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Magnetoresistance of a two-dimensional electron gas in weakly modulated magnetic fields
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The semiclassical conductance of a two-dimensional electron gas is calculated in the presence of a one-
dimensional modulated magnetic field with zero average. In the limit of small magnetic-field ampliB)des
the contribution of the magnetic modulation to the magnetoresistance increaB&$ iasthe diffusive limit,
while the increase is linear i in the ballistic regime. Temperature does not influence the power law behavior
but it decreases the prefactor of this functional behavior.

In recent years there has been an increased intdrest wherem is the electron effective masﬁ,z(px,py) is the

hybrid systems which promise to increase the functionalitysjectron canonical momentum, and the dimensionless peri-
of present day semiconductor devices. One example of sUGyic function

type of systems is those in which semiconductors and mag-

netic materials are combined where the magnetic material X

provides a local magnetic field which influences locally the a(x)=J dx'b(x’), 2
motion of the electrons in the semiconductor. The latter is

usually a heterostructure which contains a two-dimensionatharacterizes the vector potentfa Blo(0,a(x/1),0) which
electron gag2DEG). The 2DEG acts as a detector measuringis taken in the Landau gauge. The quantum energy spectrum

the magnetic state of the magnetic material. Previously, thg¢ electrons in modulated magnetic fields was studied in
coupling between such a nonhomogeneous magnetic fielgqts 9 and 10.

an? t?.e IﬁDE%G waz'der?o(?stra‘fénl g?e (I:as$ v;/kr‘\erthhel magl- We restrict our analysis to the case where the electron
netic field(B) was directed perpendicular to the piane. Ny ansition through a single period is ballistic, i.e., the mean

this case one has a modulation of tBefield on top of a ree path =v 75|, (vp is the electron Fermi velocity and
homogeneous background field and the influence of thgcc P UFT="0 \UF He yan
e relaxation timgand the motion in the sample is diffu-

B-field modulation on the 2DEG is relatively wedk. o h ¢ hi ler than the si £ th
When the magnetic field is directed parallel to the 2DEGS'VE: I-€., the mean iree path is smaller than the size of the

the magnetic material is magnetized parallel to the 2D plan§@MPle (<Ly,L,). For diffusive transport and in the limit of

which leads to fringing fields near the edge of the magneti®émall magnetic fields.7<1) the expression for the aver-
material having a nonzero magnetic-field component perperfde conductivity tensor is given by the following integral
dicular to the 2D layer. Those fields form a magneticover the electron phase spacey,py):

barrief® for the electron motion in the 2D plane. Because

now there is no background perpendicular magnetic field for _ e? '-xd * d > q ﬁ
the 2DEG, the influence on the resistance of such magnetic ™1™ (54,2 Jo X|__GPx| AByT0ivj o,
barriers is much more pronounced and large increases in the * 3

magnetoresistance have been fofirftl.
In the present work we investigate the magnetotranspoivhere the symbof (&) = {exp{(s — u)/kgT}+1}~* stands for

in weak modulated magnetic fields for which the averBge the equilibrium electron Fermi-Dirac distribution function

field is zero. For the case the typical magnetic energy igvith T the temperature angd the chemical potential which

much smaller than the Fermi energy a semiclassical analysRquals the Fermi energyEg=7%°n/m in the zero-

is applicable. We find that in the diffusive regime the correc-temperature limit, where is the 2D electron density. Note

tion to the magnetoresistance exhibitsananalyticalbehav-  that the coordinatg is excluded from the phase space as the

ior in the limit of small magnetic-field amplitudes which System is homogeneous in that direction. The expressions for

differs from the behavior in the ballistic regime. the electron velocities follow from the Hamilton equations of
We consider electrons moving in a two-dimensiorgl ~ Motion:

plane. The magnetic field, directed along thdirection, is

periodic along the directionB= B(0,0b(x/1y)) with period vX:a_S = ipx ,

lo, whereb(x) is a periodid b(x+1)=Db(x)] dimensionless Ipx M

function describing the magnetic-field modulation with zero

average value. v _de 1) iloa(x/l ) @

In a semiclassical analysis the electron motion in a mag- Y opy m Py c o

netic field is described by the following Hamiltonidar its

energy: First, let us consider the conductivity in the zero-
5 temperature limit when the derivative of the Fermi function

e= i[ p2+{p - —Ioa(x/I )} ] 1) reduces to & function. The component,, can be calcu-
2m| ¥ Y ¢ 0 ' lated straightforwardly, and as the sample is homogeneous

0163-1829/2000/62)/91(4)/$15.00 PRB 62 91 ©2000 The American Physical Society



92 BRIEF REPORTS PRB 62

PmEg Apy

Px

FIG. 1. Fermi surfacéthick solid curve in phase space. Planes FIG. 2. Contour for angular integration in expressiéh Line A
A andB are surfaces for the constant of motipp delimiting the ~ corresponds to the Fermi surface intersection indicated by glane
open and closed orbits. Curng(D) is an example of a closed in Fig. 1.
(open orbit.

. . . . . Oxx= 00~ Uif" (7)
along they direction, all trajectories have to be taken into ) )
account. Inserting expressiad) into the conductivity ex- Where the symbob3 stands for the snake orbit contribu-
pression(3) we obtain tion. The latter term defines the decrement of the conductiv-

ity due to the modulated magnetic field, and in the limiting

e? fo fw o 1 case of small magnetic fields it is proportional to the increase
oyy=—"———| dx|[ d f dp,7— i ic fi -
vy (2at)?L, o . Px . Py 2 'Ei)I)rtr.]e magnetoresistance due to the magnetic field modula
eBl, 2 The snake orbits are located above the plarsmd below
X\ Py— Ta(X“o)] the planeB. Those planes are defined Ipy(A)=2mE:
+(eBlp/c)amin and py(B)=—v2mE:+(eBly/c)amax,
1], eBly 2 with ap,=minfa(x)} and a,,=maxXa(x)} the extremal
X0 Bp— 5Pkt | Py~ ——alXlo) | |1, (5 points of the vector potentia(x). Thus we can write
which leads to the well-known magnetic-field-independent o= 0oat o3, (8
result where the contribution from the snake orbits above e
e?Ep7 © plane is given by
Oyy—0pg=——5.
yy 0 27Th2 e2 LX . 5 .
- oam————[ x| anp[ dps
We assumed that the relaxation time depends only on the (2mmh)“L,Jo —o —o
electron energy and therefore for the case of zero tempera- 1 B 2
ture it can be replaced by the constant vatger(Eg). Thus > 5[ Er— _{szr ( Dy~ e Oa(x/lo)> ”
the weak magnetic-field modulation in tixedirection does 2m| ™ ¥ ¢

not change the conductivity in thedirection, as expected.

The calculation ofo,, is more complicated because for X 6
sufficiently strong magnetic field®r small electron veloc-
ity, but such thath w.<Eg) some electrons can be forced .
into s_nake orb_ltsT_he electron motion on such orbits oscil- _ f deJ"PO sir(¢)de. 9)
lates in thex direction around the average valyg There- 27%h2L,Jo - 90

fore, such electrons do not contribute fp, and conse- Here the angular intearation has to b formed over
qguently, in the expression for the conductivity, those ere the anguia egration ‘has 1o De performed ove
ihe white sections of the circl€ in Fig. 1 or, equivalently,

snake orbits have to be excluded. The classification of al o S

possible electron orbits is given in Fig. 1 where the Fermif’ilong _the bold arEh shown in F|g._2. The Im_utmg angle

surfacee (py,py ,X) = Eg is plotted. In the case of zero tem- 'f defined as go=arccos(Apy/ 2mE,:), with Apy

perature only electrons with trajectories on the Fermi surfacg (€Blo/€)1a(x/1o) — ami}. In the asymptotic case of small

contribute to the conductivity integral. As the energyy ~ magnetic-field — modulations it becomes ¢

does not depend oy, the momentunp, is conserved, and = \/ZA_py/UZm E-. In the latter case the integration in ex-

consequently the trajectories are defined by the intersectioRression(9) leads to

of the above Fermi surface with tma/zcte planes. It is 5 . 3/

apparent from Fig. 1 that there are two types of trajectories. - eEr7 f deJ’% ©?do=ayC (_) (10)

The trajectories as indicated by the symboare able to run A 2m2h2L,Jo —eg WA\ By

along the wholex axis. Such electrons are moving along

opentrajectories and they will contribute to the current alongWhereBo=(2mcymEg)/(elo), and

the x direction. The other trajectories, indicated by the sym- 8x 214/ (1
a 3 fo

eBly
py_ Tamin_ VszF] )

eZEFT

bol E, are closedand they correspond to the snake orbits.

Lo dx{a(x) - a-min}3/2- (11)
Thus we can separate the conductivity into two parts

Ca
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The integration over the snake orbits below the plBrieads For nonzero temperature, the previous effect will be sup-
to the same expressidi0) except that now the coefficient pressed by thermal fluctuations. To generalize our results to
ca has to be replaced by nonzero temperature we have to replace any funclB;)
) which depends on the Fermi energy by the corresponding
8x2M4r (1 32 average over the derivative of the Fermi function:
ce=—3 | danacatol®: (12
() f“’d exd (e —u)/kgT]G(e) 16
i i == & .
Thus the resistance change due to the modulated magnetic K= 5 0 “lext (e — pw)lkaT]+ 12

field becomedAR,,/R,= (cao+ Cg) (B/Bo)*? whereR, is the

resistance in the absence of any magnetic-field modulationConsequently, taking into accouay, [Eq. (6)], and the de-
As a special case let us consider a simple cosine periodigendence o8, on E- we obtain for the snake orbit contri-

magnetic field modulatiofwith periodl,) b(x)=cos(27x), bution to the conductivity:

which leads toa(x)=sin(2#X)/27. In this case the coeffi-

cients can be easily evaluated: so(T) (QZTCO)
0‘ N =
8 X 23/4 1/4 X 27Tﬁ2
Co=CptC =—f dx{sin(2mx) + 1}?
0 A B 37 —1/4 Be|0 3/21 *© eXI:{(S_M)/kBT]SIM
X| —= ?J e X
64 214 cym o {exd(s—pu)/kgT]+1}
= 9.2 ~0.86. (13 (17

where we assumed that the relaxation time does not depend
In the present classical ballistic situation an electronon the energy. In the limit of small temperatures the integral
which passed through the first magnetic barrier will also passan be evaluated analytically and we arrive at the final ex-
through the other barriers. As a consequence the above respltession for the conductivity along the direction of the
can also be applied to tlmne-barriersituation. The periodic magnetic-field modulation:
oscillating Fermi surface shown in Fig. 1 reduces now to a

single step. The trajectories &f type (i.e., the open orbils Tux_ . E 312 s
contribute to theo,, conductivity, but the snake orbitsra- oo 0 B '
jectories ofA type) are replaced by trajectories which reflect h
from the barrier. The integral in expressit0) must now be where
evaluated over those reflected trajectories. When the barrier 72 [kgT)2
thicknesd ,<L,, the integraIfL_Xﬁ,de[a(x/IO) — apmin]¥? be- cO(T)=c0[ 1- §<7) } (19
comes the sample length multiplied by the total vector po- . .
tential increment over the barriek|aa—ann2 where Notice that the temperature decreases the nonanaliticity co-
a,.—a(L/2) anda,—a(-L/2) xLmmee Tming efficient ¢, (with about 30% wherkgT= ) but does not

max X min X "

A single magnetic-field barrier in a 2DEG, created experi-fluénce the power law dependence.

mentally by parallel magnetization of magnetic strips placed . Tunneling through magnetic barriers in the ballistic re-
on top of the 2DEG, can be represented Yy gime was studied numerically in Refs. 4 and 5. For weak
' barriers only electrons impinging on the magnetic barrier

oM %2+ d2 under an angled~ /2 [i.e., cosf)~(w/2— 0) = ¢] are re-
B,(x)= 2 5 - (14)  flected and thus we obtain from E() of Ref. 5 the con-
T  Xx°+(d+D) ductance change due to tunneling through a weak magnetic
barrier:

The magnetic strip has a thickneBswith magnetizatiorivi
along thex axis and is placed a distanakfrom the 2D 1 ¢o
electron system. The vector potential is obtained by integrat- —AG~ —Gof edo, (20

ing Eqg. (14) over (—L,/2,L,/2) which givesA.—Amin 2 0

=uoMD/2 where use has been madelgfd,D which is \yhere Go=e2vaLy/w2ﬁ2=(2e2/h)(2Ly/)\,:) with L,
valid in typical experimental situations and=Blga. Fi- =W the width of the sample ani: the Fermi wavelength.
nally, we obtain for the contribution of the reflected trajec- Notice that the difference with the diffusive case is the power
tories to the conductance of the anglee in the expression for the conductance and
32 conductivity. In the case of ballistic transport the conduc-

euoMD (15) tance is proportional to, , while for diffusive transporfsee

rt. 14
Oxx ARy 2

o_yy Ro T 37 cVmEg Eqg. (3)] we havevi. This difference leads to a lined
dependence in the ballistic regime:
The main feature of the obtained magnetoresistance is its
nonanalytical behavioB*? for small magnetic-field ampli- AG ARy, Ap, euoMD 1)
tudes. It is remarkable that it does not depend on the actual Go Ry  2\2mE; 4c\/2mEF'

form of the modulating field, but it is determined by the
density of snake orbitéor reflected trajectoriesat the Fermi  The above expression is obtained for the single batfidy
surface. and agrees with Eq3) of Ref. 7 withc=D/2.
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Let us compare these results with the experiments of Refsnental resultAR,,()=8.78(T). Thus we find a reason-
6 and 7. In Ref. 6 a Catrip of thicknessD=90 nm was able agreement between theory and experiment but it is clear
placed a distancd=35 nm from a 2DEG formed in a GaAs that all details are not yet fully understood. The discrepancy
heterostructure wittEg=15.7 meV. The magnetization of may be due to the fact that the Co dots are not homoge-
the Co strip” was oM ~9B with a saturation magnetization neously magnetized. Nevertheless, the linear magnetic-field
of 1.6 T. In this experiment one is in the diffusive regime dependence is nicely reproduced.
and inserting these values in E@Q.5 we obtainARy,/Rg In conclusion we obtained the change in the magnetore-
=4.38(T)¥. The estimated zero field resistalc@as Ry sistance due to the presence of magnetic barriers with zero
=2.35Q which results in AR,,(Q)=10.1B(T)*? and  ayerage magnetic field. We found that for diffusive transport
agrees with the experimentallow-magnetic-field behavior o magnetoresistance increases @& B%2 with the ampli-
AR(€2)=9B(T)* tude of the magnetic barriéB) where the coefficient(T)

; . 7
In contrast, the experiments of Vanma et al.” are closer  yecreases with increasing temperature. This result is different
to the ballistic regimdthey have been performed on shorter ¢, the pallistic regime where the increase is lineaBin

samples, i.el.,=34 u m). They placed rectangular Co dots

of thicknessD =100 nm above a 2DEG of width,=W This work was partially supported by the Flemish Science
=20 um in a GaAs heterostructure with-=19.7 meV. In-  Foundation (FWO-VI), IMEC, and IUAP-IV. One of
serting these values into Eq19) we obtain AR, /Ry us (F.M.P) is a research director with FWO-VI and he
=1.8B(T) whereRy=1/Gy=10.8(). This givesAR,,({}) acknowledges discussions with V. Kubrak, T. lhn, and B.
=19.4B(T) which is a factor of 2.2 larger than the experi- Gallagher.
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