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Temperature-dependent magnetoconductance in quantum wires: Effect of phonon scattering
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A rigorous numerical formalism is presented for the conductance in quasi-one-dimensional systems domi-
nated by phonon and elastic scattering. The formalism is applied to study the effects of phonon scattering and
the interface-roughness scattering at low temperat(ifgson the T-dependent electron conductance in a
multilevel single quantum wires$SQWR’S and tunnel-coupled double quantum wird3QWR's) under a
perpendicular magnetic fiel. The effect of phonon scattering is significant when the thermal erlgsGyis
comparable to the energy separation between the Fermi level and the nearest unoccupied sublevel in SQWR’s
and to the tunneling gap energy in DQWR'’s. While the magnetoconductance decreases with indréasing
general, it displays a strikingly opposite behavior in certain regime® afd T in DQWR’s because of the
field-induced separation of the initial and final scattering-state wave functions into the two separate quantum
wires.
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[. INTRODUCTION doped samples. We find that the effect of phonon scattering
can be important even at low temperaturés.g., T
Transport properties of low-dimensional structures are of=2-4 K). In SQWR’s, the zero-temperature conductance is
current interest for many novel physical phenomena and posharply enhanced for elastic scattering following the depopu-
sible applications for new devices. A number of recent studiation of a sublevel at low temperatur®8This enhancement
ies have focused on the low-temperature conduction in quarbecomes severely suppressed even at these low temperatures
tum wires'~*®Most of the past investigations deal with low- due to phonon scattering. Although the magnetoconductance
temperature elastic-scattering effécfsand magnetic-field is expected to decrease with increasing temperature in gen-
effects®%9in single-quantum-well wire§SQWR'S. The ef-  eral, we find that the conductance can rise sharply as a func-
fect of tunneling between two quantum wires in tunnel-tion of T in DQWR’s in certain regimes d8 and T because
coupled double-quantum-well wirdDQWR's) was studied  of the effect arising from the field-induced spatial separation
recently” In these systems, scattering by impurities, interfacey the initial- and final-state wave functions involved in
roughness, and phonons plays a dominant role for the mayackscattering into separate quantum wé@s\V’s). Phonon
mentum relaxation. In this paper, we assess the relative i"‘scattering suppresses the conductance eventually at high

portance of elastic- and inelastic-scattering mechanisms ast@8mperatures in this case, yielding a peak in Theepen-
function of the temperatur€ and the magnetic field. In mul-  gence of the conductance.

tisublevel quantum wires, intersublevel electron-phonon
scattering is very important in momentum-relaxation pro-
cesses as will be shown later. In this case, the standard quas
elastic-scattering approximation does not yield an accurate
result for electron-phonon scattering because the phonon er
ergy can be comparable to the electron energy. Therefore, |
rigorous method for treating combined elastic and phonon
scattering is necessary. We develop a formalism which yields — X
the conductance to a desired accuracy for a general quas 5:@ $ wire-2
one-dimensional electronic structure and apply the result ta
study the temperature-dependent conductance of SQWR"
and tunnel-coupled DQWR's illustrated in Fig. 1. We study

high-quality wires where the Iocalization Iength is. largerthan g5 1. (a) A schematic diagram of a SQWR. A narrow channel
the sample length. We neglect the Luttinger liquid effect. s tormed by applying a negative bias on the top split metallic gate,
We examine the effect of phonon and interface-roughnesgot shown.(b) A schematic diagram for DQWR. Electrons tunnel
scattering in the presence of a perpendicular magnetic fielgetween the wires through the /&8a,_,As barrier in thez direc-
B. Scattering by ionized impurities can be treated within thetion. The current flows along thedirection. A magnetic field lies
same formalism as that of interface-roughness scattering bifi the x direction for the double wires and in thzadirection for the
will be neglected assuming that the dopants are far awagingle wire. The curves in the inset illustrate the 1D energy disper-
from the quantum wellQW) for high-quality modulation- sion.

drain contact

source contact
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Il. MULTISUBLEVEL MAGNETOTRANSPORT as illustrated in Fig. 1 foN=4 in the inset. In Eq(3), g is

We consider transport for a general quasi-one-a column matrix with elements,=g,—gy.? The replace-
dimensional electronic structure characterized by the energmentg—g in Eq. (3) does not make any difference because
dispersione; with j={n,k}. Here,n denotes the sublevel x 5 0o Therefore, the dimensions 8fandg are restricted

indexn=0,1, ... andkis the wave number along the wire {4 oN—1 in Eq. (3), discarding the last point=N with
in the absence of scattering but in the presence of magneti¢

. ! : ; gn=0. The real necessity for eliminating one of th& 2
field B. The dispersion curves; do not cross. The meaning . . .

) . o . points arises from the absence of the inverse of the fll 2
of the sublevel indexh will be specified later in Sec. 1V,

where application is made to SQWR's and DOWR's. We><2N scattering matrix  to be defined belowbetween the

expand the nonequilibrium distributiof; as f,=fo(s,) oo PGS " solving the Boltzmann equation as shown
*+ [~ fo(e;) JeE, where the second term represents the lin-"" i paper, we study symmetric dispersion curves for
ear deviation from the equilibrium Fermi functiofy(e;) simplicity and usey_,= —g, to obtain
caused by an external dc electric fidfdHeref(¢;) is the o g
first derivative of the Fermi function with respect to the en- ~ 1. -
ergy. The Boltzmann equation for the magnetotransport of 9,=9,~ 59-n,  On=0. )
the electrons along the wing) direction in the presence of
both inelastic(phonon and elastic(impurity or interface  This assumption is relevant to all SQWR’s and symmetric
roughneskscattering is then given b2 DQWR’s in magnetic fields. The set of the wave numkgr
) depends on the energy. Hereafter, we put thiz depen-
™ B dence specifically on all quantities, e.g,.=g,(¢). Divid-
Vit E 157419y —9)) 8(e; = ;) +Py=0, () ing each term in Eq.(1) by |v;|, converting 3,
: _ _ «[del|vs|, and using the above definitions we find
wherev; =ﬁ‘1dsj /dk is the group velocity of the electrons.
In Eq. (1), 1, is the scattering matrix from impurities or U(e)g(e)+v Xe)P(e)=—S(¢) (6)
interface roughness. The case for elastic scattering Rijth
=0 was studied earlier by the auth8ghe quantityP; rep- ~ ©F
resents the contribution from the electron-phonon interaction

and is given b¥? g(e)=—-U"(&)[S(e)+v Y (e)P(e)]. 0
2 B Here, 9,S,P are column matrices of the order oN2-1
Pi=— > V2 2(f§f)+nsq)(gj,—gj) excluding the end poinv=N for each energy, v is a
i"s0.* diagonal matrix of the same order with the elememnts,
X 8(8— &1 = hweg) O s ) =6, v/, andU is the (N—1) X (2N—1) square elastic-
b SATTIC A=Ay scattering matrix given By

whereVJ.s?j is the screened electron-phonon interacfiare-

2
fined by (n’k’|V§:§']nk>=vjs9j5k,,k+qy and the upper u,,=u, V:ﬂ 1] for vy’ )
(lowen sign corresponds to the one-phonon emis<iaio- ' R e
sorption process. Deformation-potential and piezoelectric 4
- ; - () _ , (+)
interactions are considered. In E@), fj, fo(ejr), fj,
=1—fff), andng, is the Boson function for the phonon of U = E U, ©)
modes with energyf ws, and wave vectog. nre =2

The conductance of the system is given in termg;oin

Eq. (1) (Ref. 8, In Egs.(8) and (9), v and v’ exclude the end point as dis-

cussed above. Otherwise, the quantity® becomes singular
262 [+ for the full 2Nx 2N matrix®
GB)=11 de[ —f4(2)]S", 3 In order to carry out theg summation in Eq.(2), we
yJo introduce a cylindrical coordinateq,=q, cos¢, dq,
wherelL, is the length of the wire an8' is the transpose of =q,sin¢, q= \/qf +qy2, and a transform
a column matrixS with elementss,=v,/|v,|, which is the

sign of the slope of the dispersion curve at point The L,L,

points v=1,2, ... represent the discrete horizontal points > ay k' =k~ (ZT)ZJ qlquf de g, k-«

(kv,sky) on the energy-dispersion curves with a common

energye =¢;=¢y . At zero temperaturd =0, these points L,L,

in Eq. (3) are the Fermi points. Avoiding the case where any - (277)2] qdqf A gy k-

of these points is an energy extremum, we number these

points as We now introduce the Debye approximation at low tempera-

tures and assumewg,=%Cgq, Wherecs is the sound veloc-

v=—N,—N+1,...,—-11,...N=-1IN (4) ity for the phonon modes. Carrying out theq integration
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through the energy function and converting the’ summa- P,

tion into thee' integration in Eq(2), we find o] > Wt,t’at'v (15
t!
P.(e Q where
) _ > fds’iﬁ[i(s’—s)]
|UV(8)| (277_)2h2 n',s, + ﬁcs \\ — (0) 1
= WI,I’_(Wt,t’_ét,t’Wt )(1_§5€r’_Nm,) (16)
|VJS(’1 (818/)|2 _ r_fpt ’ i i
XJ d v andt={¢,m} andt’={¢',m’}. It is understood that the in-
lvj(e")v,(8) dicest,t’ exclude the rightmost point for each of the energy
) indicesm,m’. In Eq. (16), €' = — N, signifies the leftmost
X (f;7 +ngg)[gj (") —gu(e)], (100 point for the energy indexn’ according to the notation in-

) ) . ) troduced in Eq(4). Inserting Eq(15) into Eq.(6), we get the
where 6(¢) is the unit step functionQ=LyL,L, is the  matrix equation

sample volume, and

[U+W]g=-S (17)
ficg=le—&'|, |a,/=|k'~k|, and q,=g’~q;. . .
(11) and its solution
The ¢’ integration excludes the region whege becomes g=—-[U+W]!s. (19

imaginary. . . L
ginary We note that the matrid for the elastic scattering is block

diagonal with respect to the energy index namely, U/
*dm, m - The phonon-scattering matri¥ introduces the

Noting thatP in Eq.(7) containsg, the latter can be found coupling between a pair of blocks. In this notati@andg
using an iteration method. However, we present here a morare column matrices, where tineth set of array consists of
rigorous method for the solution of the Boltzmann Equation2Ny,— 1 points belonging to the same energy indexand
(6) that allows us to control the accuracy to a desired degregepresenting the wave numbekg,,. In this notation, the
For this purpose, let us define for the scattering-out term ogonductance given in E¢3) can be rewritten as
the right-hand side of Eq10),

IIl. MATRIX EQUATION APPROACH

G(B)—<262>5 > [—fo(e0]S0 (19)
WO(g) o D jd Qo[+ (" —2)] “lhL) 4 o(80) 1S9t -
8 - 8 —
' (277)2ﬁ2 n’,s,+ hcs
IV. NUMERICAL RESULTS AND DISCUSSIONS

Vi (e,e)]?
xf d M(f(,*hrnsq), (12) In our numerical calculations, we study a GaAs wire
lv(e)vj(e")] sandwiched by AJ.Ga, -As barriers and assume the follow-

, " . . , ing parameters: electron effective masg=0.073n; in the
with the condition given in Eq(11). We now replace the barrier with free-electron massy,, m* =0.067m, in the

integration in the scattering-in term in EQLO) with @ sum- e pulk dielectric constank=12, longitudinal sound ve-

mation over the energy points uniformly spaced by a SUff"Iocity c,=5.14x 10° cm/sec, transverse sound velocity

ciently small energy intervade. We further introduce a new _3 4% 1P cm/sec. GaAs mass densipy=5.3 glcn?, pi-

indext={¢,mj}, where¢ counts thek points from the left o g gglectric  constanth,,=1.2x107 Vicm, deformation-

the right “horizontally” for a given energy and indicates potential coefficienD=—9.3 eV, and level broadening;

the energy in the above “vertical?’ subdivision. Defining =0.16 meV1 The broadening is employed at the bottolm of
the sublevels where the one-dimensional density of states

O de q diverges. The Debye approximation is employed for the

tht’zm SZ fiCs o[=(e’—e)] acoustic phonons at low temperatures.
We also assume that elastic scattering is dominated by the
VL2 interface roughness of a monolayer fluctuati6h=5 A
xf d¢—’(fff)+nsq), (13)  with a Gaussian correlation length given by,=A,
lvwe =30 A.8 The interface roughness is assumed to exist only at

one (two) interfacds) between GaAs QW and the
Al sGa 7As barrier in the growth sequence in thdirection
P for single (double QW'’s as is well known. We assume a
— WO = W, g, . (14) ~ conduction-band offset of 270 meV in tkeedirection. For
vyl ! ¢ ’ SQWR'’s(samples 1 and)2the sublevels are due to a para-
bolic confinement in thex direction with a uniform level
This equation can be rewritten, by convertiggnto g ac-  separations ofiw, at B=0, while the electrons are in the
cording to Eq.(5), as ground sublevel in the direction in a rectangular well. For

we can recast Eq10) into a matrix equation
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TABLE I. SQWR’s with the QW widthL,, the ground-second level separatid4g,, one-dimensional
electron densityn;p, the uniform channel sublevel separatibw, , the wire lengthL,, and the chemical
potentialx (at T=0 K andB=0) relative to the bottom of the ground level.

Sample no. L, (A) AE, (meV) nip (10° cm™?1) fiwy, (MeV) Ly (um) u (meV)

1 210 29 1 2.5 10 4.81
2 210 29 1 1.6 10 3.46

DQWR'’s (samples 3 and )4 the sublevels are due to the while those withk<<O are localized mostly in the other
tunnel-split doublet in the direction in a rectangular poten- QW.***The wave functions and eigenvalues are calculated
tial, while the electrons are in the ground sublevel in the numerically? In the x direction, we assume a narrow rectan-
direction in a parabolic potential. The parameters for samplegular well with only the ground level occupied. This wave
1 and 2 are given in Table | and the parameters for samplefsinction is not affected by. The matrix elements fod , .,

3 and 4 are given in Table Il. Herd,w,=1 meV corre- are calculated in terms of these wave functions as in our
sponds to the size of the wave function-2¢, earlier work®

=2\Jhc/m* w,=477 A in the x direction for m* For electron-phonon scattering, we use screened
=0.067m,. Other parameters will be given in the corre- deformation-potential and piezoelectric interactions. Detailed
sponding figure captions. expressions fo):/f?t are worked out for SQWR’s in our ear-

For SQWR’s, the magnetoconductance depends sensier work!®in terms of the harmonic wave functions in tke
tively on B in the z direction. In this caseB modifies the  direction and numerically in the direction and will not be
eigenvalues in the perpendicular direction according to  repeated here. In double wires, the electron-phonon matrix

elements are calculated numerically for the ground state in

1 h2Kk? thex direction and the tunnel-coupled ground doublets in the
k= | N+ 5 A S (200 7 direction between the initiak) and the final k' =k qy)
states for one-phonon absorptior-) and emission |)
wheren=0,1, ..., Q,= Jol+ wZ w.—eB/m*c, andm**  processes’ The phonons are assumed to be in equilibrium.
=m*/[1— (w./Q,)%].>8 The ground level wave function in
the z direction is not affected b and is calculated numeri- A. Single quantum wire

cally. In thex direction, however, the argument of the har- Figure 2 displays the conductanG{B) of sample 1 as
monic wave functions is modified axt Ax)/€cx, Where  fynctions ofB||z by including only roughness scattering in
Cex=Vhe/m*Q, and the B-induced shift equalsAXy  panel(a) and only phonon scattering in pan@). For this
=khw./m* . The expressions for the matrix elements for sample with largé: w,= 2.5 meV, only two lowest sublevels
the interface roughness interactiah, ,» are worked out in  are populatedsee the left insejsin Fig. 2a), the position of
terms of these wave functions in Ref. 8. the rough interface of sample 1 is shown by double vertical
For DQWR's, interesting properties of the magnetocon-ines in the right inset. The conductané¢B) is shown for
ductance occur wheB lies in thex direction. In this case, several temperaturds=0.25 K (dash-dot-dotted curyel K
the energy-dispersion parabola in QW2 is displaced\y  (dash-dotted curye 4 K (dashed curve and 16 K(solid
=d/¢Z in k space(in they direction relative to thatin QW1, curve. The abrupt rise of the conductance ab@se2 T is
whered is the well-to-well distance anéi,= \%c/eBis the due to the depopulation of the level=1.58 The level de-
magnetic length. An anticrossing gap opens at the intersecpopulation arises from the increasing mass" with B. The
ing point of these two parabolas due to tunneling, separatingapid decrease of the conductance with increasing tempera-
the upper and lower branch&sThe gap passes through the ture above 2 T is due to) 1o the thermal repopulation of the
chemical potential with increasing. For symmetric double bottom of the leveln=1 and 2 horizontal scattering from
QWs, for example, the-wave functions are symmetri@an- n=0 to the bottom of the=1 sublevel. Here, a large den-
tisymmetrig at the lower(uppe) gap edgdi.e., at the sym- sity of states and a small group velocity contribute to in-
metry axisk=0). Fork states inside the gap, ttewave creased scattering without contributing to a significant cur-
functions withk>0 are localized mostly in one of the QW's rent. The phonon-limiteds(B) is shown in Fig. 2b) for T

TABLE Il. DQWR’s with the wire width 42 A in thex direction, QW widthsL,;, L,,, center-barrier
width Lg, total one-dimensional electron density,, symmetric-antisymmetriCSAS) ground-doublet tun-
nel splittingAsas (atB=0), the wire lengtiL, , and the chemical potential (at T=0 K andB=0) relative
to the bottom of the ground level.

Sample no. Ly/lp B)  Lg(A)  np (AP cem?)  Agas(meV) L, (um)  u (meV)

3 80/80 40 6.5 3.6 1 3.79
4 80/80 50 6.5 1.6 1 2.57
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FIG. 2. Conductanc&(B) vs B for SQWR sample 1 including only roughness scatteringejrand phonon scattering i) for several
temperatures. The left insets (@ and(b) display the energy dispersion for the two lowest sublemet® andn=1. The dashed horizontal
lines show the position of the chemical potentiad v, in the upper sublevelfor B<2 T) andu= u, in the lower subleveh=0 (for
B>2 T). The thick double-headed arrows illustrate roughness scatterif@y &md phonon scattering ifb). The right insets illustrate the
sample structure. The double vertical bars in the inségpindicate the rough interface.

=1 K (dashed curveand 4 K(solid curve. We see here that the levelsn=0 andn=1 at this field betweeit =1 and 2 K.
the conductance increases abruptly ab@~2.2 T atT  The conductance saturates to the roughness-limited value at

=1 K due to the level depopulation. Note that the conducJow temperatures<1 K.

tance is to be replaced by the quantized conductance here Figure 4 displays the conductance of sample 2Tat
and later, when it exceeds the ballistic vafie., 2¢?/h in =2 K (dashed curveand 4 K(solid curve, including both

Fig. 2b)]. The sharp increase 8=2.2 T and 1 K in(b) is the roughness and the phonon scattering. For this sample, the

suppressed by phonon scattering by more than three orde?é‘blev‘:“I spacinghw,=1.6 meV is smaller compared to

of magnitude at 4 Ksolid curve. This sensitive temperature sample 1, yielding three-level occupatigsee the insgtat

dependence is caused by the requirement that a threshol?d:o for the same electron density. This leads to two mag-

phonon(illustrated by the double-headed arrow in the left netoquantum oscillations @(B). Here, the conductance is

insey with a large momentuntand thus a large enerpys 8 - T - . : . :

necessary for intersublevel scattering to yield efficient mo- —~ | Elastic + Phonon Scattering e 1K
mentum dissipation. The initial increase &(B) at B o ho =2.5 meV - 2K
<0.5 T is attributed to the fact that backscattering betweenx °F  =---- 3 KT

the Fermi pointsk and —k is reduced because the wave <

functions at these states are pushed to the opposite directior‘“(a\j)
by the Lorentz force undeB. This initial increase is fol- —
lowed by a decrease @&(B) between 0.#B<1.5T as the
chemical potential is driven byB toward the Ilow-
conductance region near the bottom of the levell, where
scattering is high due to the large density of states.

The conductance of sample 1 is displayed in Fig. 3 as a
function of B for several temperatures when both the rough-
ness and phonon scattering are included. Comparing Fig. «
with Fig. 2(a), we see that roughness scattering is more sig-
nificant than phonon scattering®t 1 K. However, phonon o
scattering dominates over roughness scattering in the rang. Magnetic Field B (T)
of T=2 K. Phonon scattering suppressé¢B) by more
than an order of magnitude at temperatures as lowl 8S ness and phonon scattering for temperatdresl, 2, 3, and 4 K.
=2 K (dash-dotted_ curyeand up to two ord_ers of meiglnl- The inset shows the energy dispersion for the two lowest sublevels
tude atT=4 K (solid curve. In fact, the resistance G n=0 andn=1. The dashed horizontal lines in the inset show the

rises nearly asxexp(—e,/kgT) above T=1.7 K at B position of the chemical potential=u; in the upper subleveh
=2.5 T with the activation energy,~1.1 meV close to the =1 andu=p, in the lower subleveh=0. The thick horizontal

half of the sublevel gapgiw,=2.5 meV of sample Isee (tilted) double-headed arrow illustrates intrasublefietersublevel
Table ). The chemical potential is about halfway betweenroughnesgphonon scattering.

no

-

Conductance G (B)

.10}
0.05 e
0.00

0 1 2 3 4

FIG. 3. Conductanc&(B) vs B for sample 1 including rough-
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0.15 T T T T

T T magneto-quantum oscillation d&(B) aroundB=2 T is

Elastic + Phonon Scattering  ----- T=2K completely suppressed &t=4 K due to enhanced phonon
ho =1.6 meV scattering.

0.10 i B. Double quantum wires

Figure Ha) presents the conductané&(B) of DQWR
sample 3 as a function & for several temperatures ranging
from 1 K to 16 K by including only roughness scattering.
The positions of the two rough interfaces are shown in its
right inset. At low temperatures=<2 K, the conductance is
enhanced between<3B<7 T where the chemical potential
R is inside the gap as shown hy= . in the left inset. This
conductance enhancement arises from suppressed back-
scattering illustrated by the thick double-headed arrow in the
4 inset between the initial and final scattering states at the

Magnetic Field B (T) Fermi points denoted by the two black dots. The suppression
is due to a small overlap between the initial- and final-state

FIG. 4. Conductanc&(B) vs B for sample 2 including rough- wave functions which are separated into different QW's by
ness and phonon scatteringTat 2 and 4 K. The inset presents the the field. The dramatic rise of the conductance ab8ve
energy dispersion for the three lowest sublevels with0,1, and 2.  ~75 T atT=16 K arises from the following physics. The
The dashed horizontal lines shows the position of the chemicaghemical potential is near the lower gap edgeg., atu
potential u above each sublevel=yw, for B<O.5 T, u=u, for =, in the left inse} at this high fieldaway from the mid-
0.5<B<1.5T, andu=pus for B>1.5T. The thick tilted double-  gan area where the above discussed backscattering i9,weak
headed arrow illustrates intersublevel phonon scattering. yielding a small conductance at low temperatures as shown

by the dash-dotted and dash-double-dotted curves $of 1
smaller than in Fig. 3 at a given temperature &due to <2 K in Fig 5. At high temperaturege.g., T=16 K),
enhanced phonon scattering involving smaller phonon enehowever, the electrons are activated to populate the weak-
gies and smallef , . The fact that the second conductancescattering highly conducting midgap states near yielding
peak aB= 1.8 T (dashed curveis higher than the first peak giant conductance peak as shown. A similar but less pro-
around 0.7 T at 2 K is attributed to the same reason. Namelyjounced effect is also seen from the dotted curverT at
the sublevel spacing(}, is much larger at 1.8 T requiring =8 K.
larger phonon energies for scattering and yielding reduced Figure §b) shows the conductance for the same sample
phonon scattering. Whehis increased from 2 Kto 4 K, the (sample 3 when only phonon scattering is present Tat

(26°/hx107)

0.05

Conductance G (B)

0.6 T T T T T 1 T T 16 T T T T T T T T T T
Elastic Scattering Only Phonon Scattering Only |
= = \ 40A i
‘o “o
N 0.4 o
) @
O o 4F
8 8 -
Q02 e L
IS 3 7
3 S o6}
2 2 I
o Q -
8 S 03}
0.0 0.0 L L L
-2 0 2 4 6 8 10
Magnetic Field B (T) Magnetic Field B (T)

FIG. 5. Conductanc&(B) vs B for several temperatures for DQWR sample 3 including only roughness scatteriagand phonon
scattering in(b). The left insets display the energy dispersion of the two tunnel-split branches. The dashed horizontal lines show the position
of the chemical potentigh =, above the gagfor B<3 T), u=u, inside the gagfor 3<B<7 T), andu= u; below the gapfor B
>7 T). The thick horizontaltilted) double-headed arrow in the insets illustrates the roughfmesion) scattering processes within

(acros$ the tunneling gap, respectively. The right inset(a illustrates the sample structure including the position of the two rough
interfaces indicated by double vertical bars.
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0.16 — T — T wires, reducingG(B) by an order of magnitude from the

conductance af =1 K inside the gap as shown by the solid

— curve.
= 0.12 Figure 6 shows the conductance of the same sample
Ngi (sample 3 in the presence of roughness and phonon scatter-

ing at several temperatures. By comparing the figure with
Fig. 5a), it is clear that roughness scattering dominates over
phonon scattering forT<4 K. At high temperaturestT
=8 K, however, the large conductance enhancement shown
by the dotted and solid curves aboBe=7 T in Fig. 5a) is
- suppressed by the phonon-scattering effect, making the con-
ductance peak smaller far=16 K than for 8 K in Fig. 6 in
contrast to Fig. &).
In Fig. 7, we compare the conductance enhancements
12 G(B)/G(0) of samples 3 and 4 dt=2 K with both rough-
Magnetic Field B (T) ness and phonon scattering in pat@land with only rough-
ness scattering in pané). Sample 4 is the same as sample
FIG. 6. Conductancé&(B) vs B for several temperatures for 3 except that the center-barrier thicknéssis larger, result-
DQWR sample 3 including both roughness and phonon scatteringng in a much smaller tunneling gap. As a result, phonon
The inset displays the energy dispersion of two tunnel-splitscattering across the gap requires a smaller activation energy

branches. The dashed horizontal lines in the inset show the positiognd becomes more efficient in sample 4, making the conduc-
of the chemical potentigl =, above the gapy= u, inside the '

gap, andu= w3 below the gap. The thick horizontéllted) double- :?ncetﬁnthafncemelnt fac'lt%r of Sampléejf;shed_culgi malller
headed arrow illustrates roughndghionon scattering. an that of sample &olid curve as shown in Fig. @). In
contrast, the conductance enhancement of samgiaghed

curve is much larger than that of sample (8olid curve
inside the gap in the absence of phonon scattering as shown
in Fig. 7(b) because of a smaller overlap between the two
ing is severely suppressed &t=1 K, yielding a peak for Fermj points for backscattering for sample 4. By comparing
G(B) when the chemical potential lies at=u, inside the  Fig. 7(a) and Fig. Tb), we note that the enhancement for
tunneling gap as shown in the left inset fox8<7. At T sample 3with Lg=40 A, solid curvesis hardly affected by

=2 K, however, phonons can efficiently scatter the electronghonon scattering at 2 K, while it is suppressed for sample 4
from the Fermi points af.= u, to the bottom of the upper (with Lg=50 A, dashed curvésy nearly an order of mag-
branch as shown by the thick double-headed arrow in the leftitude in Fig. 7a).

inset. The initial and final wave functions have a large over- In order to elucidate further the role played by phonon
lap for this scattering process because the wave functiorscattering, we present in Fig. 8 the temperature dependence
near the bottom of the upper branch have amplitudes on botbf the conductance of sample 3 for several fields. The con-
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Conductance G (B)

0.00L

=1 K (dashed curveand 2 K(solid curve. Phonon scatter-

12 T T T T T T T T T 36 T T T T T T T T T
S =) 3 . .
o —— L, =40A Elastic + Phonon Scattering | o | L,=407 Elastic Scattering Only 1
~ | oo L =50A T=2K 2 30k ----- L=50A . T=2K -
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FIG. 7. Comparisons oB(B)/G(0) vs B for samples 3 and 4 with different center-barrier thicknegs:40 A (solid curve$ andLg
=50 A (dashed curvgsat T=2 K including both roughness and phonon scatteringainand only roughness scattering (h). Other
parameters are the same for these two samples
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—— 71— V. CONCLUSIONS
| Elastic + Phonon Scattering

We presented a rigorous numerical formalism for calcu-

R N lating the conductance to a desired accuracy in gquasi-one-
S S dimensional systems in the presence of elastic and phonon
'_’/\'\/’ I scattering. The formalism was employed to study the effects

3
=

| —=—B=-0T
—e—B=5T
 ——B=8T

0.09 |

0.12

(26°/h)

_____ T e of phonon scattering and interface-roughness scattering at
A/‘\“\ PR | low temperatures on the temperature-dependent electron
\ conductance in a multilevel singleee Fig. 1a)] and tunnel-
\ T coupled doubldsee Fig. 1b)] quantum wires under a per-
. a A pendicular magnetic field. Deformation-potential and piezo-
\o\. electric interactions were assumed for phonon scattering at
T low temperatures, while monolayer fluctuation was consid-
. . . i _ _ ered for interface-roughness scattering. The effect of phonon
0.00 .(:—,—"'.’4 L scattering is found to be significant when the thermal energy
0 3 6 9 12 15 18 is comparable to the energy separation between the Fermi
Temperature T (K) level and the nearest unoccupied sublevel in SQWR's and to
the tunneling gap energy in DQWR’s.

FIG. 8. Conductanc&(B) vs T for several fields for DQWR For SQWR's, the large conductance enhancenjeae
sample 3 including roughness and phonon scattering. The inset ¢fig. 2(@)] obtained when the chemical potential falls below
the figure shows the positions of the chemical potentiilid  the bottom of a sublevel in the presence of elastic scattering
curve), the bottom of the upper bran¢tash-double-dotted curye  alone was shown to be suppressed by phonon scattering even
the lower gap edgédash-dotted curyeand the bottom of the lower  at low temperaturetsee Fig. 3. While the magnetoconduc-
branch(dashed curve tance is expected to decrease with rising temperature in gen-

eral, it displays a strikingly opposite behavior in certain field

and temperature regimes in DQWR'’s. This interesting situa-
ductance aB=5 T is relatively large aT=1 K because the tion occurs when the Chemigal potgntial lies near or qut be-
chemical potential is near the midgap as seen from the insé@W the lower edge of the anticrossing gap as showppjn
by the solid circle. As the temperature increases, the conduéhe_InSEtS of Flgs.(_ﬁ) and §b). In this case, the_ electr_ons are
tance drops at this field because the electrons can be chtgtwated to the middle O.f the gap ShOWF‘ py in th_e Insets
tered and thermally activated to the bottom of the uppetWhere the.conductance IS very hlgh..Th|.s behavior is shown
branch, where the conductance is much smaller as discuss &the rapid rise of the conductance in Fig. &at8 T as a

earlier. The inset shows the position of the chemical potentiaé/mCtlon of the temperature. After reaching a maximum

lectron Energies { meV)

0.06 |

003 4

Conductance G (B)

relative to the gap edges shown by dash-dotted and das roundT=8 K, however, the conductance decreases rapidly

S /ith T due to phonon scattering as shown by the curve for
double-dotted curves. The dashed curve indicates the bottogw-r P g y

of the lower branch. AB=8 T, the chemical potential is
just below the gap as shown by the solid triangle in the inset.
The electrons are activated to the highly conducting midgap
region with increasing temperature, explaining the rapid rise The authors thank Dr. M. P. Lilly for helpful comments on
of the conductance with the temperature. However, the corthe manuscript. Sandia is a multiprogram laboratory operated
ductance drops after a peak above8 K due to phonon by Sandia Corporation, a Lockheed Martin Company, for the
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