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We apply the frequency-dependent magnetoconductivity presented previously by one of the present authors
not only to bulk nonpolar rf-Ge) and polar 1i-GaAs semiconductors but also to short-period Ge-based
(nonpolay and GaAs-basetpolar semiconductor superlattices. We also obtain the optically detected magne-
tophonon resonand®DMPR) conditions and the energy range in which the relaxation rates are allowed. With
the ODMPR conditions and the obtained energy range, qualitative features of the ODMPR effects are inves-
tigated according to the incident photon frequency and the strength of the applied magnetic field in the
guantum limit condition, in whiclh w.>kgT are satisfied. In particular, anomalous behaviors of the ODMPR
lineshape such as the splitting and the shift of ODMPR peaks are discussed. Furthermore, the appearance of the
plateau between neighboring ODMPR peaks, the disappearance of ODMPR peaks, and changes in the ODMPR
amplitude in the semiconductor superlattices are discussed in detail.
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[. INTRODUCTION superlattices, and to investigate the features of the optically
detected magnetophonon resonances in such materials ap-
Magnetophonon resonan@PR) arises from an electron plied to terahertz frequency. The rest of the paper is orga-
resonant scattering due to absorption and emission dfized as follows: In Sec. Il, we present our theoretical for-
phonons when the energy separation between two of th@ulations of the problem for two case$l) the bulk
Landau levels is equal to a phonon energy. Since the work b§emiconductors with nonpolar and polar properties, éhd
Gurevich and FirsoY this effect has been extensively stud- the short-period semiconductor superlattices with nonpolar
ied as a powerful spectroscopic tool for investigating trans@nd polar properties, respectively. Numerical results for the
port behavior of electrons in bR and low-dimensional Magnetoconductivity of both bulk nonpolar-Ge) and polar
semiconductor systemis!* The MPR enables us to obtain (nN-GaAs semiconductors, and Ge-basgdonpolaj and
information on band structure parameters, such as the effe€&aAs-based(polan semiconductor superlattices, respec-
tive mass and the energy levels, and on the electron-phondively, are presented in Sec. lll. In particular, the ODMPR
interaction. The vast majority of work on the MPR has beerconditions for the model systems, and the plateau conditions
done on the transport properties of semiconductors, usuallfpr the semiconductor superlattices, are given explicitly, and
the magnetoresistance, which inevitably involves a complithe effect of incident photon frequency and the strength of
cated average of scattering processes. The oscillations in tiigagnetic field on the ODMPR are discussed. The relaxation
magnetoresistance are the results of a combination of scaftate, which is closely related to ODMPR, is evaluated for the
tering and broadening processes that can lead to a quite cor@uantum limit condition, assuming that the interaction with a
plicated dependence of the resonance amplitudes on dopingylk longitudinal-opticalLO) phonon is the dominant scat-
sample structure, carrier concentration, and temperaturéering mechanism. Here, special attention is given to the
However, it is known that the MPR can also be observednomalous behavior of the ODMPR lineshape, such as the
directly through a study of the electron cyclotron resonancéplitting and the shift of ODMPR, the appearance of plateau
(CR) linewidth and effective mass, i.e., the so-called opti-scattering between the two ODMPR peaks for the semicon-
cally detected MPR(ODMPR), as was demonstrated in ductor superlattices, the disappearance of ODMPR peaks,
three-dimensional3D) semiconductor systems of GaAs by and changes in the ODMPR amplitude. Our results are sum-
Hai and Peetet$ and in two-dimensional2D) semiconduc- Marized in the last section.
tor systems of GaAs/AGa; _,As heterojunctions by Barnes
et al'® The ODMPR allows one to make quantitative mea- . THEORETICAL FRAMEWORK
surements of the scattering strength for specific Landau lev-
els and yields direct information on the nature of the We consider a system of many noninteracting electrons
electron-phonon interaction in semiconductors. N, in interaction with phonons, initially in equilibrium with
The purpose of the present work is to apply thea temperaturd for two cases—the one is a bulk semicon-
frequency-dependent magnetoconductiitybtained by us-  ductor with a constant potential energy and the other is a
ing the Mori-type projection operator technique presented byemiconductor superlattices with a periodical potential well
one of the present authors not only to bulk nonpot®@e)  in the z direction. Then, in the presence of a static magnetic
and polar 0-GaAs semiconductors but also to short-period field directed along thez axis, B=(0,0B), the time-
Ge-basednonpolaj and GaAs-basdgolar semiconductor independent Hamiltoniahl of the system can be written as
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where the dimensions of the sample are assumed t¥ be
H=He+V+ Hp:; Z <\|(he+v)[\'>afa, +H,, =L,LyL,. 6(x) is the Heaviside step function defined by
A 1) 0(x)=1 for x=0 andf(x)=0 for x<0. This indicates that
the DOS diverges at the bottona € ¢y) of each subband
1 and decreases as the energy increases.
he=——(p+ eA)?+U(z), 2 For the short-period semiconductor superlattgg(z) in
2m Eqg. (6) stands for the tight-binding Bloch function in tlze
direction. The electron energy spectrum of the superlattice,
v=", [?’gngF?’qbq], (3) &(ky) in Eq. (7), still forms minibands in the longitudinal
q direction due to the superlattice periodic potential. In the
superlattice layerx—y plang, however, it is quantized into
Landau levels due to the magnetic field. If only the lowest
miniband is considered, the electron state can be described,
in the Landau representation, by the quantum nunbef
Yq=C(q)expig-r), (50 the Landau level, the wave vectok,(—m/dg <k,
<ldg), and the spin index (we neglect the spin-related
energy for simplicity. (k,) means the energy dispersion of

1
Hp=% hwq( bibg+ 5), (4)

where|A> means the electron state in the conduction band

A denotes the Landau statbl k), N(=0,1,2...,) is the the lowest superlattice miniband, which is approximated by a

Landau-level indexa, (&,) is the creatiortannihilation op-  ¢ogine shape under the tight-binding approximation, and is
erator for an electron with effective masg and momentum given byl5

p, A denotes the vector potentidl,(z), which is a periodi-

cal potential well, has zero value in case of the bulk semi- A

conductorb] (bg) is the creatior(annihilation operator for e(ky) = 5 (1~ coskds)), (11
a phonon with momenturfiq and energyi w,, C(q) is the

interaction operator, andis the position vector of an elec- whereA is the miniband width ands, denotes the period-

tron. By taking into account the Landau guage of vectoricity of the potential. Then, the density of states is expressed
potentialA=(—By,0,0), the one-electron normalized eigen- gs

functions (r|\>) and eigenvaluesH,) in the conduction

band are given, respectively, by m* oV 1
D(e)=—5—
1 mhds, N V(e—ey)(eytA—e)
<rIN>=<r|N,k, ,k,>=— —vy,)explik,x Z
| | X1z \/L—X¢N(y y)\) F( X )gkz( ) X9(8—8N)0(8N+A—8), (12)
(6)

where the dimensions of the sample are assumed t¥ be

and =L,L,L,. This indicates that the DOS has singular points at
E,=En(k)=(N+ 12w +e(k)=en+e(k,) (7) Lhe (tjop E=ent+A) and the bottom £ =¢y) of each mini-
and.
wherey, = — 3k, with | = J/m* w, k, is the wave-vector When a linearly polarized electromagnetic wave of ampli-

component of the electron in thedirection, w.(=eB/m*) tude E and frequencyw is applied for the Faraday configu-
is the cyclotron frequency in the conduction bagg(y) in  ration (ELB) and Voigt configuration &|B),®'" the ab-
Eq. (6) are the eigenfunctions of the simple harmonic oscil-sorption power delivered to the system is given as
lator, andL, is the x-directional normalization lengths.
For the bulk semiconductog (2) in Eqg. (6) ande(k,) in P=(EY4)Rdo,,(0)+0,,(—)], (13
Eq. (7) are respectively given by _
where Re means “the real part ofgy=w—i8(6—0"), and

1 . a'vv(;)(z):X, y, orz) [oro,,(—w)] is the complex optical
§kz(z)_ \/Texpmkzz) (8) conductivity corresponding to the rigtior left) circularly
‘ polarized wave.
and
522 A. Optical conductivity in the bulk semiconductor
e(ky)= 2m*z’ €) For the bulk semiconductor, when an electromagnetic

wave given by
wherek, is the wave-vector component of the electron in the

z direction. The density of staté®OS) is expressed as Ex=0, E,=Ecoswt, E,=0 (14
m* w.L.L.L m O(e—sy) is applied along the axis, andoyy(a) for the Faraday con-
D(g)=2——— 2 [—> ——_“%  (10) figuration (ELB) can be expressed in the linear-response
2m%h 212N Je—ey theory as®+’
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_ A f(E,)—f(E,) arise during the integration of the matrix elements with re-
oy(w)=~ > Y spect to each direction. We also replace summations with
Q5N Ev—Ey respect tdk, andk, in Sy by the following relation’
|jy)\’)\|2 m* wel/2h
— — 15 ~~-=LL/42f T dk dky(- - -
ﬁw_E}\r+E)\_ih20)\r)\(w) ( ) k;(z( ) ( e ) —m*wcLy/Zﬁ X 1stBZ Z( (18)

where () represents the volume of the systejp,is they )
component of the single-electron current operdi(k,) isa  Pecause the ranges ok, and k, are, respectively,
Fermi-Dirac distribution function associated with the statediVen —within - —(m*wcl/24) (kg (m* wcl,/2/)  and

IN> and the energ§, , and the quantity: S o, 1, (@) means — /L, (k,) w/L,. In addition, we assume that th&s

the line shape function, which is responsible for the spectr ' Eq. (15) can be replaced by the Bolt;mann d|str.|but|on
unction for nondegenerate  semiconductor, i.e.,

broadenllng of I|_ne shgpe. Therefore, the real and 'mag'nar¥[EN(kZ)]%exp{[o’[,u—EN(kz)]}, where B—1/kgT  with

parts ofifi2.o1i(w) defined by kg being the Boltzmann constant afidtemperature, and
L — = — o~ — pn denotes the chemical potential given by
h2on(@) =V (@) Firlon(e) A8 g 10420 sinh(@heog2) JBI(2mm™3e?)]. Here n,

are the line shift and linewidth, respectively, for the transi-=N./Q denotes the electron density. Then, we obtain the

tion arising from the resonant absorption or emission of &requency-dependent magnetoconductivity corresponding to

single photon of frequency and of a single phonon of the right-circularly polarized wave as

frequency o, between stateg\> and [\'>. Real and _

imaginary parts of Eq(16) are of basic interest and are re- oyy(®) [ B . ]1

lated to the quantities measured experimentally. The real part - 2 rm* Tz“"m—(EIBﬁ We

provides the resonance shifting whereas the imaginary part 0

gives directly the average value of the relaxation time, the *

inverse of which then measures the resonance broadening of X 2 (N+1)exr{ -B

the absorption spectrum. N=0

Now, let us consider the case where the nondegenerate Bﬁgkz
limit and the quantum limit{ w.>kgT) are satisfied so that % f ex;{ — z
the electrons can be in the lowest Landau levels. 1stBZ 2m*
To obtain the magnetoconductivity,,(w) of Eq.(15) for i

the model systems given in Eg&) and (7), we use the % 0N+1’kkaz:Nn~kkaz(“’)

matrix eIements_of thg—compqnent single-electron current (hw—ﬁwc)2+rgN+1,k e k(@)

operator](Nkk,|j,|N"k;k;)|? given by Xzt

(1—exd —Bhoc])

1
N+§ ha)c

dk,

(19

; "'\ [2 — (a2 *
[Nkl Iy IN ko )|*= (€% wc/2m*)[(N+1) oy ane for a shift of zero,V,=0, in the spectral line shape, where
+NSy_1n 16k k' Sk K (17) go=e’n.7o/m* with 7, being static relaxation time in the
Xt ez absence of a photon.

because the matrix element with respect to the current opera- An analytical expression of the line shape function in Eq.
tor in Eq. (17) is directly proportional to the frequency- (15 in the lowest-order approximation for the weak
dependent magnetoconductivity, where the Kronecker symelectron-phonon interaction can be written by K£4.6) of
bols (Onn: ’5kx,k;'5kz,k;) denote the selection rules, which Ref. 16 as follows:

2 ('Yq))\+1)\’{('y;))\’)\+l_('ya—))\’—l)\jy)\’)\’—lljy)\-%—l)\}

iﬁioxﬂ)\(;):% (1+ng)

N (#N+1) ﬁE—E)\/—FE)\—ﬁwq

" Z {(')’q))\)\’_(')’q))\+l)\’+1jy)\’+l>\’ /J'y>\+1>\}(7§)w>\
N (#N) ﬁw_E)\+1+E)\r+fqu

+2 n 2 ('y;))\-%—l)\’{(')’q))\’)\-%—l_('Yq))\’—l)\jy)\’)\’—1/jy)\+1)\}
7 N (#)+1) fiw—E\/ +E\+hhwg

% 2 {(7;))\}\’_(7;))\+1)\’+1j/j y)\+1)\}(7’q))\’)\

, (20

N (#N) ﬁ;_E)\+1+E)\r_ﬁwq
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wheren, is the optical-phonon distribution function given pgxp(Bhw,) — 1]~ 1. Equation(20) is identical with Choiet al’s

result’ obtained by Argyres-Sigel’s projection operator metfiad the cyclotron resonance transition problem. Equatii

is good for sufficiently weak scattering which neglects the many-body coherence effect. The explicit expression of linewidth
can be evaluated from Eg&l6) and (20) by taking the imaginary part of the line shape given in Ef), which is given by

[Tori (@) pn=Im{iAS oy 10 (@)}

> (7q)>\+1>\/{(?’g)wﬂl_(?’g)w71>\jy>\/>\'71/jy>\+1>\}>< o(hw—Ey +E\—fog)
N (#A+1)

=7, (1+ny)
q

+ > 1y = Y+ +1dynr + 100 ”yﬁl)&(?’é))«kx (hw—Ey\ 1 TEy +hogy)
N (#1)

+% nq|: > (')’a))url)\’{(')’q)}\')\Jrl_('Yq))\’fl)\jy)\’}\’71/jy)\+1)\}>< S(ho—E\/ +Ey+hhwg)
N (EN+1)

+ > {(?’g)m\’_(7:1))\+1)\’+1j/jy)\+1)\}(')’q))\’)\x5(ﬁw_E)\+1+E)\’_ﬁwq) , (21)
N (#N)

where the symbol Im in Eq21) denotes the imaginary parts |(7q)M,|2:|c(q)|2|JN OB Kiq. Ok kiq, (29
of the quantty. The line shift, AV, 1\(o) g ’
[=Relin2o\+1n(w)}], can be calculated through a where thes functions ensure momentum conservation in the

Kramers-Kronig relation: x andz directions in scattering events and
- 1 (= Tylw)
Vo(w)=—P do’, (22 N!
ol T Jew—w' |JN,N’(UL)|2:N " qu_UL]UfN[LﬁE(UL)]Z (24)
|

whereT o(w') is given by Eq.(21). To obtain Eq.(21), we _ - PP _
have used the Dirac identity lim .(x=is)=P(1/x)  With u, =15qi/2 with q L =dy+ay. Here,N_= min{N,N'},
Timd(x), whereP denotes Cauchy’s principle-value inte- N>=Ma{N,N'}, and Liy“(u,) is an associated Laguerre

gral. polynomial® with AN=N. —N_ . With the help of Eqs(7)
The matrix elements df yq)wl2 in Eq.(21) are givenin  and (23), we obtain the relaxation rate associated with the
the representation of E@6) by electronic transition between the statgs- 1> and|\> as

['fmm(w)]phw; > 1@ Ins ine(A0)2X{(1+ng) 8l Fiw— Eny (K, — G,) + En(ky) — hrwrg]
N’ #N+1

+ngdlhw—En (K, +0,) + En(k) +fiwgl} + 7, > |C(a)[?[In e (9))]?
9N K kg # Ny kg

X{(1+ nq) dlho+En (K, +0,) —Enra(ky) + ﬁwq] + nq5[hw+ Enr(k;—d,) —Enra(ky) _hwq]}- (25

It is interesting to note that thé-functions in Eqs(21) and  resonance.

(25) express the law of energy conservation in one-phonon To calculate the relaxation rate§, of Eq. (25) for
collision (emission and absorptiprprocesses. The energy- electron-phonon interactions, we consider the Fourier com-
conservings functions imply that when an electron under- ponent of the interaction potentiafor nonpolar optical pho-
goes a collision by absorbing the energy from the incidenhon scattering given byC(q)|?=D/Q with D being the
photon, its energy can only change by an amount equal toonstant of the nonpolar interaction and for polar LO-phonon
the energy of a phonon involved in the transition. This inscattering given byC(q)|>=D'/(£2g?) with D’ being the
fact leads to the optically detected magnetophonortonstant of the polar interaction, where the assumption that
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the phonons are dispersionlesgi.e., fog=fiw o

~ constant, where g is the optical phonon frequencwas

PHYSICAL REVIEW B 66, 155208 (2002

tronic transition between the statg®+1k,,k,> and
IN,k, ,k,> can be expressed for nonpolar and polar optical

made. Then, the relaxation rates associated with the eleghonon scatterings, respectively, by

~ Vm*D (
I'o(N+1k,,k,:N,k, ,k,)=— ng+1
O( X110z X z) 2\/§7Tﬁ|ZBN’§;&:N ( q )

- D’ m*
FO(N+1,kX,kZ:N,kX,kZ)=E 52
N'#N *

+ng| K3 (N,N";k,)

wherew,=w o, 6(x) is the Heaviside step function,

h2Kk2
O1(k)=fio+(N=N)fwe+ o ~hwo, (289
21,2
®ﬂk9=ﬁw+(N—NUﬁwd+Emf+hmﬁ, (28b)
h2K2
®dkg=ﬁw+(N“—N—1de—§E§+hwu,
(289
h2K2
@Akgzﬁw+(Nh—N—1mmd—Eﬁé—hwu,
(280
and
+ ’ 1~ 2
K1 (N,N ;kz)zif duJ_|‘]N+1,N’(uL)| —
0 u, taj.
(299
RN , 1
K2 (N,N ikz)zif duy [Insane(uy)] — 5
0 u, +as.
(29b)
I T , 1
K3 (N,N ;kZ):Ef du [Inn(up)] 5
0 u, Taz.
(299
Kz (N,N";k,) 1de | I (u)|? !
7(N,N";k)=5 | du (U P——,
4 22 TN u, +aj3.
(290

with a?. =13(k, = y2m*0,(k,)/4?)?/2. In order to obtain
Egs. (26) and (27), we transformed the sum overin Eq.

(25 into an integral form in the usual way a¥,

s S {mqu

6[O,(k,)]
\% ®2( kz)

0[01(ky)] e[®3<kz>]> (e[@)z(kz)] a[®4<kz>])]
+ q + ,
VO1(k)  Os(ky) VO,(k)  VOuky)
(26)
. 00,(k)] a[®3<kz>])
K3 (NN’ Ky))————= + K3 (N,N’;k,) ———r
1( oy et NCETS
N e[®4<kz>])]
+K; (NN’ K,))————=| |, 2

—(VI(2m)3) [7 .J” .. 1sted0xdq,dq, and used the follow-

ing property of the Diracé function: & f(x)]=Z2,;d[x

—x; /[’ (x;)| with x; being the roots of (x). In addition, we
utilized the relationf .S .|Jy.n/(d, ) |?daxda,=27/IZ in
doing the integral oven, and g, to obtain Eq.(26). It is
clearly seen from Eq<$26) and(27) that the relaxation rates
diverge whenever the conditior@,(k,)=0 and the argu-
mentsa?, =0 in K;"(N,N’;t) are satisfied. From these con-
ditions, the relaxation rategand hence, the frequency-
dependent magnetoconductivitieg,(w)] for both nonpolar
LO-phonon and polar LO-phonon scattering show the same
resonant behaviors attriw.rhow=fhw o (P=N'—N
=1,2,3...,).When the ODMPR conditions are satisfied, in
the course of scattering events, the electrons in the Landau
levels specified by the level indgi) can make transitions

to one of the Landau levels\() by absorbing and/or emit-
ting a photon of energyiw during the absorption of a LO
phonon of energyiw, o .

B. Optical conductivity in the semiconductor superlattice

For the semiconductor superlattice, when an electromag-
netic wave given by

E,=0, E,=0, E,=E cosot (30)

is applied along the axis, O'ZZ(E) for the Voigt configura-
tion (E|B) can be expressed in the Kubo formalism®as

_ BePA?d,

o 0)=

S [ dsirfdso BN

1677215 7 J-midg

FN,kX K, iN Ky ,kz(w)
(ﬁw)z‘f'i:‘ﬁ’kx Ky 1Ny ,kz(w)
(31

for the shift zero in the spectral line shape, whese
=1/kgT with kg being Boltzmann constant aridtempera-

X{1-f[En(k) 1}
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ture. Also, N indicates the quantum staté Ey(k,)] is a In addition, to express the longitudinal optical magnetocon-
Fermi-Dirac distribution function associated with the eigen-ductivity of Eq. (31) in simpler forms, we assume that the
state|N,k, ,k,> of Eq. (6) and the energf¥y(k,) of Eq.(7),  f’s in Eq.(31) are replaced by the Boltzmann distribution
and —e(<0) is the electron charge. The quantif(w) function for nondegenerate semiconductot?, i.e.,
given in Eq.(31), which appears in terms of the collision f[Ey(K,)]~exdB(n—En(k)], where u denotes the
broadening of the absorption spectrum due to the electrorchemical potential given by

phonon interaction, play the role of the relaxation rate in the

spectral line shape. Note that if the limit ®— 0 is taken in

Eqg. (31), Eg. (31 reduces to the dc magnetoconductivity u=(1B)In{4mhndg Sinh( B w/2)/
related to the MPR obtained in ReL 13. To obtain the .
longitudinal magnetoconductivityo,{w) of Eqg. (31 [m* ocexp(— BA/2)Io( BA/2)]}-

for the model systems, we used the matrix elements of
the zcomponent single-electron  current  operator

i IN’ K. K Heren.=N./V denotes the electron density ahg(x) de-
(K, ke ,N[joIN" ki ,k2)|? to be e~ Ne y ahg(x)

notes the modified Bessel functibh.Equation (31) ex-

(kg ko, NJj N KL K2) |2 presses the Drude t(_erm arising from the drift motion of elec-
trons with the localized state through the electron-phonon
=(eAdSLsin(kzdSL)IZh)zéNN,5kxkx, Sk, (320 interaction. As shown in Eq(31), the electronic transport

) ) ) properties (e.g., electronic relaxation processes, magne-
since the matrix element with respect to the current operatophonon resonances, tim the superlattice can be studied
in Eq. (32) is directly proportional to the longitudinal optical by examining the behavior of‘(w) as a function of the

Enéagr?egocond;ctlv;t)gen\(/)vtrée{ﬁe sterllgctig;cizfecske\:vhisz magglesrelevant physical parameters introduced in the theory. In the
NN Bk Tk _ " following, we shall analyze the relaxation rates in detail in
during the integration of the matrix elements with respect tq, qer to get insight into optically detected magnetophonon
each direction. We also replaced'summaﬁogsiswith respect txsonance effects in the model system of the superlattices.
ke andk, in Zy ¢« by the following relation An analytical expression of the relaxation rate in the lowest-

. i qrder approximgtipn for the weak.elgctron—phonon interac-
> ("')—>(|—x|-z/4772)fm wclyl2h deJ st dky(- ). tion and in the limit of weak electric fields can be evaluated
Ky Kz —m* wly/2h —mldg, from the general expression of the relaxation rate given by

(33 Eq. (4.6) of Ref. 16 as follows:

f(N,kx,kz;N,kx,kZ)w; > 1C(@) I (u))?

N’ #N

(ng+1)

A
X 6{ﬁw+(N—N’)hwc— E[coskZdSL— cos{kz—qz)dsd—ﬁqu

A
+ngd) o+ (N=-N")row.— E[coskzdSL— cogk,+ qz)dSIJJrﬁwq])

A
(Ng+1)X 8 hw+(N'=N)hw.— 5 [cogk,+qz)ds,

+w§ > 1C(@)Inn (uy)]?

N’ #N

—cosk,dg [+ wy

A
+ nq5[ fw+(N'—N)hw.— E[cos(kz— g,)dg — cosk,dg, ] —ﬁwq] ) (34)

The & functions in Eq.(34) express the law of energy conservation in one-phonon colli@tisorption and emission
processes. This in fact is related to the oscillatory behavior of the optically detected MPR effects due to the Landau levels.
By the same method, the relaxation rates associated with the electronic transition between thNdtatks) and
[N,k ,k,) can be expressétifor nonpolar and polar optical phonon scatterings, respectively, by

4
, 0 1——®5+(kz>]
. D' A% T

T(N ke kN Ky k)= ——— 20 X ) (ng+1/2+1/2) , (35)

mAdg 1§ NEn v=1 = a
1—E®y,i<kz>
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T(N,k,k, Nk, k
( x 10z xz) WAdSLN;thl*

> Z > (ng+1/2+1/2)

PHYSICAL REVIEW B 66, 155208 (2002

4
K, +(N,N';kz)e( 1-—02 (k)
, 20

p ,
\/(1——®§+<kz>)
AZ

(36)

where wy=w o, the symbol= in the summation indicates that the positions of these peaks are sensmve to the photon
the phonon emission and absorption processes, respectivefyequency. In addition, from the fact that-1®?2 +(kz)/A2

0(x) is the Heaviside step function,

A
@lvt(t)=—ﬁw—(N—N’)ﬁwciﬁwLo-i—ECOSt,
(379
A
0,.()=hwo—(N—-N")w.ho ot ECOSt, (37b
and
1 (e
KVi(NINI;t):_f du|JNN'(uL)|2—2
' 2J)o ’ u +ad .
- i 22 (2N_—2Kk)!(2Kk)!
2(a+N 2(a+N ) &6 & (N_—K)!

(=1)M2M(2k+2a)! (a+m)!
(2k—m)! (2a+m)!m!

XT(—a—m,aZ.). (39

Here a2 . =13dg[t—cos %20, . (t)/A) ]2 with t=k,dg, ,
N>—N andT (a,x) is the incompletey functiont® de-
fined byI'(a,x)=[5;e t® dt. In addition, we utilized the
following relation in doing the integral oveg, and Qy:
Joui [Inn(u,)|?du, =113, to obtain Eq.(36). It is

are real and positive, we can obtain an energy range in which
the relaxation rates are allowed under the following condi-
tion:
ho orxho— A(Pho o otho+A. (40

Our results for the limit ofo—0 reduce to the previous
onel® and they are identical with the results of Noguchi
et all® and Gassoet al? obtained from the dispersion rela-
tion and the density of states of a superlattice under high
magnetic fields and from the resonant excitation of electrons
by optical phonons. It is to be noted that scatterings with
optical modes is possible only within the energy range and
that the energy range in which scatterings with optical modes
are possible is very sensitive to the miniband width, the in-
cident photon frequency, and the strength of applied mag-
netic fields.

Equation (31), together with Egs(35) and (36), is the
basic equation for the ODMPR spectral lineshape, which en-

ables us to analyze ODMPR effects in semiconductors under
magnetic fields.

IlI. NUMERICAL RESULTS AND DISCUSSIONS

In this section we present the numerical results of the

frequency-dependent magnetoconductivity formui@(g)
which is related to the ODMPR for the bulk materials and

clearly seen from Eqg36) and(37) that Jhe relaxation rates o,{w) which is related to the ODMPR for the superlattices.

diverge whenever the conditions-402 +(kz)/A2 0 and
the argumenta,, +=0in the mcompletey functionI'(— «

-m, aV +) [orK, +(N,N’;t)] are satisfied. From these con-
ditions, the relaxation ratdsmd hence, the longitudinal op-

tical magnetoconducnwueezz(w)] for both nonpolar-LO-

A. Numerical results in the bulk semiconductors

First, we present the numerical resultsaqjy(a) in Eq.
(19), together with Eqs(26) and(27). Here special attention

phonon and polar-LO-phonon scattering show that the samié given to the behavior of the ODMPR line shape, such as

ODMPR gives the resonance conditions at

Pho.=hw o+rho(P=N"-N=123...,). (39

the appearance of ODMPR peaks and the shift of ODMPR
peaks. For our numerical results of E¢k9), (26), and(27),

the parameters af-GaAs are takef?"?* by an effective mass

m* =0.067m, with my being the electron rest mass, a LO-

When the ODMPR conditions are satisfied, in the coursgohonon energyiw, o=36.6 meV, the electron density,
of scattering events, the electrons in the Landau levels speci=4x 10?*cm 3, and the constant of the polar interaction

fied by the level indeXN) could make transitions to one of D’

=1.1558< 10" *° kg?m’s 4, whereas those of-Ge are

the Landau levelsN’) by absorbing and/or emitting a pho- takerf®?!by an effective masm* =0.082m,, a LO-phonon

ton of energyk w during the absorption of a LO phonon of energy % w, o=30.3 meV,
energyh w, o as those shown in the bulk semiconductors. Wex 10?*cm™3,

the electron densityn,=
and the constant of the nonpolar interaction

see that Eq(39) exhibits double peaks around the MPR D=1.059<10 ® kg?m’s 4. In addition, as many as 21
peaks appearing in the absence of an incident photon ardandau levels are included in the calculation of the
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FIG. 1. Magnetic-field dependence of the magnetoconductivity G, 2. Photon frequency dependence of the magnetoconductiv-
[oyy(w)] as a function of incident photon frequency i@ n-Ge jiy [, (w)] as a function of applied magnetic field foa) n-Ge
and(b) n-GaAs atT=240 K. The solid and dashed lines in Fig. 1 gng (b) n-GaAs atT=240 K. The solid, dotted, dashed, dashed-

are forw./w o=0.5 and 0.2, respectively, and the dotted lines in dotted, and dashed-double dotted lines aredsr0,1,3,5, and 7
Figs. X&) and 1b) are forw./w o=0.4 and 0.3, respectively. THz, respectively.

frequency-dependent magnetoconductivity. The sample temyyency. Large peaks in low magnetic field side are observed
pera_ture is assumed to be 240 K in this ca_llcu_lanon. in terms of cyclotron resonancerE w.) and all peaks ex-
Figures 1a) and 1b) show the magnetic-field strength cept for large peaks in low magnetic are exhibited in terms of
dependence of the magnetoconductivitgg(w) for nonpo-  the optically detected magnetophonon resonance. As men-
lar materialn-Ge and polar material-GaAs, respectively, as tioned above, our main concern here is the behavior of the
a function of incident photon frequency. Various peaks are@DDMPR line shape, such as the appearance of ODMPR
observed according to the incident photon frequency and thgeaks and the shift of ODMPR peaks. From the figures we
strength of the magnetic field. It is clearly seen from thecan see the following feature¢i) as a linearly polarized
figures that main peaks are observed in terms of the cyclophoton of amplitudéE and frequencyw is incident along the
tron resonance conditionw=w;) and/or the optically de- z axis, the splitting of the ODMPR peaks takes place from
tected magnetophonon resonance condition givePhbw,  the MPR peakslii) as the photon frequency is increased, the
tho=hw o (P=N"-N=1,23...) whereas subsidiary shifts of the ODMPR peak positions are increased, @nyl
peaks are exhibited in terms of the optically detected magas the difference of Landau-level indices is increased, the
netophonon resonance condition. Therefore, it is to be noteMPR and ODMPR peak positions are shifted to the lower
that all peaks can be assigned from the CR and the ODMPhagnetic-field side. All feature§), (i), and (iii) are the
condition. Our results fon-GaAs material are somewhat dif- same for nonpolar material, and polar material and they can
ferent from Hai and Peeters’s theoretical restflts. be readily understood from the condition for the ODMPR to
Figure 2 shows the incident photon frequency dependencgive the peak position§.e., resonant magnetic fields the
of the magnetoconductivities,,(w) for (a) nonpolar mate- spectral line shape and are mainly determined by the condi-
rial n-Ge and(b) polar materian-GaAs as a function of tions ®;(k,)=0 and the argument’, =0 in Egs.(26) and
magnetic fieldB at T=240 K, where various incident photon (27). The resonant behaviors are actually given RPfw,
frequencies ranging from 0 THz to 7 THz are taken in order=iw=fow o (P=N'—N=1,23...,). If there is no pho-
to investigate the dependence of the ODMPR effect on théon energyfio in the ODMPR condition, it becomes the
incident photon frequency parameters. In these figures, varMPR condition given by Phiw.=fiw o (P=N'—N
ous peaks are observed according to the incident photon fre=1,2,3 .. .,). Accordingly, we see that the ODMPR peaks
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FIG. 3. Energy vs applied magnetic field for various incident 28 . 73 10 Py 1 pp 20
photon frequencies ifa) n-Ge and(b) n-GaAs. The solid, dotted, ’ Photc;n Frequency (.THz) ’
dashed, dashed-dotted, and dashed-double dotted lines ate for

=0,1,3,5, and 9 THz, respectively. Here the crossing points indi-  FIG. 4. Dependence of resonance field shift on the incident pho-
cate the resonance magnetic field. ton frequency for various transitions {@) n-Ge and(b) n-GaAs.

are split from MPR peaks. It seems that this splitting is du The solid, dotted, dashed, dashed-dotted, and dashed-double dotted

to the absorption and emission of a photon during the aﬁ_mes are forP=N'-N=1,2,3,4, and 5, respectively.

sorption of a phonon and it is due to the incident photon )
being linearly polarized because the linearly polarized wave Figure 4 shows the dependence of the ODMPR shifts on
is composed of the superposition of a right-circularly polar-the incident photon frequency according to the difference of
ized wave and a left-circularly polarized wave. For a fixegLandau-level indices. It can be seen from the figure that the
phonon energy in the ODMPR condition, as the photon freshifts of ODMPR are increased as the incident photon fre-
quency w is increased, the shift of the resonant magneticduency is increased and the difference in the Landau level
field (via w,) is increased, as in featu(@). In addition, fora  indices is decreased, as expected in Figs. 2 and 3. It is inter-
fixed photon energy and a fixed phonon energy, the resonagsting to note that the qualitative behaviors of the ODMPR
magnetic field is decreased sinBe is constant if the dif- are the same for nonpolar and polar materials.
ference in the Landau-level indices is increased, as in feature
(iii). Thus it is to be noted that all featurés, (ii), and (iii)
shown in Fig. 2 can be understood from the ODMPR condi- o
tion. Second, we present the numerical resultsgf w) in Eq.
Figure 3 demonstrates the resonant magnetic fields due {81), together with Eqs(35) and (36). Here special attention
each transition fofa) n-Ge material andb) n-GaAs mate- is given to the behavior of the ODMPR line shape, such as
rial, where all MPR and ODMPR peaks in Fig. 2 are as-not only the appearance of ODMPR peaks and the shift of
signed from the crossing point giving the resonant magneti©DMPR peaks as shown in the results of the bulk semicon-
field in Fig. 3. It is clearly seen from the figure that as theductors, but also the appearance of the plateau between
difference of Landau-level indices is increased, the MPR andieighboring ODMPR peaks, the disappearance of ODMPR
ODMPR peak positions are shifted to the lower magneticpeaks, and changes in the ODMPR amplitude. For our nu-
field side, as mentioned in featu(di) of Fig. 2. It is also  merical results of Eq931), (35), and(36), GaAs-based su-
shown that the shifts of ODMPR are increased as the inciperlattice and Ge-based superlattice will be used as a polar
dent photon frequency is increased and the increase dhaterial and a nonpolar material, respectively. The used pa-
ODMPR shift is largest in the case Bf=1. We can get the rameters which are the same as those used in the bulk semi-
same resonant magnetic fields due to each transition for theonductors, have been utilized except for the electron density
Ge-based superlattices and the GaAs-based superlattices ras=4x 1072 m~2 andds, = 9.93 nm. In addition, as many as
shown in Fig. 3. 21 Landau levels are included in the calculation of the

B. Numerical results in the semiconductor superlattice
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FIG. 5. Magnetic-field dependence of the magnetoconductivity
[Uzz(w)] as a function of incident photon frequency f(a) Ge- FIG. (i Photon frequency dependence of the magnetoconductiv-
based and(b) GaAs-based superlattices =240 K and A ity [o0,{w)] as a function of applied magnetic field féa) Ge-
=2.0 meV. The solid, dotted, dashed, dashed-dotted, and dashebased and(b) GaAs-based superlattices =240 K and A
double dotted lines are, respectively, for/w 5=0.7, 0.4, 0.33, =3.6 meV. The solid, dotted, dashed, dashed-dotted, and dashed-
0.2, and 0.15. double dotted lines are fov=1,3,5,7, and 9 THz, respectively.

P(=N'"-N=1,2,3...,) nmeans the difference between two differ-
frequency-dependent magnetoconductivity. The sample ten@nt Landau levels.
perature is assumed to be 240 K in this calculation of theS

longitudinal magnetoconductivity. erved according to the incident photon frequency. In these

. L figures, we can see the following featurép: the plateau
Figures %a} and §b) show the mggh_etlc—ﬂeld strength between two neighboring peaks is clearly shown and is in-
dependence of the magnetoconductivities(w) for Ge-  fiyenced by the incident photon frequendj) the reduction
based superlattllce .and GaAs-based superlattice, respe_ctlveilb{,the ODMPR amplitude is observed as the incident photon
as a function of |nC|de_nt photon frequency, where a mlnlbancfrequemCy is increasediii) unlike low magnetic-field side,
width of A=2.0 meV is taken as an example. Various peaksjear peaks arising from the optically detected magne-
are observed according to the incident photon frequency angphonon resonance are observed in high magnetic-field side,
the strength of the magnetic field. It is clearly seen from the(iv) as a linearly polarized photon of amplituieand fre-
figures that all peaks are observed in terms of the opticallyquencyw is incident perpendicular to treaxis, the splitting
detected magnetophonon resonance condition given byf the ODMPR peaks takes place from the MPR peaks ap-
Phoc=hw o*ho(P=N"-N=123...,) andthey can pearing in the absence of incident photon, as the photon
be assigned from the ODMPR condition. The remarkabl&requency is increased, the shifts of the ODMPR peak posi-
thing here is that the positions of the ODMPR peaks argjons are increased, artd) as the difference of Landau-level
independent of the miniband width, but they are sensitive tq,gices is increased, the MPR and ODMPR peak positions
the difference of Landau-level indices, the strength of apyre shifted to the lower magnetic-field side. It is to be noted
plied magnetic field, LO phonon energy, and the photonyat gl features are the same for Ge-based superlattice and
energy. o GaAs-based superlattice. Featuf®sand (i) can be readily
Figure 6 shows the incident @oton frequency dependencgnderstood from the plateau condition given by E40)
of the magnetoconductivities, {w) for (a) Ge-based super- and from theZw term in the denominator of Eq(31),
lattice and(b) GaAs-based superlattice, respectively, as aespectively.
function of magnetic fieldB at T=240 K, where various Let us now address the reason why clear peaks are exhib-
incident photon frequencies ranging from 1 THz to 9 THzited in high magnetic-field side unlike low magnetic-field
are taken in order to investigate the dependence of thside, which is related to featuk@i). The reason clear reso-
ODMPR effect on the incident photon frequency parametersnant peaks in the conductivity appear can be understood
It is clearly seen from the figure that various peaks are obfrom the dispersion relation, the density of states of the su-
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perlattice, and Eq(40). In the case where the miniband

width and the applied magnetic field are large enough and a 207 w=T7THz, T =240K (@) n-Ge
minigap exists between two minibands, the DOS in the mini- So06f — a-36mev

bands do not overlap each other. However, if the strength of & o5} A=57meV P=1
applied magnetic field is decreased, the energy separation & l

between two Landau levels will decrease. As a consequence, &
the minigap between two neighboring minibands will disap-
pear and the DOS will overlap. When the DOS in the mini-
bands overlaps, numerous electron: LO-phonon interactions
are expected under the condition of E40). Actually, clear .
peaks in the magnetoconductivity will disappear as in the 10 15 20 28 30
low magnetic-field side. On the contrary, if the width of the Magnetic Field (T)

miniband is sufficiently small, the minigap between two

neighboring minibands will be very large under high mag- — 0.8 (b) n-GaAs
netic fields. In this case, the minigap between two minibands & o7 w=T7THz, T =240K

will be very large and the DOS in the minibands will never 3 0.6 - if:'s ::\\;
overlap each other. The remarkable thing is that the DOS in £ o
the minibands begin to overlap in lower magnetic fields than
in the large miniband case. Thus, when the miniband width is
small, many peaks appear, whereas the number of peaks de- 2
creases with increasing miniband width. This feature—that
the width of the ODMPR is better resolved as the miniband
width decreases—can also be explained by Ef), as

Noguchi et al1° and Gassoet al!? did in detail. All these 5 10 15 20 25 30
features are in good agreement with the experimental results Magnetic Field (T)

of Noguchiet al® and Gassoet al? and with the theoret-

ical results of Shu and Lét FIG. 7. Miniband-width dependence of the magnetoconductivity

The featuregiv), (v), and(vi) can be readily understood [o,{w)] at T=240 K andw=7 THz. The solid and dotted lines
from the condition for the ODMPR to give the peak posi-are for A=3.6 meV and 5.7 meV, respectivelP(=N'—N
tions (i.e., resonant magnetic fieldsn the spectral line =1,2,3...,) means the difference between two different Landau
shape, which are mainly determined by the conditiondevels.
0, .(k,)=0 and the argumentai::O in Egs. (35 and
(36). The resonant behaviors are actually given Bjw,  The number of resonance peaks decreases with the increas-
=hw o*ho (P=N'—N=1,2,3...,). Ifthere is no pho- ing miniband width, whereas the amplitude of the resonance
ton energyfio in the ODMPR condition, it becomes the peaks increases with increasing miniband width. In addition,
MPR conditon given by Phw.=hw, o (P=N'—N if the strength of the magnetic field is §mal|, the amplitude of
=1,2,3...). Accordingly, we see that the ODMPR peaks the resonance peak gets smaller. This can be understood by
are split from the MPR peaks. It seems that this splitting isconsidering the relaxation rate, as pointed out by Noguchi
due to the absorption and emission of a photon during th&t @l when the Landau energyw. is small, the minigap
absorption of a phonon, and it is due to the incident photorlisappears. In such a condition, the resonant feature of the
being linearly polarized because the linearly polarized wavéelaxation rate becomes weak since the DOS of the mini-
is composed of the superposition of a right-circularly polar-Pands broaden and overlap, resulting in a reduction of the
ized wave and a left-circularly polarized wave. For a fixedPeaked feature. Hence, discrete features of the DOS are es-
phonon energy in the ODMPR condition, as the photon fresential for observing clear resonance peaks.
guency w is increased, the shift of the resonant magnetic

field (via w¢) is increased, as in featufe). In addition, for a IV. SUMMARY
fixed photon energy and a fixed phonon energy, the resonant _
magnetic field is decreased sinBe, is constant if the dif- So far, we have applied the frequency-dependent magne-

ference in the Landau-level indices is increased, as in featut@conductivity oy, (w) and o,{w) obtained by using the
(vi). Thus it is to be noted that all featurés), (v), and(vi) Mori-type projection operator technique presented by one of
shown in Fig. 6 can be understood from the ODMPR condithe present autho$both ton-Ge andn-GaAs materials and
tion. to Ge-based and GaAs-based superlattices, and obtained the
Figure 7 shows the miniband width dependence of magODMPR conditions and an energy range in which the relax-
netoconductivity al =240 K for =7 THz as a function of ation rates are allowed. With the ODMPR conditions and the
the magnetic field, where two miniband widths are taken byobtained energy range, we have investigated the physical
3.6 meV and 5.7 meV, respectively. It is clearly seen fromcharacteristics of the ODMPR effects in such bulk semicon-
the figures that the number of peaks varies with the minibanductors and semiconductor superlattices.
width, and that the plateaulike features and the heights of In the bulk semiconductors and the semicoductor super-
ODMPR peaks are very sensitive to the miniband wifith  lattices, particularly, we have studied the anomalous behav-
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ior of the ODMPR line shape, such as the splitting and theexperimentally in such bulk semiconductors, as pointed out
shift of ODMPR. by Hai and Peeter¥.

Our results for the bulk semiconductors show a linearly Some comments related to this work should be made: The
polarized photon of amplitude and frequency» along thez ~ single-particle picture has been used throughout this work;
axis, and our results for the semiconductor superlattice§lus electron-electron interactions have been ignored. The
show a linearly polarized photon of amplitudeand fre- effect of elecyron—electron interactions can be taken into ac-
quencyw perpendicular to the axis, but they both show the count approxmately by replacing the electron-ph.onon inter-
same results as follow@) the splitting of the ODMPR peaks &ction C(q)1/2W|th a scr?gned ezlectrop- honon interaction
takes place from the MPR peak®) as the photon frequency () =1D277(2pw oQ)"(1+1"(q)/q7)" because the in-
is increased, the shifts of the ODMPR peak positions ard/€TS€ Screening lengik(q) depends on the electron density
increased,(3) as the difference of Landau-level indices is Me: Which in general depends on the temperaflind the

increased, the MPR and ODMPR peak positions are shifte?jagnet.'c f.']fldB't Thlere_ifotLe, vvle v;/oulddexpgct the scdregnmg
to the lower magnetic-field side, an) the shifts of 0 be significant only It the electron densily, exceeded a

ODMPR are increased as the incident photon frequency igritical valuen,,(T,B). In that case, the effects of electron-

increased and the difference in the Landau-level indices iglectron scattering would be significant, the relaxation rate
decreased would be changed, and the temperature dependence of the

Our results for the semiconductor superlattices only shov&"aights of the ODMPR peaks would be affected by electron-

that(5) the plateau between two neighboring peaks is Clearlflelctrogds_gatterirl;lg.. f f Spi litting has b

shown and is influenced by the incident photon frequency,I n "’(‘j [|;uon,.t ehln utt)ance Oh SPin sp |tt|ngf r?s heen ne-
(6) the reduction in the ODMPR amplitude is observed as th e_cte - Despite the above s _ortcomlngs of the theory, we
incident photon frequency is increased, &gl unlike low e_heve that our re;ults ma_lke it possible to understand_ana-
magnetic-field side, clear peaks arising from the optically]yt'ca"y the essential physics of ODMPR in bulk materials

detected magnetophonon resonance are observed in hiéHCh asn-.Ge anph—GaAs, and in Ge-based and GaAs—bgsed
magnetic-field side. uperlattices with nonpolar and polar properties, respectively.

In addition, strong oscillations of the magnetoconductiv-
ity both in bulk materials such asGe andn—GaAs, and in
Ge-based and GaAs-based superlattices are expected inThis research was supported by the Korea Science and
terms of the optically detected magnetophonon resonanc&ngineering FoundatiofKOSEF Grant No. 2001-1-11400-
which indicate that the ODMPR should also be observed10-3.
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