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

[. INTRODUCTION late the optical excitation and the scattering due to LO
phonons in this representation. Then we derive the kinetic
Within the last decade considerable efforts have been deequations on a reduced subset of quantities, sufficient to ex-
voted to the search for teraheffgHz) emitters as well as to press the current connected with the THz radiation. Finally
the use of this radiation as a method of condensed matté¥e present numerical results and discuss them with respect
spectroscopy. In this context a new research topic known 2 experimental observations.
the dynamical Franz-Keldysh efféct developed. Several
mechanisms have been proven to generate THz signals: ch- THE REPRESENTATION OF A SHIFTED OSCILLATOR
herent phonon$/ optical rectification and instantaneous

H H -12 H : 3-15
polquzgnor?m In magnetic fields, cold plas_nfg in the x direction, the Hamiltonian for an electron or hole
oscillations'® asymmetric double quantum wefi§;

heavy—light-hole beatings in quantum welf$° and Bloch (i=e,h) s in the asymmetrlc ,La”‘?'a“ g.aque:xBey,
oscillations in superlatticed23As different as these mecha- Whereey is a unit vector in they direction, given by

nisms are in detail, they all are footed on common ground: In
a system with broken symmetry it is possible to create co- Hi=—
herent wave packets by short laser pulses. When the wave 2m

packets are charged, the motion of the wave packets givgSecause the potential energy depends only onxtheordi-

rise to a time-dependent dipole moment and a correspondingate, one can use plane waves in yhendz directions:
emission of electromagnetic radiation in the form of THz

For a magnetic field in the direction and an electric field

2

h. .. 4
i—V—e'eyxB —e'éx. (2.1

oscillations. With respect to emitter applications, the tunabil- . ellkztky)
ity and the amplitudes of the signals, as well as the damping lﬂ(r):TﬁX)- 2.2
of the oscillations, are of crucial interest. =y

In the present paper we show how THz radiation can bé&he resulting Hamiltonian for(x) is bilinear inx and can
generated in bulk material exposed to perpendicular electribe put into the form
and magnetic fields, known as the Voigt geometry. Here the
electric field serves to break the symmetry so that the optical . ﬁ2k§ h2d®> 1 i . o (e&)?
' +omiwd(x—X)2—e'EXT+ =
2mdx® 2 2m; o)
(2.3

excitation leads to a coherent generation of electrons andd'= om.
holes, while the frequency of the oscillations is determined '
by the magnetic field, which can be tuned readily. As the
dominant damping process we investigate the interactiomhere the spatial shift of the oscillator origin is
with LO phonons by calculating quantum-number-dependent

transverse relaxation times. A main feature of our analysis is e e'&l?

that these relaxation times are not taken as phenomenologi- X':glzky+ PO

cal fit parameters but are calculated microscopically. It has @e
been found’~?° that the relaxation time is considerably The cyclotron frequencys’, and the magnetic lengthare
larger than that without applied fields. Our calculated relaxgjyen by

ation times yield an explanation for the observed THz signals

(2.9

on a picosecond time scale. Furthermore, the complex inter- . eB f

- . . we=—, 1?=— (2.9
play of excitation and the various transverse relaxation times < m eB’ :
could not be described by a simple classical model with a '
constant damping term. In these formulas the electron and hole chargese&re—e

The paper is organized as follows: First we diagonalizeand e"=e, respectively. The eigenfunctions are given by
the one-particle Hamiltonian in the crossed fields and formushifted oscillator eigenfunctions
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P (r) —ei(kzmyy) dn(x—X) (2.6) X 12k lel&1” X 12k, + lel&1® (2.10
r)y= X— , ) = — — y = — . .
vLLy " ¢ Y fiwg " Y ﬁwg
where
Thus the field operators for the electron and the hojér,t)
B 1 222 (x| in the overlap integral are shifted differently. Expanding the
$nl(X)= [\l 2"n! € n(X/1), field operators into the eigenfunctiof.6) one gets
) d
2 2
Hn(x)=(—-1)"" ot o (2.7) P()=¢ > C(g)nn,<a2,'X%_kz(t)aﬁsz(t))+H.c.,
X n,n’, Xk,
and the spectrum is (2.13)
. h2K2 i il e’e? With C(&)nn =S dX ¢n(X) b (X— &), Where é=|e|El%/ o,
€nxk, = gm, TNt ) mEXEF 2o, (28 with Lwe= 1w+ Lol=(me+m,)/|e|B. Again the effect
e of the electric field is twofold: Equatiof2.11) shows that the

which is composed of the kinetic free-particle energy inzhe creation and annihilation of the electron-hole pair is nonlocal
direction, the Landau energies, and two corrections due t¢a hole is created at+ & while the electron is created Xj).
the electric field. Note that the effect of the electric field is This effect has been well examined in the purely electric case
twofold: First the degeneracy of the energies with respect t§3=0), where it is known as optical rectificatiGrniviore-
X is lifted and second the shift in the wave functions be-over, the selection rules known from the purely magnetic
comes mass dependent. casé (£=0) are destroyed: the optical matrix element may
Using this shifted oscillator basis we now treat the cou-be nondiagonal in the Landau-level quantum numbers. From
pling to the light field. Because the optical wavelength isthe overlap integral one sees that the orthogonality of the
typically larger thanl, the interband polarization has to be shifted oscillator functions no longer applies, because the
averaged spatially. Within the slowly varying envelope ap-shift of the wave functions is different for electrons and
proximation, the averaged polarization is holes. This point is crucial for our analysis: Only due to the
d symmetry-breaking effect of the electrical field does it be-
_ 3./ (7 (F come possible to excite wave packets with short pulses,
Pt)= Vf dr{Fa(r,¥e(r)+H.c, @9 which \?vould otherwise be forbidgen by the selectionprules.

whered is the matrix element between the Bloch states of théA‘S W'". be_dlscussed later th‘?se wave paqkets and th? corre-
conduction and the valence band close to the band edge. ngondmg intersubband polarization give rise to THz signals.

the optical transitions the momentum components are con- At low densities, Whe_re the _eIeCtr_on-eIectron Interaction
. , , - can be neglected, the interaction with LO phonons is the
served, i.e.k,= —k;, ky=—k;, where thex, k" wave vec-

L dominant scattering mechanism. This interaction is usually
tors refer to the electron and hole, respectlveaig(’.X’kz are  modeled in the basis of plane waves by théHfich cou-

the annihilation operators for a partiglén the staten, Xk, . pling. To adapt this coupling to the Voigt geometry the
Because the excitation is diagonalkp, the shift quantum shifted oscillator functions are expanded in terms of plane
numbersX differ for electrons and holes due to the field waves in order to calculate the matrix elements. Fermi’s
term, golden rule yields the transition rates

W |

n'X’kz3”'1X'vk£:thLyLz[1+ N(ﬁwLO)]é( finx|&_ € - ﬁwLo)

i
!
n’X’kZ

2

f XDy (X) (= (X—X"))
X 6qy ka,k)/,(sqz ykZ*kl (212

LOH (U (X=X (k= ky)?

with e2 ( m; ) 1/2

ai:% Zﬁwo

1 1
e €
Arti(hw o)

a;

, is the dimensionless Fntich polaron coupling constant and

(2m;)*2 m; the effective mass of the electrons and holéh o, o)
=1/(eft“0—1) is the thermal phonon distribution. The

where transition rates for the phonon absorption can be obtained
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through the “detailed balance” relation from the given rate the electric field are easily observed. While the equations for
due to the phonon emission process. the intraband matrix elements of electrons and holes are nor-

These transition rates can now be used to write the fulmally equal, they differ here by the coupling to the interband
collision terms for a Boltzmann scattering. Instead of treatingoolarization via the optical field. Even more important is the
the full kinetics of the density matrix elements, we will take observation that the intersubband polarization components
only the dephasing of the off-diagonal elements by relax{  are excited at af®% In the next paragraph it will be
ation times into account. For this purpose we calculate thghown that this intersubband polarization is closely related to
probability (per timg to scatter from a given state into all the THz signal. Thus it is the electric field in the Voigt ge-
other statesneglecting the fact that this state may be occU-ometry that allows the THz emission. In order to handle the
pied already. Summing over all possible scattering channelsjarge number of density matrix elements caused by the ap-
the result is a quantum-number-dependent inverse transverﬁgarance of the intersubband polarizaticbb; , an approxi-

relaxation time mation scheme will be introduced, which is based on the
1 . properties of the optical matrix element. We showed that
== > 2 ngx - (213 C,. =Cnn 5x',x—g5kz,—k;- Although there is no longer a

Tnxk, Tnk, n’X'k; q ‘ z selection rule in the Landau levels, still the conservation of

Z

1

Thus all scattering processes give rise to exponential decay@Omentum enforceﬁszké and the shift in the quantum

The corresponding characteristic times are individually calnumberX to be fixed throughdx: x ;. Applying these rules

culated for any set of quantum numbers. to the equations one ends with a closed subset of equations.
It has to be emphasized that this subset is closed as long as

IIl. DERIVATION OF THE KINETICS ON A REDUCED Only the coherent pa|(132) to (34) is considered and scat-
SUBSET tering processes are neglected. On the other hand, the colli-

sion terms couple to quantities not initially induced by the

Postponing the scattering kinetics for a moment and putlight field. In this approximation these quantities are consid-
ting all quantum numbers,X,k, in one multi-indexv, the  ered to be of minor importance. Into this reduced set, we
Hamiltonian for the electron-hole system interacting with ainsert finally in the quantum-number-dependent transverse

coherent light pulse is relaxation times. ‘ .
With the definitions f. ., = frnxic Prxkr x—&—k
H=>, (2a®'a+eMaltah) =Pnn x—¢rk, the equations become
v

J i
(_ — Ve) fon X2k~ 3 % (Cam2RrPmn x,~k

1 .
-5 dE(he' >, C,,a%a+H.c|, (3.

*
whereE,(t) is the amplitude of the femtosecond pulse and CrmePmnx, 1)
is the central frequency. For the electron and hole subband d
density matrix elements we defing ,=(a''al,) with i T
=ge,h. One has to distinguish between populations=@¢")
and intersubband polarizations# v') by the index combi- %(9 . h)f

——iv

nation. The interband polarization components are defined a
h

fo ke (3.9

coll

i
h _
nn' X+é&2k 5 % (CanRPn’m,x,k

P,,,=e "“ala’ ). In the rotating-wave approximation the

14

equations of motion are . J .
' . _Cmn’QRan,X,k)—'—E fnn’Xk'
(0 I(e e))fe I EC (95 P coll
€, 7€, w' o 4 RYuv "y’
at h 2 = prnp (3.6
—QR8,,P*, ), (3.2 Ja . i
I E+|VP Pnn/XKZEQR( Cn/n_§ (Cmnf;n“x7§/2’7k
L R i
(E‘ %(ev,—ev))fw,=— 5 2 Cupr(QRrS,u P, i 5
pob +Cn’mfmn,x+§/2,k) +E Phrnrxk
_QRﬁV'#'P:M)’ (3_3) coll
(3.7
P iled ))P L 0eS C,(80, -
- — (€, GV_(U ! T A ’ ! vu! 1
at kv 27 R& Fun mov d i T ,
e = fonxswo=— 7 — (n#n’), (3.9
e h Jt coll X (Er2) %(Tlnk""rlrk
_5/1«/Vf,uv’_5"/ﬂ-f,u’v)’ z n'K,
3.4
( ) J _ Panxk
wherefiQg(t) = dEy(t) is the Rabi frequency. In these equa- Zt| Ponx= = [ (3.9
tions two consequences of the symmetry-breaking effect of coll 23 Tnk; " Tk,
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Herev®, v", andv® are defined as o1 - N - . o
| | J —vf ermi\Ifi (r,t) i—V—e eyxB|Wi(r,t)+H.c.
V=hwy(n—n'), i=eh (3.10 4.7)
one gets by expanding the field operators in the shifted os-
72k h2K2 cillator basis for the current componentagain with i
P_ A8 h z z e/ 1 —eh):
v =e, te,~o om, T 2m, +hw(n'+3) h)
. e .
E2 mé+m! Jy=— fik,f! , 4.2
+hol(n+1 —§—°2 C-A, (3.11) 32 mV n;kz Xl “-2
eEN'  |elhy2 .
whereA=w—E, is the detuning, i.e., the energy surplus of (Jy)y=- BV miv n;k VN+HLI R g x),
the light field with respect to the unrenormalized band gap. ' e 4.3
Note that there is no thermalization term in the equations '
with the populationsn=n’. Due to the electric field the A
) . . ) e'h \/f .
spectrum is not bounded from below if the spectrum is not <JIX>:T > Jn+1 Im(fl 1nxk). (4.9
limited by imposing boundary conditions. Therefore the par- m; n.Xky ‘

ticles do not relax toward a Fermi function. Populations thabbviously the current in the direction vanishes, as the ef-
do not relax might seem to be a highly unphysical feature ORect of the fields is confined to they plane. The first term

the picosecond time scale we are interested in, but thig, they direction describes a net current proportional to the
matches our approximation scheme: The THz signal is gemopulation. It is mass independent and dependent on the sign
erated by the intersubband polarization. With only transversgs the charges; in the case of charge neutralibe optical
relaxation times the equations of populations and intersubfie|d creates as many electrons as hplesanishes. It is of
band polarizations are only coupled on the short time scalgonceptual interest to see that in spite of the electrical field,
of the pulse(on which thermalization is not very effective  the coherent motion does not separate electrons and holes on
After the pulse they decouple and the damping of the intery macroscopic scale. Only the asymmetry in their scattering
subband polarization ién the model perfectly described by pehavior leads finally to a separation. The influence of this
the inverse lifetimes applied to these quantities. The longituscattering is weak and can be neglected for very low densi-
dinal relaxation time is of the same ordep to a factor of 2 ties. Therefore the electric field does not have to be calcu-
as the transverse rela>.<atioln time. Ogr calcu!ations show thgdted self-consistently. From Eqgt.2) to (4.4) it is obvious

the transverse relaxation times are in the picosecond rangghat all contributions to the current and to the radiated signal
while the excitation pulses are taken to be 144ftdl widths  stem from the intersubband polarization. More exactly, the
at half maximum of the intensity Because the longitudinal jntersubband polarizations for which the Landau-level quan-
relaxation time is much larger than the duration of the pulseym numbers differ by one are contributing. Reexamining the
the approximation is well justified. Izumidet al.”” did ex-  equations with respect to these quantities, it is immediately

periments with chirped pulses varying the pulse durationgjear that they oscillate with nothing but the cyclotron fre-
While they observe differences for longer pulses betweegyyency after the femtosecond pulse.

positive and negative chirp, which suggests occupation ef-
fects, there are no discrepancies for pulses of the short dura-
tion that we used. This is a confirmation that our approxima-
tion without thermalization is well applicable. The numerical evaluations are given for GaAs parameters
with an LO-phonon energyiw =36 meV. We consider
here the contribution of the light holes only, which have been
IV. THz CURRENT OSCILLATIONS studied also in the corresponding experiments. As all

Charge oscillations and thus current oscillations lead tdaxpe'riment?‘zgwgre done at low temperatures, in our cal-
the emission of electromagnetic dipole radiation. For the inculationsT=0 K is taken for the phonon bath, i.e., only
spected THz radiation only intraband contributions are takef®honon emission is considered. In all results the time integral
into account, i.e., the contributions from the interband polarOVver the Rabi frequency is taken to be OmQland the full
ization are neglected. These contributions are governed byidths at half maximum of the intensitffield squareglis
frequencies related to the band gap and are therefore in thtl fs (Gaussian pulse shapeFigure 1 shows the inverse
optical range. lifetime for electrons for the lowest Landau levels as func-

In the literature on THz radiation without a magnetic field tions of the kinetic energyHy,=#2kZ/2ms) for a magnetic
the creation of nonlocal electron-hole pairs has been studielield =6 T, where the electron and the light-hole cyclotron
as “instantaneous polarization” and a distinction has beerenergies areiwc=10.5 meV andfw’=8.5 meV. In the
made between displacement and transportowest Landau subband with=0 one sees a smeared-out
contribution®1%119 All these low-frequency parts are in- one-phonon threshold. For the scattering within this subband
cluded in the present model, although the displacement cuthe threshold becomes flatter with increasing electric field.
rent is hardly visible in the range of the considered param¥or the higher Landau subbands the damping increases al-
eters. ready at lower kinetic energies because of the transitions to

Starting from the definition of the current density operatorlower subbands. Fon=1 andE=6 kV/cm, one can see

V. NUMERICAL RESULTS AND DISCUSSION
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FIG. 2. The time evolution of th& component of the current
versus detuning\ for fixed fields:E=4 kV/cm,B=4 T.

component of the current would vanish. The two different
regimes below and above the threshold are easily recognized.
Below threshold there is little damping and so there is a
strong beating of electron and hole cyclotron frequencies, but
above threshold the situation is more subtle. There is not
only a strong damping, but due to the optical excitation of
different intersubband polarization components, which differ
in sign, partial cancellation occurs. Together with the
quantum-number dependence of the transverse relaxation
times, the damping of the resulting current is a rather com-
Eyjy (meV) plex interplay of these two effects. One sees, e.g., a revival
L phenomena: At a certain time total cancellation of all contri-
FIG. 1. Inverse of the transverse relaxation t|m§§2 for the butions occurs; after the strongly damped parts have died
electrons in various Landau levels versig,=%°2k2/2m, for a out, only the weakly damped contributiofshich are below
magnetic fieldB=6 T and an electric fiel&=4 kv/cm (upper  ihe one-phonon thresholsurvive. By these means the can-
figure) andE=6 kv/cm (lower figurg. cellation is lost, and therefore some current reoccurs. The

clearly first the contributions due to the intersubband scatter~ oo0r for these weakly damped contributions that still exist
. y o . even for large detunings is the lack of a selection rule in the
ing by phonon emission ta=0, followed by the contribu-

. ) . andau levels for the optical excitation. For large detuning, a
tions due to the intrasubband scattering. Because the spec tticle (e.g., an electroncan be created high above the

of the subbands are not bounded from below due to the terg . © 0o e counterpafe.g., a holgis created in a
_elg.xl intrasubband scattermg 'S at least |n2 principle alsostate beI(;w threshold, or vice vers,a. This explains also why
possible even at very small kinetic energied;/2me. But o damping effectively sets in already with a detuning of
due to the localization of the wave function in the magnetic,p ¢ one-LO-phonon energy. A similar one-phonon thresh-

field, scattering over a distance, which is considerably largeg|q penavior has been seen in the case of Bloch oscillations
than a few magnetic length@letails are dependent on the 5 |30

shift due to the electric field and the quantum numbers of the 5| these features are more clearly seen in the Fourier
wave functiony becomes extremely weak. Because the disiepresentation of the currefee Fig. 3 The electron and
tance in the scattering process is limited, the energy gainéfloe cyclotron frequencies appear as separate peaks for low

by the nonlocal process in the electric field is restricted alsodetuning. At about a detuning of an LO-phonon energy
For the parameters we studied (&B<8 T, 4 kVicm<¢& '

<6 kV/cm) this energy is by far to small to provide the 36

/7 (1/ps)

meV necessary for the emission of a LO phonon. Thus for 2 iy [ /"C\\
intrasubband scattering the main contribution has to come§ il /IO“‘“\\\Q“'%(‘\’{\‘,‘.“\\
from the kinetic energy. S L /I"‘“‘\‘,‘/I“\\\«(.&!‘\;\‘,\‘!‘“\
From the calculated relaxation times one expects an ap& 7| | I,::.:}‘II"““\\\V//I"“‘\‘W
proximately undamped motion for excitations below the A 45 | ,,;:73:':;;;:'//[['”0"':’7/”‘ \\2,4::.3,:::;"’.‘&%
threshold and damping on a picosecond time scale for abovi=* 'éf:?iég;;;?j;mw///ll,”‘“,,?fgf =
threshold excitations. This result is in agreement with the ¥ it
experimental observatiofis?® of a few resolved cycles of e 080

cyclotron radiation on a picosecond time scale. 4 ‘ 3
In Fig. 2 the mean current in thedirection is shown as a g g1 A (meV)

function of time and detuning. We limit ourselves to the ® (meV)

component, for its contributions of electrons and holes add

up, while in they direction they work against each other, so  FIG. 3. Spectra of th& component of the current versus detun-

that in a model with equal electron and hole massesythe ing A for fixed fields:E=4 kv/cm,B=4 T.



5008 G. MEINERT, L. BANYAI, P. GARTNER, AND H. HAUG PRB 62

(58]

nance, with the argument that due to the magnetic selection
rules both electrons and holes had to be excited above
threshold. As shown before, it is a crucial point of our analy-
sis that the selection rules do not hold ## 0. Thus for a
magnetophonon resonance dta2 o one has to assume the
limit of small electric fields, but then the signals would be
very weak as well. Because the intrinsic depletion field in the
experiment of Ref. 28 has not been under control, further
experimental examinations of the field dependence are
needed.

Integrated Amplitude

I
(%)
T

0=0 10 20 30 40 50 6 70 80 VI. CONCLUSION

A (meV) The mechanism of terahertz generation in a bulk semicon-

FIG. 4. Integrated square amplitude of the derivative of the cur-ductor in perpendicular electric and magnetic fields has been
rent as function of the detuning for fixed fields:E=4 kv/cm,  Studied in terms of Bloch equations. We emphasized the im-
B=4 T. portance of the electrical field in breaking the symmetry and
inducing the polarization components between various elec-

damping broadens the peaks, and the competition of differeriton or hole Landau subbands. These inter-Landau-subband
interband polarization contributions causes a crossover frorRolarization components are responsible for generating the
a simple peak structure to a peak-valley-peak structur@scillating current and thus the terahertz signal. Furthermore,
around both cyclotron frequencies. This can be understood if1e€ damping of these signals, respectively the current, is ana-
terms of a Superposition of two different|y broadenedlyzed in terms of LO—phonon Scattering. As a characteristic

Lorentzians with different signs. Only the additional satel-duantity, transverse quantum-number-dependent inverse re-
lites have no physical meaning, but are numerical artifactslaxation times have been calculated. A smeared-out one-
Although the parameters of our theoretical analysis do noPhonon threshold is obtained, which leads to two different

match those of the experiments of Ref. 28, in which only arfdlamping regimes: below this threshold regime only a weak

electric depletion field has been used qualitatively the sam@amping exists, while above the threshold regime damping

features are observed: decay on a picosecond time scale afl @ picosecond time scale is calculated in qualitative agree-
oscillations with the cyclotron frequencies of electrons andment with the few available experimental data in this geom-

light holes. In Fig. 4 the integrated square amplitude of theetry-

time derivative of the current, which is proportional to the

radiated s_,ignal, is shown. Again this re_sult resembles that of ACKNOWLEDGMENTS
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