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Resonant peak splitting for ballistic conductance in magnetic superlattices
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We investigated theoretically the resonant splitting of ballistic conductance peaks in magnetic superlattices.
It is found that, for magnetic superlattices with periodically arrangé@tentical magnetic barriers, there exists
a general i—1)-fold resonant peak splitting rule for ballistic conductance, which is the analogy ofthe (
—1)-fold resonant splitting for transmissionrirbarrier electric superlatticé®. Tsu and L. Esaki, Appl. Phys.
Lett. 22, 562 (1973]. [S0163-18209)05827-0

Electron motion in a two-dimensional electron gaslt hints that there exists some kind of resonant peak splitting
(2DEG) subjected to a magnetic field has attracted long-+ule for ballistic conductance in magnetic superlattigds),
drawn interest, since it provides a variety of interesting andvhich is only dependent on the number of barriers in the
significant information characterizing the behavior of elec-magnetic field profile. In the following, we calculated ballis-
trons in 2DEG systems. There are a number of papges tic conductances with the help of transfer matrix method in
voted to the study on quantum transport of a 2DEG in dour kinds of magnetic superlattic8s(a) Kronig-Penney
unidirectional weak sinusoidal magnetic-field modulationmagnetic superlattic@PMS), which is the analogy of the
with a uniform magnetic-field background, where commen-Well-known electrostatic Kronig-Penny model. Its magnetic
surability effects come into play. This system was recentlyfield profile is modeled by the expressioB(x)/By
realized experimentall§,and the long-predicted magnetore- = ¥=n-2(—1)""'8(x—nl/2), and the vector potential can
sistance oscillatiortsresulting from semiclassical commen- pe taken ag\(x)/A,= 3 sgricos(2m/1)] [see Fig. 1a)]. (b)
surability between the classical cyclotron diameter and the&step  magnetic  superlattice (Step MS:  B(x)/B,
period of the magnetic modulation, were observed. Recently. sn="=(_1)0g(x—nl/2)6[ (n+1)I/2—x] and A(X)/Aq
a 2DEG was investigated under the influence of a magnetic. ySN=T2(— 1) x— (2n+ 1)1/4]6(x —nl/2)6[(n + 1)I/2

step, magnetic well, and magnetic barfieElectron tunnel- —x] E;;e Fig. 1)]. (c) Sinusoidal magnetic superlattice

ing in more complicated and more realistic magnetic Struc'(SinusoidaI M3 B(x)/Bo=ysin@mx/l) and A(X)/A,=

tures was found to possess wave-vector filtering propéetties. ™ : .
The studied showed that the energy spectrum of magnetic yL/(2m)cos(2ndl) [see Fig. 10)]. (d) Sawtooth magnetic

i . _ n=+owo
superlatticeMS) consists of magnetic minibands. iuﬁle)ré?gf?n(fi\gt; ? g(]x—Mn?) B(X)/i‘;‘a v2h EA‘(:XV'&X
(n—1)-fold transmission splitting fon electric-barrier n= +oo 5 0
=yINZ Z2(Xx—nl)6[x—(n+1)I/2]6(x—nl) [see Fig.

tunneling was first noticed and generalized by Tsu and Esak1T
in their pioneering papér,and was proved analytically by
Lui and Stampin the electric superlattic€ES) with periodi-
cally arranged identical rectangular barriers. Very recently,
Guo et al® investigated theoretically the transmission split-

d)]. Here, 8(x) is the heaviside step function amds the
period of superlattice;y is a parameter characterizing the

—

1 o5
ting effects in two kinds of magnetic supperlatti¢®4S) and 0 (a)\ l l 0.0
found no explicit and general resonant peak splitting for 1 | ! 0.5
transmission in electron tunneling in MS. 1.0
We noticed that there is a single conductance peak for—y of ®) 05 3
electron tunneling through the two-barrier magnetic struc- CQ__ 1 0.0 <§,
ture, and two resonant spikes in the triple-barrier structure. = 03 =
We also observed four resonant peaks in the ballistic con-2 9/() /\/\/\0-0 z
ductance at low Fermi energies and found that four resonanf® -4 o <
shoulders can be resolved for a 2DEG modulated by a sinu- '
soidal magnetic field of five periods and a 5-magnetic-step- 0 (d)/l/l/ 05
barrier structure as long as the magnetic strength is stronc -1 5 3 & 5 73 2.0
enough’ This urges us to explore whether there is a general x(1.) x(l.)
B B

resonant peak splitting rule for ballistic conductance in mag-
netic superlatticesMS). Since ballistic conductance can be
derived as the electron flow averaged over half the Fermi FIG. 1. The magnetic field profiles and the corresponding vector
surface'® the main features of resonant tunneling throughpotential about four kinds of magnetic superlattices, where only
magnetic barriers is still preserved for ballistic conductghce.three periods are plotted.
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magnetic-field strength. The above systems can be per-
formed experimentall§:>1t

For a 2DEG subjected to a periodic magnetic field per-
pendicular to the 2DEG plane, the corresponding one-
electron Hamiltonian reads

n=8 e

n=

n=6 . .

N=5 &

He oo [Pt eA()]2= e (P24 [Py @
= omr LPTeA)] =5 Pt [Pyt eAX) T, (1)

where m* is the effective mass of electron and(x) =4

=(0,A(x),0) is thevector potential in the Landau gauge.
Since [P, ,H]=0, the problem is translational invariant
along they direction. Then the wave functions can be written
in the form 1/(\/E)e‘kyy¢/(x), wherek, is the wave vector in

they direction and, the length of the magnetic structure in

Conductance
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n=3 "y
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the y direction. By introducing the magnetic lengthy n=1
=fleBy and the cyclotron frequency.=eBy/m*, we 0 1 2 1 2 i 2

express the basic quantities in the dimensionless ufijs: Fermi energy
coordinates —rlg. (2) magnetic fieldB(x)—B(x)Bg. (3) '

the vector potentialA(x)~>A(x)Bolg. (4) the energyE FIG. 2. Ballistic conductances for KPMS, Step MS, and Sinu-

—Efo.. For GaAs and an estimateg,=0.1T we have soidal MS. The left column of the figure corresponds to the KPMS,
lB:_81'3 nm,ﬁagc_:O.17 meV. After some algebras, t_he fol- the middle column to Step MS and the right column to Sinusoidal
lowing 1D Schialinger equation fog/(x) can be obtainéd s perel =2, y=2 for dashed curves, ang= 2.5 for solid curves
in KPMS and Step MS cases, while=4 for dashed curves and
y=5 for solid curves in Sinusoidal MS casen is the number of
) the magnetic barrier&lso the number of magnetic period except
for n=1 case of half the magnetic perjod

d2
v [A(X)+ky]?+2E | ¢(x)=0.

The functionV(x,ky) =[A(x) + ky]2 can be interpreted as an where

effective ky-dependent electric potential. From this expres-

sion we can find out that, electron tunneling in MS is inher-

ently a complicated two-dimensional process, which depends Tw=

on the electron’s wave vectors in the longitudinal and trans-

verse directions of the 2DEG, and thus possesses no general cogka) —sin(kia)/k;

transmission splitting relation as in ES. = o ! ' ,
For the magnetic structure in regipf, L=nl], we dev- i=1 [kjsin(kja)  kjcodkja)

ide it into M(M>1) segments, each of which has width  \yhereT], is the transfer matrix for thgth segment.

=L/M. The effective potential in each segment can be Transmission coefficienT (E,k,) for electron tunneling

viewed as constant and then the plane-wave approximatiog,gh then-barrier MS can be readily obtained from Eq.
can be taken. In thgth segment, the wave functions may be (5)

expressed as

T To
T Ta

M
j=

i
T
1

(6

y(x)=Aje"*+Bje "% xe[ja,(j+1)a], () T(E,ky) =t*={1+ (T3, + T3+ K2 T+ To/K?—2)/44 L.
(7)

wherek;=2E—[A(ja+a/2)+k,]* which may be either

real or pure imaginary. ) . - -
Without any loss of generality, we assume there is noW'th the transmission coefficient, we calculate ballistic con-

g o
magnetic field in the incident and outgoing regions, then theductance from the well-known Landaur-giker formulal

wave functions can be expressed by plane waves

. . /2
)= e*+re ' x<0, @ G/Go=f T(Eg, V2Eg sin6)coséd o, (8)
Y00 = te x>L, —mh2
wherek= J2E—kj andr,t are the reflection and transmis- \yheregis the angle between the incidence velocity andthe
sion amplitudes, respectively. o axis, Er is the Fermi energyGo=e’m*vel, /42, andvg is
The match of the wave functions and their derivatives athe Fermi velocity of electrons.
x=0 andx=L yields First, ballistic conductance$n units of Gy) versus inci-

dence energy in Kronig-Penny magnetic superlattice
[t} (5) (KPMS) were studied. Our results, shown in the left column
o) of Fig. 2, are calculated for the different numbeof mag-
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number of resonant conductance peaks inrtimrrier Step

1.5

RN Al i— n=2 _ MS, Sinusoidal MS, and Sawtooth MS is alse 1 (n is the
g 0.5 /_,./"/ number of magnetic barriersThis indicates the existence of
£ 15 'n= =5 a general f—1)-fold resonant splitting of conductance
S ;g o P peaks in MS withn identical magnetic barriers, which is
T L/ independent of the magnetic-barrier profile. Then, we can
g 1:5 n=7 n=8 ‘ generalize this rule as follows: for electron tunneling through
O o5 Vi V% S . /"“‘ 4 y magnetic superlattices with periodically arrangeitientical

: ! e A magnetic barriers,n(— 1)-fold resonant peak splitting exists

. in ballistic conductance within each magnetic miniband. It is
Fermi energy a general rule as then(- 1)-fold resonant peak splitting for
transmission im-electric-barrier superlattices. For transmis-
FIG. 3. Ballistic conductance for Sawtooth MS. Here;2, y  Sion of electron tunneling in magnetic superlattices, there is
=3 for dashed curves, ang=3.5 for solid curves. no such general splitting rule, since it is strongly dependent
on the wave vectofmomentum normal to the tunneling
direction. It is worth noting that the resonant peaks in ballis-
tic conductances within lower energy minibands will be sup-
netic barriers(which is also the number of the periods of pressed and that within higher energy minibands will be re-
magnetic superlattice except for=1 case of half the mag- solved gradually by the further-increased magnetic strehgth.
netic period. The structure parameters are chosen td be  As is well known, for electron tunneling through electric
=2, y=2.5 for solid curves and=2, y=2 for dashed superlattice, when the incidence energy of electrons coin-
curves. Let us inspect the conductance splitting at the magsides with the energy of bound states in potential well, the
netic strengthy=2. It is obvious that no resonant peak existsresonant tunneling occurg.e., the transmission is)1Be-
in the ballistic conductance for the single-magnetic-barrieccause of the coupling between the wells via tunneling
case. One resonant peak is seen for double magnetic barrigtgough the barriers of finite width, the degenerate eigenlev-
and one sharper spike along with one resonant shoulder apis of the independent wells are split, consequently, these
pears for triple-magnetic barriers. With the increase of thesplit levels redistribute themselves into groups around their
numbern of magnetic barriers in KPMS, the total number of unperturbed positions and form quasibands. This leads to the
resonant conductance spikes and shoulders increases alamgonant splitting of transmission. As the number of periods
with the resonant peaks and shoulders becoming sharper. Agsr the number of barrieygends to infinity, the locally con-
n—co, the peaks will fill in the energy windows of the mag- tinuous energy distributiorienergy banil is formed. Al-
netic minibands continuously as in the periodic E8y  though electron tunneling in MS is more complicated than in
counting the number of resonant peaks and resonant sholtS due to its dependence on the perpendicular wave vector
ders inn-barrier KPMS, we found that, the number of reso-k, (Ref. 4, electron tunneling in MS is equivalent to that in
nant peaks and resonant shoulders, or the number of resBS for a givenk, from the mathematical viewpoint. The
nance splitting equals ta— 1, which is the number of the resonant tunneling of electrons in MS results from the same
magnetic barriers in KPMS. This is the correspondimg ( physics as ES. We attributed the resonant peak splitting for
—1)-fold resonant peak splitting for ballistic conductance inballistic conductance in magnetic superlattices to a collective
KPMS, which is similar to therf— 1)-fold resonant splitting effect of electron’s wave-vector-dependent tunneling.
for transmission im-barrier ES. The splitting rules for bal- Though the number of resonant transmission peaks in elec-
listic conductance in KPMS is exactly the same as that foitron’s tunneling through MS is closely related to the wave
transmission in ES. With the magnetic strengtimcreasing, vectork, and may be different for differerk, , on an aver-
the resonant shoulders become resonant spikes and the regge, the number of resonant conductance peaks is the same
nant peaks are resolved more clearly. More importantly, th@&s the number of wells in magnetic vector potential of MS.
(n—1)-fold resonant peak splitting for ballistic conductanceSince ballistic conductance is derived as the transmission
is unchanged. averaged over all the possible wave vectkys it can be
To find out the general rules for resonant peak splitting ofviewed as the transmission of the electron’s collective tun-
ballistic conductance in MS of arbitrary magnetic-barrierneling with a characteristig, through an average effective
profile, we calculated ballistic conductances versus incidencpotential V,¢(X), which has the same number of wells as
energy for Step MS in the middle column of Fig. 2, Sinu-the magnetic vector potenti&l(x). This can be clearly seen
soidal MS in the right column of Fig. 2, and Sawtooth MS in if we plot the effective potentia¥/(x,ky) as a function of
Fig. 3. The parameters for the calculated conductances @ndk, as did by Ibrahim and Petetshe number of the main
Step MS are the same as for the KPMS. While the paramwells in the effective potentia¥/(x,k,) really equals to the
eters for Sinusoidal MS are set to be2, y=4 for dashed number of the wells in the magnetic vector potentigk) on
curves and =2, y=5 for solid curves. In Fig. 3|=2, v  the whole and on average. Because the number of magnetic
=3 are chosen for dashed curves ard2, y=3.5 for solid  barriers in MS equals to the number of barriers in the corre-
curves. From Figs. 2 and 3, one can also observe clearlyponding magnetic vector potential, as can be seen from Fig.
resonant splitting of the ballistic conductance peaks in Stefi, (n—1)-fold resonant splitting occurs in the ballistic con-
MS, Sinusoidal MS, and Sawtooth MS. By checking theductance peaks of-barrier MS.
number of resonant peaks in ballistic conductances for Step In summary, we studied the resonant peak splitting effects
MS, Sinusoidal MS, and Sawtooth MS, we found that thefor ballistic conductance in four kinds of magnetic superlat-
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found that there is a general { 1)-fold resonant peak split- tal research in the National Climbing Program of China. One
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