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Cyclotron-Stark-phonon resonances in semiconductor superlattices under terahertz irradiation
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The influence of strong terahertz irradiation on quantum transport in semiconductor superlattices under
parallel magnetic and dc electric fields is studied within a quantum-kinetic approach. The consideration is
focused on field strengths at which Wannier-Stark and Landau quantization occur. The current density com-
prises two different contributions. One is due to scattering-induced delocalization of carriers. The other one is
negative, and results mainly from photon absorption processes. Within a microscopic as well as a simple
relaxation-time approach, the electric- and magnetic-field dependencies of combined cyclotron-Stark-phonon
and Stark-photon resonances are studi€0163-182@09)06811-3

I. INTRODUCTION Therefore, there is a competition between dynamical
delocalizatiorf, which leads to an increase of the current and
The dynamics of charged particles in semiconductor sua tendency that the carriers use the energy of the irradiation
perlattices(SL’s) subject to a time-dependent external elec-field in order to tunnel against the dc bias, which may lead to
tric field has been the subject of intense research. The adveah absolute negative current. Quantum-mechanical transport
of free-electron lasers that are continuously tunable in the@ccurs when the THz frequency is larger than some recipro-
terahertz(THz) range allows a systematic study of effects, cal collision time! Otherwise all resonance structures are
which result from alternating fields in the THz domain. A completely smeared out by collisions, and the current is rep-
variety of time-dependent phenomena have been predicted tesented by some time-averaged quantities.
occur, such as Bloch oscillatiohs, self-induced We will restrict our consideration to SL’s with sufficiently
transparency, negative differential conductivity,absolute low carrier densities. Otherwise dynamical instabilities, in-
negative conductandephoton-assisted transpdrgnd other  cluding transition to chaos, are predicted to occur under the
effects. Under the conditions that only the lowest minibandinfluence of an ac field due to the formation of field dom&ins
of the SL is occupied and collisions can be neglected, carrier the self-consistent interplay between the internal and ex-
ers execute Wannier-Stark oscillations under the action ofernal fields'° The related cooperative oscillations lead to a
strong dc electric fields. They are localized by moving alonghighly multistable behavior of the electronic system.
closed orbits, and do not take part in the dc transport. The The main objective of our paper is to study quantum
carrier transport is only activated by scattering processes. kransport in SL’s under strong dc and ac electric fields.
an ac field is applied to the SL, a second transport chann&uantum effects are strongly enhanced by a magnetic field,
opens up due to delocalization of carriers in the irradiationwhich we therefore include in our consideration. When elec-
field accompanied by resonant photon absorption. In this parons are subject to a magnetic figfdapplied parallel to the
per we will systematically study these two sources of carrieiSL axis, the in-plane motion also becomes quantized. The
transport under the influence of dc and ac electric fields aprelated gradual confinement of the lateral electron motion by
plied parallel to the SL axis. the magnetic field allows a simultaneous treatment of
Intense dc and ac electric fields lead to interesting featureghoton-assisted tunneling between Wannier-S(avs) lad-
in the current-voltagel¢V) characteristics. Near zero bias a der states in SL's and quantum-box SL's. WS localization
THz field tends to localize the electrons, which oscillate withand Landau quantization of the in-plane motion lead to a
a finite amplitude, and the current density is suppressed. Thisompletely discrete energy spectrum. As a consequence, life-
is a manifestation of dynamical localizatimyhich is a spe-  time broadening becomes fundamentally important. Reso-
cific resonance of oscillations with the frequeneyof the  nances associated with dc and ac Bloch frequencies, and THz
THz field and the ac Bloch frequendy,.=eE,d/% (where and cyclotron frequencies, as well as scattering on polar-
E,c is the ac electric field strength, amtthe SL periog. ~ optical phonons, give rise to a number of peaks in the field-
When the dc bias increases until the ac and dc field strengttgependent current density. We want to stress that this field
become comparable, ac and dc Bloch oscillations interfereonfiguration enables experimental and theoretical studies of
resonantly, which can lead to a gain of one field. This gain isesonances and nonlinear dynamical phenomena in artificial
independent of collisions that govern the dc transport. Atsemiconductor SL’s, which have been accessed up to now
Qy=ko (WhereQy.=eEyd/% is the dc Bloch frequency, only in atoms and molecules.
andk an integer the carriers tend to escape to infinity. On  Most previous theoretical work treated the dynamics of
the other hand, under this condition tunneling against theharge carriers in SL's within a one-dimensional transport
field direction by absorbing a photon becomes resonanmodel on the basis of the Boltzmann equation in a constant
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relaxation-time approximation®'2-*"This simplified model so-called standard theory of photon-assisted tunnéfifg,
provides only a crude description of scattering processes, anghich expresses theV characteristics under irradiation in
neglects the quantum nature of the transport as well as therms of the dc current. On the basis of our microscopic
heating of the lateral electron motion described by the threeapproach, we arrive at the conclusion that this approach is
dimensional electron distribution function. Like the balance-not able to cope with quantum transport. We will demon-
equation approacH, this quasiclassical approximation ne- strate that the carrier transport under THz irradiation is not
glects the quantization of eigenstates associated with theompletely determined by the expression for the dc current.
high electric field. However, guantum-mechanical effectsinstead, the time-averageaeV characteristics are composed
have been unambiguously identified in SL transportof two different contributions, namely, one which is due to
measurementS-2!Calculations of the current within the se- scattering of carriers on phonons, and another one which
quential tunneling mod& %3 do not cope with the statistical results from phononless delocalization of electrons in the
properties of the SL system under strong electric fields, beradiation field. This result is obtained from a full micro-
cause they use equilibrium distribution functions. To ourscopic quantum-kinetic approach, and will be compared with
knowledge there is no rigorous theoretical study of quantuntonclusions drawn from a simple relaxation-time approxima-
effects in SL transport that accounts for the influence of aion.
strong THz field. It is the main objective of our paper to fill The paper is organized as follows. In Sec. Il we shall
this gap, and to present a microscopic quantum-kinetic apderive explicit quantum-kinetic equations that describe the
proach that accounts for quantum transport in SL's undehigh-field transport. The relaxation-time approximation is
THz irradiation. We will focus on the influence of strong treated in Sec. lll. Numerical results will be presented and
THz irradiation on electronic transport in semiconductordiscussed in Sec. IV. Finally Sec. V provides a summary of
SL’s in the presence of parallel dc electric and magnetiour work.
fields applied perpendicular to the layers in the WS and Lan-
d_au quantized regim_es, where the electric gnd magnetic II. KINETIC EQUATION
fields cannot be considered as small perturbations. The cur-
rent density is calculated within a microscopic quantum- A simultaneous description of WS localization and Lan-
kinetic approach that takes into account the heating of the€lau quantization requires an exact treatment of the external
lateral electron motion via the nonequilibrium electron dis-electric and magnetic fields. It is expedient to include these
tribution function. Intracollisional field effects due to both fields into the unperturbed paft, of the total Hamiltonian.
the dc electric and magnetic fields are included. This makebsing the so-called WS representation, which diagonalizes
it possible to treat simultaneously WS localization and Lan-H,, one can derive a kinetic equation for the density matrix
dau quantization of the in-plane motion manifest in a com-y treating scattering as a small perturbafiof’ We start
pletely discrete energy spectrum. Under this condition thdrom this formulation, and switch in the course of calculation
consideration of lifetime broadening effects is essential. Thén an exact manner to the Wigner representation by consid-
importance of dissipation and line broadening has also beeering the symmetry properties of correlation functions in the
stressed in Ref. 5, where up to four photon resonances haygesence of electric and magnetic fields. The derivation of a
been identified. The discrete energy spectrum leads tquantum-kinetic equation for the electron distribution func-
cyclotron-Stark-phonon and Stark-photon resonances, whiction of a spatially homogeneous system within this frame-
are systematically studied both in their electric andwork is well documented in the literatur®;?and its gener-
magnetic-field dependences. Particular emphasis is put aalization to time-dependent phenomena is straightforiard.
the magnetic-field dependence of such interesting features Restricting consideration to electrons in the lowest miniband,
the |-V characteristics as dynamic localization, resonant dewhich interact with phonons, and assuming that the homoge-
localization, and the absolute negative current induced byeous electric field is aligned along thexis perpendicular
photon-assisted tunneling against the dc electric field. to the layers of the SL, in the limit of low electron densities
It has been claimed in the literatdfethat the main ex- we obtain the following kinetic equation for the time-
perimental findings®*?° can be well described within the dependent distribution functiof(k|t):

af (K|t) N eE,(t) af(k|t)
ot h K,

~ Lol AT~ ek AT =43, M a(@)l ok kit ~Fokk—aly).
®

in which E,(t) = E4.+ E,; cOSwt is the time-dependent elec- phonon coupling matrix element for phonons of wave vector
tric field andA(k) the vector potential of the magnetic field gin branchx. g(q,) is the form factor of the SL miniband
in the symmetric gauge. a(k)zﬁzkfIZm* +A(1 calculated in the extreme tight-binding linift The electron-

— cosk,d)/2 describes the tight-binding band structure of thephonon interaction is considered as Lei, Horing, and*&Hi
lowest miniband with the widtlA, andM,, is the electron- treated it in their studies of the SL miniband transport. We
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use a simple bulk-phonon model that disregards effects of i

confined and interface phonons. This approach neglects de- Fo(k+a,klt)= > 2 (D g 2B w2t 2
tails of the electron-phonon interaction in a SL, which are "

not of great relevance for the high-field transport studies and

in the context of our present interest. The correlation func-

tion Fy, which enters Eq(1), is expressed by the expecta- of electron @) and phonon I, ) field operators. This cor-
tion value relation function satisfies itself a kinetic equation of the form

IF o(k+q,kt) N eE,(t) dF 4(k+a,klt)
at h Kk,

- Iﬁ[a(k—FA(iVk))—s(k—A(in))—hwqx]Fq(k-i- q,k|t)

1
=ﬁqug(qZ)[(Nqﬁl)f(k+0||t)—quf(k|t)], ©)

with Ng, being the equilibrium phonon distribution function aag, the phonon frequency. The expression on the right-hand
side of Eq.(3) has been obtained by a decoupling of the electronic four-point function. Applying the method of
characteristics® Eq. (3) can be solved exactly with the result

af(Klt)  eE(t) af(klt) i , , t
(m| ) 2 ﬁ() (gkl)—fl—i[s(k+A(|Vk))—s(k—A(le))]f(k|t):%: dt’ f(k' [t )W(K’ k

to

t',1), 4

where at timet, the external fields are switched on. The scattering probatiig given by’

4 ) , . L
W(k' K[t t)= 2 % IMal?19(a,)|? Re[(Ngy+1)e a4 Ny, eleat=1)]

PR VR N PP BN (PR AU S Pt

X1 P k+§,k E,qt,t) Pk+2,k+2,qt,t)], (5)

where the field-dependent Green’s function
i (t-t' q e [t+t" )
P(k’,k,gt’,t)=ex ——f dt’| e k’+—+—f d7E(7)+A(iVy)
hlo 2 hly
, g e (t'+t" i
el k-5t - d7rE(7) = A(iVie) | |1 8 ket (et drE(n) (6)

has been introduced. From EdS) and(6) it is seen that the scattering probability depends on the magnetic and electric
fields. These intracollisional field effects have been treated in an exact manner. As a consequence, during the scattering proces:
neither the energy nor the quasimomentum are conserved in the condidexesentation.
For the considered alignment of the electric and magnetic fields parallel to the SL axis the distribution féiidtipn
depends only on the norm of the perpendicular momerkuma |k, |, so that the third term on the left-hand side of E4).
vanishes. For a sinusoidal ac electric field with a frequeagythe distribution function is periodic in timgf (k|t+T)
=f(k|t), with T=27/w]. By making use of the Fourier transformation

k= > em!fy(k), )

the kinetic equatiort4) is rewritten in the form

=2 2 Fr(K) Wiy (KK, ®)

k" m’

: eEyc Ifm(k)  eBad dfmia(K)  dfp-1(K)
motm(K) = 2n |\ Tk, T ok,
where in the limitty,— —o0 the scattering probability is calculated by E§), and

w (27w o, Es o
W,y m(k' k)= EL dt €(m *”W‘fo dt’e ™ eUw(k’ k,t—t’,t). 9)
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In the derivation of a kinetic equation we will neglect the influence of the ac electric field on the scattering. This is expected
to be a reasonable approximation when the Bloch frequéhgyf the ac electric field is much smaller th&y.. In this case
we have

Pk’ k,qgt’,t)=P(k’ ,k,qt" —t), (10

from which we obtain for the kinetic equatidB)

. eEqc Ifm(K) | B dfmia(K)  dfp-y(K)| . ,
imof (k) + — i + 20 | ok, + 7 _%‘,fm(k YW (K’ K), (12)
with
’ _ * —St—imwt ’ q q ’ q q
W (k' k)= | dte > Redq (D[P k' + 5 ,k—5,qt]|—P| k' + 5 ,k+ 5,qt (12)
0 = 2" 2 2" 2
and
) (t)=i|M 1219(a,) |2 (Ngy + 1)~ "al+ Ny, e'“al] (13
)N 52 g z [OIN ()N .

In Eg. (12), sis a phenomenological parameter that accounts for a finite level width.
For parallel electric and magnetic fields aligned perpendicular to the SL layers there is no direct coupling between the
electric and magnetic fields, so that the Green’s funcBdactorizes exactly:

P(k, ,k,qlt) = Pi(ki lki vq_L|t)PZ(k£ !k21qz|t)' (14)
The lateral electron motion is spherically symmetric. This suggests to use the following ansatz for the distribution function

©

f(K)=2712ne 8>, (—1)"Lo(2K212) frn(k,y), (15

in which |z is the magnetic lengthm the electron sheet density, ahg are Laguerre polynomials. Equati¢h5) has already
been exploited in our previous studi®s’ Inserting the ansatzl5) into Eq. (11) the following set of integro-differential
equations is derived for the unknown functiohs.(Kk,)

imaf mn(k,) +

eEqc If mn(ky) . eEad Ifm+1n(Ky) N I m—1n(Kz)
o ok, 20\ ok, ak,

OO ! * —St—i ! q q '
=2 > fmn,(kz)fO dt e 'm‘"‘% Re(qu(t):Pz kz+ f,kz—{qzt)P(n At
k, n’=0 ,

K+ 2 %z

_Pz z 2!kz+?iqz

t>P+(n’,n,qL|t)], (16)
with the abbreviations

a.

2(_1)n+n’ 2L, 2L a— (K2 +k'?)12 1212 22 , a
Ig dok,dkie " Bl (2k “l5)L(2kT 1) P, kl+?,kLi?,th . (1)

P.(n",n,q,|t)=8
«(n",n,q.[t)=8m 2

In a rigorous treatment the matrix element of the electron-phonon coupling is dynamically screened, which smears out the
steepq dependence at— 0. We will not go into the details of a many-body approach that accounts for screening effects. This
complication will be circumvented by using a simple model that neglectsjttiependence of the electron-phonon matrix
element and the dispersion of optical phonons:

IMql2l9(a,) >~ il (18)

wq is the dispersionless frequency of polar-optical phonons. Although this approximation is probably not very realistic for
polar-optical phonons in SL’s, it is sufficient to demonstrate all basic physical features that we want to display. Relying on this
approximation, all momentum integrals in E46) can be calculated analytically. Describing the lateral electron motion by a
parabolic dispersion relation thg integral overP.(n’,n,q, |t) can be calculated with the restilt
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On.n/

fwct(n+1/2)
212 21 SN ll2) : (19

T
2 P(n'inq )y =-—5e M0 3P (n',n,q.[t)=
qr 27l qr

g

where .. is the cyclotron frequency. These equations are used to derive the following simplified version of the kinetic Eq.
(16):

eEdc afmn(kz) + eEac/ ‘9fm+ln(kz) + afmfln(kz)
ho ok, 2h | ok, ok,

imofq,(k,)+

1

"2 |22 > . at e StUIMotRe O (1)[ f py (Kp) €M "MP, (K] k,|t) = fron(kp) €'t 1IP (K] k1),
g ké n'=0

(20
in which we used the abbreviations
, B , Uz d:
P kelt) =2 Po| Kyt 5 ke 5 G (21)
and
wSF ot (ot
d(t)= 2 [(Ng+21)e "o+ Nge'“]. (22

In the final step of our derivation of a kinetic equation the periodicity of the distribution furf¢tidong the field direction is
exploited[ f,(k,+27/d)=f,,(k,)]. Making use of the Fourier transformation

frn(ka)= 2 f e, (23

Equation(20) can be cast into a set of linear equations for the unknown nunfbers
, , i S - ) ,
('mw+|| Qdc)f Imn+ ElQac(f Imfln'i_f Im+1n): 2 2 Alrln,nn’f Imn’
n=01"=-

ee] 2 o
! z 2 (i) fzw,ddkzdkéen’k;d—ilkzdf dt e St-imet
0 0

B Zwléd n'=o I’ 27T
x[f!' Red(t)els™ WP, (k. kjt)
—f!' Re®(t)el“ct™ P, (k. k,|t)]. (24)

In this equationA'n'q:nn, are the matrix elements of the f'n;n, bY 6m 00 of 8n, in this term. In addition, it is necessary

scattering-in and -out contributions. The set of homogeneou® account for damping of resonances that stem from the
linear equationg24) has to be solved while taking into ac- THz field. To that end we collect scattering-out contributions
count the normalization condition with |=1". which dominate in the limiA/%Q4<<1. Putting
all this together, from Eq(24) we obtain the following
* guantum-kinetic equation valid for high electric fields
2 fo=1. (25
e

imo+il Qg f L+ BhLf!
Throughout this paper we refer to large dc electric-field (ime @0 T Bof mn

strengths, where WS localization occuf3y.7>1. In this i | | |

case the perturbational treatment of scattering, which induces +51Qadf 10t Fimi1n) = 0meDn,  (26)

the current, has become a unique method of determining the

high-field transport® Under the conditiorf) 47> 1 and high

THz irradiation, it is sufficient to retain only the main Fou- Where B,'=(Bl)* andD_'=(D!)*. The matrix elements
rier components of the distribution function on the right- B!, that microscopically account for the damping of current
hand side of Eq(24), which implies replacing the numbers resonances induced by the irradiation field are given by
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1 o < © il L @ [P A A
Bl — > 3 wa gt e sti0+)2d fn=Dh5—|  dte ™V c+ [ dre™™], (32
27T| Bd n=01"=— 0 mJo 0
o (n—n')t where the integration consta@tis determined from the pe-
XRe ®(t)e'“ : (27 tiodic boundary conditiorf L (t+2m/ w)=1(t). In order to

As we will show below, the current density is proportional to calculate the remainingintegrals in Eq(32), the following
the matrix element®'~ "1, which are expressed by expansion in a series of Bessel functions is used:

Ikwt (33)

Qg ) (
_ 1 20 = ex;{ il —sinot E J
Dy =- dCZ >0 F.,f dte~st © =

2
2lgd —or A solution of the kinetic equatiof26) refers to the case of
high dc electric-field strengths(Xy.7=1). It should fulfill
the essential requirement that the nonequilibrium distribution
X g lwe(n’ ~mt+il'Qgd] 28 function of the dc case is reestablished in the lif@jj.— 0.
' This is achieved by making use of the replacemal,t,t
The miniband widthA enters the kinetic equatiof26) only ~ —Dp(1—iB}/1Qq) in Eq.(32), which is in accordance with

X[ 5 ® ()€l Wi el 8 (1)

via the functionF,: our assumption)4.7>1. Finally, we obtain the following
solution of Eq.(26):
=—| dz ( smz) 29 D! * i1Q.+B!
=elyee i, ST
HQge k=== i(1Qg—ko)+B!

Thet integrals in Eqs(27) and(28) are elementary, and lead

to poles in the complex frequency plane. which indeed reduces to the nonequilibrium distribution
Our final set of linear equatior@6) for the components  function of the dc casp(f ) gc= D1/il Q4c], WhenQ . van-

f 1an OF the electron distribution function can be solved ex-ishes. Solution34) has been obtained under the condition

actly. This is most conveniently done by transforming backthat the influence of an ac field on scattering can be ne-

to the time representation. This results in a first-order differglected. Which effects an ac field exerts during scattering

ential equation events is an open question which deserves further investiga-
tions.
| Once the distribution function has been calculated the cur-
dfn(t) +i dAl(t) fl(t)= D (30) rent density is readily obtained from the equation
dt dt "
with Co_ & de(K)
dA(t) - Inserting the considered cosine tight-binding dispersion rela-
“ar [ (Qact Qg COS0L) +By/i, (3D tion into Eq.(35), from Eqgs.(7), (12), and(23) we obtain the
following explicit expression for the time-averaged current
which is easily solved. The time-averaged solution is density:
) w [27lo I=—1_¢l= |_ -1
Jz—ﬁfo dt (=" > E (fon = lmE fon (36)

From Eqs(34) and(36) the current density is expressed by a sum of two quite different contributions, which correspond to the
above mentioned mechanisms of delocalization:

]

end (Ol @)
4ﬁQdc n=0 k=—» (QdC_ kw)z_ZQdc Im B:,]=71+|B!’1=71|2

J-Z:](thonor)_{_J photon _

X{ReD= " H[ Qg Qg kw) —2Qqe Im B2+ [BL= 7121+ Im(D)” ko ReB= 71 (37)
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If the ac electric field vanishe<€)X,.=0) only thek=0 term tribution function is recovered that governs the dc transport.
survives in thek sum, and it remains, as it should This is achieved by relating, to the nonequilibrium distri-
be, the scattering induced current density;*  pytion function ¢')q., which determines the carrier trans-
=enAX, ReD!="Y/(4%04) at the presence of a strong dc port under constant bias:

electric field. This current contribution is calculated from the

e_mtisyrlnmetric part o'f.the nongquil?brium .distribution fun_c- 7|n:(iTaJQdc+ 1)(f |n)dc_ (40)
tion (f )¢ If an additional ac field is applied to the SL this _

part, denoted by"""™", is modified as indicated. There is a T is the formal solution of Eq39) for Q.= andm=0 and
second contribution to the current densit{?™®, which  fulfills, as (f ) 4 does, the sum rulé25). Similar to the cal-
results from photon-mediated delocalization of carriers. Thigulation in Sec. Il the Boltzmann equati¢80) can be solved
radiation-induced current contribution is strongly manifestecexactly by transforming it back to the time representation.
at resonances stemming from the interplay between Blocihe time-averaged solution has the form

oscillations and the THz field. It is proportional to the sym- .

metric part of the dc distribution function, which is con- £l (g E JZ(IQ—aC)

nected with the mean energy of a simple cosine band on— i nfde & k|1,

[2(k,) = (A/2)cosk,d] via the equation ,
IQdC_ |/Tac

@1=y % Bafal0="70,5 & MO "

(41)

which indeed restoresf L)dc when Q) ,—0, because in this
(39 . . )

) o ] ~ case only th&k=0 term survives. Our solutiof41) consti-
This current contribution describes the effect that carriergytes a novelty, to our knowledge, as previous approaches
absorb the energy transferred into the SL tzy the radiatiogjid not recognize the requirement that at vanishing ac field
field and tunnel against the field d|rect|_qri'._’ oo is nega-  the nonequilibrium distribution function of the remaining dc
tive, and goes to zero at _h|gh dc electnc_ flel(_lls or vanlShlng‘ieId should be reproduced and not the equilibrium function,
ac frequency. On the basis of the relaxation-time approximawhich cannot adequately describe the nonlinear transport un-
tion, we obtain essentially the same physical picture in Seader constant bias.

Il. From Egs.(41) and (36), the current density can be cal-

culated. Again it is composed of two parts:
Ill. RELAXATION-TIME APPROXIMATION
. . . . . - -(phonor)+ : (photon
The main physical results obtained in Sec. Il on the basis 271z Iz

of a microscopic quantum-transport theory are now repro- i Q. Qud Qg ko) + 1/72

duced and discussed within a simple relaxation-time model. =Im Jye > Jﬁ(—ac) del**de ac

In addition, we attempt to clarify a number of issues which k=—co © ) (Qge—kw)?+ 1/T§C

have previously been treated in a rather nonrigorous fashion .

on the basis of the Boltzmann equation in the relaxation-time 1 of Qac Ko

o DasIs \ i : —-Re Jye— >, |5 :
pproximation. Quite similar to former theoretical TackSw ® | (Qy— k)2 +1/72

studies>?*?~in this section we will introduce a constant de ac

relaxation time, thereby making it possible to solve the ki- (42

netic equation analytically. This simplified approach is in- _ -1 , .
tended to provide a better physical understanding of how thgvher_e Jac enSAfEHr(]f “h .)d°/4ﬁh.'s a cor;:plex function, thg
nonlinear high-field transport is affected by the THz irradia- 1 adhary part of which is nothing but the dc current density.

tion. Within the constant relaxation-time approximation, Eq.fA‘S in Sec. Il and qwtr?fgmnar to the ac _hc_;ppmg conductivity
(26) has the form in disordered systents, the current originates both from

phonon- and photon-induced transitions between Stark lad-
i der states. If there is no THz field),.=0), Eq.(42) reduces
(imw+il Q) f 71 Qadf 10+ f s 10) to j,=Im Jg, that describes the nonline&V characteris-
tics under constant bias. The second current contribution in
1 - Eq. (42) is photon induced, and vanishes wHeg. or o goes
- T_ac(f mn~ Smofn); B9 tozero. It gives rise t@-like peaks in thd -V characteristics
, , whenever the Bloch frequendy . is an integer multiple of
where the parameter,. describes the relaxation of the ac the ac frequencys under the condition that the scattering
§|gnal W'T'lg_tlge SL. quat|0m39) has been SO!VSId n the ime goes to infinity ¢,c—o). This contribution is always
literature*>**~*by identifying the unknown functiof, with  negative since photon absorption dominates over photon
the equilibrium distribution function. The validity of this re- emission. Whereas photon absorption becomes resonant,
placement, i.e., the assumption that the scattering-out term {smission does not,{P"°°" describes the effect that Bloch
associated with an equilibrium distribution function even atgscillating carriers mainly absorb the radiation energy to
high dc electric fields, has to be strongly questioned. Hergnoye the Stark ladder upwards, which results in a negative
we propose a completely different and more natural approaciyrrent contribution. To our knowledge this is a completely
by requiring that the normalized functio‘rﬁ is chosen so as new explanation for the fact that the SL current can become
to ensure that at vanishing ac field intensify(—0) a dis- negative under THz irradiation. This effect has a mechanical
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analogy. Consider a vibrating system with an eigenfrequency * Qe

Q4. under the influence of a driving oscillating force with a A Q4c, Q0= > Jﬁ(7>j(ZEU(QdC+ kw), (44)
frequencyw. At resonance the system acquires energy from k===

the external time-dependent force, which leads to a reso-

nance enhancement of the vibrational amplitude. Resonant. . ) . .
depression does not occur P with jE7 being the dc current density of the Esaki-Tsu

The contributiong "™ and; 190" depend both on the modelf‘l7 Equation (44), known as the Tien-Gordéh or
THz field and the electron-phonon scattering. The first termTUC_kelz theory_, hf'is b?en widely usedz_tl(; study photon-
in Eq. (42) leads to sharp peaks in the current density a@SSISted tunneling in SL's under d‘% bies.*~*"However, its
cyclotron-Stark-phonon resonance positions, whereas th@bvious generalization, replacirjg™ by any other expres-
second term, which is proportional to Rg., depends on the sion for the dc current to account for quantum effects, is not
principal values of the denominators and is, therefore, assgorrect. If a more detailed analysis of the tunneling current is
ciated with virtual transitions between Landau- and Stark-desired, it is not sufficient to know only the expression for
ladder states. With respect to the photon resonances the sittite dc current density (Infy) but also the related real part
ation is just reversed. HeridP"°V hecomes resonant when (Re Jy0), which is given by the symmetric part of the non-
Qq= ko, whereag {P"°""is related to the principal values equilibrium distribution function. In this more general case
of these resonances. one has to go back to E42) or if the damping of the THz

Now we will demonstrate how the so called standardsignal is described within a microscopic approach to a for-
theory of photon-assisted tunneling is obtained within ourmula like Eq.(37). Such a generalization is necessary, e.g., if
approach. To this end we calculate the quantity)i. by ~ one wants to study the behavior of cyclotron-Stark-phonon

disregarding the ac fieldo(=Q ,=0,7,c— 7) and replacing resonances under THz irradiation, since WS localization is
T}, by the equilibrium distribution function in E¢39). In this ~ not included within the quasi-classical Esaki-Tsu model.
approximation the current is independent of the magneti¢/oreover, the importance of a microscopic description of the
field. The resulting Boltzmann equation was solved manydc current for the study of photon-asszlzsted tunneling in SL’s
years ag® to determine the temperature dependence of thavas recently addressed by Wacletral:

current within the Esaki-Tsu mod&.We obtain Here we will give an example of such a study, and con-
sider cyclotron-Stark resonances due to scattering on ionized
. ||( i ) impurities?> We want to stress that it is not sufficient to
S (1) 2kgT 1 3 restrict the consideration on elastic scattering, since a finite
&\ nJdeT A il 7Qget 1 dc current is only obtained if dissipation via inelastic scatter-
|o(m ing is taken into account. Here we circumvent this problem

3 _ _ _ in a rather nonrigorous way by introducing a phenomeno-
Wherel| are modified Bessel functions. Inserting this SO|U-|Ogica| broadening paramete_rThe expression’ we will use

tion into Eq. (42), the contributions proportional to R&.  to characterize the dc transport, was derived in Ref. 37:
and Im 7. combine, and result in a simple equation

Re| ~ 2enn4me®\?(=dq, (2 9(@)* < [sinh] (7Q | o[ A qd)| (=
im| Jae= 2| f 2, Y% e 2 2T RS2 f ¢
h € 0 (2m) 0 (qLtaz+qrp)” =1 (COS B de 0
cos a a°13 i
X exp( —st) sin (1Q4d)ex _Zsinhth/ZKBT)[COSK wc/2kgT) —cosw,t] . (45

Heren; is the impurity densitys the dielectric constant, and scattering on ionized impurities where dissipation was phe-
1/g+r the Thomas-Fermi screening length. Numerical resultsiomenologically introduced by a dc broadening parameter
derived from Eqs(42) and (45) will be presented and dis- 74=1/s. Equations(42) and (45) allow us to study the in-
cussed in Sec. IV. fluence of strong THz irradiation on cyclotron-Stark reso-
nances in the SL transport. Numerical results for the dc elec-
tric field dependence of the current density are shown in Fig.
1 for Q,~=0 (thick dashed ling compared with the case
At first we will present and discuss numerical results ob-when a strong THz field is applied),./»=2). In addition,
tained by the phenomenological treatment of the THz fieldohonon- and photon-induced current contributions that are
presented in Sec. Ill. The current density is calculated fromgiven by the first and second terms of the right-hand side of
Eq. (42) together with the quantity7,. in Eq. (45) that char-  Eqg.(42) are displayed by thin solid lings) and (), respec-
acterizes the transport properties of an electron in a SL unddively. The positions of cyclotron-Stark resonanced @t
strong magnetic and dc electric fields. We considered elastie mw are marked by vertical dashed lines, while one-, two-,

IV. NUMERICAL RESULTS AND DISCUSSION
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and three-photon transitions &t .=kw are indicated by 3x10 : — : :
vertical solid lines in Fig. 1. Below 20 kV/cm theV char- M
acteristics changes profoundly due to the presence of the ac [ e - .
electric field. As already discussed in Secs. Il and Il the

photon-induced current contributidourveb), which is pro-
portional to the symmetric part of the nonequilibrium distri-
bution function qL)dc, is always negative, and describes
carrier transport against the field direction via photon absorp-
tion. This contribution exhibits sharp photon resonances at
QO4=kw, whereas its magnitude vanishes strongly in the
limits 7,c—%°, Q,c—0, orQy—. Contrary, the first con-
tribution on the right-hand side of Eq42) (curve a) de-
pends on the principal value, and leads to a slight shift of the >
photon resonances. This contribution may exhibit sharp Magnetic Field [Tesla]

peaks at cyclotron-Stark resonance positiginslicated by FIG. 2. Magnetic-field dependence of the current density for

vertical dashed lings _0.~0 (thick dashed linpand Q,,,/w=2 (thick solid line and E
The .magnet'c'f'eld dependence of the Cgrrent density ,'S—— 15 kV/cm. The same parameters as in Fig. 1 have been used.
shown in Fig. 2, where the vertical dashed lines mark again

the positions of cyclotron-Stark resonances. Such resonances ; : :

i AU ) ) ether with Egs(27)—(29). Again the two current contri-
have begn |den_t|f|ed In recent expe.nmelr?t%‘? The thick bugtions of Eq.(397) are denoteg by andb. The frequency
dhashﬁpl l!ne %h'lb'ts trf:e Cl;rrent de|n5||ty %50:_82; V\;he_reas positions of cyclotron-Stark-phonon resonances, marked by
the thick solid fine has been calculated withac “’_.2' vertical lines in Fig. 3, do not change significantly with vary-
Again the thin solid "”"-‘S?“ aqd b are the results obtallned ing Q... This is a consequence of the fact that the dc and ac
from the two current cqntrl_butlons in EG12). The sc_:atterlng contributions in EqQ.(37) essentially factorize. Above 30
induced current contributioicurve a) follows mainly the  1\//cm gynamical delocalization leads to an enhancement of

msgnetlc—l;:eld dep((ajndence hqf r:h_e de cur(élﬂmslhedhllng ._the current density under the influence of THz radiation. The
whereas the second one, which Is proportional to the princi terplay between dynamical localization and delocalization
pal value of cyclotron-Stark resonances, leads to a shift o

. . also seen in the magnetic-field dependence of the current
resonance peaks and drives the current appreciably towar@%nsity displayed in Fig. 4 fof),—0 (dashed ling
negative values. : ac

o . - Qo Jw=2 (upper solid ling, and Q,./w=4 (lower solid
Qual|_tat|vely tthe same resﬁlg‘ are gptalged V‘:'lthmhthe ml'Iine). With an increasing strength of the ac field the current

croscopic quantum approach derived in Sec. 1l, Wneré W increases slightly for almost all magnetic-field values,

treated the effect of the THz irradiation on cyclotron—Stark—um" a further increase oY, leads to a drastic reduction of

phonon resonances, Wh.'Ch are due to carrier scatterlr_lg He current density. The details of this current change depend
polar optical phonons. Figure 3 shows the current density '%ensitively on the dc electric-field strength

. . _ 2 3 . .
units of j o =enm* wol'/27A>d(m* is the effective mags Figure 5 shows the temperature dependence of the current
as a function of the dc electric field fét,.=0 (dashed ling ¢, Q,.=0 (dashed ling Q,./o=2 (upper solid ling, and

and o/ w=4 (thick solid ling as calculated from Eq37) ) /=4 (lower solid ling. The fact that the current in-
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FIG. 1. Electric-field dependence of the current density for

0,=0 (thick dashed lingand Q,./o=2 (thick solid line and FIG. 3. Electric-field dependence of the current density for
Alhwy=1, hwy/kgT=1, w/wy=0.2, andH=20 T (the SL pe- Q,~0 (dashed ling and Q,./w=4 (solid line). The following

riod d is 10 nm). The thin solid line¢a) and (b) denote the first parameters have been used/fwy=0.5, hwe/kgT=5, w/w,

and second contributions in E@¢42). The following parameters =0.2, §=0.1, andH=10 T. The thin solid linesa) and (b) de-
lwyry:=0.2 and 1lovg7,c=0.05 have been used, wherg, is the note the first and second contributions in E87). Positions of
relaxation time of the dc transport. The impurity concentration iscyclotron-Stark-phonon resonances are marked by thin vertical
ni=10%cn?. lines.
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FIG. 4. Magnetic-field dependence of the current density for FIG. 5. Temperature dependence of the current densityfpr
Q0,~0 (dashed ling Q,./o=2 (upper solid ling, and Q,./w =0 (dashed ling Q,./o=2 (upper solid ling, and Q. /o=4
=4 (lower solid line. The dc electric-field strength sy, (lower solid ling. The dc electric-field strength isEgy.
=17.7 kVlcm EE;d=%wy/2) andfiwy/kgT=2. All other pa- =17.7 kV/icm, andd=10 T. All other parameters are the same as

rameters are the same as in Fig. 3. Positions of cyclotron-Starkn Fig. 3.

phonon resonances for=1(1=2) are marked by thin solid

(dashedivertical lines. which has no physical meaning if a strong dc electric field is
I . . applied to the system, is completely absent in our approach.

creases with increasing temperature clearly underlines t"J"he calculated current density is composed of two contribu-

hﬁ.pplnfg rﬁ:haracter of thg SL transport. The ac f;eld-mduce ions, one of which is proportional to the dc current density

shift of the current density towards negative values is moshy gescribes scattering-induced carrier transport, whereas

pronounced at low temperatures. the other one is due to delocalization in the THz field. The
latter current contribution is related to the symmetric part of
V. SUMMARY the nonequilibrium dc distribution function, and disappears

Studies of nonlinear SL transport under THz irradiationWhen the ac field vanishes. It becomes prominent when the

have recently occupied a great deal of attention botﬁj_C and ac _electric-fiel_d st_rengths becom_e comparz_ible in mag-
theoreticallf>12-1and experimentallj2425Most previous nitude. This tgrm, wh|9h is e_llways negative, describes carrier
theoretical studies and the analysis of experiments relied oﬁanspoirt against thg field direction due to photon absorpt_lon.
an analytical solution of the Boltzmann equation in the t exhibits sharp_mlnlma at_ photon-Stark resonance positions
relaxation-time approximation. This approach suffers from'tdc=k@. and is proportional to the principal value of
two serious deficienciedi) it cannot account for quantum cyclotron-Stark-phonon resonances. The s.econd traqsport
effects due to WS localization; ari) it introduces an equi- channel, opened by carnier co.II.|S|ons, is mainly determined
librium distribution function, which has to be strongly ques- by the dc C“rfe”‘ density mogilfl_ed by a factor that depends
tioned when a strong dc electric field is applied. It was the®" the THz field and the principal value of photon-Stark
main objective of our paper to overcome these serious digesonances. . .
advantages of former theoretical approaches. Within a micro- In conclusion we focused on the influence of intense THz

scopic quantum-mechanical picture we studied the im‘luenc@?lds on the nonllngar SL transport, thereby making it pos-
of strong THz radiation on cyclotron-Stark and cyclotron- sible to study combined cyclotron-Stark-phonon and Stark-

Stark-phonon resonances, which appear in the nonlinear hoton resonances. Further progress is expected from experi-

transport when high magnetic and dc electric fields are apr_nental studies of the nonlinear transport in SL’s under strong

plied parallel to the SL axis. This approach has been com--“_|Z irradiatipn, where quantum-mechanical effects are
pared with a phenomenological treatment of ac field effect§tr°ngly manifest.

on the SL transport, which is intended to provide a better

understanding of the main physical aspects. Our theory is ACKNOWLEDGMENTS
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the ac field vanishes. An equilibrium distribution function, sches Zentrum fuLuft- und Raumfahrt.

1c. waschke, H.G. Roskos, R. Schwedler, K. Leo, H. Kurz, and 3A. Sibille, J.F. Palmier, H. Wang, and F. Mollot, Phys. Rev. Lett.
K. Kohler, Phys. Rev. Lett70, 3319(1993. 64, 52 (1990.

2A.A. Ignatov and Y.A. Romanov, Fiz. Tverd. Telaeningrad 4B.J. Keay, S. Zeuner, S.J. Allen, K.D. Maranowski, A.C. Gos-
17, 3388(1975 [Sov. Phys. Solid Stat&7, 2216(1976)]. sard, U. Bhattacharya, and M.J.W. Rodwell, Phys. Rev. [Z&tt.



8162 V. V. BRYKSIN AND P. KLEINERT PRB 59

4102 (1995. 22N, Wacker, A.P. Jauho, S. Zeuner, and S.J. Allen, Phys. Rev. B
K. Unterrainer, B.J. Keay, M.C. Wanke, S.J. Allen, D. Leonard, 56, 13 268(1997.

G. Medeiros-Ribeiro, U. Bhattacharya, and M.J.W. Rodwell, >G. Platero and R. Aguado, Appl. Phys. L&, 3546(1997.
Phys. Rev. Lett76, 2973(1996. 24B.J. Keay, S.J. Allen, J. Galan, J.P. Kaminski, K.L. Campman,

SD.H. Dunlap and V.M. Kenkre, Phys. Rev. B}, 3625(1986. A.C. Gossard, U. Bhattacharya, and M.J.W. Rodwell, Phys.

7S. Zeuner, B.J. Keay, S.J. Allen, K.D. Maranowski, A.C. Go0s- 55 Rev. Lett. 75, 4098(1995.

. . “°S. Zeuner, B.J. Keay, S.J. Allen, K.D. Maranowski, A.C. Gos-
sard, U. Bhattacharya, and M.J.W. Rodwell, Superlattices Mi- sard, U. Bhattacharya, and M.J.W. Rodwell, Phys. Re638

crostruct.22, 149(1997. R1717(1996
8 .
Y. Zhang, J. Kastrup, R. Klann, K.H. Ploog, and H.T. Grahn, 26p k Tien and J.P. Gordon, Phys. R&29, 647 (1963.
Phys. Rev. Lett77, 3001(1996. 273.R. Tucker, IEEE J. Quantum Electrd@E-15, 1234(1979.
9K.N. Alekseev, G.P. Berman, D.K. Campbell, E.H. Cannon, and?8M. Saitoh, J. Phys. G, 914 (1972.
M.C. Cargo, Phys. Rev. B4, 10 625(1996. 2R. Tsu and G. Dbler, Phys. Rev. B2, 680 (1975.
10A W. Ghosh, A.V. Kuznetsov, and J.W. Wilkins, Phys. Rev. Lett. *°V.V. Bryksin and Y.A. Firsov, Fiz. Tverd. Telé.eningrad 13,
79, 3494(1997). 3246(197) [Sov. Phys. Solid Stat&3, 2729(1972].
11E W.S. Caetano, E.A. Mendes, V.N. Freire, J.A.P. da Costa, and V-V- Bryksin and Y.A. Firsov, Fiz. Tverd. Teld.eningrad 15,
X.L. Lei, Phys. Rev. B57, 11 872(1998. 3344(1973 [Sov. Phys. Solid Statk5, 2224(1974].

32y V. Bryksin and Y.A. Firsov, Fiz. Tverd. Telé_eningrad 15,
3235(1973 [Sov. Phys. Solid Stat&5, 2158(1973].
33y.M. Polyanovskii, Fiz. Tverd. Tel22, 1975(1980 [Sov. Phys.

12y v, Pavlovich and E.M. Epshtein, Fiz. Tekh. Poluprovod®,
2001(1976 [Sov. Phys. Semicond.0, 1196(1976)].

3AA. Ignatov and Y.A. Romanov, Phys. Status Solidi7B, 327 Solid State22, 1151 (19801,
(1976. 34X.L. Lei, N.J.M. Horing, and H.L. Cui, J. Phys.: Condens. Matter

140.M. Yevtushenko, Phys. Rev. B4, 2578(1996. 4, 9375(1992.

5H.N. Nazareno and R.A. Masut, Solid State Commi@, 819  35X.L. Lei, N.J.M. Horing, and H.L. Cui, Phys. Rev. Le@6, 3277
(1997). (1997,

16x.G. Zhao, G.A. Georgakis, and Q. Niu, Phys. Revs® 3976  36V.M. Polyanovskii, Fiz. Tekh. Poluprovodrl5, 2051 (1981)
(1997. [Sov. Phys. Solid State5, 1190(1981)].
A A. Ignatov, E. Schomburg, J. Grenzer, K.F. Renk, and E.P3"V. V. Bryksin and P. Kleinert, Physica Bo be published
Dodin, Z. Phys. B98, 187 (1995. %p. Kleinert and V.V. Bryksin, Phys. Rev. 86, 15 827(1997.
18X L. Lei, B. Dong, and Y.Q. Chen, Phys. Rev. B, 12 120  3°V.V. Bryksin and Y.A. Firsov, Zh. Esp. Teor. Fiz.61, 2373
(1997. (1971 [Sov. Phys. JETR4, 1272(197D)].

19, canali, M. Lazzarino, L. Sorba, and F. Beltram, Phys. Rev.“°H. Bottger and V. V. Bryksin,Hopping Conduction in Solids
Lett. 76, 3618(1996. (Akademie-Verlag, Berlin, 1985p. 173.

203, Liu, E. Gornik, S. Xu, and H. Zheng, Semicond. Sci. Technol.*'R.A. Suris and B.S. Shchamkhalova, Fiz. Tekh. Poluprovaén.
12, 1422(1997). 1178(1984 [Sov. Phys. Semiconi8, 738(1984].

2lF. Claro, M. Pacheco, and Z. Barticevic, Phys. Rev. L&4. 42| Esaki and R. Tsu, IBM J. Res. De¥4, 61 (1970.
3058(1990. “3N.H. Shon and H.N. Nazareno, Phys. Rev5B 6712(1997).



