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By using a formalism based on quantum transport equation, we study the current response of an electron gas
strongly coupled to an intense terahertz laser. The effect of laser is treated exactly, which gives rise to the
electron-photon sidebands. Our formalism includes up to the second order in electron-impurity scattering and
to any order in optical transitions between the sidebands. Resonant scattering can occur when the frequency of
the probing field equals a multiple of the terahertz laser frequency. The usual linear response theory is the
zero-photon term in our formalism. This result can be applied to study the electrical transport in strongly
coupled electron-photon systems. One such system is a two-dimensional semiconductor structure under an
intense terahertz radiation.
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Significant progress has been made in recent years in thEhe time-dependent Schiinger equation for a single elec-
terahertz phenomena in electronic materials. This is mainlyron is given as
due to the rapid development of high-power, long- 9 (p—€A,)
wavelength, and tunable laser sources such as free-electron Iﬁgb(f,t): Hy(rt)= T omr

2
P(r,b). 2

lasers. Recently, a new mechanism for population inversion

in semiconductors under an applied electric field was, 't €@n be shown that Eq2) can be solved exactly. The

predicted and a widely tunable continuous-wave terahertzlime-dependent wave function can be written as

generation was achieved experimentally in strained® Ge. ¢ (r,t)=exp —i2y;wt)expi yok 1 —cog wt)]}

These radiation sources can provide linearly polarized laser . . .

radiation in the terahertz regi?ﬁé?o Terahert>z/ ?asers have X exiyisin(2ot) Jexp —ied)expik-r), (3)
been applied to the experimental investigation of nonlineatVhereyo=(eE,)/m* »®andy;=(eE,)? (8m* %). The ef-
transport and optical properties in electron gases such Ject of electr!cal field is included in th_ls wave function ex-
low-dimensional semiconductor systems. Many interestin ctly. We notice that these wave functions form an orthonor-
terahertz phenomena have been investigated, including resB1&! St

nant absorptior,photon enhanced hot-electron effécera- (O] (r,0) =Sy e -

hertz photon-induced impact ionizatié,O-phonon bottle- We now construct the quantum field operators

neck effecf terahertz photon assisted tunneltterahertz

cyclotron resonanc¥, terahertz switching effects in tunnel- W(r,t)=2 a(r.b), (4)

ing diodes'***The conductivity changes due to an ac field X

radiation were calculated using a perturbative mettfod. wirt)y=> aly(r.t), (5)
Despite the rapid development of terahertz phenomena, a k

theoretical formalism describing the quantum transport itwhereay (ay) is the creatior(annihilation operator for the
strongly coupled electron-photon systems is lacking. In thiglectronic state with momenturk. These field operators
paper, we present a theoretical investigation of the electricajatisfy the equal-time commutation relatiof®'(r,t),
current response of such an electron-photon system to ¥ (r',t)}=d(r—r’). Alternatively, we can write these field
probing field. We calculate the density matrix of the electron-OPerators in terms of eigenfunctions of a free electron,
photon system and its contribution to the electrical current.

The total current consists of contributions of successively \P(r,t)=; b()e'", )
electron-photon sidebands. The transport scattering time ex-

hibits the resonant scattering of the probing electromagnetic ¥i(r,t)=> bi(t)e ik, 7
field due the transitions between electron-photon sidebands. k

Let us consider a two-dimensional electron gas under athere
intense laser radiation. We choose the laser field to be along by (t)=aexp(—i2y,wt)exp(i Yok, 1—coq wt)])
thex direction,E (t) = E cost)e,, whereE,, andw are the X exfi y,8in(2wt)].
amplitude and frequency of the laser field. For notational )
convenience, both and the speed of lighthave been setto Ve now calculate the current response o_f“tlrtus electron-
unity. We shall also neglect the effect of the magnetic-fieldPhoton system to a weak electric fiekdt) =Ee "™, where

component of the laser field, since it is smaller than the'? IS the frequency of the probing field. The Hamiltonian of
electrical-field component by a factor afLet us choose the thse system, in the second-quantized notation, can be written

vector potential for the laser field to be in the form H=Ho+ Hoot Hy,, )

B . where H, is the Hamiltonian of a noninteracting many-
A,y=(E,lw)sin(wt)e. (D) electron system,
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1 Here €,= p?/2m is the kinetic energy of an electron having
Ho=o— 3 [p+eA, +eAl’bj(tby(t), (9  momenum, and
m* p
4 t)y=2, F +k 1
whereA=Ee ™ '*/(iQ)) is the vector potential of the probing n(a.t) Ep (Pp+k) (18
field. Hqe is the electron-electron interaction is the induced charge density. Making use of Ed$) and
1 + T (17), we obtain the following time-dependent current density
Hee=5 p%q Vbl o(Db], _ ()b (D)by(1) i1(t):
e dj,(t) —Ze _
1 — = Vyan(—q,t) >, e9Ri 19
=5 2 Vaal.qhah (Day(hagt), (10 dt % an(-an 19
p.p’.q

In deriving the above equation, we have used the identity

= 2 I I -
where V,=2me“/q is the Fourier transform of electron n*(q.t) =n(—q,t) and the fact that

electron interaction in two dimensiondy, is the interaction

between the electrons and random impurities, q
2 gn@on(=q.=o. (20
Hei=— 2, ZVgb! . ()bt a-R; 11 N :
el % aPp+ oDy )Z e (D The result for the current density given in H39) is exact.
whereZ is the charge number of the impurity af is the ~ N(0,t) contains the information of electron-impurity interac-
position of theith impurity. tion and sideband transition. This quantity can be written as
Now the total average two-dimensior(@D) current den- @ product of a field-dependent term and a field-independent
sity of the system is defined as term,
= <ﬁ> - % ([p+eA,+eAlbl(t)by(1)) where
=iy +i,Fio. (12) no<—q,t>=§ Fo(p.p+0) (22)
SinceA, = (E/w)sin(whe, is the density fluctuation in the presence of impurities and

e? ; e’n the probing fieldE, but in the absence of laser fief, .
Jy:_*eA)/E (bp(t)by(1)) = ——sin(wt)E,&, (13  Making use of the generating function for the Bessel func-
'm P . tion, expgiacosk)]==i"I(a)expimx) (where J,, is the
wheren is the 2D electron concentration. The terahertz lasegesse| function of the first kind we can decompose the
field is oscillating as cosf). Thereforej,, is in the direction  density matrix, the induced density, and the total current den-
of the laser field but its phase is behind the phase of the lasejity into a sum of successive harmonics,
field by . Thusj,, is purely reactive,

e ine? F(p,p+k)=2 F™(p,p+k), (23
Jo=—,eA (bi(hby()= T E(t)=0oE(t). (14 mo _
m P FM(p,p+k)=(—1)"In(kyy1) e x"Fo(p,p+k)e” ",
This is the well-known Drude conductivity in the absence of (24
electron-impurity scattering. All effects on the electrical cur-
rent due to the electron-electron interaction, electron- n(m)(q,t)=§p: F™(p,p+k), (25

impurity interaction, and sideband transitions are containe%m

in the current density;, d

. j1(H=2 j{"() (26)
j1=— 2 (Pby(t)bp(1) (15 .
J1 m* “p PR and for themth-order term, we have
The purpose of the current work is to develop a method to dji{mt) -ze _
evaluatej;. Let us construct the single-electron density ma- TR Eq Vean™M(—q,) > edR. (27)
trix, i
F(p,p+ k)=<b;§(t)bp+k(t)) Sinceny(—q,t) only responds td, we assume

. No(—a,tH)=ng(—q,Q)e ',
=Fo(p.prkjexpliyok1—codwt)]}. (16)  jmyy must take the formj{™(t)=j{™ (€, w)exd—i(Q
whereFo(p,p+ k)=<ag(t)ap+k(t)>. The equation of motion +mw)t] (2=0Q+i0). We now obtain

for the single-electron density matrix is given as —7Ze
Q) =— 3 Vean™ (- q,Q,mw)
g ! m* (Q +mo) a
=t F(P.p+K) =[epsk— €ptKevowsin(wt) IF (p,p+k) @
x>, elRi, (29)
I

+2, Vg n(g,H)—z2, ed R
a ' The method to calculate the quantit™”(q,t) was devel-
X[F(p,p+k—q)—F(p+q,p+k)]. oped by the author and his co-workeA detailed derivation
a7 can be found in the Ref. 15. Here we only briefly summarize
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the steps involved in this method. We first assure0 and I the terahertz laser field is zergy=0, only them=0 term
calculate the change of the electron density matrix up to th€ontributes; in this case we recover the result of current re-
second order in electron-impurity interactio;. The  sponse of an electronic systé:°

zeroth-order density matrix is assumed to be of the form of The total current density due to the probing field can now

the Fermi-Dirac distributiorf ,, be written as o
Jt=jotli=0E. (37
Fo(p.p+kK)=Tpdkpo- (29) By comparing o with the Drude conductivityine?/
The equation of motion foF(lm) is given as (.m*Q)(I +i7~1/Q), we can identify the transport scattering
~[epi— &M ]F{™(p,p+k) ime.
1 _ Z VIm(Ax o)
=VigniP(0 =22 el ol (30 ol T 2 R 0rme? Y
In the above equation, each term has a common factor X1m (—i)m[ - !
Jm(Kyv0)explk,yo), which is not explicitly included. The so- D(g,mw) D(q,Q+mw)
lution of F{™ is given as
X exp(i ‘YOQX))- (38)
(m_ ZVy fp+k ik-R;
Fi7= 27D (K, w) €p+k— €p— mw EI e B For isotropic systems, the off-diagonal part of the inverse
scattering time vanishes. Equati(®8) can be simplified by
where making use of the following properties.
DM (q,w)= 1-V4Q(gq,mw) (32 (a) The dielectric function is only dependent on the mag-
nitude ofq.

is the dielectric function of two-dimensional electrons in the

. (b) The Bessel functions are symmetric for evenand
random-phase approximation and

antisymmetric for oddn with respect to the argumera, .

dp forq—fp Therefore the integration over the directiongpdvill be non-
Q(q,w)=f PYRT I p—— (33 zero for the products cag(y)dom(Okyo) ~and
(2m)° Spra” SN0z 1(C70)- |
is the polarizability of free electrons. (d) @ now represents gap of electron-photon sidebands

Next we calculate the time-dependent part of the densityvhich must be real and thu®(g,mw) is real. Only
matrix under the influence of the probing field and the im-D(q,Q2+ mw) has an imaginary part. We obtain
purities F{™ . Only terms linear in the probing field were

retained. The equation of motion f&%™ is given as 1.2 S V,qiqi Iml| - L [Jo(ax¥o)
Qr| x5 9 D(q,Q0)] 02
_[6p+q_ep_Q_mw]F(m)(pyp+q) !
1 1
eq-E X co +1m| —
V(@ f5l+ ——F(PPra). (34 0B T B(0,070) (04 w)?
. . . 1 1
Solving Eg. (34) we obtain the following result for _ i
n(m)(q,Q) D(q,Q—w) (Q_w)z Jl(qX’YO)SIn(’yOqX) .
; , (39
nM(q,0)=— 1Zeq- EVqdm(ax o) We have numerically calculated scattering time. The param-
m* Q(Q+mo) eters used in our calculation are those of GaAs;
1 1 =0.06Tny,r s=m*e?/(#%kz)=1.0. We assume that impuri-

ties are singly ionizedZ=1. All energies and frequencies
are in units ofEg and all wave numbers are in units kof .
« . iR, a=keeE/(m* v?) is the dimensionless electron-photon cou-
exp(lyoqx)Z e (39 pling parameter.
In Fig. 1 we plot the scattering time as a function(dfat
Substituting Eq.(35) into Eq. (28), making use of the fixed field strength. Several interesting features can be ob-

normalization conditionzi’jeiq'(Ri*RJ):n/Z, and then sum- served. In the absence of the intense terahertz laste
ming overm, we obtain scattering time initially decreases @sincreases. It reaches a
shallow minimum atQ~Eg. At large (), it increases with

X D(q,mw) B D(q,Q+mw)

110, 0)= —izZne? Z 2 )"™VaIm(Ax o) Q. Therefore the high frequency approximatiéhrs>1 is
v m (Q+mw)2 usually valid for Q>E is an electron gas. In the present
1 1 case, this behavior is qualitatively altered due the photon

_ expli ¥oy) sidebands. At low(), 7 decreases initially witl{). It has a
D(g.mw) D(q,Q+me) series of minima af)l=mw. This is due to the simultaneous
(36 absorption of one photon with energy) and making a

Xqq-E

081105-3



RAPID COMMUNICATIONS

C. ZHANG PHYSICAL REVIEW B 66, 08110%R) (2002
3.0 15
14
2.5
1.3
1.2
2.0
11
E1s 10
= £a)
0.9
1.0
0.8
0.7
0.5
06
0.0 05
0.0 0.0 0.5 1.0 LS 2.0 2.5 3.0

FIG. 1. Transport scattering time versus the frequency of the FIG. 2. Transport scattering time versus the electron-photon

probing field. The electron-photon coupling=1.5, the terahertz coupling a. The freque_ncy of the pro_blng f'e.ld IsE , the tera-
) . hertz laser frequency isB-. The solid line is forr,, and the

laser frequency is Br. Parameters of GaAs semiconductor are broken line is for

used as specified in the text. The solid line is fgy and the broken Ty

line is for 7y, . high laser field, the effect of strong coupling of electronic
states with the photon field will be dominant. This strong
transition between two electron-photon sidebands separaté@upling will make the electrons less mobile. As a result, the
The scattering time for resonant scattering is extremely shoff'at of the suppression of dc.ggnductn‘?@nd the reduction
as shown in Fig. 1. Between resonant frequencies, the sceftf coIIectl\/Ie ?Xc'ta“oﬂ ENErgIes. h icall .
tering time first increases and then decreases. Since there are/n conclusion, we have studied theoretically and numeri-
infinite number of electron-photon sidebands, the scatterin dlly the electron transport under an intense terahertz ra_dla-
time cannot reach a sufficiently large value ’The small dif-ton- Resonant scattering due to transitions between various
ntly farg - photon sidebands can occur in strongly coupled electron-
ference betweerm,, and 7, is due to our choice that the

laser field is polarized along thedirection. Under this ge- photon systems.
ometry, the scattering in the direction is more frequent This work was initiated when the author was a visiting
except at very low frequencies. professor at the National Center for Theoretical Sciences in
In Fig. 2, we plot the scattering time as a function of theHsinchu, Taiwan. It is a pleasure to acknowledge financial
dimensionless coupling parameter. At fixed laser fre- support from the Center. Part of the work was carried out
guencyw, « can be viewed as the dimensionless electricduring a scientific exchange visit to Tokai University. The
field of the laser. In the region where the laser field is weakyisit was financially supported by the Australian Academy of
electron energy increases with increasing laser field. ThiSciences and the Japan Society for Promotion of Science. We
leads to an increased scattering or a short scattering time. Ahank T. Toyoda and W. Xu for interesting discussions.
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