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Transport in asymmetric multiple-barrier magnetic nanostructures
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Transport of electrons in asymmetric multiple-barrier magnetic structures is inspected in detail with transfer-
matrix technique. It is found that, compared with transport in symmetric double-barrier magnetic structures,
both the transmission and the conductance are drastically reduced for electrons tunneling through asymmetric
double-barrier magnetic cases, and the asymmetric magnetic structure possesses stronger wave-vector filtering
properties. For electrons tunneling through the nanostructure consisting of more magnetic barriers, the trans-
mission and the conductance exhibit more complicated and sharper pgak63-182@07)09715-4

Electron motion in the magnetic-barrier structure hasregion isl. In Fig. 1(b) B;, B,, andB; are the heights of the
caused vast amounts of research interest. Experimentally iheft magnetic barrier, the middle magnetic barrier, and the
homogeneous magnetic fields on the nanometer scale can kight magnetic barrier, respectivelgt, , d,, andd; are their
realized with the creation of magnetic dotge patterning of ~ Widths.|; andl, are the widths of two zero field regions.
ferromagnetic materiafs,and the deposition of supercon-  First we deal with electrons tunneling through the asym-
ducting films on heterostructurégheoretically, the creation Metric DB magnetic structure. The Schinger equation for
of superlattices by an inhomogeneous magnetic field, trang 2DEG in the ,y) plane with a magnetic fiel along the
port properties of a weakly, and periodically modulated two-Z direction in each region is
dimensior?al electron g&s(2DEG) with its elementary 1
excitatiom have been investigated. Electron motion in a 2 _ .
stripe of a 2DEG subject to agconstant magnetic fieldd 2mr LPHeATOGY) =By(xy)  (i=12,....7
one in which the magnetic field increased linearly in one (1)

directionf have also been studied. Later electron tunnelin h * is the effecti f the elect dth
through square magnetic barriers and realistic ones was stlj?& erem” IS the efiective mass of the electron, and the vec-

or potential A; will be taken in the Landau gauge
A;=(0, A;(x),0) which results inB,=dA;(x)/dx. For con-
venience we express all quantities in dimensionless units by

ied by Matulis, Peeters, and Vasilopofl@and You, Zhang,
and GhosH, respectively. It is shown that the electron tun-
neling is an inherently two-dimension&D) process, and

; ; . ing the cyclotron frequencyw.=eBy/m* and the mag-
the magnetic barriers possess wave-vector filtering properus'r_]g a e
ties. Very recently almost at the same period, Carmon&€tic lengthig=#/eBy (Bo=0.1T). For GaAsm™ can be

etal’® and Yeet all' dependently observed the predicted taken as 0.06™, (m, is the free-electron massThe coor-

oscillatory magnetoresistance due to a commensurability efdiNater is inunits oflg, A; in units of Byl , the energy in

fect between the classical cyclotron diameter and the perio™its ©f fiiq‘;’C' The wave function can be assumed as
of magnetic modulation. P(x,y)=€eVYy(x), whereq is the wave vector of the elec-

It is well known that for electrons tunneling through an fon in they direction. So we can obtain the following 1D

asymmetric multiple-barrier electric structure, its features are>Chr@inger equation
greatly differengrom those for electrons tunneling through a 2
symmetric case® An electron’s behavior in the magnetic 2
b)ellrrier is also drastically different from that in the glectric [ dx? [AGO+al"+2E
barrier case. It can be expected that there are many effects orn
the transport of electrons in the asymmetric magnetic barrier. h
Therefore, in this paper we investigate the transport of elec
trons in the asymmetric multiple-barrier magnetic structure.
Similarities and differences between electronic transport in
symmetric and asymmetric magnetic barriers are presented.(“) ia;
Now we consider electrons tunneling through an asym-
metric double-barrier(DB) magnetic nanostructures as
shown in Fig. 1a) and a more complicated magnetic struc-
ture as shown in Fig.(b). In Fig. 1(a) the height and width
of the left magnetic barrier and the right magnetic barrier are FIG. 1. (a) An asymmetric double-barri€DB) magnetic struc-
B,, d;, andB,, d,, respectively. The width of the zero field ture.(b) A more complex magnetic-barrier structure.

$(x)=0 @

e functionV(x)=[A;(x)+q]%/2 can be interpreted as a
-dependent electric potential. In regions 1, 4, and 7, the
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FIG. 2. The transmission coefficient through
(a) a magnetic-barrier-height-induced asymmetric
DB magnetic structure andb) a magnetic-
barrier-width-induced asymmetric DB magnetic
structure.
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wave functions are free-electron wave functions, which can Extension of Eqs(5) and(6) to a more magnetic-barrier

be written as gy(x)=e*X+re kX yy(x)=Cyeke*
+D,e % and ¥,(x)=re7%, respectively, wherek;
=J2E-[A(X)+q]* (i=1,47).

structure as depicted in Fig(H) is straightforward by means
of the method used above.
Figures 2a) and 2b) show the transmission coefficient

In magnetic barrier regions 2, 3, 5, and 6, the wave funcfor electrons tunneling through one magnetic-barrier-height-
tion ¢;(x) can be written as a linear combination of Hermit- induced asymmetric DB structure and one barrier-width-

ian functiond® Ul andU 2,

2

qq(x)=exp<—3‘ i=2,35,6,
()

where C;,, D, are arbitrary constants{;=\m*w;/%
(x—x?), wj=eB,/m* and

[CU(&)+DUAE)],

hgleB;, 1i=2

0 2d1—ﬁq/eBl, |:3
2d,+1+#%qg/eB,, i=5

2d,+1+2d,—-hqg/eB,, i=6.

induced asymmetric DB structure, respectively. Comparing
the transmission of electrons in the symmetric DB structure
[see Fig. 4a) in Ref. §], we can clearly see that the trans-
mission of electrons in asymmetric magnetic structures is
drastically reduced, especially for=0.7 case in which the
potential profile ofV(x) is equivalent to an asymmetric DB
electric structure, whereas fay=—0.7 the potential is an
asymmetric double well. In the latter case, the transmission
is due to a virtual state above a double well. It is also found
that the higher the degree of the asymmetry of the structure
is, the more drastically the transmission diminishes. From
these results, we conclude that the asymmetric DB magnetic
structure possesses inherently filtering properties for all the
wave vector, and comparing with the symmetric structure,

Using the transfer-matrix method, the transmission ofthe asymmetric structure possesses stronger wave-vector fil-
electrons tunneling through the DB magnetic nanostructuréering properties.

is given by

K,
TEQ={ | 7]2. (5)

In order to reveal the asymmetric effect further, in Figs.
3(a) and 3b) we present electron conductance through sym-
metric and asymmetric DB magnetic structures. In Fig) 3
we can see that for electrons tunneling through the symmet-
ric structure the conductance has stronger and sharper reso-

In the ballistic region, the conductance can be derived agances at the low Fermi energy region. But for electrons

the electron flows averaged over half the Fermi suffate

2
GZGOJ T(Eg, V2Egsing)cosp do, (6)
—7l2
where ¢ is the angle of incidence relative to thedirection;
Er is the Fermi energyG,=e’muvgl /42 with | the length of
the structure in thg direction andvr the Fermi velocity.

tunneling through the asymmetric structure, the conductance
is drastically reduced and the peaks fall off rapidly with in-
creasing the height or the width of the right magnetic barrier,
and the higher the degree of the asymmetry of the structure
is, the smaller the conductance will become. It can be under-
stood that increasing the heigBt, or the widthd, of the
right magnetic barrier can reduce the transmission coefficient
T(E,q) by altering the “trajectory” of the tunneling electron

'8 Yo

N§ Tf: FIG. 3. (a) The conductance through the sym-
E 2k NE : e | metric DB magnetic structure, magnetic-barrier-
© o A height-induced asymmetric DB magnetic struc-
8 g o8k~ T 28, dpm tures, and  magnetic-barrier-width-induced
g 06 2 Bof 7 Bi=0ATBe=027 asymmetric DB magnetic structuréb) The con-
§ § ¢ K 73121;2 ductance through asymmetric DB magnetic struc-
8 3 nqsis tures with different widths of the left magnetic

oo"“ 1 s - . o, : > barrier and constant-width of the right barrier.
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FIG. 5. The conductance through more complex symmetric and
asymmetric magnetic structures. The dotted, dash-dotted, and solid
curves are the calculated results for the structures which are chosen
to be the same as in Figs(@—4(c).

Transmission

mission for the samg value in a different configuratiofi.e.,
the DB structurg As the inner magnetic barriers become
lower than the outer barriers, what is remarkably different in
this case from the previous one, where the inner barriers are
higher than the outer ones, is that more and sharper resonant
peaks are seen in Fig(e} and the transmission peaks for all
Energy (i) g values do not diminish.
Figure 5 shows the conductance through more complex

FIG. 4. (a—(c) The transmission coefficient through one sym- magnetic barriers in which the structural configuration and
metric and two asymmetric more complex magnetic structures foparameters for dotted, dash-dotted, and solid curves are ex-
different values of thgy component of the electron wave vectpr  actly the same as in Figs(a}—(c), respectively. Despite the
averaging ofT(E,q) over half the Fermi surface, we have
again strong resonant structure. We can see that the conduc-

and increasing the effective barrier. The results of Figg) 3 tance has sharper resonant peaks at low Fermi energy region.
shows the conductance through asymmetric magnetic barrRs asymmetry is introduced by changing the height of the
ers with different widths of the left barrier and constantinner magnetic barriers lower than the outer barriers, two
width of the right barrier. It is found that at low Fermi energy sharper resonances of the conductance are observed and the
region, the conductance first increases and the peaks becotfikst peak shifts to the left. The conductance is drastically
sharper, then the conductance reduces and the peaks fall séfduced and the peaks diminish for the case with the inner
rapidly as the width of the left barriers increases. When thearriers higher than the outer barriers, whereas for the case
two barriers are of the same strength, the conductance willith the inner barriers lower than the outer barriers, the con-
reach maximum and the peaks will become sharpest at lowuctance is enhanced in a rather wider Fermi energy range.
Fermi energy region. All of these phenomena can also be |n summary, there exist extremely outstanding character-
interpreted from the point of the symmetry of the structuralistics of the electronic transport in asymmetric multiple-
effective potential. o barrier magnetic structures. Comparing with transport in
We next calculated in Figs.(#—(c) the transmission for - symmetric DB magnetic barriers, both the transmission and
more complicated magnetic structures depicted in Fig).1 e conductance are drastically reduced in asymmetric cases.
In all of our plots, solid, dotted, and dash-dotted curves repyg giminishing degrees of the transmission depend strongly

resent the transmission fer=0, q=0.7, and forq=—0.7, ;3146 and orientation of the wave vectpin the y direc-
respectively. We can see a diminishing in the transmlssm%on (i.e., positive or negative direction along tyeaxis).

peaks as the mEer magnetic barriers become h_|gher than tH‘%erefore, the asymmetric DB structure possesses stronger
outer ones fog=0 [analogous to the asymmetric DB mag- wave-vector filtering properties. For more complex

netic case in Fig. @] andq=0.7, whereas fog=—0.7, the magnetic-barrier cases, the transmission and the conductance

transmission peaks do not diminipreatly different from -
L . spectra exhibit more and sharper resonant peaks, and we see
the DB case in Fig.@)]. In Fig. 4b) we can also see that for the strong dissimilarity between the case with the inner bar-

g=0.7 the first peak almost does not diminish, but the sec-. . . . .

ond and third peaks diminish drastically and the third peal riers higher than the outer barrlers_ and the case with the inner
. arriers lower than the outer barriers.

falls off more rapidly than the second one. These features o

the transmission fog=0.7 are not only greatly different This work was supported by the High Technology Re-

from those of the transmission for tige=0 case in the same search and Development Program of the People’s Republic

configuration, but also greatly different from those of trans-of China.

Transmission
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