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We present a detailed theoretical study on nonlinear transport and optical properties in three-dimensional
electron gase€3DEG's) subjected to intense terahe(fHz) electromagnetic radiation fields. The steady-state
electronic transition rate induced by electron-photon-phonon interactions in a 3DEG system has been derived
by using an approach from which the effects of multiphoton processes can be easily included. By solving the
momentum- and energy-balance equations based on a steady-state Boltzmann equation, where electron inter-
actions with LO phonons are taken into account, we have investigated the dependence of electron temperature,
relaxation time, mobility, multiphoton absorption and emission, and photon-assisted LO-phonon emission on
the intensity and frequency of the THz radiation fields. A number of important and distinctive transport and
optical phenomena have been observed and predicted theoretically. These results are pertinent to transport
measurements in the presence of a radiation field and to the application of recently developed far-infrared laser
sources such as free-electron lasg8£163-182¢08)11219-5

I. INTRODUCTION an ideal three-dimensional electron J&89EG) responds to
such intense THz EM radiations; this is the main motivation
With the development of novel means of scientific inves-of the present study.

tigation, such as free-electron las€FEL'’s), it has become The investigation of nonlinear transport and optical prop-
possible to investigate the transport and optical properties d¥rties in polar semiconductors such as GaAs has been of
an electronic device under intense far-infratetR) or tera- ~ fundamental importance both for basic physics and for its
hertz (THz) electromagnetidEM) radiations. FEL’s can @pplications in electronic and optical devices. There exists a
provide the tunable source of the linearly polarized THz ra-"umber of theoretical studies on high-frequency ac response
diations with which one can study the dependence of th@f bulk semiconductor matenals. Important contr_lbutlons
physical properties in a device system on the frequency anaavpt been made bY some auth?qr’s“.However, these inves-
intensity of the EM radiation field. THz radiation is of sig- tigations focused either on the linear respohSéor on the

" : . L o ituation with a weak ac field under a strong dc Bfa¥ or
nificant impact on the investigation and characterization oizn the problems of the — E, relatiort® and thermal-noise

ndensed-matter materials such as low-dimensional semj- . : _
Egngﬁctsoerds s?étris and nanostructures. Recently, ex erimzltemperaturéf‘ Furthermore, in most theoretical studiet
Y ; Y, EXp Bh linear and nonlinear ac responses in semiconductors, one

tal meas_uremenjté5 have been conc_zlucted_ in investigating often takes the high-frequencgHF) approximation (i.e.,
the nonlinear response of a two-dimensional electron gagaseq on the diagrams that contribute to the HF conductivity,
(2DEGQ) to THz radiation fields provided by U_CSERef;. as shown in Ref. D5under which(i) only one photon pro-
1-3 and FELIX (Refs. 4 and PFEL's. Some interesting cess is taken into consideratiofii) the effect of the EM
phenomena, such as resonant absorption of THz radiationsadiation field is represented by an ac electric figii) the
THz radiation enhanced electron temperafuidiz-photon  presence of the ac electric field does not vary the basic fea-
induced impact ionizatiod,LO-phonon bottleneck effeét, tures of fundamental quantities such as the electron density-
THz-photon-assisted resonant tunnefirege., were observed density(d-d) correlation function, Green’s function, memory
in different 2DEG structures. These experimental observafunction, etc.; andiv) the influence of the radiation field on
tions have impelled further theoretical stutiyMoreover, the physical properties of the device system is achieved
the current availability of experimental measurements at THanainly through introducing an effective frequen€y— Q
EM fields has resulted in proposals for observing photon+ w, with w being the photon frequency, into these functions
induced quantum resonance effects such as magnetophotqespecially the Green’s functipmbtained in the absence of
phonon resonancéslit can be foreseen that the study of the radiation. Very recently, some auth§r¥ have at-
THz-driven electron gases in semiconductor structures wiltempted to develop theories going beyond the HF treatment.
make a major impact in the fields of semiconductor physicsMost importantly, it was fount® that when the effects of the
and optoelectronics. EM radiation field are considered more exactly using, e.g.,
At present, most of the experimental and theoretical workhe approach of the gauge-invariant spectral function or of
on THz-driven electron gases is focused on the 2DEG syswo-time Green'’s function derived directly from the solution
tems such as GaAs-based heterojunctions and quantuof the time-dependent Schiimger equation, the Green’s
wells. To have a better understanding of the transport anélinction (or electron density of statesf the electronic sys-
optical phenomena observed in dimensionally reduced elecem may differ sharply from that obtained in the absence of
tronic systems such as 2DEG's, it is of value to examine howhe EM field. Important radiation effects such as the
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blue shift of the absorption edge, arisen from the dynamigatisfy V-A=0 and ¢=0. These gauge conditions corre-
Franz-Keldysh effect, have been predicted. This implies thagpond to a situation where the charge denpity0 and the
the usage of theorids™ based on the HF approximation current density=0, which are true for the case of noninter-
(where the Green’s function and/or the electron d-d correlaacting electrons in the absence of scattering, inhomogeneity,
tion function were employed in the similar form of those in external driving field, etc. After using the dipole approxima-
the absence of the EM figldnay be greatly limited, espe- tion for the radiation field and taking(t) =A, sin(wt), with
cially in the presence of an EM field with relatively low , being the frequency of the EM field, the solution of the
frequency(LF) and high intensity. A theoretical approdth  time-dependent ~ Schdinger ~equation, i dy(R,t)/at
to stu_dy electron transport driven by mlcrowave'|rrad|at|ons,: Ho(t) #(R,t), is obtained as
in which the multiphoton processes are taken into account,
has been developed. However, the work of Ref. 17 dealt only |K;t)= ¢ (R,t)
within a low-temperature limiti.e., T—0) where electron-
impurity scattering is taken into account for Si-based sys-
tems. 2)
The brief review given above shows that more work on
THz-driven 3DEG's, in particular for GaAs-based systemswhich has been normalized. HereR=(x,y,z), K
subject to intense THz or FIR radiations, is required. This=(Ky.ky .k;) is the electron wave vector|K;0)=|K)
paper is a contribution in this direction. The present study is=€'< % is the electron wave function at=0, E(K)
organized as follows. In Sec. Il, we present an approach te % °K?/2m*, ry=eEy/(m* »?) with E, being the strength
deal with electron-photon-phonon interactions in a 3DEGOf the radiation electric field,y=(eEp)* (8% w®), and
system. This approach has gone beyond the conventiondhy%w is the energy of the radiation field. We have used the
treatment for electron-photon-phonon interactions in theelationE(t)=dA(t)/dt=Eycoswt) with Eq=wAy.
presence of the radiation field. Using this theory, the In the presence of a perturbation Hamiltoniénduced
electron-photon interactions can be included in a more exadty, €.9., electronic scattering mechanjsid’(t)= Hje"”J‘,
way. In conjunction with the conventional transport mea-where H; is time independent ana; is the characteristic
surements from which the response of a 3DEG to the radiagitequency for theth scattering center, we now employ the
tion field can be detected and studied, in Sec. lll we derivdollowing notations:(i) |a)=|K;t) andE,=E(K)+2yfw;
the momentum- and energy-balance equations by introdudii) wpa=(Ep—Eqt+7iw))/h; and (i) Vpa(t)
ing the electronic transition rate induced by electron-photon=(b|H’(t)|a). Following the standard theory for time-
phonon interactions, obtained from this study, into the Bolt-dependent perturbatiod$the first-order contribution to the
zmann equation. The momentum- and energy-balancamplitude in thefHy(t)} representation, due to the transition
equations can be used as a powerful means in order to studyom |a) to |b) induced byH’(t), can be calculated by
the nonlinear transport and optical properties in an electronic

= |K;0)eTE(K)+2vholUhgir gk 1—cosot)Igiy sin2wt)

system, through calculating the dependence of such quanti- Wy [ Via(7)
ties, like electron-energy-loss rate and mobility, on the inten- (bJutla)= deT i%
sity and frequency of the EM radiation. In Sec. IV, we
present a detailed consideration for electron-photon-phonon <K’|Hj|K) ok —ky)
interactions along with transport and optical properties in a - in e "o
GaAs-based 3DEG structure. The numerical results obtained
from this study for THz-driven 3DEG’s are presented and td oparall o(k! —k)Cog w7) 3
discussed in Sec. V. Finally, the present study is summarized X 0 TE e : @)
in Sec. VI. . A
Using the identitye'” ©°*=3"___i™J,(2€™, with J,,(x) be-
Il. ELECTRON-PHOTON-PHONON INTERACTIONS ing a Bessel function, the steady-state transition rate for scat-

tering of an electron from a statk) to a statgK’) is ob-
In this paper, we consider an electronic system that can beined as
described by a single-electron HamiltoniaH(t) =Hg(t)
+H'(t), whereH’(t) can be treated as a perturbation. For
an ideal 3DEG system subjected to an EM radiation field
polarized along thex axis, the Hamiltonian for a noninter-
acting electron can be written by

Jd
WK, K)=Wpa= lim — [(b|u|a)[”

t—+o

2w ”
=7 KKIHIOF 3 Jiiro(k—ko]

[px—eA(t)]?+ps+p?
Ho(t)= - (1) X SEK)—E(K)+mho+hw]. (4

Here, (1) a parabolic-conduction band structure has been in- For electron-phonon interactions, aft@y assuming that
cluded; (2) py=—i%dlox is the momentum operato(3) the system under study can be separated into the electron of
A(t) is the vector potential induced by the EM radiation; andinterest and the rest of the crystal, i.6K,c;t)=|K;t)|c)

(4) m* is the effective-electron-mass. Furthermore, we havavhere|c) represents the state of the crystal systéim;tak-

used the Coulomb gauge to describe the EM radiation fieldng the electron-phonon interaction Hamiltonian to be in the
in which the vector potentiah and the scalar potentiab  form H;=V(age'® R+ale '®F), where Q=(ay,0y.9,)
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is the phonon wave vectorag,aQ) are the canonical con- by EQ.(6) is identical to that obtained from using the second-
jugate coordinates of the phonon system, afgl is the order perturbation theor. This implies that the electron-
electron-phonon interaction coefficient; afid) taking w; photon interactions can only be treated as a perturbation
—Fwgq, where the sign- (+) refers to absorptiofiemis- when the conditiomq,<1 is satisfied. From these results,
sion) of a phonon with an energyw , the steady-state tran- On€ can find that the theoretical approach used in this study
sition rate for electron-photon-phonon interactions in afor the case of an ideal 3DEG is much more useful to deal
3DEG system becomes with such problems like multiphoton processes and, there-
fore, is much better than the previous treatment for electron-

271 N * photon-phonon interactions. For the case where the time-
W(K’,K)ZT N 21}|VQ|26K/,K+Q > 2 (reay) dependent Schdinger equation, in which the EM field is

Q m=-= included, can be solved analytically, it is unnecessary to treat

X J[E(K")—E(K)—mhwFhog), (5)  electron-phonon and electron-photon interactions separately.

WhereNQz(eﬁwQ/kBT— 1)1 is the phonon occupation num- 1ll. MOMENTUM- AND ENERGY-BALANCE EQUATIONS
ber, and the inder corresponds to the processrofphoton
absorption(emission whenm>0 (m<0). In the presence To set up a tractable method to study nonlinear transport
of the EM radiation, the electrons can interact with the ra-and optical properties of an electronic device has been an
diation field via the channels of photon emission and absorpeutstanding problem. It is well known that the balance equa-
tion. In this paper, we limit ourselves to the situation wheretion approach is a powerful tool in studying the nonlinear
the hot-phonon effects such as phonon drift can be neglectedesponse of an electron gas to the dc and/or ac fields applied.
Equation (5) exhibits features distinctive for electron- In this paper, we develop a simple model to investigate the
photon-phonon interactions in a 3DEG structure. We notdransport and optical properties in THz-driven 3DEG's. We
that in sharp contrast to an isotropic transition rate obtainedtart from a steady-state Boltzmann equation for a 3DEG in
from using Fermi’s golden rule in the absence of the EMthe case of degenerate statistics,
field, the presence of the linearly polarized EM radiation
results in an anisotropic electronic transition rate character-
ized by the dependence ofq, via a termJZ(rqq,). Equa-
tion (5) has also reflected the fact that in the presence of the , ,
EM radiations, the electron-phonon scatteringoptical ab- —f(K)[1-f(K")JW(K',K)}, 7
sorption and emissigncan be accompanied by electronic wheref(K) is the steady-state momentum distribution func-
transitions through the photon absorption and emis$@n tion for an electron in a statf), g accounts for spin de-
phonon scattering generacy, anilV(K',K) is the steady-state transition rate for
In the absence of the radiation field, i.85=0, EQ.(5)  an electron scattered from stdt¢) to state|K’). Further-
becomes that obtained using the Fermi’s golden rule, due tmore,F is the external force acting on the electron. It should
the feature lim_,oJn(X) = dom. For the case of HF and/or be noted that when the transition probability is calculated
low-intensity radiations, i.er,0,<1, Eq.(5) can be written  from the solution of the Schdinger equation in which the

F
7 Vif(K)=gs2 {f(K[1-F(K)]W(KK")
KI

in the following form: effects of the EM field have been included, the force term
induced by the EM field will not appear in the drift term on
W(K',K)= 2_77{ No hv 1264, the left-hand side of the Boltzmann equation.
’ h [Ng+1]l7Qh “KiK+Q In the present study, we consider the situation where the

om transport and optical properties of a device system are de-

1 [rolx tected and studied by the classical transport measurements.

= (m!)? ( 2 ) In these experiments, two quantities, the mobilioy con-
ductivity) and the electron-energy-loss rdEELR), are con-

XS E(K)—E(K)*mhw+fiog]. (6)  nected to the optical absorption and phonon emission. When

the radiation is polarized along tlkedirection, one can apply

the external dc probing electric fieldsr current$ along the

x andy direction and measure the curréat field) along the

M ¢

X

Here we have used the relation

()= (= 1)*x/2)2AMTR(2m+ 2k)! different directions. In this case, one has —e(E,,E,,0).
k Now, we can derive the balance equations from the Boltz-
X[(2m+K)!1 T~ (m+k)!1] 2 mann equation given by Eq7). With the balance equation

approach, one may detour the difficulties in solving the Bolt-
and takerk=0 whenx<1. Previously, the interactions be- zmann equation directly and keep the main merits of the
tween electrons and phonons and also those between eldBeltzmann equation to describe the response of electrons to
trons and photons are treated by separate interactiotne applied fields in the presence of different scattering
Hamiltonianst® Using this approach, the net effect of mechanisms. We have successfully applied this approach to
electron-phonon interactions in the presence of multiphotonhe problem of hot-electron transport in 2DEG'’s in strong dc
processes can be calculated by the second- or higher-ordand ac field<:?! Using the balance equation approach based
perturbation theories, which is very complicated and noon the Boltzmann equation, the idea is to choose a certain
simple analytic results are available. The transition rate infunctional form for the electron distribution functi¢g&EDF),
duced by one-photon absorption procéss., m=1) shown of which the drifted EDF is popularly used. We assume that



12 942 W. XU 57

the electron momentum distribution function can be de- f(X)

scribed by a statistical energy distribution function through FK)=T(X) ~hi(v ket vyky) —o—, (13
f(K) f(£), where E=h2(k,—m*v,/h)%2m* +ﬁ2(k

—m*v, /%)2/2m* +#2k5/2m* and the EDF is drifted by the where X=%/2K?2/2m*. When the expansion is terminated
average electron veIomueﬁeX andvy) due to the presence of with the linear terms of the velocities, the usage of the ap-
the dc electric field4E, andEy). Thus, we can derive the proximation given by Eq(13) is equivalent to the relaxation

following relation: time approximation in the linear response the@rit should
be noted that the linear response discussed here relates only
If(K)  #? m* af(&) to the probing dc fields applied. Furthermore, at a steady
ak; T VTRV e 8 state(in which the effects of the radiation field have been

included within the electronic transition ratand using the
momentum- and energy-balance equation approach, we do
not need to take a time average in the Boltzmann equation.

which leads to

2 w:o, (9a After using the approximation given by E@L3) and not-
K ok ing that the mobility and conductivity are defined, respec-
tively, by uij=—v;/E; and ;= Ngeu;; , which can be ob-
2 k. 07f(K):_% g (9b) tained experimentally from applying the probing electric
K ok 2 W field along thei direction and measuring the current along

the j direction, from the momentum-balance equations we
with N, being the volume electron density in the system, and,5ye

Jf(K) h
;E(K) ok, 2

Here we have used the condition of electron-number consefynere the momentum-relaxation time in different geometries
vation. After using the density of states for a 3DE@., a1 be calculated by

D(E) = (272~ Y(2m*/%?)%2JEO(E), whereE is the elec-

e
j Nev]- . (90) Moxy= MyX:O and Mij :_* Tj, (14)

tron energy, we have 1 2 52 X
s > (K —kpkj —— ( ) W(K’,K). (15
1 2m* 32 rop TJ' m Ne K’ K
Ne=o— | == dEVEf(E), 10 _ , _
¢ 2’ ( h? ) fo \/_ (E) (10 Using Eqg.(13) and noting that the EELR is defined 1%

= (oxEZ+oyyE))/2 when o,y =0y, =0, from the energy-

wheref(E) is the electron-energy-distribution function. balance equation we have

From Eqg.(9a), one can find that the mass-balance equa-
tion (multiplying =« to both sides of the Boltzmann equa-
tion) has been balanced by the EDF chosen above. At the Pzgsz [E(K)=E(K")If(X)[1-f(X")JW(K',K),

first moment, the momentum-balance equations can be de- K’.K
rived by multiplying 2¢k; to both sides of the Boltzmann (16)
equation. Using Eq9b), we have whereX’ =#42K'2/2m* .
Introducing the steady-state transition rate induced by
eE,= N 2 (K —K) (K[ 1= F(K") IW(K,K). electron-photon-phonon interactions, i_.e., Es), into Egs.
e K’ (15 and(16) and takinggs=2, we obtain
11
. 1 m* 2
At the second moment, the energy-balance equation can be —= > f d3Q[ }
derived by multiplyingS«E(K) to both sides of the Boltz- 7 AT N ‘R No+1
mann equation. After using E¢9c), we have 2

X [Vgl292(r ott) %g (s-al)f(y) (17

€
— Byt Eyy)=0s 2 [E(K)—E(K)]
K’ K and

XfF(K)[1-f(K")JW(K',K).

6

(12) P= 4ﬁ5 2 fde[N +1

Applying free-electron lasers as the driving force to an
electron gas, the strength of the radiation field can be very ><|VQ|2J2(quX)f dx f(x+y)[1—f(x+y+a,)].
strong andg, can be on the order of kV/cm. Normally, in the
transport experiments the dc probing electric field can be (18)
applied on the order of V/crh? When the probing dc electric
fields are small enough, i.eE,<1 andE,<1, the average Here, ag=mho*hog, eo=A?Q%2m*, and y=(eq
electron velocitiegv andvy) are also very small. Expand- —am)2/4sQ It should be noted that when the effects of the
ing f(K) with respect ta; gives radiation have been included within the electronic transition
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rate, at steady state, the mobility or conductivity will no to its large energy transfer during a scattering event. The
longer be in the form of the Drude formdl¥ througho  Frohlich Hamiltoniarf* can be used to describe the nature of
=(Nem*)[7/(1+iwT)]. electron—LO-phonon interactions through

For an electronic system with relatively low electron den-
sity and at relatively high temperatuger high electron tem-
peraturg, the Maxwellian is the most popularly used statis-
tical electron-energy-distribution function. In this paper, we
take a Maxwellian-type of electron distribution, character-
ized by an electron temperatufe, as the EDF through

Vo=i(4maLy)t? h e (22
Q

where fiw o is the LO-phonon energy at the long-
wavelength limit,L o= (%/2m* w o) Y2 is the polaron radius,
and « is the electron—LO-phonon coupling constant. After
f(x)=ce A% (19 introducing Eq.(22) into Egs.(20) and(21) and takingwq
— oo, No—Ng=(e"o/*eT—1)"1  and a;=mho
*%w o for LO-phonon scattering, the momentum-relaxation
time in different geometries is obtained as

where 8=1/kgT, andc is a normalization factor. Introduc-
ing Eq.(19) into the condition of electron number conserva-
tion, Eq. (10), one hasc=4N(7Br%/2m*)%2 Using Eq.

(bleszbﬂgsmomentum-relaxation time in different geometries 1 a(ﬁtho)SIZ{ N, }E fx dy( .,
-_ = i —a-
312 7i Jh Not 1| Jo y V%
1 B N
T om* /- 3 Q 272 —_a%)2
T, 2m* /o 4’772ﬁ2 % J'd Q{NQ"’ J|VQ| Jm(rqu) XGX[{—g(y ;m)
2 *\2
g; * B (eq—am) 1
3 (50 am)exﬁ{ i ee | 20 ><J dx 2(rox2ZmyIi2)R; (), (23
0
and the EELR is in the form 5 2 .
whereR,(z)=2z° andR(z)=1-2%, and the EELR is ob-
N B2 N at tained by
Pe o g 3 [ 0 2y G IVl P=PLo-P
— Lo OP- (246)
2 B (q—ay)? Here, P o is the EELR induced by electron—LO-phonon
XIm(Fodx)exg — 7 — —— i
4 o coupling
C paE B (SQ_ai)z i
x| 1= e Fan exp[—ze—m . (21) Poo=fwo > [(Nog+1)I,—Nolt],  (24b
Q m=—

which is the difference between phonon emission and ab-

sorption accompanied by different processes of photon emis-
For bulk semiconductors such as GaAs, whenxhg,  Sion and absorptionPop (—Pop) is the EELR (electron-

andz directions are chosen along the crystal axes, the ele€nergy-gain rateinduced by electron interactions with the

trons in the conduction ban@specially in thd” band can  radiation field

be treated roughly as a 3DEGdue to(i) the zinc-blende "

symmetry of the crystal structuréi) the parabolic nature of B _ +

the band structuréespecially around th& point); and (i) Pop= m;_m mi o[ (No+1)lm+Nolm], (249

relatively large energy gaps between conduction and valence

bands and between different valleys. Moreover, the photoMhich is the summation of the processes caused by emission

energy of FIR or THz radiationsfiw~meV) is much less and absorption of phonons and photons. Furthermore,

than the energy gap€(~eV) among different bands and - dy

valleys in GaAs. Therefore, for a THz-driven 3DEG realized *_ /—j el

from bulk semiconductors such as GaAs, the effects of inter- 'm=awoNevBhoolm oY

band and intervalley transitions via corresponding optical

IV. FOR A GaAs-BASED 3DEG STRUCTURE

processes can be neglected when the radiation intensity is not Xexr{ B (y—ay)? ( 1— ¢ o Bas
extremely high. Hence, the theoretical model and approaches 4 y 2
discussed in Secs. Il and Il in this paper can be used for v oo
GaAs-based 3DEG structure. xex;{ _Bly—ay )
When an electron gas is subjected to intense EM radia- 4 y
tions, the EM field will lead to the excitation of the electrons L
in the system and to the variation of the electron temperature. 2 ok )72
For polar semiconductors such as GaAs, the frequency of the X fo dx J[Foxv2my/h ) ' (249

phonon oscillation associated with longitudinal-oplcO)

modes is at about THzu{ o/27m=8.85 THz). Therefore, the From Eq.(248, we see that for the weak probing electric
electron—LO-phonon interaction is the principle channel forfields Ey<1 andE <1, P=(0XXE§+ onyi)/2< 1. Taking
relaxation of excited electrons in a GaAs-based 3DEG, du®—0, we haveP, o=Pgp, which reflects the fact that the
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electrons in the system gafaor lose the energy mainly from
the EM fields applied via the processes of optical absorption
(or emission and lose(or gain the energy via the channels
for emission(absorption of phonons. Therefore, for a THz-
driven 3DEG, the absorption and emission of phon@im®-
tong can be achieved by the processes of electronic transi-
tions accompanied by opticalphonon emission and
absorption, which is amdirect photon-absorptioriphonon
emission mechanism.

From Eq.(23), one can find that, in the presence of an EM
radiation polarized along the direction, the relaxation time 0 2 4 6 8 10
7, may be different from that of,, because of the aniso- Radiation Frequency (THz)
tropic feature in the electronic transition rate induced ) o
electron-photon-phonon interactions. This feature may result F!G. 1. Electron temperaturg, as a function of radiation fre-
in o fyy OF Oy Oyy, which can be measured experi- quencyw/?w for different radiation intensitieE,. N, is the elec-

; : : : : tron density.

mentally. The physical reason behind this anisotropic con-
duction behavior is that the EM radiation polarized along a

Cn By solving the energy-balance equation, given Byy
certain direction may break the symmetry of the sample ge- ; . . .
ometlry rect y Y y ple ge_ Pop in the case of the weak probing fields, we can obtain

0 _ 2/0y— the electron temperatufk, and the EELR induced by emis-
WhenE,=0 (i.e.,1g=0), due t0J;,(0)= o, we have o0 " absorprzion o;bephonons and photons viaydifferent
1 1 1 Aa Bg/z optical processes for a given radiation field with streriggh
—=—==—=w0 =17 Ng&?? and frequency w. Introducing T, obtained into the
> Ty T 37 momentum-balance equations, given by =er;/m*, we

can obtain the mobility(u,, and w,,) in different geom-
etries. It is interesting to note that the inclusion of the EM
field within the electronic transition rate can simplify consid-

400

300

200

100

Electron Temperature (K)

Be

X (1+eﬁoﬁe)|<l(7) +(1—ef’oﬁe)|<o(%”,

(259  erably the numerical -calculation through using the
momentum- and energy-balance equation approach. When

hoo considering the EM field as an ac driving force in the drift

Pro=Ne e (25D term of the Boltzmann equation, one has to solve self-
consistently the momentum- and energy-balance equations in

and order to obtainT,.” This is very CPU consuming. Using
o theoretical approaches developed in this study, we can obtain
1 2aB; N.eBe2(aho—Be_ 1 T. by solving the energy-balance equation alone. Moreover,
7o 0TI oe"e (e ) using these approaches, we can study easily the optical ab-
sorption and phonon emission through different channels of
XKy %) _g Ko(Bo) . (250 multiphoton processes.

Here, Bo=fiw o/kgT, Be=hw o/kgTe, andK,(x) is the
modified Bessel function. Equatio(®5) are the well-known

A. Electron temperature and electron-energy-loss rate

The influence of the intensiti, and frequencyw of the

results obtained in the absence of the EM radiation. For lowfHz laser radiations on electron temperature of a 3DEG is

electron density electron gdse., c<1) and whenT,—T,
PLOIO.

V. RESULTS AND DISCUSSIONS

The numerical results of this paper pertain to GaAs-based
3DEG structures. The material parameters for GaAs are

taken as(1) effective-electron-mass ratim*/m,=0.0665
with m, the electron rest mas&) electron—LO-phonon cou-
pling constanta=0.068; and(3) LO-phonon energyiw g
=36.6 meV(i.e., v o/27=8.85 TH2. Furthermore, in all of
the calculations(i) we consider am-type-doped GaAs with
the typical electron densiti,=10"> m™3; (i) we take the

lattice temperaturd =77 K at and above which the strong

electron—LO-phonon scattering is present in GaAs; @ingl
we include contributions fronrm=0,+1,+2,... + 20 optical

shown in Figs. 1 and 2. We find the followin¢ll) At rela-
tively low-frequency radiations, the electrons in the system
will be slightly cooling down, i.e..T.<T (see Fig. 1 and

[\~
Ut
o

T=T7K
N,=10®m™

w/2r=2 TH

P
el
>

Electron Temperature (K)
&
=]

0 10 20 30 40
Radiation Intensity (kV/cm)

channels. Including more multiphoton processes in the cal-
culation influences the results only for low-frequency and FIG. 2. Electron temperature as a function of radiation intensity
high-intensity radiations. for different radiation frequencies.
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FIG. 3. Total electron-energy-loss rate as a function of radiation
frequencyw/27 for different radiation intensitie€,. The results
are shown forP, 5/N, or Pop/Ng, i.e., the average EELR per
electron.

FIG. 4. Total electron-energy-loss rate per electron as a function
of radiation intensity for different radiation frequencies.

see that at a fixed radiation intensity, a peak of the optical
absorption(or phonon emissigncan be observed at about
w/27m=2 THz in Fig. 2. (2) With increasing radiation fre- /27~1 THz. With increasinde, the peak shifts to the HF
quency, T, first increases then decreassge Fig. 1L The regime and looks more broadened. We note that the peak of
peak of T, shifts to the higher-frequency regime with in- the optical absorption observed here for a 3DEG is very
creasingE,. This effect is more pronounced for the high- Similar to the resonant absorption observed in THz-driven
intensity radiations(3) T, increases with increasirif, (see ~2DEG’s (Refs. 1 and B where, however, the spectrum of
Fig. 2). The electrons in the system can be more efficientlyTHz optical absorption was shown at a fixed electron tem-
heated by a relatively LF radiation fiel¢d) The higher the perature and the peak was observed at abou@m
radiation frequency is, the larger the radiation intensity re-~0.5 THz.
quired to heat the electrorisee Figs. 1 and)2 In the absence of an EM field, the dependence of the
Electron temperature measures how efficiently an electrofELR induced by LO-phonon scattering on electron tem-
can gain the energy from the fields applied and lose iPerature can be described by a simple relaffon:
through the emission of a phonon. In low-intensity and/or B s oo kT
low-frequency regimes where<w, o, the process for an Plo/Ne=(hiw o/ 7")e 10T e, (26)
electron to lose the energy via LO-phonon emission is muchyhere* s the effective hot-electron relaxation time. Using
more efficient than that to gain the energy via photon absorpge data shown in Fig. 4 we can examine the validity of this
tion, due to the larger energy transfer caused by LO-phonOfg|ation in the presence of the EM radiations, by plotting
scattering. As a consequence, the requiren®=Pop  |og, (P, o/N,) versus 1T, as shown in Fig. 5 for different
may lead to lowering the electron temperature so that theygiation frequencies. The results shown here indicate that
effects of LO-phonon absorption become stronger. This efPLONe—meo/kBTe can be roughly seen at high-intensityr
fect results from predominantly forward scattering inducediarge T,) radiations. A significant conclusion we draw from
by the LO-phonon scattering mecham%?nThe cooling of  Fig 5 is that in the presence of intense THz radiations, Eq.
electrons through this mechanism was observed in nonlmeqt%) can be used to describe the relationship between the
electron transport in strong dc fiefdsand in the presence of EELR and the electron temperature through introducing a
nonquantizing magnetic fields:2 At radiations with suffi- frequency-dependent hot-electron _relaxation  time*

ciently high intensity and high frequency, an electron can be 7 (w). This approach has been employed by Asmar
accelerated quickly to reach an energy lelekrfiw g.

When the time of this process required is shorter than the 1
relaxation time required to emit a LO phonon, electrons will 10
be heated. From Figs. 1 and 2, one can find that for a GaAs-
based 3DEG, the heating of electrons occurs at abd2ir
~2 THz whenEy> 10 kV/cm. With further increasing radia-
tion frequency so thab~w, o, an electron can easily gain
the energy, via the photon absorption, to rekeh% w, 5 and
lose the energy via phonon emission. When this two-step
process is analogous to an elastic scattering event, the elec-
tron gas will not be heate@.e., T.~T).

The influence of the THz radiation on the total EELR 1004 06 08 10 12 14
induced by LO-phonon emissidR, o or photon absorption ) ' T 1 (10-2 K'l)
Pop (noting P o= Pgp) is shown in Figs. 3 and 4. At a fixed N
w, Te increases with increasirig, so that LO-phonon emis- FIG. 5. Total electron-energy-loss rate per electron as a function
sion scattering and photon absorption scattering increasss the inverse of the electron temperatiiefor different radiation
with Eq. As a result, the EELRP, 5 or Pop) increases with  frequencies. The results are presented using the data shown in Fig.
increasing radiation intensitisee Fig. 4 From Fig. 3, we 4.

w/27=2 THz

ot
W

. .
10°
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T=7TTK

N,=10®m"
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FIG. 8. Intensity of LO-phonon emission, induced by different
photon processes, as a function of radiation frequent3sr at a
fixed radiation intensity. m>0 (m<0) corresponds to a
m-photon absorptioriemission process and the solid curve is the
total contributions from all optical channelsee Fig. 3.

FIG. 6. Optical absorption energy per electron, induced by dif-
ferent photon processes, as a function of radiation frequexizy
at a fixed radiation intensity.m>0 (m<0) corresponds to a
m-photon absorptioriemission process and the solid curve is the
total contributions from all optical channelsee Fig. 3.

et all in analyzing their experimental data. At low-intensity From Fig. 7 we note that at a fixed radlat!on frequenir)yat_
radiations(or smallT,), the dependence 4%, on T, may low-intensity radiations, thlcal abgorptlon results r_r_lamly
be modified strongly by the intensity and frequency of thefrom one-_phqton absorption procegs., fromm=1); (ii)
radiation field. the contributions fromm=2 channels and from photon
emission to optical absorption increase rapidly vt and
(iii) at high-intensity radiationge.g., Eq>15 kV/cm when
wl27=4 TH2), optical absorption is determined by multi-
photon absorption processg®., by those withm=2). From

The contributions from different optical processes to theFigs. 6 and 7, one can find that the contribution due to pho-
total energy of optical absorption in a 3DEG structure areton emissior(i.e., those associated with<<0) to EELR (or
shown in Figs. 6 and 7. As can be seen from B40), the  optical absorptionis much smaller than that from photon
process ofm=0 does not contribute to optical absorption. absorption(i.e., those withm>0). These theoretical results
The optical absorption is an overall contribution to EELR indicated that multiphoton absorption processes can become
from photon emissionri<0) and absorptionrg>0). From  the principal channels for optical absorption in bulk semi-
Fig. 6, we see that at a fixed radiation intensity, LF opticalconductor materials subjected to high-intensity and/or low-
absorption can be achieved by electronic transitions via mulfrequency radiations. The radiations provided by FEL'’s, with
tiphoton channels. At LF radiationgw/27<2 THz at Eq Eo~1kV/icm andw~1 THz, can be used to observe these
=20 kV/cm), optical absorption via different multiphoton multiphoton effects. Experimentally, the total energy of op-
processes increases with With further increasing radiation tical absorption in an electronic device can be measured
frequency (@/27>2THz), optical absorption viam=2  througH o,E3/2=Pqp, Which can be deduced from the
channels and via photon emission decreases and the absogata of the applied radiation field and of the conductivity
tion peaks induced by these optical processes can be okeasured at the corresponding radiation.
served at aboutw/2m~2THz. At HF radiations(e.g., In the presence of an intense EM field, the emission of LO
w/2m>6 THz when Ey=20 kV/cm), optical absorption is phonons from an electron gas can be generated via electronic
achieved mainly through one-photon absorption processransitions accompanied by the absorption and emission of

B. Multiphoton absorption and photon-assisted
phonon emission

@ <24 7
E -8 g T=77K 1/
= 1.5 e 2.0 Ne=1023 m-3 //2
g 12 g 16 | w/2r=4THz /'
Eo9 7 12
3
2 0.6 508
< g
=03 S 04
.8 5]
g 0.0 ﬁcj 0.0

0 10 20 30 40 0 10 20 30 40

Radiation Intensity (kV/cm) Radiation Intensity (kV/cm)

FIG. 7. Optical absorption energy per electron, induced by dif- FIG. 9. Intensity of LO-phonon emission, induced by different
ferent photon processes, as a function of radiation intensity at photon processes, as a function of radiation intensity at a fixed
fixed radiation frequency. The solid curve is the total contributionsradiation frequency. The solid curve is the total contributions from
from all optical processesee Fig. 4. all optical absorption processésee Fig. 4.
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FIG. 10. Mobility, uyy in (&) and uy, in (b), as a function of FIG. 11. Mobility, sy, in (8) and uyy in (b), as a function of

radiation intensity for different radiation frequencies. The conduc-ragiation frequencyw/2 for different radiation intensities.
C. Mobility and relaxation time

the photons. The contributions from different optical pro- pe dependence of the mobilitfor conductivity o,
cesses to LO-phonon emission in a GaAs-based 3DEG are Neep;j) measured in different geometries on the THz EM
presented in Figs. 8 and 9. For an electron gas subjected [9iation is shown in Figs. 10-13. When the radiation is
EM radiations, zero-photon process may contribute to th?ﬂolarized along the direction, u;; can be obtained experi-
emission of the_ phon_ons. We find that similar to the case o entally by applying the dc probing electric figlar current
opt!ca_l absorption via _multlphoton processes, LO—phonorblong thei direction and measuring the currefatr electric
em:s_ch])n fromba TH;—dr|ver(1j3DEG can bi.aCh'f?\/ed.throug}?ield) along thej direction. Our theoretical results show that
[)nrl;ggur?(t:zg ]% rsrc;rdﬁgft)igninwitﬁTellsjtli?/gly-ll—oﬁ f?eqi?ér(l:ﬁ r‘:orefor electron interactions with photons and with LO phonons,

. Lo . ; Mxy= yx=0 and, normally u,,# w,,, Which is evident by
Fig. 8 and/or high intensitysee Fig. 9. The peaks of LO- Fi?;ys. 1% and 13. In Fig. 10 ot HE radiations bath, and
phonon emission via different opti.cal channels can be ob;uyy decrease with increasiri@o. However, a relatively LF
served e}tzat;ong/ﬁw~2r']er (Ese_eZF(;gk'V% At HII:_(I’)adEltIOI’IS radiation (e.g., w/27=2 THz) may result in an increase of
(9. w/2m z when o= cm, -phonon —,_ with E, in the high radiation intensity regime. At a fixed
emission results mainly from the one-photon absorption Prot_ diation intensity, in Fig. 11 both,, and .. first decrease
cess. In Figs. 8 and 9, the EELR induced by interaction with, . LS XX L Yy .

' nd then increase with increasiag With further increasing

LO phonons via photon emissiom0) may be negative. - _ g X
A negative EELR means that the electrons in the system can (€.9., w/2m>4THz atEo=5kvicm), the mobilites de

gain the energy from the corresponding electronic transi-
tions. Together with those observed and discussed for the
influence of the radiation field on electron temperat{see
Figs. 1 and 2 we find that a negative EELR induced by
LO-phonon absorption mediated by photon emission takes
main responsibility for the cooling of electron temperature
shown in Figs. 1 and 2. When,<T, the rate of LO-phonon
absorption scattering vilm<<0 channels is larger than that of
emission scattering vian>0 channels and, consequently,
the EELR caused by LO-phonon scattering becomes nega-
tive. It can be seen from Figs. 8 and 9 that for HF and 0 10 20 30 40
high-intensity radiations, the processes of photon emission Radiation Intensity (kV /cm)

affect weakly the LO-phonon emission. The LO-phonon

emission is mainly generated by electronic transitions ac- FIG. 12. Different dependence gf,, and u,, on the radiation
companied by the processes of photon absorption. intensity is evident.
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FIG. 13. Different dependence f,, and u,, on the radiation
frequency is evident.

pend weakly onw. At a fixedEg, ro~ w2 decreases rapidly
with increasingw. Whenryg,<1, the electron relaxation
time and the EELR depend very little on the EM radiation.
From theoretical results given by Eq&0) and (23) and
shown in Figs. 12 and 13, we can find that the difference : .
betweenu,, and u,, can be observed more markedly at a 2 '2':, N\ (b)
radiation field with higher intensitysee Fig. 12 and inter- 1 2 3 4‘ 5 6 ‘7 s 9
mediate frequencisee Fig. 13 WhenEy=0, u,,= w,, due L

to Iim,oﬂo\]fn(roqx) =dom- In the presence of the EK)II radia- Radiation Frequency (THz)

tions, an anisotropic conduction caused by electron-photon- FIG. 14. Scattering rate, 4/in (a) and 1, in (b) induced by
impurity scattering in semiconductor Si-based structures afifferent photon processes, as a function of radiation frequency
low temperatures was predicted by Brandedhe results /27 at a fixed radiation intensity. m>0 (m<0) corresponds to
presented in this paper indicate that the anisotropic condug m-photon absorptioiemission process and the solid curve is the
tivity tensors can also be measured in GaAs-based structurégfal contributions from all optical channels.

subjected to intense THz radiations, due to electron-photon-

phonon interactions in relatively high temperatures. T.—T (see Fig. 1 for all radiation intensities. For LF radia-

The dependence of relaxation tiner scattering ratein  {jons, the photon energyw is very small. In this case, elec-

different geometries of a THz-driven 3DEG on intensity andy., interactions with the radiation fields via photon emission
frequency of the EM radiations is presented in Figs. 14 an

i ill be | fficient. In th h
15. At a fixed radiation intensity and in the LLFHF) regime nd absorption will be less efficient. In the present study, the

. . o . EM radiation has been taken into account within the Cou-

(see Fig. 14 the electronic scattering is mainly through mul- lomb 2 in which V-A=0 and ¢=0. and. conse-
tiphoton (zero-photoh channels. At a fixed radiation fre- omb gauge- | whi $=0, i
quency and in the low-intensitihigh-intensity regime(see ~ duéntly,p=0 and; =0 for free electrons. The— 0 limit of
Fig. 15), zero-photor(multiphotor) process accompanied by th|§ approach. is esgentlally different frgm.those py simply
the LO-phonon scattering is the main channel for electronid@king the radiation field as anac electric field, which corre-
transitions. An important conclusion we draw from thoseSPONds to a gauge variatiok—0 and ¢— Egx cos(t).
shown in Figs. 14 and 15 is that the rate of electron-photon¥vhen an EM radiation is taken as an ac electric field, we
phonon scattering in a GaAs-based 3DEG structure can beave the following.(1) p=0 andj=0 cannot be satisfied.
comparable to the frequency of the THz radiations. This feaTherefore, it can only be used for the case of interacting
ture implies that THz radiations may couple strongly to theelectrons through, e.g., taking into consideration in the left-
electronic system and may modify significantly the processeband side of the Boltzmann equatib() The solution of the
of momentum and energy relaxation for excited electrons irSchralinger equation at the—0 limit is characterized by
the device. Hence, THz-driven 3DEG’s can exhibit some im-the Airy functions, which will result in different electronic
portant and distinctive features in their nonlinear transportransition rate after using the time-dependent perturbation
and optical properties. theory. (3) A gauge-translational approachhas to be em-
ployed in order to study, e.g., the transport problem. How-
ever, by using the coordinate transformation proposed by
Truscott®® the time-dependent Schiimger equation in

The results discussed and shown above are mainly for thehich the radiation field is taken as an ac electric field for
case ofw/2m~1 THz. Now we discuss some features ob- w# 0 can also be solved analytically. It can be justified that
tained from the present theory for 3DEG’s subjected to low-the electronic transition rate obtained from using this wave
frequency(i.e., v<1 andw—0) EM radiations. Theoretical function is the same as those given by Egg.and(5). This
results given by Eq(24¢) and shown in Fig. 3 indicate that implies that Eqs(4) and(5) are gauge invariant. So, the only
in the presence of the weak probing fields and when th@roblem that arises from taking the EM radiation field as a
radiation frequencyw—0, Pop~fw—0, which leads to vector potential alone or as an ac electric field alone is at the

1/7, (THz)

D. The case of low-frequency radiations
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system, the frequency of the acoustic phonons is at about
wgl2m=0.1 THz ' so one would expect that in the presence
of the LF EM radiations withw/27~0.1 THz the electron—
acoustic-phonon interaction will be an important channel for
relaxation of excited electrons. Furthermore, the impurity-
induced optical absorption in a 3DEG device occurs in rela-
tively LF regime and depends strongly on sample param-
eters.

The LF andw— 0 conductivity was discussed in Ref. 24

. for electron—LO-phonon interactions. In Ref. 24, to calculate

0 10 20 30 40 correctly the LF(especially asv— 0) conductivity, one has
Radiation Intensity (kV/cm) to sum an infinite number afiagrams In contrast, using the
approaches developed in the present study, we can calculate
the LF conductivity by summing over an infinite number of
m, which is much easier to do.

VI. SUMMARY

In this paper, we have performed a detailed theoretical
study of the nonlinear transport and optical properties in
THz-driven 3DEG’s. We have developed an approach to
. ‘ deal with electron-photon-phonon interactions in a 3DEG

0 10 2 30 40 structure. Usjng this approach, the effect of the EM ra_diation
Radiation Intensity (kV/cm) can be considered more exactly and. the effect Qf m_ultlphoton
processes on the transport and optical properties in an elec-

FIG. 15. Scattering rate, 4/ in (@) and 1k, in (b) induced by ~ tron gas can be more easily and directly included. Introduc-
different photon processes, as a function of radiation intensity at &9 the electronic transition rate induced by electron-photon-
fixed radiation frequency. The solid curve is the total contributionsphonon interactions into the steady-state Boltzmann
from all optical channels. equation, we have derived the momentum- and energy-

balance equations, which can be used to study the nonlinear
w— 0 limit. The theoretical results shown in this paper indi- transport and 0ptica| effects measured by, e.g., transport ex-
cate that at thevo—0 limit, an EM radiation field cannot be periments. These theoretical approaches have been employed
treated as an ac electric field. to study the dependence of electron temperature, relaxation

For the case of a radiation field with low frequency andtime, mobility, multiphoton absorption and emission, and
low intensity so that w<w,o and rogy~1, due to photon-assisted phonon emission on frequency and intensity
Sr_ L JZ(x)=1 in Eq.(23), the momentum-relaxation time of the THz radiations in a GaAs-based 3DEG structure. The
is independent ofv and Eq and can be determined by Eqg. main results obtained from this study are summarized as fol-
(253. The mobility now is given byu,,= uy,=er/m*. For  lows.
the case of a radiation field with low frequency and high For a THz-driven 3DEG, at relatively low-frequency and
intensity (notingr o~ Eq/w?) so thatr,q,>m, the relaxation  low-intensity radiations, the electrons in the system will be
time in different geometriefsee Eq.(23)] and the EELR slightly cooling down, which results from predominantly for-
[see Eqs(24)] may depend on the intensity and frequency ofward scattering induced by the LO-phonon scattering mecha-
the radiation field, because whee-m, J(x)~x Y2 cosk  nism. The cooling of electrons in the device system will
—mm/2— 7l4). result in a stronger LO-phonon absorption scattering via

In the calculations, we only include the contributions channels of photon emission and, consequently, in the en-
from optical processes regarding=0,+1,+2,..., and=20, ergy gain achieved by phonon scattering via the correspond-
to save CPU time. From the fact that a stronger effect ofng optical processes. The heating of electrons can be ob-
electron-photon-phonon interactions can be observed wheserved more markedly at a radiation with relatively lower
Imw~w o, in LF regime, more multiphoton processes frequency and higher intensity.
have to be included. It should be pointed out that in Figs. 11, At a fixed radiation intensity, a peak in the optical absorp-
13, and 14, we have shown the results for the case dfion and/or phonon emission can be observed for a 3DEG
w/27>0.5 THz where a high accuracy of the numerical cal-system at aboub/27~1 THz. With increasing radiation in-
culation can be achieved. When27<0.5 THz, the mobil- tensity, the peak shifts to the high-frequency regime and
ity (inverse relaxation timeinduced by LO-phonon scatter- looks more broadened. These features are very similar to the
ing increasegdecreasesmonotonically with decreasing,  resonant absorption observed in THz-driven 2DEG's where,
becausev< w| g S0 that the electron—LO-phonon interaction however, the spectrum of THz optical absorption was shown
via photon emission and absorption becomes weaker. Undexperimentally at a fixed electron temperature and the peak
the very LF radiations, the electronic transitions can bewas observed at about/27~0.5 THz.
achieved via other scattering mechanisms, such as acoustic For a THz-driven 3DEG, low-frequency and/or high-
phonons and impurities that were not taken into considerintensity optical absorption can be achieved via multiphoton
ation in the present study. For a GaAs-based electron ggwocesses. At a relatively high-frequency and/or low-
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intensity radiation, the process of one-photon absorption is a The rate of electron-photon-phonon scattering in a GaAs-
principal channel for optical absorption. The electron-based 3DEG structure can be comparable to the frequency of
photon-phonon interactions via channels of photon emissiothe THz radiations, through varying the intensity and/or fre-
affect weakly the electron mobility and the EELR. The pho-quency of the radiation field. It implies that THz radiations

ton absorption and emission via electron-photon-phonon '”r'nay couple strongly to the electronic system and may

teractions is an indirect optical mechanism. The results sho% PP

. odify significantly the processes of momentum and energy
that GaAs-based 3DEG structures can be used as nonlinegr . : . . S
electronic and optical devices working at FIR or THz re- flaxation for excited electrons in the device. And this is the

gime main reason why some important and distinctive features in

In the presence of an intense EM field, the emission of Lghe nonlinear transport a”‘?' optical properties can be ob-
phonons from an electron gas can be generated via electromerVed in THz-driven 3DEG's. _ _
transitions accompanied by the absorption of photons. LO- Finally, the phenomena discussed and predicated in the
phonon emission via multiphoton absorption can be achieveBresent study may _be observed within the radiation intensity
at radiations with relatively low frequencies and/or high in-and frequency regimes of recently developed free-electron
tensities. lasers such as UCSBRefs. 1-3 FEL's and FELIX*® We

The presence of an EM radiation polarized along a certaifiope those presented in this paper could be verified experi-
direction will break the symmetry of a 3DEG structure. As amentally.
consequencd;l) an anisotropic nature of the electronic tran-
sition rate can be observed for electron-photon-phonon inter-
actions;(2) the momentum-relaxation time in different ge- ACKNOWLEDGMENTS
ometries will be different; and(3) the anisotropic
conductivity tensors can be measured. A larger difference This work was supported by the Australian Research
betweenoy, and oy, can be observed at a radiation field Council. The author is grateful to S. M. Stewart for his read-

with higher intensity and intermediate frequency. ing of the manuscript.
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