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Magnetophonon resonances of quantum wires in tilted magnetic fields
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The magnetoconductivity of parabolic quantum wires in strong tilted magnetic fields, associated with
the magnetophonon resonance effect, is obtained analytically for optical-phonon scattering, by taking
the linear-response limit of the results of the nonlinear-response theory developed previously. Neglect-
ing the coupling Hamiltonian term -B„B,xz, since its contribution to the total electron energy is minor,
the results for the magnetophonon resonance effect display two different periods of oscillation as a func-
tion of the strength and direction of the magnetic field and the confinement frequencies. In particular, it
is shown that the direction of the magnetic field plays a significant role in determining the relaxation
rates and the magnetoconductivity related to the magnetophonon resonances.

I. INTRODUCTION

Over the past few decades, there has been considerable
interest' in understanding the magnetophonon reso-
nance (MPR) effect in low-dimensional electron-gas sys-
tems, since it provides useful information on the relative
transport properties of semiconductors, such as the car-
rier relaxation mechanism, damping of the oscillations
due to the electron-phonon interaction, the phonon fre-
quencies, and band structure (i.e., the effective mass m').
So, some studies ' ' have been made on the MPR effect
of quasi-one-dimensional (Q1D) quantum-wire structures,
but their analysis has been mainly confined to the case
where the magnetic Geld is applied in the direction nor-
mal to the interface layer of the systems. We see that, in
this case, one kind of the Landau-level index is formed
and the MPR effect arises from the resonant scattering of
electrons quantized in Landau levels by phonons. How-
ever, if the magnetic field is tilted with respect to the nor-
mal, it serves to add an extra confining potential to the
initial confinement, gives rise to two different kinds of
Landau-level indices, and causes a dramatic change in the
energy spectrum, leading to so-called hybrid magne-
toelectric quantization. ' As a result, one would expect
different behaviors of the magnetoconductivity of elec-
trons in such systems. Thus, we are motivated to analyze
MPR effects of Q1D quantum wires in tilted magnetic
fields.

In this paper, we present a theory of the MPR of Q1D
quantum wires in tilted magnetic fields, by taking the
linear-response limit of the field-dependent conductivity
formula" defined in the Ohm's-law form of the nonlinear
current density and we study the physical characteristics
of the MPR effects in such structures. Here we employ a
simple model, as treated by Ihm et al. ' for a Q1D elec-
tron gas (EG) confined in the quantum-wire structure
subject to the electric field E(((y) and the magnetic field
B=(B„,O, B,). For the sake of simplicity, we assume
that the coupling Hamiltonian term -B„B,xz appearing
in the model of IHM et al. is negligible since its contribu-
tion to the total electron energy is minor, ' and we as-
sume that the interaction with optical phonons is the

dominant scattering mechanism. Based on this model,
we will evaluate the magnetoconductivity and the relaxa-
tion rate which is closely related to the MPR effects.

The present paper is organized as follows: In Sec. II,
we will describe the simple model of the system. In Sec.
III, we present the cr

yy
magnetoconductivity formula and

the relaxation rate due to the collision process by taking
the linear-response limit of the result of nonlinear-
response theory" obtained previously. In Sec. IV, the re-
laxation rate for bulk optical-phonon scattering in the
Q1D quantum-wire structure is calculated. The MPR
effect is also discussed for such a system, where special
attention is given to the unusual behavior of the MPR
line shape, such as reduction in MPR amplitude, conver-
sion of MPR maxima into minima or splitting of the
MPR peaks, and shift of MPR peaks. Concluding re-
marks are given in Sec. V.

II. MODEL FOR A QUANTUM WIRE IN TILTED
MAGNETIC FIELDS

We consider the transport of an electron gas in a Q1D
quantum-wire structure as treated by Ihm et al. ,

' in
which a Q1D electron gas is confined by two difFerent
parabolic potential wells with the confinement frequen-
cies co& and co2 in the x and z directions, respectively, and
the conduction electrons are free along only one direction
(y direction) of the wire. Then, in a magnetic field, the
one-particle Hamiltonian (h, ) for such electrons is given
as

2

+—m 02z —m co„co,xz +22
2m

(2)

h, = [p+ e A] /2m '+ m 'co,x /2+ m *co2z /2 . (1)

By taking into account the magnetic field in the tran=
verse tilt direction, B=(B„,O,B,), with the Landau gauge
A=(O, xB,—zB„,O) and a trial shift of the origin of
coordinates, the Hamiltonian can be written as

2 2
X + l 4Q2 2+ JZ

2m 2 2m
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where 2co+=Q&+Qzk[(Q& —Qz) +4 co„co,]'~. The an-

gle of rotation a is related to the above in that
sin2a=2co„co, (co —co+ ) '. Then, the resulting Hamil-
tonian, and its normalized eigenfunctions and eigenvalues
are, respectively, given as

2 2 2

* 'z'+ ~"
2m' 2 + 2m* 2 2m*

(4)

~
n, 1,k ) =(1/L )'~ 4„(X)4&(Z)exp(ikey ),

E„,(k )=(n +—,')irico++(1+ —,')iiico + 5'y

2@i
(6)

where k is the wave vector in the y direction,
n (=0, 1,2, . . . ) and 1(=0,1,2, . . . ) are the Landau-level
indices due to the tilted magnetic field, and 4„(X) and
4&(Z) represent harmonic-oscillator wave functions.
Note that it is very complicated to evaluate the trans-
verse magnetoconductivity analytically by using the
eigenfunctions and eigenvalues given in Eqs. (5) and (6)
since the eigenfunctions are given by the linear combina-
tion of x and z. Therefore, for the sake of simplicity, we
assume that the coupling term -B,B,xz in Eq. (2) is
negligible' since its contribution to the total electron en-
ergy in these systems is minor. Then, in this case, the

where co =eB /m *=co,cosO, co, =eB,/m *=co,sinO,

—co„co, )(co&co&) '. The eigenstates are of the form

exp(ikey)X(x —xo,z —zo), where xo = —p co, (m "coz&)

and zo=p co„(m'co2) '. We see that Eq. (2) represents
two coupled harmonic oscillators, and the last term in
Eq. (2) indicates that the y-component kinetic energy has
a magnetic-field- and confinement-frequency-dependent
effective mass m *. Furthermore, Eq. (2) can be easily di-
agonalized by an appropriate rotation of coordinates x
and z as follows:

+co+ —
Q& +co —

Q&

Z

normalized eigenfunctions and eigenvalues are, respec-
tively, reduced to

~n, l, k ) =(1/L )'~ P„(x —xo)P&(z —zo)exp(ik y),

E„i( ky )= ( n + 1/2 )iriQ, + (1 + 1 /2) iriQ~+
Py

2m

and zp
= bzl szk&. Hei'e lsd =(6'Im Qt ) ls2

=(film Qi)', b, =co, /Q&, and bi =co„/Q2. As shown
in Eqs. (7) and (8), the electron energy spectrum in Q1D
quantum wires is hybrid quantized by the confinements in
the x and z directions and the tilted magnetic field, and
the set of quantum numbers is designated by (n, l, k ).
The dimensions of the sample are assumed to be
V =L„L L, . In the following, we will utilize Eqs. (7) and
(8) to obtain the transverse magnetoconductivity analyti-
cally. It is clear from Eq. (8) that one of the two different
Landau-level indices n and I is changed into the subband
level index if the magnetic field is applied along the x or z
directions of the system, i.e., 8=0' or 90'. Thus, a suit-
ably directed magnetic field causes a dramatic change in
the energy spectrum. It is interesting to note that the
dependence of the single-electron energy spectrum in Eq.
(8) on the confinement frequency, and the direction and
strength of the magnetic field has an important effect on
the transverse magnetoconductivity and the relaxation
rates, as well as on the MPR effects for a Q1D quantum
wire. A detailed discussion of these effects will be given
explicitly in the next two sections.

III. MAGNETOCONDUCTIVITY ASSOCIATED
WITH RELAXATION RATES

We want to evaluate the transverse magnetoconduc-
tivity o (E) for the Q1DEG system, subject to crossed
electric E (~~y) and magnetic B [=(8„,0,8, )] fields, by
taking the linear response limit, i.e., limE oo«(E) with
respect to the general expression for the nonlinear dc
conductivity o «(E) (k, 1=x,y, z) derived in Ref. 11 and
considering the following matrix elements in the repre-
sentation (7):

2 i' 2

i xo5nn'5n'5k k, +(ecoz4t/ 2, ) [n5n'~ —&+(n +1)5n n+&]5n 5'k k'
m b)

+(eco liiil&2) [15ri i+(1+1)5i'i+i]5 (9)

where j = —(e/m )p —eco,x+eco z is the y component
of a single-electron current operator and the Kronecker
symbols (5„„,5& &, 5„,„)denote the selection rules, which

arise during the integration of the matrix elements with
respect to each direction. It should be noted that the ma-
trix element with respect to the current operator in Eq.
(9) is directly proportional to the dc magnetoconductivi-
ty, which contains two types of contributions as follows:

one corresponding to the first term of the right-hand side
in Eq. (9) is related to the current carried by the electron
nonhopping motion within the localized cyclotron orbits,
and the other corresponding to the second and third
terms is caused by the current carried by the electron
hopping motion between the localized cyclotron orbits.
In particular, it should be noted that the current due to
the electron hopping motion is determined by the contri-
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bution of two difFerent Landau-level indices (n and 1) and

is closely related to the directionality of magnetic fields.

If a magnetic field is applied to the z direction of the sys-

tem, i.e., 8=90, the cyclotron frequency ~„ in the x
direction becomes zero. In this case, the current due to
the electron hopping motion is influenced by the contri-
bution of only one Landau-level index n, while if it is ap-
plied to the x direction of the system, i.e., 8=0, the cy-
clotron frequency co, becomes zero. Then, the current
due to the electron hopping motion is determined by the
contribution of only one Landau-level index l. Therefore,

I

we can see that the directionality of the magnetic field

gives rise to a new contribution to the current due to the
Landau-level indices n or l. As a result, we can expect
new phenomena of magnetoconductivity associated with
the MPR effect to arise from the directionality of the
magnetic field.

For the calculation of the transverse magnetoconduc-
tivity o»» for the Q1D quantum wire, we use the general
expression for the complex nonlinear dc conductivity
o ki(E) (k, l =x,y, z) given in Ref. 11:

ok((E)= ——gf(Ei. )[1—f(Ei. )](~iljil~i && &~iljk(E)l~i & &g

1

f(Ei, )
—f(Ei, )

+—y ' ' (~, lj, l&, &&(~,ljk(E)l»&, ,
V E —E

(10)

& ()L21jg(E}I~i& &s = —.»m
(kl jk l~i &

i -0 —.e —E +E —V„,(E)+ r, „(E)
'

2 1 2 1 2 1

where P= 1/ks T with ks being the Boltzmann constant
and T temperature. Also, A, indicates the quantum state,
( &z means the average over the background (phonon
or impurity) configuration, and f (Ei ) is a Fermi-Dirac
distribution function associated with the state A, . Note
that Eq. (10) reduces to the Kubo formula' for the com-
plex dc conductivity tensor when the electric-field-
dependent dc conductivity [Eq. (10)] defined in the
Ohm's-law form of the nonlinear electric current density
is taken as limE Doke(E). Furthermore, the dc linear
conductivity we want to obtain is given by taking the real
part of the complex dc conductivity, i.e.,

I

limE ORe[oki(E)]:—oki. Then, the quantities I' and V

given in Eq. (11},which appear in terms of the collision
broadening due to the electron-background (impurity
and/or phonon) interaction, play the role of the width
and the shift in the spectral line shape, respectively.

Now, we apply Eqs. (10) and (11) to the quantum wire
modeled in Sec. II by using the selection rules of Eq. (9),
replacing the A, i and A2 states of Eqs. (10) and (11)by the
representation (7), and taking the real part of Eqs. (10)
and (11).Then, o can be easily obtained by the sum of
the hopping part 0.„"„and the nonhopping part oyy" which
are

nh

h
yy

Sperm
'

g xof[E„i(k )][I f[E„i(k )]}—/I'(n, l, k;n, l, k ),
m'b)V n t k

e2b 2

g (n+I){f[E„&(k»)] f[E„+,i(k»)]—]I'(n+1, l, k»;n, l, k»)
m Q)V „),k

(12a)

e b
+ z g (1+1)[f[E„I(k„)]f[E„I+,(k )]]—I (n, 1+1,k;n, l, k ),V., i, k

(12b)

where f [E„I(k»)] is a Fermi-Dirac distribution function
associated with the eigenstate In, 1, k„& of Eq. (7) and the
energy E„I(k ) of Eq. (8). We assumed I',
V «fiQ, [=E„+(kii„) E„I(k» ) ] and A'—Q2[ =E„I+,(k» )

E„I(k„)], and shift zero —( V =0) to observe the oscillato-
ry behavior of the MPR effect as some other authors
did. ' ' Note that the first term of Eq (12b) is t.he mag-
netoconductivity given in terms of the electron hopping
motion between the Landau-level states n and n+1,
while the second term of Eq. (12b) is the magnetoconduc-
tivity given in terms of the electron hopping motion be-
tween the Landau-level states I and l +1. To express the
dc magnetoconductivity of Eq. (12) in simpler forms, we
assume that the f"s in Eq. (12) are replaced by the

16fie N,'
o»„"= I '(n, l, k;n, l, k ),

'1/ mQiV
(13a)

Boltzmann distribution function for nondegenerate semi-
conductors, i.e., f (E„I(k» ) =exp[p(EF E„l(k» )], wher—e

EF denotes the Fermi energy. Then, we can further per-
form the sum over n (or 1) [if n (or 1) is large] by writing

gn exp( an ) = (8/Ba}g——exp( —an), summing the
geometric series, and carrying out the one summation
with respect to k» in g„ i k in terms of the following rela-

tion: gk (. . . )~(I. /2n) J "„dk (. . . ). Thus, we

obtain
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4+m e zb 2N1D
c»"»= I (n + 1,l, k;n, l, k )m*0) V

4+m ezbzN1D
+ I (n, l + l, k;n, l, k»), (13b)

m *O', V

where we utilized the electron density given as

Qks TL /32iriri exp[PEF]~1D
sinh(Piiico, /2) sinh(Pficoz/2)

and approximated the factor 1 —f [E„&(k»)] in Eq. (12a)
by 1 (nondegenerate limit) since optical phonons are
dominant at high temperatures. As seen from Eq. (13),
the transverse magnetoconductivity o

yy
is closely related

to the three different relaxation rates I'(n, l, k;n, l, k„),
I {n + l, l, k;n, l, k ), and I (n, l + l, k;n, l, k ). Especial-
ly the magnetoconductivity o. is directly proportional
to the relaxation rates I'(n + 1, l, k; n, l, k ) and
I ( n, 1 + 1,k»; n, 1,k ) for the electron hopping motion,
while the magnetoconductivity 0."" is inversely propor-
tional to the relaxation rate I {n,1,k; n, I, k ) for the elec-
tron nonhopping motion. However, if the magnetic field

I

is applied along the z direction of the system, i.e., 8=90',
the second term of Eq. (13b) does not appear. In this
case, the relationship between the relaxation rates and
the magnetoconductivity is identical to the previous re-
sults obtained for the quantum wire modeled by Vasilo-
poulos et al. Thus, the electronic transport properties
(e.g., electronic relaxation processes, magnetophonon res-
onances, etc.) in the Q1D quantum-wire structures can be
studied by examining the behavior of I as a function of
the relevant physical parameters introduced in the
theory.

IV. MAGNETOPHONON RESONANCES IN TILTED
MAGNETIC FIELDS

For the evaluation of the relaxation rates I for a
specific electron-phonon interaction in Eq. (13), we need
the Fourier component of the interaction potential for
optical-phonon scattering given by IC(q)I =D'/V with
D'=AD /2pcoI =const, D being a constant, and p being
the density, where the assumption that the phonons are
dispersionless (i.e., A'co =R cot=const, where cot is the
optical phonon frequency) and bulk (i.e., three-
dimensional) was made. We also need the following ma-
trix element in the representation (7):

I(k, l, n Iexp(+iq r)In', 1', k')
I

= IJ„„(u&)I I/&&(uz)l 5„„+k, k +q
n !

I J „(u)I = e "u~"[La"(u)]
) ~

(14)

where n& =mi [nn, n'], n& =m xajn, n'j, u&=ls&(q„+b, q )/2, uz=lsz(q, +bzqz)/2, and L~" (u) is an associated

Laguerre polynomial' with An =n ) —n &.
The detailed derivation of the relaxation rate is given in Ref. 11 and its general expression in the lowest-order approx-

imation for the weak-coupling case of an electron-phonon system can be seen in Eq. (4.39) of Ref. 11. Using the repre-
sentation given by Eq. (7), the Q1D version of this quantity associated with the electronic transition between the states
n', 1', k» ) and In, l, k» ) can be evaluated as

I (n', 1',k»;n, l, k»)=m. &g g I&(q)l I&...(ui)I IJIi, (uz)
q k (n& I& )X(n I )

X j(N +1)5[(n —n, )iriQ +(1—l, )fiQ +S {q ) &co )—
+N05[(n n, )fiQ, +—(I —1, )fiQz —S+(q )+Timor ]]

q k (n& l])W(n 1)

Ic(q) I'I~„.(u i )I'I~i I(uz) I'

X I (No+1)5[(n
&

—n')A'Q, +(1,—1')fiQz S(q» )+%cot]-
+NO5[(n, n')A'Q, +(I, 1')RQz+—S—+(q») ficoI ]], —(16)

where S+(q )=iri (2k q +q»)/2m, n& and l& indicate
the intermediate localized Landau-level indices, and No is
the optical-pho non distribution function given by
Nq = [exp(PA'coq) —1] ' with coq=coI . It should be noted
that the Landau-level indices n' and I' given in Eq. (16)
are, respectively, replaced by n and l for the electron
nonhopping motion, while they are also replaced by
n+1, I or n, 1+1 for the electron hopping motion, de-
pending on the type of the transitions associated with the
Landau-level indices. The 5 functions in Eq. (16) express

the law of energy conservation in one-phonon collision
(absorption and emission) processes. The strict energy-
conserving 5 functions in Eq. (16) imply that when the
electron undergoes a collision by absorbing energy from
the field, its energy can only change by an amount equal
to the energy of a phonon involved in the transitions.
This in fact leads to magnetophonon resonance effects
due to the Landau levels. The remarkable thing is that,
unlike the case where a static magnetic field is applied in
a specific direction (0=0 or 90') to the wire, two
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different kinds of MPR effects in terms of two different
Landau-level indices n and 1 take place. We can see these
effects from the condition (ni, li }A(n, l) in the summa-
tion of Eq. (16},which contains three types of contribu-
tions: (1) n, Xn, 1,%1, (2) niXn, 1, =1, and (3) n, =n,
1,%1 Here the first and second conditions give the case
where the resonant transition takes place in terms of the
Landau-level index n, i.e., the MPR effect being due to
the Landau level n, whereby A'0& »1 is satisfied. Fur-
thermore, the first and third conditions also give the case
where the resonant transition takes place in terms of the
Landau-level index l, i.e., the MPR effect being due to the
Landau level 1, whereby fiQ2» I" is satisfied, since the
MPR in the Q1D quantum-wire structure is due essen-
tially to the inter-Landau-level (inelastic resonant pho-
non} scattering. Thus, the summations of Eq. (16) over
the Landau level can be, respectively, divided into two
cases: (1) g„&„g& and g„+„g& (2) g„g& +i. and

Note that, as discussed earlier, the MPR
1 1

effect due to the Landau level n or 1 does not appear if a
static magnetic field is applied in a specific direction to
the wire (i.e., 8=0' or 90'} since the renormalized fre-
quency Q, or Q2 in Eq. (8} becomes the confinement fre-

quency co& or ~2 and the Landau-level index n or l
I

changes to the subband level index.
Let us now calculate the relaxation rate I associated

with the MPR effect due to the Landau-level index n. At
first, transforming the sum over q in Eq. (16) into an in-
tegral form in the usual way, considering the interaction
potential for optical phonon scattering, and taking into
account S*(q )=0 as an approximation as Vasilopoulos

6
y

et al. did, the relaxation rate I in Eq. (16) involves in-
tegrations with respect to q„, q, and q, in Cartesian
coordinates. The integral over q„, q, and q, is very
dificult to evaluate analytically since it must be done sep-
arately for each n and n'. So, to simplify the calcula-
tions, we consider that 1 =1'=0 and u, +u2-u, + —,'ls2q,
under the assumption ltr, b, » lsibr. With these approxi-
mations we can do the integral over q, q, and q, . In
particular, the integrals over q~ and q„can be reduced to
integrals with respect to 8 and u& in cylindrical coordi-
nates, where the 8 integration gives 2'. To get the relax-
ation rate given in a simple form, we further assume that
n' is very large, so we can, then, approximate n'+1 =n'.
Setting n' —n= —P in the emission term and n' —n=P
in the absorption term, and noting ' that

f0"
~ J„„(ui ) ~ du, = 1, we obtain for the electron nonhop-

ping and hopping motion as

I'(n, l, k„;n, l, k~)=I'(n+ 1,l, k;n, l, k )=A, g (2ND+1)5[P co~/Q, —],
P

(17a)

I (n, l+ l, k;n, l, k )=(A, /2) g (2NO+1)[5[P —(cot +Q2)/Q, ]+5[P (co~ ——Q2)/Q, ]j,
P

(17b)

Bt ='1/ (Bo/P) —(m 'co, le) lsin8,

P}/co, +(e sin8/m') Bt*,

=coi+Qcoz+(e cos8/m') Br

(18a)

(18b)

where Bo( =m 'cot /e) is the fundamental field for the or-
dinary MPR. It is shown that additional MPR peaks
(subsidiary peaks) appear at Bt*, on both sides of the
MPR peaks at BP. The origin of the appearance of the
subsidiary peaks in the QlDEG system is mainly due to
the relaxation rate I (n, l +l, k;n, l, k }, i.e., the direc-

where A, =D'/(&2Mb, l~~, ls2Q, ). We see from Eq. (17)
that the magnetoconductivity (13) associated with the re-
laxation rates shows the resonant behaviors: magneto-
phonon resonances at PQi=coL for I (n, l, k;n, l, k } and
I'(n+ 1, l, k~;n, l, k ), and at PQ, =coL +Qz for
I'(n, 1 + 1,k~;n, l, k~) (P is an integer). The above condi-
tions for MPR give the resonance magnetic fields (i.e., the
MPR peak positions at) Br, Bt+, , and B& .

tionality of magnetic fields. It is very interesting to point
out that the MPR peak positions are closely related to
the confinement frequencies (co„co&) and the direction of
the magnetic field (B). If the direction of the magnetic
field B is taken as the z direction of the system, i.e.,
8=90', Eq. (18a) is identical to the result of Vasilopoulos
et al. , for Q1D quantum-wire structure modeled by a
triangular potential well and a parabolic potential well.
In that case, the effect of confinement due to the
confinement frequency (co, ) is to change the ordinary
MPR peak positions to lower magnetic-field values.
Similarly, to get the relaxation rate associated with the
MPR effect due to the Landau-level index 1, we assume
that n =n'=0 and u, +uz= +u2(I/2)l qs„u denr the
assumption 1~2b2 &&l~,b„and also assume that I' is very
large. %'e can, then, approximate l'+1 = l'. Setting
l' —I = —P in the emission term and l' —I =P in the ab-
sorption term, and noting ' that f "

~ J&&.(u 2 ) ~
du 2

= 1,
we obtain for the electron nonhopping and hopping
motion as

I (n, l, k~;n, l, k„)=I (n, 1 + 1,k„;n, l, k )A2+ (2ND+1)5[P cot /Qz]—, (19a)

I (n + l, l, k~;n, l, k„)=(Az/2) g (No+1) 5
COL +Qi

n,
co 0

+5 P- L 1

Q2
(19b)
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where Az=D'/(~2nkbzlzilzzQz). It should be noted
that if the magnetic field is taken in the z direction of the
system, i.e., 8=90', Eq. (19) associated with MPR effect
does not arise since the renormalized frequency 02
reduces to the confinement frequency co2. We see that the
magnetoconductivity (13) associated with the relaxation
rate shows the resonant behaviors: magnetophonon reso-
nances at PQz=co~ for I (n, l, k„;n, l, k„) and
I (n, l+ l, k„;n, l, k ), and at PQz=coz+Q& for
I (n+ l, l, k~;n, l, k„}(P is an integer}. The above condi-
tions for the MPR give the resonance magnetic fields {i.e.,
the MPR peak positions at} B., B+, and B

BP=+(BO/P)z —(m*cgz/e) /cos8, (20a)

I (n, l, k;n, l, k )=I (n+ l, l, k;n, l, k )

=A, (2NO+1)% ',x,
1

(22a)

I'(n, l+ l, k. ;n, l, k ) ={A,/2)(2N +1)

X V,x&(1+yi)y

1

+4 ',x, (1—yi) . (22b)
1

for the MPR effect due to the Landau-level index n and

r(n I ky n I ky } r(n I + 1 ky n I ky }

I

=Az(2NO+1)+ ', xz
2

(23a)

I (n+ 1,1,k;n, I, k ) =(Az/2)(2NO+1)

X V,xz(1+yz)
r'

2

P+coz+(e cos8/m*) BP
=co~+Qcozi+(e sin8/m")B:- . (20b)

It should be noted that the relaxation rate for optical-
phonon scattering diverges whenever the above condi-
tions are satisfied. These divergences may be removed by
including higher-order electron-phonon scattering terms
or by inclusion of the fluctuation effects of the center of
mass. ' The simplest way to avoid the divergences is to
replace each 5 function in Eqs. (17) and (19) by Lorentzi-
ans with a width parameter y. Employing this collision-
broadening model, ' applying Poisson's summation for-
mula' for the g in Eqs. (17) and (19), and taking into
account the following property: '"

'(a, b) =1+2 g e "cos(2msb)
s=1

sinh(2m. a)
cosh(2ma) —cos(2n.b)

'

we then obtain

for the MPR effect due to the Landau-level index l, where
xi=cog/Qi, pi —QzlcoL, xz —cd'/Qz, aild Jpz

—Qi/cog.
For simplicity, we assumed that y;=y (i =1, 2, and 3)
for the collision damping terms of Eq. (22) and y;=y'
(i =4, 5, and 6) for the collision damping terms of Eq.
(23). To obtain the width parameter y of Eq. (22) explic-
itly, we assume the width parameter y to be the same for
all associated states and approximate I on the left-hand
side of Eq. (22a) as y. Then, considering

'(//&Qi, co& /Qi) =coth(ny/AQi) for cuz =PQi

and utilizing

cothX=1/X+X/3 —X /45 for X«1,
the resonance width y is given by the approximate result

y (15I(1 Q)+[(1 Q)2+4]i/2]/2~2)1/zgQ

with b, =3fiQ, /[A, n(2No+ I)]. Similarly, the resonance
width y' of Eq. (23) is given by

y'=(15{(l—5')+[(1—~, ') +4, ]' ]/2m )' &Qz,

with '=3fiQz/[Azn(2ND+1)]. Equations (22) and (23)
give a general description of magnetophonon oscillations
in the QID quantum-wire structure for the MPR effect
due to the Landau-level index n and the Landau-level
index l, respectively. For the MPR effect due to the
Landau-level index n, Eq. (22a) shows that the period of
the oscillation is given under the condition of coL/Q, =P
and is determined by the direction of the magnetic field
and by the confinement frequency co, . Obviously, if the
broadening is not included, i.e., y-0 in Eq. (22a), I and
hence 1/~ diverge at the resonance. In the case of 8=90'
[i.e., B=(0, OB, )], the oscillatory behavior of Eq. (22a),
except for the amplitude of the relaxation rate, is in
agreement with the previous result obtained by the mod-
el of Vasilopoulos et al. Furthermore the relaxation
rate 1 (n+l, l, k. ;n, l, k. ) in Eq. (22a) gives the same os-
cillatory behavior as that obtained from the result of
Vasilopoulos et al. We see that Eq. (22b) exhibits addi-
tional complexity of oscillations, the subsidiary (MPR)
peaks appear at PQ, =coL+02, and the position of these
subsidiary peaks and the period of additional oscillations
in Eq. (22b) are sensitive to the direction of the magnetic
field and the confinement frequencies (co„coz). It is
shown that the oscillation in the relaxation rate is
damped by the direction and strength of the magnetic
field and the confinement frequency since these parame-
ters give a direct inQuence on the effect of collision damp-
ing. Unlike the MPR effect due to the Landau-level in-
dex n, the relaxation rates of Eq. (23) associated with the
MPR effect due to the Landau-level index I have another
oscillatory period P =co& /Qz and the subsidiary (MPR)
peaks appear at PQ2=~L+0& ~ It should be noted that
the MPR effects of Eqs. (22b) and (23) take place in the
case where the magnetic field given in the tilt direction is
applied to the Q1D quantum-wire system. If the direc-
tion of the magnetic field is taken in the z direction of the
system (8=90 ), these effects do not occur.

I

++ „»2(1 32) ' (23b)
AQ2

'
V. CONCLUDING REMARKS

In this paper, we have presented a theory of MPR and
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investigated the physical characteristics of the MPR
effects in the Q1D quantum-wire structure, where a
Q1DEG confined by two difFerent parabolic potential
wells in the x and z direction is subjected to crossed elec-
tric (E~~y) and magnetic fields B=(B„,O, B,). The origin
of this formalism" dates back to the discovery of the
theory of nonlinear static conductivity. On the basis of
the linear-response limit of this formalism, the relaxation
rate for the weak-coupling case has been utilized with
respect to the electron-optical-phonon interaction and
its behavior (relative transport processes) has been dis-
cussed in connection with the MPR efFect. The problem
of the 5-function singularities in the relaxation rate I has
been removed ' by introducing a resonance width pa-
rameter y, which gives contributions to the collisional
damping of the MPR effect.

It is shown from Eqs. (9) and (13) that the magnetocon-
ductivity cTyy appears in the form of three types of contri-
bution associated with the selection rules of the current
density operator. The magnetoconductivity c7yy is

directly proportional to the relaxation rates
1(n, 1+1,k;n, l, k ) and I(n+l, l, k;n, l, k ) for the
electron hopping motion, while the magnetoconductivity
0

yy
is inversely proportional to the relaxation rates

I'(n, l, k;n, l, k ) for the electron nonhopping motion. It
should be noted that the relaxation rates for the electron
hopping motion are closely related to the directionality of
the magnetic field. If magnetic fields are applied to the x
or z direction, one of two relaxation rates for the electron
hopping motion disappears. Then, the dependence of the
magnetoconductivity on the relaxation rates gives the
same results obtained from the model of Vasilopoulos
et al. Due to the directionality of magnetic fields, the
relaxation rates and hence the magnetoconductivity for
the electron hopping motion have two different
properties. For the MPR efFect due to the Landau-level
index n, the relaxation rates I'(n, i, k;n, l, k ) and
I'(n+ 1, l, k;n, l, k ) show that the period of the oscilla-
tion is given under the condition P =co& /Qi, while the
relaxation rate I'(n, !+1,k;n, l, k ) exhibits additional
complexity of oscillations, the subsidiary MPR peaks ap-
pearing at PQ&=~L +Q2. Here P is an integer. Note
that if the magnetic field is applied to the z direction of
the system, the subsidiary MPR peaks disappear since the
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matrix element of the current operator in Eq. (9} due to
the electron hopping term of the Landau-level index l be-

comes zero. In that case, the oscillatory behavior of the
relaxation rates is identical with the previous result ob-
tained for the model of Vasilopoulos et al. The relaxa-
tion rates associated with the MPR effect due to the
Landau-level index I have another oscillatory period
P =co& IQ2 and the subsidiary MPR peaks appear at
PQ2=ct)g+0] ~ Therefore, the MPR peak positions are
closely related to the direction and strength of the mag-
netic fields and the confinement frequency. Furthermore,
it is shown that the oscillation in the relaxation rates are
damped by these parameters since these parameters have
a direct influence on the efFect of collision damping. It is
noted that our result for the relaxation rate and the mag-
netoconductivity is valid when the coupling term
-B„B,xz in Eq. (2) is negligible' since its contribution
to the total electron energy is minor, and is far from be-
ing rigorous since our result is tied to the approxima-
tions: the S*(qr } terms of Eq. (16) have been neglected,
as Vasilopoulos et al. did, and another approximation
has been made by putting u, +uz=u, +—,'l'2q,
f« l~, b, »l»b, and u, +u, =u, +-,'1',p,

' for

l~,b, «l~zb2, in order to get analytical expressions
within the integration over q of Eq. (16). Furthermore,
we have not taken into account any modification of the
electron-phonon interaction brought about by the
confinement of phonons (we used the interaction for bulk
phonons). However, we can expect that our result makes
it possible to understand qualitatively the physical
characteristics on the MPR effect of the Q1D quantum-
wire structure in a tilted magnetic field. Unfortunately,
we are not aware of any relevant experimental work to
compare our theory with. Therefore, to test the validity
of this prediction, new experiments are needed.
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