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Magnetophonon resonances in quasi-one-dimensional electronic systems in tilted magnetic fields
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We have obtained the magnetoconductivity in quasi-one-dimensional electronic systems in tilted magnetic
fields, based on a simple model of parabolic confining potentials, and investigated the qualitative features of
the magnetophonon resonan®4PR) effects according to the strength of electrostatic potentials and the tilt
angle of the applied magnetic field in the quantum limit condition, in whieh >kgT are satisfied. Here .
andw _ are the effective cyclotron frequencies. In particular, the behaviors of the MPR line shape, such as the
appearance of subsidiary MPR peaks, the shift of these MPR peaks, and a change in MPR amplitude and width
are discussed in detail.

[. INTRODUCTION case is needed and it is necessary to investigate various
géjalitative features of the MPR effects in Q1D systems, ac-

Over the past few decades, magnetophonon resonancording to the strength of electrostatic potentials and the tilt

(MPR) effects in low-dimensional electron-gésG) systems

have received much attention from both experimental an&lngle of the applied magnetic field.

theoretical points of view since they can be used as an alter- The purpose of the present work is to extend the previous

native magnetotransport tool for the measurement of thee-eSUIté by including the coupling Hamiltonian term

fective mass of quasi-two-dimensior@2D) electrons and ~B,B,xz, to understand various qualitative behaviors of the

for the determination of the energy difference between adja'-vIIDR effects in Q1D electronic systems according to the

cent quasi-one-dimensionéD1D) subband$.Many studies strength of electrostatic potentials and the tilt angle of the

of MPR effects in such low-dimensional electronic systemsappllecj magnetic field, and to compare our present results

have been reportéd > However, most of the MPR theories with the results presented by other authors. For this purpose,

. ! we shall review the conductivity,,, for Q1D electronic sys-

presented so far are mainly restricted to the case where the . . LA .
e . . ems subjected to a tilted magnetic field, on the basis of the

magnetic field is applied normal to the interface layer of the

system. Less work has been dhie the case where a mag- S|mp_le parabolic .model for confir_1ement potential, and we
netic field is applied to the Q2D electronic plane at an arbi-Obtaln MPR conditions as a functlon of .the stre.ngth param-
trary angle. In this case, it is known that a suitably directecf€"S @1 andw,) of the parabolic potentials, which charac-
magnetic field serves to add an extra confining potential td€rize the strength of confinement of Q1DEG. We will inves-
the initial electrostatic confinement and causes a dramatitgate how the MPR effects are affected by the tilt angle of
change in the energy spectrum, leading to so-cdiignrid ~ @pplied magnetic fields and by the strengths of the confining
magnetoelectric quantization. As a consequence, one wouRptentials.
expect different behavior of the MPR effects in such systems The rest of the paper is organized as follows. In Sec. II,
from the known MPR effects in three-dimensional EG sys-we review an exactly solvable model for Q1D electronic sys-
tems. tems. General formulas of the transverse magnetoconductiv-
Recently, Ryu, Hu, and O’Connélipresented the MPR ity ayy for the Q1D systems are presented in Sec. Ill, where
conditions of Q1D systems in tilted magnetic fields, based orthe conductivity consists of the usual Drude term arising
a simple model of parabolic confining potentials. In theirfrom the drift motion of electrons and hopping terms associ-
study, they neglected the coupling Hamiltonian termated with MPR. The relaxation rate, which is closely related
~B,B,xz, since its contribution to the total electron energyto the MPR, is evaluated for the quantum limit condition,
is minor. This is valid for the case where the initial electro- assuming that the interaction with a bulk longitudinal-optical
static confinements are stronger than the magnetic confinétO) phonon is the dominant scattering mechanism. Numeri-
ment. More recently, Suzuki and Ogalfanvestigated in cal results of magnetoconductivity for the Q1D systems are
detail qualitative features of the MPR effects, their physicalpresented in Sec. IV. In particular, the MPR conditions for
origin, and the dimensional crossover between Q2D andhe model system are given explicitly and the effects of tilted
Q1D systems in tilted magnetic fields, based on the sammagnetic fields and the confining potential on the MPR are
model as Rytet all® However, their studies are confined to discussed. Here, special attention is given to the behavior of
the weak confinement case where the electrostatic confininipe MPR line shape, such as the appearance of subsidiary
parameters are smaller than the cyclotron-resonance frédPR peaks, the shift of these MPR peaks, and a change in
quency. Therefore, a theory of MPR effects which is validMPR amplitude and width. Concluding remarks will be
for the weak confinement case and the strong confinememfiven in the final section.
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IIl. MODEL FOR Q1D ELECTRONIC SYSTEMS IN 1 1 1
TILTED MAGNETIC FIELDS he=——P2+ P2+ w? X?
2m* 2m* *

We consider the transport of an electron gas in a
quantum-wire structure as treated by Ilnall® The Q2D
electron gas is assumed to be confined toxtlyeplane by an + —*wZ_ZZJF = P$, ()
ideal parabolic potentia m* w%zz, whereas the Q1D elec- 2m 2m
tron gas is assumed to be further confined inxfdirection  where w2 and w? are, respectively, given by?2 =3[Q2
py an addltlo'nal parabolic potentlém* wfxz, thus restrict- +Q§t \/(Qi_Qg)zJﬂlwiwg]_ The Hamiltonian(3) repre-
ing free motion to they axis alone. In the presence of a gented in the new Cartesian coordinates is basically changed
magnetic field, the one-particle Hamiltoniahf for such  ihig the Hamiltonian for two independent 1D simple har-
Q1D electrons is expressed in a unified manner by monic oscillators, one with the effective cyclotron frequency
w. in the X direction and the other with the effective cyclo-
tron frequencyw _ in the Z direction. The last term in Eq3)
denotes the/-component kinetic energy of a confined elec-

tron with a field-dependent renormalized mas$s with re-

spect to the effective masa*. In particular, the effective
Tk e 202 2 2y; 2 2

whereA is a vector potential accounting for a constant mag-vn\:;scirge |(san|(rj12u0enn;et(ijlt 2{1 Tﬁf?ﬁ;oéﬂcllgrzonaf)rx:ﬂéﬁéwz'

netic fieldB=V XA andm* is the effective mass. We can P 9 Y 4 Ve

see the dimensional crossover between the Q2D and the Qﬁ?d the C.O”f'”'f‘g pqtenUaI parametets,(w,) characteriz-
) ) ing the dimensionality of the system. The momentum com-
electronic system§.e., w;—0 or w,— 0 for the Q2D elec-

tronic system as well as the difference in the strength of Zgger;tl:i(: I:v\Fl)elrSel? ?g?ﬁ;anltjg;gc:;ﬁ{;gggvflzceb\?e\ggrt%?
each confinement by varying the confining potential param<="" Y S Y q

eters (v, andw,) in Eq. (1) for the Q1D systems. We shall motion parallel to the interfacelsiz., wire in they(=Y)

consider the case where the magnetic flid applied in the direction. : . . . .
) o . ) The normalized eigenfunctions and eigenenergies of the
transverse tilt direction to the wire of the systerB:

=(B,,0B,)=(Bsin#,0,B cosd), with the Landau gaugé one-electron HamiltoniafB) are given by

1 1 1
- 2, = 2,2, = 2.2
he_Zm* (p+eA)“+ 2m*culx + 2m*w22 , (1)

=(0xB,—zBy,0). Here the anglé is measured from the (RINY=(X,Y,Z[n,1 k)
axis in thex-z plane. Then, the one-particle Hamiltoniét)
for those confinedQ1D) electrons subject to the transverse [\ _
tilted magnetic field can be represented in the new Cartesian - |__y V(X)W (Z2)explikyY) 4)
coordinatesX',y’,z') as
and
P>2</ Pi/ 1 . Ex=Eni(ky)=(n+12fo,+(I+1/2ho_
he= + +-m*Qx 2 (k)2
2m*  2m* 2 +—2 nl=012..., (5
5 2m*
+ lm* ng’Z—m* 0w, X'Z' + Y , 2) respectively. In Eq.(4), ¥,(X) and ¥,(Z) denote 1D
2 2m* simple-harmonic-oscillator wave functions. The state of the

Q1D system is specified by two Landau-level indiogsand
which re.presents two coupled harmonici oscillatorsz, \/zvheréir:;v;/r? vt(ra]eft;/n?itr’] 5))( p;(iyrxgcltri]oE.q;A\(g)si)(()p\)/cﬁsisnezg(gfihrgo
Wy we SING, ;= w; COSO, g)czeB/mz*, ”21*:2{1*(9192 energy spectrum for the present Q1D systemhydrid-
—wyoy) win;, Q=i+ w;, and Q5=w5+w,. To 0b-  quantized due to the presence of the tilted magnetic field.
tain Eq.(2), we performed the following unitary transforma- The set of quantum numbers is designated byl,k,),
tion: x{ = U1XiU1_1 and P, = UlPXiU[1 for an arbitraryx; wheren and| denote the effective Landamagneti¢ level
(xi=x, y, andzfori=1, '2, and 3, respectivelyHereU,  indices. We note that the dimensional crossover can be seen
— ex{iG,;/4] is a unitary operator with G, Inthe energy spectrum by simply varying the confining po-
_ ~ . 2 ~ % 2 tential parametersp, or w,—0 for the Q2DEG system and
=w,P P, /(M* 0]) — w,P,P,/(M* 03). d 0 for the 3DEG ¢

For the purpose of diagonalizing the one-particle Hamil-©1 andwz—0 for the system.
tonian given by Eq(2), we take into account another unitary
transformation:X;=U,x/ U, * and Py = Uszi'Uz_l for an
arbitraryx; (x{=x', y’, andz’ fori=1, 2, and 3, respec-
tively), whereU,= exdiG,/%] is a unitary operator having In this section, we want to evaluate an analytical expres-
G,={x'P, —7'P,}¢ with ¢=arctal{Q§—w§/(Q§—w2,)}. sion of the transverse magnetoconductivity, for the Q1D
Here w_ is the effective cyclotron frequency in tifedirec-  Systems previously described, by taking the real part of a
tion. Then, Eq(2) can be expressed in the simplified mannergeneral expression for the complex nonlinear dc conductivity
as oa(E) (k,1=x,y,2) given in Ref. 19 and the linear-response

IIl. MAGNETOCONDUCTIVITY ASSOCIATED WITH
RELAXATION RATES



PRB 62 MAGNETOPHONON RESONANCES IN QUASI-ONE . . 5047

limit, i.e., im__ Re&(o((E)}=0y . The dc linear conduc- I(ky Lnljylky 17" )P

tivity for weak electric fields is obtained by the sum of the :(ehky/rn*)zann’all’5kykyr+(ewz|+/\/§)2

nonhopping parbgg and the hopping paﬁ{}y, which are

X[ngn’n—1+(n+ 1)5n’n+1] 5II’5kyky,

h3pe?
nh 2
== kot (Eni(k
T ey o2, 5 En(k) + () - IND[1 81+ (14 0) 81115 S
X[1=FEn(kNIT (N1 KNl k), (6) ®
. ezwfli where the Kronecker symbol${,,, ', 5kykyr) denote the
W Vo, n% (n+ DIfEn(ky)) = f(Enru(ky))] selection rules, which arise during the integration of the ma-
nY trix elements with respect to each direction. Equatiéh
l~“(n+1l ky:n,l k) expresses the Drude term arising from the dnfinhopping
— 7 motion of electrons within the localized states through the
(hw)?+T?(n+1)ky;n,1 k) electron-phonon interaction. In contrast, Hg) expresses
620,22 the hopping terms, which are associated with electron hop-
as . ) , .
[+ DI FE(k))— f(E Kk ping motion between the localizdéffective Landau and/or
Vo _ n%y (DL Enlly)) = 1 i alhy))] subbanl states by absorbing and/or emitting a phonon with

- an energyhiwg in the scattering events. In fact, these terms
L(n,I+1ky;n,l.ky) are related to the oscillatory behavior of MPR effects. Ac-
(ﬁw_)2+f2(n,l +1k,inlk)) J () cordingl_y,_ hereafte_r we sh_all denote the 'gransverse mggneto—
conductivity associated with these hopping term3r¥§ .
for the shift zero in the spectral line shape, whére As shown in Eq(7), the electronic transport propertiésg.,
=L,L,L, is the volume of the system arti=1/kgT with kz  electronic relaxation processes, magnetophonon resonances,
being the Boltzmann constant afdtemperature. Alsol . etc) in the Q1D systems can be studied by examining the
=Vhilm*w., fi is the Planck constant divided byn2  penavior ofl" as a function of the relevant physical param-
f(Eni(ky)) is a Fermi-Dirac distribution function for elec- gters introduced in the theory.
trons with the eigenstate,|,k,) of Eq. (4) and the energy  an analytical expression of the relaxation rate in the
Eni(ky) of Eq. (5), and—e(<0) is the electron charge. The |owest-order approximation for the weak electron-phonon in-
quantityI" given in Eqs.(6) and(7), which appears in terms teraction and in the limit of weak electric fields can be evalu-
of the collision broadening due to the electron-backgroundated from the general expression of the electric-field-
(phonon or impurity interaction, plays the role of the relax- dependent relaxation rate given by F4.39 of Ref. 19. The
ation rate in the spectral line shape. To obtain E§sand Q1D version of the relaxation rate associated with the elec-
(7), we used the matrix elemenigk,,!,n|jylk;,I’,n")[*  tronic transition between the states ,l;,k;,) and|n,l k)

y
given by is expressed by

~ D’ kS

T(nglykyinlk)=——— > Fnln’(An)Flll’(Al)f day{(No+1)[(n—n")fiw,
Al )£y 1) -
+(1=1"hw_+S(Ky ky) ~fiw ]+ Nod[(n—n")iw, +(I=1")hw_+S(ky k) +fo ]}

D’ %
— > Fn,n(An)F|,|(Al)f day{(No+1)d[(n"—nphw + ("= ho_
A7 =) —oo

+S(ky kiy) + o ]+ Nodl(n' —nphw, +(I' = 1) ko +S(ky Kyy) —ho ]} 9

with S(ky k) =%2(ki—kj?)/2m* and S(k; ki) =%%(k,”>  optical-phonon scattering given byD'/V with D’
—kiy)/zﬁﬂ*, where N is the optical-phonon distribution =#%D?/2pw, ~const, D being a constant ang being the
function given by qu[exp(ﬁi’uoq)—l]*l with wq=w, density, where the assumption was made that the phonons
andn’ andl’ indicate the intermediate localized Landau- are dispersionlesé.e., hwg~hw ~const, wherew, is the
level indices. In order to obtain the relaxation rafesf Eq.  optical-phonon frequengyand bulk(i.e., three-dimensional

(9) for a specific electron-phonon interaction, we consideredVe also took into account the following matrix element in
the Fourier component of the interaction potefitt&l” for  the representatiof¥):
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[(n.1ky|U exp(=ig-r)U 2’ 1" k))[?

:|Jnn’(U+)|2|J||’(U—)|25k;,ky:qy, (10

[Jnn (U)Iz— e AL (W) T, (11)

where n_=min{n,n’}, n.=maxnn’}, u,=1202/2, u_
=12g%/2, and L5%(u) is an
polynomiaf’ with An=n. —n_ . In addition, we utilized the
following relation in doing the integral oveyy andq:

» 1
Fron(An)= fo ﬁun’n(u)'Zdu

a1 (1+An), (2An+3), T(An+3)
< < <
(n.!)?

X a®,o(—Nn_,An+3,5,An+15—

Tt

n.;1).
(12)

Here ;®,(a,b,c;d,e;x) is the hypergeometric functiéh

[

byabcdex=S DnPn(E Xt

& (e, o B

with Pochhammer’s symbolal,, defined by &),=a(a
+1)--
the Landau-level indices; andl; given in Eq.(9) are, re-
spectively, replaced by+1 andl or n and|+1 for the

electron hopping motion, de pending on the type of the tran-
sitions associated with the Landau-level index, and that the
summations of Eq(9) over the Landau level can be, respec-

tively, divided into two possible casef) =, ., =, and
Shrens 20, and(ii) Sy, andX g2, since the con-
dition (n’,1") # (nq,l4) in the summation of E9) contains
three types of contributions(i) n’#ny, 1’'#ly; (i) n’

#n4, I"=1y; and(iii) n’=n4, I’ #1,. The § functions in Eq.

(9) express the law of energy conservation in one-phonon
collision (absorption and emissipnprocesses. The strict

energy-conserving functions in Eq(9) imply that when the

electron undergoes a collision by absorbing energy from thé'(0,1k,;0,0k,)=NgA
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.

Now, let us consider the case where the nondegenerate

limit and the quantum limit{w, ,hw_>KkgT) are satisfied
so that the electrons can be in the lowest Landau levéts

n=0 andl=0). Then, the transverse magnetoconductivity
of Eq. (7) for the electron hopping motion due to the

Landau-level indices and| can be expressed by

LEE, RYU, KIM, AND TING

associated Laguerre

-(a+n—1)=T'(a+n)/T'(a). It should be noted that

PRB 62

B3ﬁ6
MPR 2 |
ag ~N.E
v € 2m* 3y oy
(fiky)?
xXexp — =
;{ P 2m*

ﬁ3ﬁ6

*37T w_

T'(1,0,;0,0k,)
(ﬁw+)2+'f2(1,oky;o,oky)

+nge?

-1

2m

2
XJ dkyexp< —ﬁ%

T'(0,1k, ;0,0k,)

(fiw_)2+T2(0,1k,;0,0k,)
where n,=N./V is the electron density withNg
= \2m* LY/ Brh? exd B{Er—h(w, +w_)/2}]. To obtain the
dc magnetoconductivity of Eq(1l4) in simpler form, we
assumed that thé’'s in Eq. (7) are replaced by the Boltz-
mann distribution function for nondegenerate
semiconductor§ 10 je.,  f(E, (k,))~ expB[Er

—En(k)]}, where Eg denotes the Fermi energy. We also
replaced one summation with respect kg in En,k

by the following relationt2416:17 i )—>(L/

27)[~.dk,(---). In the case where the quantum limit
(hw, ,iw_>kgT) is satisfied, only one or two Landau lev-
els are customarily occupied. Accordingly, it may be suffi-
cient for us to consider the electronic transitions between the
states specified by,=0,1 andl;=0,1 (i=1,2) in Eq.(9) for

the fundamental MPR. Then, the relaxation rates of @y.

for the electron hopping motion due to the Landau-level in-
dicesn andl are, respectively, given, after tigg integration,

by

(14

1

T'(1,0k,;0,0k,)=NoA
[2m*{hw_—ho }/h* k|

(3/4)
+

Vi2i* {ho, +ho_ —fio h2-K

1

V2 {ho_ —ho, —fio h2—K
(19

1

V2 {fiw., — fiwo 2 - K2
(3/4)

V2 {fiw, +tiw_—fio Hh?— K2

1

V2 {ho .~ o —ho 52—k
(16)
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where A=D'm*/4x| .| _#2. Note that we considered only
the phonon absorption process since we are interested in th
physical properties of MPR in a specific process. As can be ;
seen from Eqs(14)—(16), the relaxation rates play an impor-
tant role to determine the height and width of the MPR peaks
as well as their peak positions. Equatidd), supplemented

by Egs. (15 and (16), is the basic equation for the MPR
spectral line shape arising from the electron hopping motion
between the effective Landau states by absorbing a phonol
with an energyh o in the scattering events, which enables
us to analyze MPR effects in the Q1D electronic systems
under tilted magnetic fields.

nits]

™R [arb. u

IV. NUMERICAL RESULTS AND DISCUSSION

In this section we present the numerical results of the
magnetoconductivity formularyy™ in Eq. (14), which is re-
lated to the MPR for the Q1D electronic systems based on
the model described in Sec. Il. Here, special attention is
given to the behavior of the MPR line shape, such as the
appearance of subsidiary MPR peaks, the shift of these MPF
peaks, and a change in MPR amplitude and width. For our
numerical results of Eq(14), we consider the Q1D elec-
tronic systems with effective mase* =0.067n, with mg
being the electron rest mass and LO-phonon endrgy
=36.6 meV as an example. The sample temperature is as

™R [arb. units]

arh. units]

sumed to be 50 K in this calculation. The quanfity in Eq. = / N P
(16) is taken by 4.1x10 % kg?m’s 42122 Figure 1 =y /~—-”l ““““““““
shows the spectral line shapesddfy" for the Q1D system et

as a function of magnetic fielB for various tilt angles of ° 10 BT 0 40

the transverse tilted magnetic fieB= (B sin 6,0,cosf) ap-

plied to the electronic wire, where we considered three cases FIG. 1. Magnetic fieldB) dependence of the magnetoconduc-
for confinement frequencias; andw, in thex andz direc-  tivity (oyy ™) for different tilt angles ¢'s): (@) w1=0.20_, w,

tion: (a) w;= 0.2w, and w,=0.50, , (b) w;= 0.5, and  =0.50, (b) ©1=0.50 , @,=0.2w , and(c) w;=w,=0.2w .
w,=0.20 , and(c) w,=w,=0.2w , as an example, in or- B

der to see the effect of tilted magnetic fields, viz.depen- 7w, ,hw_>T are satisfied. In this case, the abrupt change
dency of MPR depending on the condition of the confiningof the relaxation time{and hence magnetoconductivitis
potential parameters. Moreover, to understand the effect axpected to occur at the resonant magnetic field when we
electrostatic confining potentialgharacterized by, w;)  vary the strength and/or the tilt angteof the applied mag-

on MPR, we plotted the spectral line shapesrff*™ for the  netic field. As can be seen from Eqd4)—(16), there are

Q1D system in Fig. 2, as a function of magnetic fifdldor ¢4, nossible cases which chanfjeabruptly under the con-
various confining potential parameters at a fixed an@les ition that the density of states is maximuite., atk=0):
where the tilt angle was taken as 30° as a matter of CONVE: \, —tie, , hw,+ho =ho,, ho.=ho_, and ho,

nience. In these figures, we can see the following features for ; =%, , which are the conditions for MPR giving the
. . PR - 7
the Q1D system(i) there are three peaks in thg)™ under  peak positiongi.e., resonant magnetic field® the spectral
the magnetic field up to 40 Teslai) the shift of the resonant e shape, because the conditibm_—%w, =fiw, is ob-
peaks in the conductivity fow,# w, corresponding to an yjously impossible from the definition of the effective fre-
asymmetric quantum wire is very sensitive to the tilt angle quenciesw, ande_ . It is to be noted that the MPR condi-
of applied magnetic field and the relative strength of thetons are sensitive to the confining potential parameters (
confining potential parameter®, and w, in the x and z andw,). For givenw,; andw, in Figs. 1 and 2, the resonant

direction, while forw,=w, corresponding to a symmetric penaviors are actually given by the following three cases:
guantum wire, it does not depend on the tilt angle; &nd

the height of these p_eaks and their resonance Width_s areﬁw++ﬁw,=ﬁw|_, ho,=ho,, ho,—ho_=ho,
closely related to the tilt anglé and the confining potential (17)
parameterso; and w,.

Let us first examine featur@). Since MPR is a phenom- under the magnetic field up to 40 Tesla. In the course of
enon which occurs in the electronic system subjected tscattering events, the electrons in the effective Landau and
guantizing magnetic fields, the resonant transition in thesubband levels specified by the level indicesl)] could
Q1D electronic structure under tilted magnetic fields takesnake transitions to one of the effective Landau and subband
place in terms of the Landau-level indicesandl, whereby levels (0',1") by absorbing a LO-phonon energy», when
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— ho.,=ho
40 - = ho.-ho =ho,

—_— gljg - gm!. ....... ho, +ho_=ho,
8 2=P - 20y

‘e 30

2 =

2 %

53, 220
x [11]
o
=

b 10

0,=0.50,
0 20 40 60 80

FIG. 3. Tilt angle dependence of the resonant magnetic fields
(Bpea, Viz., the MPR peak positions fan,;=0.2w, , w,=0.5w_
and w;=0.5w, , w,=0.2w, . The solid, dashed, and dotted lines
correspond tdhw,=fiw, , v, —how_=ho_ , andfio, +ho_
=fhw, , respectively.

structure modeled by the same potential wells, which is valid
for the strong confinement potentials with respect to the
cyclotron-resonance frequency. Moreover, if the frequencies
wy; and w_ in Eqg. (17) are replaced by
Vol cod 0+ wlsir? 6+ wf and o’ sir? 6+ w co 6, respec-
tively, Eq. (17) is reduced to the result of Suzui all’ for
a Q1D quantum-wire structure modeled by the same poten-
tial wells, which is valid for weak confinement potentials.
B[T] Next, let us pay attention to the shift of the resonant peaks
FIG. 2. Magnetic field(B) dependence of the magnetoconduc- in the cgnductiyity seen In Figs. 1 ar\q 2, which is related to
tivity ((.TM"’R) for (@) the change of the confining potential strength feature(ii). Their shift in the conductivity can be understood
S L e 2 in terms of the behaviors diw, and%w, *hw_ in EQ.
w», in the z direction and(b) the change of the confining potential . o -
strengthe, in the x direction. (17) since the quantltleﬁu_)+ gndﬁw+iﬁw, mtercep_tf_zwL
at the resonant magnetic-field values. The quantities
andZw, *heo_ are mainly influenced by the tilt angle of
the conditiong17) are satisfied. The first condition indicates the applied magnetic field and the strength of the confining
a process corresponding to the .electronic trapsition fronbotential parametersaf; , w,). Therefore, we will concen-
(n,1)=(0,0) to (1,1), where quasielectrons having respectrate on how MPR peaks change according to these factors.
tive energy ofiw, andfiw_ are created by absorbing a LO Figure 3 shows the shift of resonant peaks in the conductiv-
phonon with energyi»_. The second condition indicates a jty seen in Fig. 1 as a function of tilt angk depending on
process corresponding to the electronic transition either fronfhe confinement conditions given in Fig. 1. As can be seen
(0,0) to (1,0) or from (0,1) to (1,1), where only a quasielec-from the figure, in the case a$,< w,, the resonant point
tron with energyi v, is created by absorbing the same pho-for the subsidiary peak in the low field side determined from
non energy. The third condition indicates a process correme conditionfw, +%w_=%w, shifts to the corresponding
sponding to the electronic transition from (0,1) to (1,0),point in the higher field side. Those resonant points for the
where, by absorbing a LO phonon with the same energy, gentral peak given byiw,=%w, and for the subsidiary
quasielectron withfiw .. is created and a quasielectron with peak in the high field side given Byw, —fiw_=#hw, shift
energyfiw_ is, however, annihilated. It is shown from Eq. to the corresponding points in the lower field side, respec-
(17) that additional MPR conditionsubsidiary peaksap- tively, as the tilt angle is increased, which has an identical
pear atiw, *fiw_=fw_on both sides of the MPR peaks at hehavior to that reported by Suzukt all” However, the
hw,.=ho_. The origin of the appearance of the subsidiaryshift of the resonant peaks far,> w, is contrary to that for
peaks in the Q1D systems is mainly due to the presence Qf, < ,. In other words, forw;>w,, the peak in the low
the effective confining potentiahw? Z%/2, i.e., w_ in Eq.  field side of the magnetic field shifts to the lower field side
(17), which is unlike the MPR in a 3D electronic system whereas the peaks in the middle and the high field side of the
(where only one resonant peak appearshai,=%w. field shift to the higher field side, as the tilt angleof the
=fiw. WwhenP=1; hereP is the difference of Landau-level applied magnetic field is increased. It is noted that our
index.?*~% Thus, the appearance of these subsidiary peakgresent results do not agree with the experimental results of
in the MPR line shape seems to be a characteristic feature Brummell et al® for Q2D electronic systems, indicating that
Q1D electronic systems. If the frequencies andw_ in  all of the MPR peaks shift to the highBrside. As mentioned
Eq.(17) are replaced b§), andQ),, respectively, Eq(17)is by Suzukiet al,!’ this disagreement may be due to the fact
reduced to our previous restiitfor a Q1D quantum-wire that their experiment was performed under the magnetic

oMPR [arb, units]
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. - . FIG. 5. Tilt angle dependence of the resonant magnetic fields
FIG. 4. Relative confining potential strength dependence of th(iB ) @ w' ® g<w aFr)wd (b) wy,0,>w,, Where o, egmd Iwz I
: : : _ o. eald - 1,W2 c 1,W2 co
r_e(s)ozr:)int mda%netlcjlglgf(,ea?hat alf(ljxeg aEgIdee—S(’de. (t?)dwl% ha%e been taken as @] or 0.5w. for weak confinements and as
'_d'. tL a; ( )_2’2_ : ﬁL' _he So_' h' ashe ’danh 0+fez Ines 2w, or 5w, for strong confinements. The solid, dashed, dotted, and
indicate hw.=ho,, ho,=ho-=ho, an @y TRO- dashed-dotted lines correspond thw,=fw, , #Aw, —fo_

=ho,, respectively. =ho , ho,+ho_=ho,, andho_=ho,, respectively.

fields up to 10 Tesla whereas our calculations were carriethe magnetic confinement by an applied magnetic field. Their
out for the magnetic fields in the region more than 15 Teslashifts for strong and weak confinement potentials are plotted
taking into account two different effective Landau states, in Fig. 5, as a function of tilt angl®, using the MPR con-
=0,1 andl=0,1 only. Since the MPR peak on the lowBr ditions given by Eq(17). It is clearly seen in this figure that
side shifts to the highen or | side even in the present cal- the resonant peaks for strong confinement appear in the low
culations, we might expect the present theory to reproducéeld side and their angle dependence is small whereas those
their experimental results qualitatively if we take into ac-for weak confinement appear in the high field side and their
count the electronic transitions up to the second excited levangle dependence is larger than that for strong confinement.
els and obtain the MPR conditions valid under the magnetidMoreover, the MPR peaks exhibit a similar angle depen-
fields up to 10 Tesla. The shift of the MPR peaks in thedence of the shift, as in Fig. 3. Note that, in addtion to the
conductivity seen in Fig. 2 is represented in Fig. 4, as aMPR conditions in Fig. 3, the shift of resonant peaks given
function of the relative strength of the confining potentialby #w_=7%w, appears in terms of given confining potential
parameters for a fixed tilt anglé. It is shown in the figure parametersy; and w,. For direct comparison of the MPR
that, for a fixed value ofv; at a specific angle, the peaks in conditions presented by some authors, the shift of resonant
the low field and the middle field side of the magnetic field peaks given byiw =% w, as an example is represented in
shift to the lower field side whereas the peak in the high fieldrig. 6 as a function of tilt angle according to the confinement
side of the magnetic field shifts to the higher field side, as th&trength, where the confining potential parameters were, re-
relative confining potential parameter,/w; is increased, spectively, taken as Qul, and 0.%. for weak confinement
while for a fixed value ofw,, all three MPR peaks shift to and 2w, and 5w, for strong confinement as a matter of con-
the low field side of the magnetic field as the relative con-venience. As shown in Fig. 6, the present results of the angle
fining potential parametetw,/w, is increased. Our present dependence of the MPR peaks for weak confinement agree
results for the latter case agree qualitatively with those ofvell with those of Suzuket all’ for a Q1D quantum-wire
Suzukiet all’ structure modeled by the same potential wells, but they do
Other interesting features of the shift of the MPR peaksnot agree with our previous resulfswhereas the present
are expected according to the relative strength of the electroresults for strong confinement agree qualitatively with those
confinement due to the electrostatic potentials with respect tof our previous results, but they do not agree with that of
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------ ho, +he_=ho

Suzukiet al. The difference between the present result and
their resultd®”is due to the neglect of the coupling Hamil-
tonian term~B,B,xz in Eq. (1) or Eq. (2).

Let us turn to featurgiii) for the height and width of the
MPR peaks seen in Figs. 1 and 2. The height and width of
the MPR peaks seen in Figs. 1 and 2 can be explained by Eq. _ _ _ _

(14). The height of MPR peaks is influenced by amplitudeg:)llid?'j:;ﬁegjzan%'séugn;nin(:; iﬁéjic;t.e%:: hZZL %wzaii ﬁz,h_e
factors (Vm*w_/m* 0, w3 {1- exg—pBho.]} andlor =he,, andfie,+ho_ =fo,, respectively.

Vm* o, Im* w_w?/w®{1- exg—Bho_T), in addition to

the Lorentzian spectrum function. Figure 7 shows the variaThis means that, as the tilt angle increases, the effective con-
tion of the heights of MPR peaks in Fig. 1 as a function offinements forw,<w, are tighter and electrons are further
the tilt angle of applied magnetic field. It is seen clearly inconfined in the narrow region, while fas;>w, the effec-

this figure that their heights increase as the tilt angle intive confinements are looser and electrons are confined in the
creases. The increase is given in terms of the amplitude fagyide region. As a result, fow; < w,, the frequency of col-
tors and it is understood that the spikes on the curve arisgsjons between electrons and LO phonons increases and the
from the Lorentzian spectrum function. The variation of therelaxation time becomes shorter due to the colligi&ratter-
heights of MPR peaks in Fig. 2 is presented in Fig. 8 as ang), while for w;> w,, the frequency of collisions decreases
function of the relative strength of confining potential param-and the relaxation time becomes longer. Our theoretical re-
eters. The changes of their heights in this figure can be unsyits for the angle dependence of MPR width for<w,
derstood by the amplitude factors, as in Fig. 7. When theygree qualitatively with the experimental results of Brum-
relative strengths of the confining potential parameters inmell et al® for Q2D electronic systems and with the theoret-
crease, the heights of all three MPR peaks decrease, whigha| results of Suzukiet al,*” which is unlike the case of
agrees qualitatively with the experimental results of Brum-,,, > w,. The variation of the widths of MPR peaks in Fig. 2
mell et al® for Q2D electronic systems and with the theoret-is presented in Fig. 10 as a function of the relative strength of
ical results of Suzuket al'” The width of MPR peaks is  confining potential parameters. In this figure, we can see that
mainly determined by the Lorentzian spectrum function inthe width broadening is increasing with increasing one of the
Eq. (14) through the behavior of, which appears in terms confining potential parameters. This means that, as one of the
of the collision broadening due to the electron-phonon interconfining potentials increases, the effective confinements are
action and plays the role of the width in the spectral linetighter and electrons are further confined in the narrow re-
shapé’ Therefore, the width broadening of MPR peaksgion, as in the angle dependence of width éor< w,. Our
shown in Figs. 1 and 2 can be understood by the terms intheoretical results for the strength dependence of confining
cluding (hw-)? in Eq. (14). Figure 9 shows the variation of potential parameters of MPR width agree qualitatively with
the width of MPR peaks as a function of tilt angle. It can bethe experimental results of Brummaet al® for Q2D elec-
seen from the figure that, as the tilt angle increases, th&onic systems and with the theoretical results of Suzaiki
widths increase fow;<w,, but they decrease fan;>w,,  al.}’ for Q1D systems.

MPR Peak Height [arb. units]

FIG. 7. Tilt angle dependence of the MPR peak heigkes:
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FIG. 8. Relative confining potential strength dependence of th(iVI
MPR peak heights at a fixed anghe=30°: (8) w;=0.2w, and(b)
w»,=0.2w_ . The solid, dashed, and dotted lines indicdte ,
=ho_ , hwo,~ho_=ho_ , andhw,+ho_=heo_, respectively.

angular dependences of the shift of MPR peaks and of the
Through all figures presented here, we can summarize théhange of their width fow;>w, are contrary to those for
physical characteristics of the MPR line Shape as follows: fOI’wl< w,. As one of the confining potential parametets; (
the symmetric quantum wire, there are no shifts in MPRandw,) is increased, the MPR peaks in the low field and the
peaks as the tilt angle is increased, while for the asymmetrigniddle field side of the magnetic field shift to the lower field
quantum wire, the shift of MPR peaks and the change ofjde, whereas the peak in the high field side of the magnetic
their amplitude and width are sensitive to the tilt angle. Thefield shifts to the higher field side or the lower field side
depending on the conditio®;<w, or w;>w,. In addition,
................ IV the widths of MPR peaks are increased, but their peak

- = . 0, -h0_=ho, heights decrease.
........ ho +he_=he

................................. V. CONCLUSIONS

In conclusion, we have derived the conductivity, for

Q1D electronic systems subjected to crossed elecﬁ|itg/][
and magnetic field8=(B,,0B,), based on a simple model
of parabolic confining potentials, and we obtained the MPR
conditions in the quantum limit condition, as a function of
the strength(B) and tilt angle @) of the applied magnetic
field (B) as well as the strength of the parabolic potential
0 20 40 50 30 parameters _c(;l and/or w,). With the MPR.cqnditions, we
6 [deg] have mvesuga;ed the physmal charactensucg of the MRR
effects, according to the tilt angle of the applied magnetic
FIG. 9. Tilt angle dependence of the MPR widths feg field and the relative strength of the confining potential pa-
=0.20,, w,=0.50w, and w;=0.50,, w,=0.2w_. The solid, rameters, in such Q1D systems. In particular, we have stud-
dashed, and dotted lines indicattw,=%w , how,—fio_ ied the qualitative features of the MPR effects and their
=fhw_, andhw, +ho_=ho_, respectively. physical origin, and we compared with the existing theoret-

MPR Broadening [arb. units]
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ical results because we are not aware of any relevant expeflinewidth would be affected by electron-electron scattering.
mental work on MPR on the dependence of the tilted magf{iii) Any modification of the electron-phonon interaction
netic field on theoy, for Q1D electronic systems. Some brought about by the confinement of phondn& used the
comments related to this work should be made as folldivs. interaction for bulk phononshas not been taken into consid-
Our theoretical results are based on a model of paraboligration. A possible influence of the modification can be
confining potential. For usual heterostructures it is wellincluded® in the electron-phonon interaction in E@). Al-
known that the confinement potential in theirection is far though such modifications would be expected to affect the
from being parabolic and is often approximated by a trianypR line shape considerably, as in the electron-electron
gular potentiaf***For direct comparison with experiments, scattering case, they are not expected to change the physical
realistic modeling with the correct confinement potentialcharacteristics of MPR effects, such as the appearance of
should be required. We believe, however, that utilizing asypsidiary MPR peaks and the shift of these MPR peaks.
model with a parabolic confinement is good enough to ex-  pespite the above shortcomings of the theory, we believe
tract the essential physics of MPR effects in Q1D electronighat the simple model we present captures qualitatively the
systems in tilted magnetic fieldéi) The single-particle pic- essential physics on MPR in Q1D electronic systems brought
ture has been used throughout this work, and thus thgpout by the electron confinement due to the electrostatic
electron-electron interactions have been ignored. The eﬁe(ﬁotentials and the magnetic confinement by tilting a mag-

of electron-electron interaction can be taken into account aphetic field. We hope that new experiments will test the va-
proximately by replacing the electron-phonon interaction in-jgity of our prediction.

cluded in Eq.(9) by a screened electron-phonon interaction

iDAYY(2pw V)YI1+N\%(q)/q?],Y" since the inverse

screening length\(gq) depends on the electron density, ACKNOWLEDGMENTS
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