Eq. (8). To solve this equa-
tion, we make use of the fact that V is a weak perturbation
even in the oscillatory system. Therefore, we solve the wave
function ® to the lowest order in V. The solutions for V
=0 are given by Laudau levels ¢nky,

1 _
¢nky(x,y.t):ﬁe'kvygn(x—Xo)e‘("ﬁ)fnt. (19)

where L is the size of the sample, x0=ky/(eB)=kyI2 is the
center coordinator, and | is the magnetic length, e,=(n
+1/2)hw. (w,=eB/m) is the cyclotron energy, and ¢ is the
wave function for a linear harmonic oscillator.

We now employ this time-dependent wavefunction to cal-
culate the electronic state in the potential V. The wave func-
tion of an electron under a local potential can be expanded
using the Landau states

nk (X Y, t)_ E {‘Sn n5k k +an’k (t)}elkyy
n k
X E(x—xp)e” (Ment, (20)

The coefficient anky(t) can be obtained using the time-

dependent perturbation method. Let us write the local poten-
tial as

VIx—usz(t),y —us(t)]

= J dg’ el us®lgiayy-usMy ().  (21)
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Making using of the generating function of the Bessel
function,

eiacosx:2 imJ (a)eimx
m [l

eiasinx: J eimx’
S e m
(22)

where J,, is the Bessel function of the first kind, the potential
can be written as

VIx—us(t),y —us(t)]
:J dQeiqxxeiqny(q) 2 im1+m2Jm (U yp e/ @)
mq,my 1
X‘]mz(_qubwc/w)ei(ml‘”c*mzw)l
X > ng(_qubwc/w)Jm4(qyyb)ei(m3wc+m4w)t,
m3.my
(23)

where yb=eE/[m*(w§— w?)]. We assume that the local po-
tential is weak and use the time-dependent perturbation to
calculate the change of electronic state. The first order cor-
rection can be written as

1 .
()= f dav(a) X MM, (qeypwc/o)
y ! my.mp

X I, (— QYo w) >
m3,my
><‘]ms( - qy'ybwc/w)‘]m4(qy7b)

t
X f dt’e(i/ﬁ)(fn'7En)t,ei(mlwc+m2w)t/

1

% gimzog+myo)t’ —

XJ dyeii(k;’ikyiqy)yMn’n(qx1k;, ,ky)- (24)
The integration over x and y yields
Mn’n(ark;/ xky)

= f ngn’(X_X(’))eiqxxgn(X_XO)

|2q2 - i ) 2"<n_!1\2
=exp T~ exp(il kqu)EXp EI axdy 2n=n_1
|2q2
_ . - N>—n<
X|n> n<(0qy+qu)n> n<|_n< (T) (25)

Here n-(n.) is the larger (smaller) of (n,n"). Combining
these results, we obtain
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an’k;(t):_J qu(Q)5k;,ky+qy{%} I({m},ax,qy)
XDn,n({m})E({m},t)Xe(i/ﬁ)(en’ffn)t
XMn’n(qX’ky+quky)y (26)

where we have defined

{Em}=2222, (27)

I({m},ax.ay) = imﬁmZJml(qxﬁ)%)sz( qvawc)

0}
—UyYpw
X, #)ngqym, (28)
E({m}'t):ei(m1+m3)wct+i(m2+m4)wt' (29)
and
Do) -
’ my)= .
me 6n7_6n+(m1+ m3)h(l)c+(m2+m4)ﬁw
(30)

Now the wave function up to the first order is given as
D (1) = i (1.0 + 2 @nn (D g (1,)
n'k!
y

= ieikyye_%fnt
JL

En(x—1%ky)— f dqu){Em}

X1({m},dx,ay) X E({m},t) eV & (x —x{)

X2 Mn’n(qx’ky+qy’ky)Dn’n({m}) ) (31)

where xo=(k,+ qy)z. The fluctuation of charge distribution
(induced charge density) can now be calculated:

pnky(rvt): —e{[Ufany(r,t)]*UCI)nky(l’,t)

~[Udbn (r0]* U (RO} (32)

Neglecting high order terms in V, we obtain
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—e
Pk, (T, ) = Tgn[x_xo_ ug(t)] | dgv(a)

X{Em:} I({m}vqx vqy)z Dn’n({m})

X &nr[X=Xo = Ua()][Mnrn(ay.ky +ay ky)

X E({m}’t)eiQy[y—us(t)] +(— )ml-%—sz:,n

X (Gy Ky + 0y k) E*({m},t)e 'O —usI],
(33)

We now take the Fourier transformation, pnky(q,t)
=Jdre™ " py (r.1),

—e
pnky<q,t>=Tf da'V(a’) 2, 1({m}.a") 2 Dara({m})

Xefiq;u:{x(t)[Mn,n(—q)'( ,ky+qy,ky)Mn'n

X (qx lky+ qy ,ky)E({m},t)e’iquS(t) 5(1; ay

+ (=)™ MM (= ay Ky +ay k)M

X (qx :ky+ qy 1ky)E*({m}lt)equUS(t)éq; v_Qy]'

(34)

Integrating over k, results in a delta function &(q,—qy) for
the first term in the square bracket and &(q,+qy) for the
second term. Now for the second term in the square bracket,
we change m; to —m; (i=1,2,3,4) and make use of the fact,
J_m(X)=(—1)"J(x). We obtain the following result for
the density fluctuation:

—2me
Pn(qvt): |2

V(q)efiqxu(;(t)e*iQyus(t)

X2, Con (1) 2 1({M} B 1)

1
X
En1_6n+(ml+m3)ﬁ(vc+(m2+ m4)h(1)
1
+ y
Gn/_En_(ml+m3)th_(m2+ m4)h(l)

(35)

where

<

n —
Con ()= =exp(=Y)Y =ML 517, (36)

with Y =(1/2)(ql)2.
Now the total density fluctuation of the system is given as

p<q.t>=; fapn(ait), (37)
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where fn:[exp((en—,u—Ey)/kBT)Jrl]‘l is the Fermi distri-
bution function. Here E.,=2y,w is the energy of the laser
field, u is the chemical potential and kg is the Boltzmann
constant. Substituting Eq. (32) into Eq. (33),

p(q,t)=—eV(q)e " 1I:Us(Deg~iayus®)

X{Em}l<{m},q>E<{m},t>H(q.{m}>, (38)

where T1(q,{m}) is defined as

2
(a.{mh="5 2 Con(@)

fnffnr
En:—6n+(m1+m3)ﬁwc+(m2+m4)ﬁwl
(39)

X

If the electric field E=0, only J, can survive. In this case we
recover the known result

p(q)=—eV(q)Il(q,0). (40)

1V. DISCUSSIONS

It can be seen that the induced charge density oscillates in
time with two characteristic frequencies, the frequency of the
THz laser, w, and the the cyclotron frequency w.. This be-
havior is rather interesting. In the absence of the laser field,
the induced density in a magnetically quantized system due
to a static potential V is not time dependent, i.e., it is not
oscillating in time with the cyclotron frequency. Now we
apply a time-dependent laser field. It is expected that all
physical quantities of the system will oscillate with the laser
frequency and it higher multiples. What is interesting here is
that the induced density is oscillating with a frequency which
is the sum of the multiple of the laser frequency and the
multiple of the cyclotron frequency. When the magnetic ap-
proaches zero, the oscillation in the electronic states and the
induced charge density is dominated by the laser frequency.
On the other hand, if the magnetic field is high such that
w:> w, the electronic states and the induced charge density
oscillate very rapidly with the frequency w. . Therefore, even
a slow varying time-dependent electrical field and can lead to
a rapid oscillatory behavior in electronic properties with a
frequency corresponding to the natural energy gap of the
system, (w, in the present case). Such oscillation can only
survive if the intensity of the laser field is strong. It should be
noted that while there is a rapid oscillation with frequency
w, in the limit of w<w., there is also a slow oscillation
with frequency w. Furthermore, as w decreases, the argu-
ments of all Bessel functions increase rapidly and thus the
amplitude of the oscillation also decreases very rapidly as
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w—0. In the limit of =0, the amplitudes of all oscillations
go to zero regardless of the oscillating frequencies. In this
case the density fluctuation of the system becomes time in-
dependent.

The density fluctuation also oscillates with the electric
field at fixed magnetic field and laser frequency. This oscil-
lation is due to the oscillatory behavior of various Bessel
functions. We notice that the argument of the Bessel function
can be written as qyybwclwz(eEI/ﬁw)(qu)/(l—wZ/wg).
The parameter r=eEl/fw is the ratio of the energy gained
by an electron in the laser field over the distance equivalent
to the magnet length to the energy of the photon. For small r
or high o, the dominant contribution is from J,. In this
limit, the density fluctuation is approximately given as
p(E)—p(E=0)r?. For large r or small o?-w?
Jm(ayp) ~ V2lmay, cos(ay,—mm/2+ w/4). While the den-
sity fluctuation oscillates with the electric field, the ampli-
tude goes to zero as the electric field increases. This is a
rather interesting result which indicates that as the electrical
field increases, the induce charge density decreases. This re-
duction of the induced charge density under a strong electri-
cal field may have the some origin as the experimentally

PHYSICAL REVIEW B 67, 075105 (2003)

observed suppression of the dc conductivity under an intense
laser.*” Finally we comment on the difference between the
case of strong field and the case of near resonance (w
~w.). While both cases can cause an increased vy, these
two are fundamentally different. A strong E directly causes a
strong electron-photon interaction. The situation of w— w,
represents an electron-photon resonant state. The quantities
that affect the density response are u; and us. At resonance,
us is linear in t and ug is quadratic in t. This will lead to a
quite different time dependence of the induced charge den-
sity.
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