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Giant magnetoresistance effect in a magnetic-electric barrier structure
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A spin-independent giant magnetoresistance effect is demonstrated in a magnetically modulated two-
dimensional(2D) electron gas, which can be realized by depositing two parallel ferromagnets on top of the
heterostructure. The transmission for the parallel and antiparallel magnetization configurations shows a quite
distinct dependence on the longitudinal wave vector of the incident electrons. Such a discrepancy results in a
tremendous magnetoresistan@éR) ratio, which can be up to £8 for a realistic electron density. It is
confirmed that the MR ratio can be further tuned by the inclusion of an electric barrier. In addition, studies
indicate that the structure with antiparallel magnetization arrangement can be used to collimate the 2D electron
beam.
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The discovery of the so-called giant magnetoresistancéons along thex axis. A suitable external magnetic field can
(GMR) effect has given rise to a tremendous economic im-change the relative orientation of the two magnetizations,
pact on magnetic information storag&ueled by its fasci- which is antiparallel at zero _field. The fringe field of each
nating practical applications such as ultrasensitive magnetité'romagnet induces a positi&, underneath one edge of
field sensors, read heads, and random access memories, Hig Stripe and a negativé, underneath the other edet
merous theoretical and experimental studies have devoted {8€ limit of a small distance between the 2DEG and the fer-
dealing with the GMR phenomendrThe structures where 'omagnets, the magnetic barrier can be approximated by
GMR is observed generally consist of ferromagnetic layergllta functions, i.e.B,(x)=Blg {[ 5(x) — 6(x—d)]+ y[ 5(x
separated by thin nonmagnetic layers. In such heterogeneousd—D)— 8(x—L)]}. Here, B gives the strength of the
systems, GMR is characterized by a striking drop of the elecmagnetic field,| By™ VhleBy is the magnetic length for an

tric resistance when an external magnetic field switches thgstimated magnetic fielfly, y represents the magnetization
magnetizations of adjacent magnetic layers from an antipaionfiguration (-1 or P, AP, D is the distance between two
allel (AP) alignment to a parallglP) one. It is widely agreed  stripes, andL=2d+D is the total length of the structure
that the spin-dependent scattering of electronic carriers regiong the current directionxj. The model magnetic field
sults in different valuesGp andGp) of the conductances  configurations fory=+ 1 are schematically depicted in Fig.
in the two configuration$The magnetoresistan¢®IR) ratio 1. Further, when a negative voltage is applied to the stripes,
is usually defined as the corresponding normalized differan electric barrier arises. For simplicity, the latter is taken as
ence, i.e., MR (Gp—Gap)/Gap. a square shaPewith height Uy, i.e., U(X)=U,®(x)O(L

To manufacture high-quality magnetic sensors and read. vy \here®(x) is the Heaviside step function.

heads, one requires systems with high MR ratio under rela- |n the framework of the effective-mass approximation, the
tively low switching magnetic fields. In conventional GMR Hamiltonian of such a system can be written as

devices, the nonmagnetic spacer is a single metal and the

current flows in the planéCIP). The sample in such a ge- 1 )

ometry has macroscopic size and thus obvious resistance. At H ZE[PJF eA(X) ]“+U(X) +g* ugBy(x)a,/2, (1)
low temperatures, high values of the MR ratio up to 220%

have been reported, but with sizable magnetic figldte B (x) (a)

CPP (current perpendicular to the plangeometry is theo- z

retically more effective at filtering the current, which usually | |

leads to a larger GMR than the CIP counterpart. However, l

the exceedingly small resistance involved in the CPP con- l l

figuration makes the measurements more dedicated. Accord-
ing to the recent repoftthis difficulty may be overcome by
using perioducally modulated spacers.

It seems that the spin-dependent transport is indispensable (b)
for the observation of the GMR. Here we propose an alter- B, (x)
native way to realize the GMR effect, which, however, L
makes no use of the spin freedom of the electrons. The con-
sidered system is a two-dimensional electron @43EG) in —d—=-f—D—}d—

the (x,y) plane modulated by a perpendicular magnetic field
B, and an electric barridd. The magnetic field is created by
the deposition, on top of the heterostructure, of two parallel FIG. 1. The model magnetic field profile for the parallal and
metallic ferromagnetic stripes with widtltsand magnetiza- antiparallel(b) configurations of two magnetic moments.
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wherem* is the effective mass of the electromijs the ab- Fig. 2 presents the transmission through a magnetic-
solute value of the electron’s charge,is the momentum electric barrier with P alignment. The longitudinal wave vec-
operator,A(x) = (0, A(x),0) is the vector potential in the tors are set to bk&,=0 in the left panel and,= =2 in the
Landau gaugeg* is the effectiveg factor of the electronyg right one. In all of the graphs, we use the magnetic stru.cture
the Bohr magneton, ana,= +1/—1 for electrons with up/ Parameter&=5, d=1, andD=3. Note that the transmis-
down spin. Using the cyclotron frequenay=eB,/m* and  SION spectrum demonstrates obvious anisotropy %
the magnetic lengths , we express all guantities in dimen- FOr suitable negativk, values(such ask, = —2), the reflec-

. . 0 L tion is almost complete for low incident energy. Beyond this
sionless units, for examplg;l) the magnetic fieldB,(x)

. forbidden region, the transmission shows obvious oscilla-
—BoBy(x), (2) the vector potentiah(x)—Bolg A(X), (3 tions and approaches unity rapidly. Fky=0, however,

the energyE—#iw E, and(4) the coordinater—lg r and  there exist several line-shaped resonant peaks with unity val-
(the wave vectark— |5 *k. For the GaAs 2DEG and a real- ues before the oscillation occurs. In addition, the presence of
istic value By=0.2 T, we havem* =0.067m, (M, is the an electric barrier significantly alters the positions of the

transmission peaks and minima.
* — —
free electron magsg* =0.44, 15 =575 A, andEo=f o, All of the features stated above reflect the structure of the

=0.34 meV. The total wave function describing an electronpotential U¢; to some extent. For a pure magnetic barrier
with incident energyE can be written as a produdt(x,y) (Ug=0) with the P alignment and in the case,>—B/2,
=e*WW(x), where ¥(x) satisfies the reduced one- U has a symmetric double-barrier structure and the middle

dimensional Schidinger equation region between two ferromagnets acts as a quantum well.
2 When the barriers are high enough, the process of electron

_ E B+U (x,k,) W =EW ) motion is tunneling through the double barriers. The trans-

2 dx? eff ™My ' mission is thus generally blocked while the sharp peaks cor-

respond to the resonant tunneling, which occurs when the
It is going to be useful to introduce the effective potentialincident energy coincides with one of quasibound energy

of the magnetic-electric barrier: levels within the well. For barriers lower than the first in-
1 trawell virtual state, however, no resonance appears when the
Ueri(X,ky) = —[ky+A(x)]2+U(x) energy falls below the barriers. In the casekgk —B/2,
2 Uc¢s consists of symmetric double wells, which are usually
+(g* m* 12mg) B,(X) o,/2. (3) transparent for electrons. Further, the electric barrier lifts all

quasibound levels and makes the structure more opaque to
The last term in Eq(3) represents the Zeeman coupling be-electrons.
tween the electronic spin and the local magnetic flelthm- In the following, we examine the transmission character-
paring to other terms itJq¢¢, the absolute value of such a istics for the AP alignment, which are exhibited in Fig. 3. In
term is much smallefthe ratio between them is estimated asthe case of normal incidenck(=0), the transmission curve
g*m*/2my=0.015<1). Therefore, the spin-dependent termfor the AP alignment is exactly the same as that for the P
plays a minor role in determining the transport properties ofalignment because their corresponding effective potentials
electrons and can be omitted. Our numerical results also comare identical. In addition, the effective potential of the AP
firm this point. In contrast, the effective potential dependsconfiguration has an even symmetry about the center, i.e.,
strongly not only on the longitudinal wave vectky, but — Ug(X—L/2K,)=Ugs(L/2—X,—K). As we know, for par-
also on the profile of the local magnetic field. Tkedepen-  ticles traversing a potential in opposite directions the trans-
dence renders the motion an essentially two-dimensionahission is always equal. Therefore, such a symmetry results
process?! From the expression of the vector potential in the invariance of the transmission with respect to the re-
A(X)=B[O(x)®(d—x)+yO(x—d—-D)O(L—x)], one placementk,— —ky. It is thus sufficient in Fig. 3 to take
can see that when the P alignment<(1) turns to the in- only positivek, values into account. For a pure magnetic
verse (y=—1), Uq¢ varies substantially. It is the depen- barrier with the AP alignment, electrons with<<B/2 feel an
dence on the magnetic profile bf,; that leads to the GMR asymmetric electric double-barrier potential. For snigll
in the involving system. Further, the GMR effect is tunable if values the height difference of two barriers is slight, so one
the electric barrier is included. can observe some sharp incomplete resonances in the low-

We adopt the scattering-matrix metHédo evaluate the energy region(see the solid line fok,=0.7). Withky in-

transmission coefficient (E,k,) (y=P/AP). The ballistic  creasing, these peaks vanish and the transmission is blocked
conductance is calculated by averaging the electron flowwhen the incident energy is below the higher barrier. In the

over half the Fermi surfacg case ofk,>B/2, Uy consists of a barrier and a well. The
tunneling properties are mainly determined by the barrier. As
_ w2 . a result, the transmission for largg (for example k,=4)
GV(EF)_GOL W,ZTV(EF’ 2Egsing)cosodd,  (4) may be strongly suppressed in the whole considered energy

region. From these facts one can conclude that for a given
with ¢ the incident angle relative to the direction. The incident energy, only electrons with sm¢k,| values have
conductance is presented in units (Bt)=2e2m*vFLy/h2, finite transmission through the same structure with AP ar-
wherelL, is the longitudinal length of the structure and rangement. Therefore, such a device can be used to collimate
the Fermi velocity. the 2D electron beam. Théoositive electric barrier in-
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creases the height of the effective barfsgand extends the this peak, the conductance decays rapidly to zero. Note that
forbidden region of the transmission, as depicted in the insen the G,p-Er curve several weak peaks appear within the
of Fig. 3. transmission-blocked region. A positive electric barrier
As demonstrated above, the transmission for two aligndrives all peaks moving towards the high-energy region and
ments(P/AP) is quite distinct. Now we see to what extent lowers the whole conductance curve. All of these features
such a difference is reflected in the measurable quantity, theriginate from the rich resonant transmission behaviors of
conductanceG. Fig. 4 shows the conductance versus thethe considered magnetic-electric barrier.
Fermi energy for different heights of the electric barrier. To see the discrepancy betwe®p andG,p more clearly,
Within the low-energy region, for both P and AP alignmentsin Fig. 5 we present the magnetoresistance ratio as a function
the magnetic barrier blocks the transmission drastically andf the Fermi energy. The concerned energy region is exactly
the corresponding conductance is almost zero. The blockinthe same as that in Fig. 4. It is remarkable that the MR ratio
effect is more obvious for the AP alignment. So there existshows drastic oscillations with the Fermi energy. Wiign
a wide energy region wher@,p is closed to zero whereas exceeds 1B, the MR ratio for a pure magnetic barrier is
Gp is finite. Beyond the transmission-blocked regi@s lower than 16% and decays rapidly to the magnitude of
exhibits rapid increase essentially with the Fermi energy in10°%. For a typically electron densityp,~10' cm 2 in
creasing. In addition, in th&p-E curve one can see a strik- GaAs 2DEG which give€r=3.55 me\x 10E,, the corre-
ing conductance peak with a large peak-to-valley ratio asponding MR ratio is relatively small. However, if an electric
well as several small peaks. For the AP alignment, there alsbarrier with heighty =4E,~1.4 meV is included, it can be
exists a sharp conductance peak. However, in the vicinity ofip to 5x 10°%. The high values of the MR ratio are mainly
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due to the strong suppression of the transmission in the ABf GMR device also operates at room temperature if a proper
alignment. The electric barrier changes the degree of the sulectric barrier is chosen. As we know, at a finite temperature
pression and thus can be used to adjust the MR ratio. Th& the main contribution to the ballistic conductance comes
latter is obviously reflected in the inset of Fig. 5. From thisfrom electrons with energy located in the regiofg(
inset one can see that for a fixeg (=15E;), the MR ratio  —kgT,Ex+kgT). If the electric barrier is taken as a double-
is small for negativeJ, and shows obvious oscillations and barrier form U(x)=Uy[O(x)O®(d—x)+O(x—d—D)O(L
deep valleys for positivé)y. The valleys correspond to the —x)] andUy,>Eg+kgT, resonant tunneling is the dominant
weak conductance peaks in tlg p-Eg curves. transport mechanism and the distinction of the transmission
All the results presented so far are obtained in the case dietween the P and AP alignments still exists. So the GMR
zero temperature. However, one can expect that such a kireffect may survive(though much smaller than the case of
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o] FIG. 4. The conductance of electrons as a
S 05 function of the Fermi energy for both P and AP
o alignments under different electric barrier heights
-3 Uy=0, 4, and 10. The magnetic structure param-
5 eters are the same as those in Fig. 2.
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T=0) at finite temperature for the typical Fermi energy. Forscattering, here the ferromagnets just generate a modulated
practical utility, it is necessary to take a step further to invesdocal field and electronic spin plays a minor role in the bal-
tigate other effects on the MR ratio, which include the tem-listic transport because of a smajl factor in the GaAs

perature, realistic scattering rates, disorder, and so on. SuéPEG. Due to its obviously measurable electric resistance
Works are now in progress_ and low SW|tCh|ng magnet|c field "(1 T), such a

In summary, we have investigated the ballistic transport irsémiconductor-based GMR structure is an ideal candidate for
a 2DEG subject to a combined magnetic-electric barriermagnetic reading devices. Of course, it is also in th(_a_reahz-
where the magnetic barrier is created by depositing two parz_ible scope _of current technol_oglcal advances. In addition, the
allel ferromagnetic stripes with magnetizations along the curStructure with AP alignment is shown to suppress the trans-
rent direction. The results indicate that the difference of '>>'On for electrons with large incident angle and thus can

wave-vector-dependent transmission for two magnetizatior?e used to collimate the 2D electron beam.
configurationgP/AP) leads to a tremendous MR ratio, which  This work was supported by the National Natural Science
can approach 9 for a realistic electron density and can be Foundation of ChindGrant No. 10004006and by the Na-
further adjusted by an electric barrier. Unlike metal-basedional Key Project of Basic Research Development Plan
GMR devices where the GMR is caused by spin-depender(Grant No. G2000067107
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