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Theory of THz emission from optically excited semiconductors
in crossed electric and magnetic fields

G. Meinert, L. Bányai, P. Gartner,* and H. Haug
Institut für Theoretische Physik, J. W. Goethe-Universita¨t Frankfurt, Robert-Mayer-Strasse 8, D-60054 Frankfurt a.M., Germany

~Received 1 February 2000!

The coherent transients generated by femtosecond interband photoexcitation of a semiconductor in crossed
electric and magnetic fields are calculated. The scattering with LO phonons is considered and the complex
interplay between excitation and dephasing is analyzed. While below the LO-phonon threshold the signal is not
effectively damped, above the threshold damping takes place on a picosecond time scale, in qualitative agree-
ment with corresponding experiments.
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I. INTRODUCTION

Within the last decade considerable efforts have been
voted to the search for terahertz~THz! emitters as well as to
the use of this radiation as a method of condensed ma
spectroscopy. In this context a new research topic know
the dynamical Franz-Keldysh effect1–5 developed. Severa
mechanisms have been proven to generate THz signals
herent phonons,6,7 optical rectification and instantaneou
polarization8–12 in magnetic fields,13–15 cold plasma
oscillations,16 asymmetric double quantum wells,17–19

heavy–light-hole beatings in quantum wells,17,20 and Bloch
oscillations in superlattices.21–23As different as these mecha
nisms are in detail, they all are footed on common ground
a system with broken symmetry it is possible to create
herent wave packets by short laser pulses. When the w
packets are charged, the motion of the wave packets g
rise to a time-dependent dipole moment and a correspon
emission of electromagnetic radiation in the form of TH
oscillations. With respect to emitter applications, the tuna
ity and the amplitudes of the signals, as well as the damp
of the oscillations, are of crucial interest.

In the present paper we show how THz radiation can
generated in bulk material exposed to perpendicular elec
and magnetic fields, known as the Voigt geometry. Here
electric field serves to break the symmetry so that the opt
excitation leads to a coherent generation of electrons
holes, while the frequency of the oscillations is determin
by the magnetic field, which can be tuned readily. As
dominant damping process we investigate the interac
with LO phonons by calculating quantum-number-depend
transverse relaxation times. A main feature of our analysi
that these relaxation times are not taken as phenomeno
cal fit parameters but are calculated microscopically. It
been found27–29 that the relaxation time is considerab
larger than that without applied fields. Our calculated rel
ation times yield an explanation for the observed THz sign
on a picosecond time scale. Furthermore, the complex in
play of excitation and the various transverse relaxation tim
could not be described by a simple classical model wit
constant damping term.

The paper is organized as follows: First we diagonal
the one-particle Hamiltonian in the crossed fields and form
PRB 620163-1829/2000/62~8!/5003~7!/$15.00
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late the optical excitation and the scattering due to
phonons in this representation. Then we derive the kin
equations on a reduced subset of quantities, sufficient to
press the current connected with the THz radiation. Fina
we present numerical results and discuss them with res
to experimental observations.

II. THE REPRESENTATION OF A SHIFTED OSCILLATOR

For a magnetic field in thez direction and an electric field
in the x direction, the Hamiltonian for an electron or ho
( i 5e,h) is in the asymmetric Landau gaugeAW 5xBeW y ,
whereeW y is a unit vector in they direction, given by

Hi5
1

2mi
S \

i
¹W 2eieW yxBD 2

2eiEx. ~2.1!

Because the potential energy depends only on thex coordi-
nate, one can use plane waves in they andz directions:

c~rW !5
ei (kzz1kyy)

ALzLy

f~x!. ~2.2!

The resulting Hamiltonian forf(x) is bilinear inx and can
be put into the form

Hi5
\2kz

2

2mi
2

\2d2

2midx2
1

1

2
mivc

i2~x2Xi !22eiEXi1
~eE!2

2mivc
i2

,

~2.3!

where the spatial shift of the oscillator origin is

Xi5
ei

e
l 2ky1

eiEl 2

\vc
i

. ~2.4!

The cyclotron frequencyvc
i and the magnetic lengthl are

given by

vc
i 5

eB
mi

, l 25
\

eB . ~2.5!

In these formulas the electron and hole charges areee52e
and eh5e, respectively. The eigenfunctions are given
shifted oscillator eigenfunctions
5003 ©2000 The American Physical Society
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c i~rW !5
ei (kzz1kyy)

ALzLy

fn~x2Xi !, ~2.6!

where

fn~x!5
1

AAp l2nn!
e2x2/2l 2Hn~x/ l !,

Hn~x!5~21!nex2 dn

dxn
e2x2

, ~2.7!

and the spectrum is

en,X,kz

i 5
\2kz

2

2mi
1\vc

i ~n1 1
2 !2eiXiE1

e2E 2

2mivc
i2

, ~2.8!

which is composed of the kinetic free-particle energy in thz
direction, the Landau energies, and two corrections due
the electric field. Note that the effect of the electric field
twofold: First the degeneracy of the energies with respec
X is lifted and second the shift in the wave functions b
comes mass dependent.

Using this shifted oscillator basis we now treat the co
pling to the light field. Because the optical wavelength
typically larger thanl, the interband polarization has to b
averaged spatially. Within the slowly varying envelope a
proximation, the averaged polarization is

P~ t !5
d

VE d3r ^Ĉh~rW,t !Ĉe~rW,t !&1H.c., ~2.9!

whered is the matrix element between the Bloch states of
conduction and the valence band close to the band edge
the optical transitions the momentum components are c
served, i.e.,kz52kz8 , ky52ky8 , where thekW , kW8 wave vec-
tors refer to the electron and hole, respectively.an,X,kz

i are

the annihilation operators for a particlei in the staten,X,kz .
Because the excitation is diagonal inky , the shift quantum
numbersX differ for electrons and holes due to the fie
term,
to

to
-

-

-

e
or

n-

Xe52 l 2ky2
ueuEl 2

\vc
e

, Xh52 l 2ky1
ueuEl 2

\vc
h

. ~2.10!

Thus the field operators for the electron and the holeĈ i(rW,t)
in the overlap integral are shifted differently. Expanding t
field operators into the eigenfunctions~2.6! one gets

P~ t !5
d

V (
n,n8,X,kz

C~j!nn8^an8,X1j,2kz

h
~ t !anXkz

e ~ t !&1H.c.,

~2.11!

with C(j)nn85*dx fn(x)fn8(x2j), wherej5ueuEl 2/\vc

with 1/vc51/vc
e11/vc

h5(me1mh )/ueuB. Again the effect
of the electric field is twofold: Equation~2.11! shows that the
creation and annihilation of the electron-hole pair is nonlo
~a hole is created atX1j while the electron is created atX).
This effect has been well examined in the purely electric c
(B50), where it is known as optical rectification.8 More-
over, the selection rules known from the purely magne
case24 (E50) are destroyed: the optical matrix element m
be nondiagonal in the Landau-level quantum numbers. F
the overlap integral one sees that the orthogonality of
shifted oscillator functions no longer applies, because
shift of the wave functions is different for electrons an
holes. This point is crucial for our analysis: Only due to t
symmetry-breaking effect of the electrical field does it b
come possible to excite wave packets with short puls
which would otherwise be forbidden by the selection rul
As will be discussed later these wave packets and the co
sponding intersubband polarization give rise to THz signa

At low densities, where the electron-electron interacti
can be neglected, the interaction with LO phonons is
dominant scattering mechanism. This interaction is usu
modeled in the basis of plane waves by the Fro¨hlich cou-
pling. To adapt this coupling to the Voigt geometry th
shifted oscillator functions are expanded in terms of pla
waves in order to calculate the matrix elements. Ferm
golden rule yields the transition rates
Wn,X,kz ;n8,X8,k
z8

qW ,i
5

2pCi

\LxLyLz
@11N~\vLO!#d~enXkz

i 2en8X8k
z8

i
2\vLO!

3dqy ,ky2k
y8
dqz ,kz2k

z8

U E dxeiqxxfn~x!fn8„x2~X2X8!…U2

qx
21~1/l 4!~X2X8!21~kz2kz8!2

, ~2.12!
d

e
ned
with

Ci5a i

4p\~\vLO!3/2

~2mi !
1/2

,

where
a i5
e2

\ S mi

2\v0
D 1/2S 1

e`
2

1

e0
D

is the dimensionless Fro¨hlich polaron coupling constant an
mi the effective mass of the electrons and holes;N(\vLO)
51/(eb\vLO21) is the thermal phonon distribution. Th
transition rates for the phonon absorption can be obtai
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through the ‘‘detailed balance’’ relation from the given ra
due to the phonon emission process.

These transition rates can now be used to write the
collision terms for a Boltzmann scattering. Instead of treat
the full kinetics of the density matrix elements, we will tak
only the dephasing of the off-diagonal elements by rel
ation times into account. For this purpose we calculate
probability ~per time! to scatter from a given state into a
other states~neglecting the fact that this state may be occ
pied already!. Summing over all possible scattering chann
the result is a quantum-number-dependent inverse transv
relaxation time

1

tnXkz

i
5

1

tnkz

i
5 (

n8X8kz8
(

qW
Wn,X,kz ;n8,X8,k

z8
qW ,i

. ~2.13!

Thus all scattering processes give rise to exponential dec
The corresponding characteristic times are individually c
culated for any set of quantum numbers.

III. DERIVATION OF THE KINETICS ON A REDUCED
SUBSET

Postponing the scattering kinetics for a moment and p
ting all quantum numbersn,X,kz in one multi-indexn, the
Hamiltonian for the electron-hole system interacting with
coherent light pulse is

H5(
n

~en
ean

e†an
e1en

han
h†an

h!

2
1

2 FdE0~ t !eivt(
nn8

Cnn8an8
h an

e1H.c.G , ~3.1!

whereEo(t) is the amplitude of the femtosecond pulse andv
is the central frequency. For the electron and hole subb
density matrix elements we definef nn8

i [^an
i†an8

i & with i
5e,h. One has to distinguish between populations (n5n8)
and intersubband polarizations (nÞn8) by the index combi-
nation. The interband polarization components are define
Pnn8[e2 ivt^an

han8
e &. In the rotating-wave approximation th

equations of motion are

S ]

]t
2

i

\
~en

e2en8
e

! D f nn8
e

52
i

2 (
mm8

Cmm8~VRdmnPm8n8

2VRdmn8Pm8n
* !, ~3.2!

S ]

]t
2

i

\
~en8

h
2en

h! D f nn8
h

52
i

2 (
mm8

Cmm8~VRdm8nPn8m

2VRdn8m8Pnm* !, ~3.3!

S ]

]t
1

i

\
~en8

e
1en

h2v! D Pnn85
i

2
VR(

mm8
Cmm8~dn8mdnm8

2dm8n f mn8
e

2dn8m f m8n
h

!,

~3.4!

where\VR(t)5dE0(t) is the Rabi frequency. In these equ
tions two consequences of the symmetry-breaking effec
ll
g

-
e

-
s
rse

ys.
l-

t-

nd

as

of

the electric field are easily observed. While the equations
the intraband matrix elements of electrons and holes are
mally equal, they differ here by the coupling to the interba
polarization via the optical field. Even more important is t
observation that the intersubband polarization compone
f nn8

i are excited at all.25,26 In the next paragraph it will be
shown that this intersubband polarization is closely related
the THz signal. Thus it is the electric field in the Voigt g
ometry that allows the THz emission. In order to handle
large number of density matrix elements caused by the
pearance of the intersubband polarizationsf nn8

i , an approxi-
mation scheme will be introduced, which is based on
properties of the optical matrix element. We showed t
Cn,n85Cn,n8 dX8,X2j dkz ,2k

z8
. Although there is no longer a

selection rule in the Landau levels, still the conservation
momentum enforcesdkz ,2k

z8
and the shift in the quantum

numberX to be fixed throughdX8,X2j . Applying these rules
to the equations one ends with a closed subset of equat
It has to be emphasized that this subset is closed as lon
only the coherent part~3.2! to ~3.4! is considered and scat
tering processes are neglected. On the other hand, the c
sion terms couple to quantities not initially induced by t
light field. In this approximation these quantities are cons
ered to be of minor importance. Into this reduced set,
insert finally in the quantum-number-dependent transve
relaxation times.

With the definitions f nXkn8Xk
i

5 f nn8Xk
i ,PnXkn8,X2j,2k

5Pnn8,X2j/2,k , the equations become

S ]

]t
2 ineD f nn8,X2j/2,k

e
52

i

2 (
m

~CnmVRPmn8,X,2k

2Cn8mVRPmn,X,2k* !

1
]

]t U
coll

f nn8Xk
e , ~3.5!

S ]

]t
2 inhD f nn8,X1j/2,k

h
52

i

2 (
m

~CmnVRPn8m,X,k

2Cmn8VRPnm,X,k* !1
]

]t U
coll

f nn8Xk
h ,

~3.6!

S ]

]t
1 inPD Pnn8Xk5

i

2
VRS Cn8n2(

m
~Cmnf mn8,X2j/2,2k

e

1Cn8mf mn,X1j/2,k
h ! D 1

]

]t U
coll

Pnn8Xk ,

~3.7!

]

]t U
coll

f nn8X7(j/2)k
i

52
f nn8X7(j/2)k

i

1
2 ~tnkz

i 1tn8kz

i
!

~nÞn8!, ~3.8!

]

]t U
coll

Pnn8Xk52
Pnn8Xk

1
2 ~tnkz

h 1tn8kz

e
!
. ~3.9!
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Herene, nh, andnP are defined as

n i5\vc
i ~n2n8!, i 5e,h ~3.10!

nP5en8
e

1ehn
h 2v5

\2kz
2

2me
1

\2kz
2

2mh
1\vc

e~n81 1
2 !

1\vc
h~n1 1

2 !2
E2

B2

mc
e1mc

h

2
2D, ~3.11!

whereD5v2Eg is the detuning, i.e., the energy surplus
the light field with respect to the unrenormalized band g
Note that there is no thermalization term in the equatio
with the populationsn5n8. Due to the electric field the
spectrum is not bounded from below if the spectrum is
limited by imposing boundary conditions. Therefore the p
ticles do not relax toward a Fermi function. Populations t
do not relax might seem to be a highly unphysical feature
the picosecond time scale we are interested in, but
matches our approximation scheme: The THz signal is g
erated by the intersubband polarization. With only transve
relaxation times the equations of populations and inters
band polarizations are only coupled on the short time sc
of the pulse~on which thermalization is not very effective!.
After the pulse they decouple and the damping of the in
subband polarization is~in the model! perfectly described by
the inverse lifetimes applied to these quantities. The long
dinal relaxation time is of the same order~up to a factor of 2!
as the transverse relaxation time. Our calculations show
the transverse relaxation times are in the picosecond ra
while the excitation pulses are taken to be 141 fs~full widths
at half maximum of the intensity!. Because the longitudina
relaxation time is much larger than the duration of the pu
the approximation is well justified. Izumidaet al.13 did ex-
periments with chirped pulses varying the pulse durati
While they observe differences for longer pulses betw
positive and negative chirp, which suggests occupation
fects, there are no discrepancies for pulses of the short d
tion that we used. This is a confirmation that our approxim
tion without thermalization is well applicable.

IV. THz CURRENT OSCILLATIONS

Charge oscillations and thus current oscillations lead
the emission of electromagnetic dipole radiation. For the
spected THz radiation only intraband contributions are ta
into account, i.e., the contributions from the interband po
ization are neglected. These contributions are governed
frequencies related to the band gap and are therefore in
optical range.

In the literature on THz radiation without a magnetic fie
the creation of nonlocal electron-hole pairs has been stu
as ‘‘instantaneous polarization’’ and a distinction has be
made between displacement and transp
contribution.8,10,11,9 All these low-frequency parts are in
cluded in the present model, although the displacement
rent is hardly visible in the range of the considered para
eters.

Starting from the definition of the current density opera
.
s

t
-
t
n
is
n-
e

b-
le

r-

-

at
e,

,

.
n
f-
ra-
-

o
-
n
-
by
he

ed
n
rt

r-
-

r

JW i5
1

VE drW
ei

2mi
Ĉ i

†~rW,t !F\i ¹2eieW yxBGĈ i~rW,t !1H.c.

~4.1!

one gets by expanding the field operators in the shifted
cillator basis for the current components~again with i
5e,h):

^Jz
i &5

ei

miV
(

n,X,kz

\kzf n,n,X,kz

i , ~4.2!

^Jy
i &52

eiE
B

Ni

V
2

ueu\A2

milV
(

n,X,kz

An11 Re~ f n11,n,X,kz

i !,

~4.3!

^Jx
i &5

2ei\A2

milV
(

n,X,kz

An11 Im~ f n11,n,X,kz

i !. ~4.4!

Obviously the current in thez direction vanishes, as the e
fect of the fields is confined to thex-y plane. The first term
in the y direction describes a net current proportional to t
population. It is mass independent and dependent on the
of the charges; in the case of charge neutrality~the optical
field creates as many electrons as holes! it vanishes. It is of
conceptual interest to see that in spite of the electrical fie
the coherent motion does not separate electrons and hole
a macroscopic scale. Only the asymmetry in their scatte
behavior leads finally to a separation. The influence of t
scattering is weak and can be neglected for very low de
ties. Therefore the electric field does not have to be ca
lated self-consistently. From Eqs.~4.2! to ~4.4! it is obvious
that all contributions to the current and to the radiated sig
stem from the intersubband polarization. More exactly,
intersubband polarizations for which the Landau-level qu
tum numbers differ by one are contributing. Reexamining
equations with respect to these quantities, it is immedia
clear that they oscillate with nothing but the cyclotron fr
quency after the femtosecond pulse.

V. NUMERICAL RESULTS AND DISCUSSION

The numerical evaluations are given for GaAs parame
with an LO-phonon energy\vLO536 meV. We consider
here the contribution of the light holes only, which have be
studied also in the corresponding experiments. As
experiments27–29 were done at low temperatures, in our ca
culationsT50 K is taken for the phonon bath, i.e., on
phonon emission is considered. In all results the time integ
over the Rabi frequency is taken to be 0.01p, and the full
widths at half maximum of the intensity~field squared! is
141 fs ~Gaussian pulse shape!. Figure 1 shows the invers
lifetime for electrons for the lowest Landau levels as fun
tions of the kinetic energy (Ekin5\2kz

2/2me) for a magnetic
field B56 T, where the electron and the light-hole cyclotro
energies are\vc

e510.5 meV and\vc
h58.5 meV. In the

lowest Landau subband withn50 one sees a smeared-o
one-phonon threshold. For the scattering within this subb
the threshold becomes flatter with increasing electric fie
For the higher Landau subbands the damping increase
ready at lower kinetic energies because of the transition
lower subbands. Forn51 and E56 kV/cm, one can see
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clearly first the contributions due to the intersubband scat
ing by phonon emission ton50, followed by the contribu-
tions due to the intrasubband scattering. Because the sp
of the subbands are not bounded from below due to the t
2eiEXi intrasubband scattering is at least in principle a
possible even at very small kinetic energies\2kz

2/2me. But
due to the localization of the wave function in the magne
field, scattering over a distance, which is considerably lar
than a few magnetic lengths~details are dependent on th
shift due to the electric field and the quantum numbers of
wave functions!, becomes extremely weak. Because the d
tance in the scattering process is limited, the energy ga
by the nonlocal process in the electric field is restricted a
For the parameters we studied (4 T,B,8 T, 4 kV/cm ,E
,6 kV/cm! this energy is by far to small to provide the 3
meV necessary for the emission of a LO phonon. Thus
intrasubband scattering the main contribution has to co
from the kinetic energy.

From the calculated relaxation times one expects an
proximately undamped motion for excitations below t
threshold and damping on a picosecond time scale for ab
threshold excitations. This result is in agreement with
experimental observations27–29 of a few resolved cycles o
cyclotron radiation on a picosecond time scale.

In Fig. 2 the mean current in thex direction is shown as a
function of time and detuning. We limit ourselves to thex
component, for its contributions of electrons and holes a
up, while in they direction they work against each other,
that in a model with equal electron and hole masses thy

FIG. 1. Inverse of the transverse relaxation timestn,kz

e for the

electrons in various Landau levels versusEkin5\2kz
2/2me for a

magnetic fieldB56 T and an electric fieldE54 kV/cm ~upper
figure! andE56 kV/cm ~lower figure!.
r-

tra
m
o

c
r

e
-

ed
o.

r
e

p-

ve
e

d

component of the current would vanish. The two differe
regimes below and above the threshold are easily recogni
Below threshold there is little damping and so there is
strong beating of electron and hole cyclotron frequencies,
above threshold the situation is more subtle. There is
only a strong damping, but due to the optical excitation
different intersubband polarization components, which dif
in sign, partial cancellation occurs. Together with t
quantum-number dependence of the transverse relaxa
times, the damping of the resulting current is a rather co
plex interplay of these two effects. One sees, e.g., a rev
phenomena: At a certain time total cancellation of all con
butions occurs; after the strongly damped parts have d
out, only the weakly damped contributions~which are below
the one-phonon threshold! survive. By these means the ca
cellation is lost, and therefore some current reoccurs.
reason for these weakly damped contributions that still e
even for large detunings is the lack of a selection rule in
Landau levels for the optical excitation. For large detuning
particle ~e.g., an electron! can be created high above th
threshold, while its counterpart~e.g., a hole! is created in a
state below threshold, or vice versa. This explains also w
the damping effectively sets in already with a detuning
about one-LO-phonon energy. A similar one-phonon thre
old behavior has been seen in the case of Bloch oscillat
as well.30

All these features are more clearly seen in the Fou
representation of the current~see Fig. 3!. The electron and
hole cyclotron frequencies appear as separate peaks for
detuning. At about a detuning of an LO-phonon ener

FIG. 2. The time evolution of thex component of the curren
versus detuningD for fixed fields:E54 kV/cm, B54 T.

FIG. 3. Spectra of thex component of the current versus detu
ing D for fixed fields:E54 kV/cm, B54 T.
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damping broadens the peaks, and the competition of diffe
interband polarization contributions causes a crossover f
a simple peak structure to a peak-valley-peak struc
around both cyclotron frequencies. This can be understoo
terms of a superposition of two differently broaden
Lorentzians with different signs. Only the additional sat
lites have no physical meaning, but are numerical artifa
Although the parameters of our theoretical analysis do
match those of the experiments of Ref. 28, in which only
electric depletion field has been used qualitatively the sa
features are observed: decay on a picosecond time scale
oscillations with the cyclotron frequencies of electrons a
light holes. In Fig. 4 the integrated square amplitude of
time derivative of the current, which is proportional to th
radiated signal, is shown. Again this result resembles tha
the experiment.28 A peak for small detunings of about 25–3
meV is followed by a dip. This dip is due to the stron
increase of damping for excitations above the LO-phon
energy. In the experimental results, however, the minim
of the dip is reached for twice the LO-phonon energy. T
has been explained in terms of the magnetophonon r

FIG. 4. Integrated square amplitude of the derivative of the c
rent as function of the detuningD for fixed fields:E54 kV/cm,
B54 T.
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nance, with the argument that due to the magnetic selec
rules both electrons and holes had to be excited ab
threshold. As shown before, it is a crucial point of our ana
sis that the selection rules do not hold forEÞ0. Thus for a
magnetophonon resonance at 2\vLO one has to assume th
limit of small electric fields, but then the signals would b
very weak as well. Because the intrinsic depletion field in
experiment of Ref. 28 has not been under control, furt
experimental examinations of the field dependence
needed.

VI. CONCLUSION

The mechanism of terahertz generation in a bulk semic
ductor in perpendicular electric and magnetic fields has b
studied in terms of Bloch equations. We emphasized the
portance of the electrical field in breaking the symmetry a
inducing the polarization components between various e
tron or hole Landau subbands. These inter-Landau-subb
polarization components are responsible for generating
oscillating current and thus the terahertz signal. Furtherm
the damping of these signals, respectively the current, is a
lyzed in terms of LO-phonon scattering. As a characteris
quantity, transverse quantum-number-dependent inverse
laxation times have been calculated. A smeared-out o
phonon threshold is obtained, which leads to two differe
damping regimes: below this threshold regime only a we
damping exists, while above the threshold regime damp
on a picosecond time scale is calculated in qualitative ag
ment with the few available experimental data in this geo
etry.
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