PHYSICAL REVIEW B VOLUME 56, NUMBER 24 15 DECEMBER 1997-II
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and a perpendicular magnetic field

Xiaoguang Wu
NLSM, Institute of Semiconductors, Chinese Academy of Sciences, Beijing, 100083, China
(Received 25 July 1997

The electronic state of a two-dimensional electron sySEDES in the presence of a perpendicular uniform
magnetic field and a lateral superlattideS) is investigated theoretically. A comparative study is made be-
tween a LS induced by a spatial electrostatic potential modulétédarred to as a PMLSand that induced by
a spatial magnetic-field modulatigreferred to as a MMLE By utilizing a finite-temperature self-consistent
Hartree-Fock approximation scheme, the dependence of the electronic state on different system parameters
(e.g., the modulation period, the modulation strength, the effective electron-electron interaction strength, the
averaged electron density, and the system tempejasuséudied in detail. The inclusion of exchange effect is
found to bring qualitative changes to the electronic state of a PMLS, leading generally to a nonuniform spin
splitting, and consequently the behavior of the electronic state becomes similar to that of a MMLS. The
Landau-level coupling is taken into account, and is found to introduce some interesting features not observed
before. It is also found that, even in the regime of intermediate modulation strength, the density dependence of
the spin splitting of energy levels, either for a PMLS or a MMLS, can be qualitatively understood within the
picture of a 2DES in a perpendicular magnetic field with the modulation viewed as a perturbation.
[S0163-18207)02248-0

[. INTRODUCTION cisely on the energy-level structure, because it is the basis of

understanding the transport and optical properties of a PMLS
The motion of an electron in a perpendicular uniformand a MMLS. As we aim at obtaining a qualitative and over-
magnetic field and a periodic potential is a nontrivial prob-all picture of the electronic state of a PMLS and a MMLS,

lem, and has been intensively studied for decddgthough ~Wwe have restricted ourselves to the self-consistent Hartree-
the experimental exploration of such systems was hinderefiock approximation for simplicity, where the exchange ef-

by the requirement of an extremely high magnetic fielg.fect is |_nclu'ded, but the correlatlon effect |s_|gnofe5thh|s

However, the recent advance in submicron technology ha@PProximation has been widely employed in the literature,

made it possible to fabricate microstructures in which ong?"d is believed to be reliable when the filling of Landau

. ’6 .
can reach the interested regime even with a moderate mage_vels is not too small® The present work improves some

netic field? Because of this, there has been a considerabl revious theoretical studies of a MMLS, including those of

amount of experimental and theoretical studies on the transqurselves, as the exchange effect is now included, and the

port and optical properties of a two-dimensional electronprOpertIes of a PMLS and a MMLS are investigated com-

. . . N aratively. Also, this work is complementary to some previ-
system(2DES in a perpendicular uniform magnetic field (F;us stud?/es of the PMLS, for exarflple, Ref.é)l/, as the copupling

and a lateral superlatticeor lateral modulation and some oy veen Landau levels is considered. Some interesting fea-

fascinating phenomena are obser%éd._ _ _ tures are found in the energy levels arising from the Landau-
A lateral superlatticéLS) can be realized by imposing on |gye| coupling, which to our knowledge have been previ-

a 2DES a spatial electrostatic potential modulafits type ously unnoticed.

of LS will be referred to as a PMDSor a spatial magnetic  Thjs paper is organized as follows: in Sec. II, we intro-

field modulation(this type of LS will be referred to as a duce the procedure of calculating the electronic state, where

MMLS).? Both a PMLS and a MMLS have been experimen-the finite temperature Green's function method is used

tally realized and intensively studied in the literatdf&In  within the self-consistent Hartree-Fock approximation. Sec-

this paper, we wish to report a comparative study of theion Ill contains our numerical results and a discussion. Fi-

electronic state of a 2DES in a PMLS and in a MMLS, with nally, in Sec. IV, a summary is provided.

one-dimensional lateral modulations. In calculating the elec-

tronic state, a finite temperature self-consistent Hartree-Fock || ~aA| CULATION OF THE ELECTRONIC STATE

approximation schenié is employed, allowing us to inves-

tigate the dependence of the electronic state on various sys- Let we consider a 2DES in the presence of a uniform

tem parameters, i.e., the modulation period, the modulatiomagnetic field and a LS. The system is located in xlye

strength, the effective electron-electron interaction strengthplane, and the magnetic field is applied perpendicularly in

the averaged electron density, and the system temperaturethe z direction. The Hamiltonian of the system can be written
In this paper, we focus on the electronic state, more preas

0163-1829/97/5@4)/157448)/$10.00 56 15744 © 1997 The American Physical Society



56 ELECTRONIC STATES OF A TWO-DIMENSIONAL . .. 15745

A 2
o+ ) i

1
— t
H_; Zmbf drify(r)
+2 f dr dr' g (1) g0 (r=1") by (1) s (1)

+> fdr PO[g* ueB(N o, +UMN1g,(r), (1)

whereA(r)=A,+A; is the vector potentialy (r) the Cou-
lomb interaction potential, anB(r) the total magnetic field
in the z direction.g* is the effectiveg factor, m, the elec-
tron band mass, angg=efi/2m,c with m, the electron
mass in vacuum. The vector potentidl, is chosen as

Ao(r)=(0,Bgx,0) which leads to a uniform magnetic field
By in the z direction. A PMLS is assumed to be induced by

a lateral modulation potenti&l (r) = Uycos(2mx/a), which is
a periodic function along the& direction, andA; is set to

zero. A MMLS is assumed to be induced by an additional

vector potentialA;(r)=[0,— (a/27)B,cos(2mx/a),0], which
leads to a lateral modulation magnetic fieldsin(2mx/a)

along thex direction, andU(r)=0 is assumed. It is clear

that the system is translational invariant in thelirection.

In this paper, we will calculate the electronic state of a

G, (x,x",K,iwy)

=G, o(x,x",K,iwp)

1 .
+2 gf dx1dX%0dY,G,0(X, X1, K, i wp)v (X1 —X2,Y2)

XGyi(X2,X2,Y2=Y2,00G (X1, X" K,iwp)

1 .
- %J‘ XmdX2dyZGg-O(X!Xl ’ kal wn)v(xl_ X2 :YZ)

X G, (Xq,X2,Y2,00€2G (X,,X" K iwp). 3

Next, let us expan&,(x,x’,K,iw,) as

G(,(x,x',k,iwn>=2ﬁ [Go(Kiwn)ap@a(X) (X)),

4

with respect to a completed sfp,(x)}. Then the Dyson’s
equation can be cast into a matrix form

G(r(k:i wn) = G(rO(k!i wn) + G(rO(k:i wn)VlGrr(kvi wn)
+Goo(K,iwn) VoG, (K iwp), )

where the matrix elements &f; andV, are given by

2DES in a PMLS and in a MMLS via the evaluation of finite 1
temperature Green’s function in the self-consistent Hartree-  [Vilag= > gJ’ dx,d%dY, @7 (X1) @ g(X1)

Fock approximatiot® The exchange effect is taken into ac- o’

count, but the correlation effect is ignored for simplicity. X 0(X1—X2,Y2)Gyr (X2, X2,Y2—Y2,0), (6)
The calculation procedure is briefly discussed below for
completeness, although the method has been used by others

as well>*
satisfies the following Dyson’s equation:
G(r(X!X, ly_y, 1i wn)
= Go’O(er, vy_y’ i wn)
1 .
+ Bh? Z dx1d%dy1dY,G0(X,X1,Y — 1,1 @p)
0,0

Xv(X1=X2,Y17Y2) Gy (X2,X2,Y2— Y2, 01)

XGG.(X]_,X’ vyl_y’ =i wn)
1 .
- _thz dx;d%dy1dY;G 5o(X,X1,Y —Y1,i@p)
o1

Xv(X1—X2,Y17Y2)Go(X1,X2,Y1— Y2, @1)

XG,,(XZ,X’,yZ—y',iwn). (2)

The effect of bare modulationdJ( and A;) has been ab-

Within the self-consistent Hartree-Fock approxi-
mation, the finite temperature Green’s function of the system

1
[Valap=— gJ' XmdXZdyZ(PZ(Xl)(Pﬁ(XZ)

X (X1 —X2,Y2) G o(X1,X2,Y2,00e™Y2. (7)

The exact Green's function satisfie&%(x,x",y—y’,7)
=G, (x",x,y' —vy,7). As the self-consistent Hartree-Fock ap-
proximation should retain this property, one can verify that
matrixesV, andV, should be Hermitian.

The Dyson’s equation can be rewritten as

G, Y (kiwy)=G,¢(kiw)—Vi—V,. (8

With an appropriate base s@;ol(k,i w,) can be written as

i wn,— (Ego(K)— )%, with E_o(K) a diagonal matrix whose
diagonal elements are the energy levels of the 2DES in the
presence of magnetic field and bare modulatiquds the
chemical potential determined by the given averaged
electron density. Similarly, one may choose a base set so
that E o/A+V,+V, becomes diagonal, and one has
G, ko) =iw,—(E,(K)—u)/h. Thus, by self-
consistently  diagonalizing a Hermitian matrix
E,ot+#A(V1+V,), one obtains self-consistent energy levels
E,(k), as matrixesV; andV, also depend ot (k). The
wave function can be obtained at the same time. The diago-

sorbed intoG,q(X, X", y—y’',iw,), the unperturbed Green’s nal elements of matriE (k) will be denoted a&,,, (k).

function. The exact Green'’s function dependsyeny’ only,

The uniform magnetic fiel@, introduces an energy scale

as H is y-translational invariant. This property should be #w.=%eB,/m,c and a length scale &~ (fi/myw)*2 It
retained in the self-consistent Hartree-Fock approximationcan be shown that the system under investigation is charac-

After the frequency summation over; and a Fourier trans-

form overy—y’, the Dyson’s equation becomes

terized by the following parametergl) the modulation
period p=ac; (2) the modulation strengtliy, defined as
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Uug=Ugl/hiw. for a PMLS, and defined asug=
(B1/Bg)(p/27) for a MMLS; (3) the effective electron-
electron interaction strength,=e?a/eghw,, With €, the
effective background dielectric constante consider here an
ideal 2DES for simplicity, and the inclusion of subband ef-
fect is straightforwary (4) the dimensionless averaged elec-
tron density v=2mn./a?, with n, the averaged electron
density of the 2DES; (5) the system temperature
B=hw./kgT; and (6) the effective spin splitting
Jo=9* ugBo/fhw.. Note that, the parametag above is de-
fined such that the electronic state of a PMLS and a MMLS
could be directly compared in the perturbation regime
(lugl<1) 2 Note also that, a&,q, V;, andV, are periodic
functions ofk with periodicity kp=aa2, E, is also a peri-
odic function ofk with the same periodicitkp, .

B (k)/ho,

IIl. RESULTS AND DISCUSSIONS

In this section, our numerical results and their discussions
are presented. The system parameterug, ve, v, andpg)
are chosen such that they take reasonable values and are i
presently accessible regimor example, for a 2DES in a
GaAs-based PMLS and MMDSHowever, in order for the
spin splitting to be clearly observable in the figures, the ef-
fective spin splittinggy=0.1 is assumed throughout. In the [0kp/2], asE,,(k) was assumed to be symmetrical about
following, we also limit ourselves to the regime of>1, k=k,/2. In this paper, the same model modulation potential
where the self-consistent Hartree-Fock approximation is beis used as that in Ref. 4. However, our results show that this
lieved to be more appropriafe. k symmetry is no longer there, because of the inclusion of

In most previous studies, the modulation potential or fieldthe Landau-level coupling.
is treated as a perturbation, and the coupling between differ- In Fig. 1, the lowest six energy levels of a 2DES in a
ent Landau levels is neglectéd However, in this paper we PMLS [panels(a) and (b)] and in a MMLS[panels(c) and
take the Landau-level coupling into account. The well-(d)] are shown for two values of the modulation peripd
known Landau leveksin the Landau gauge are used as thewithout electron-electron interaction, takes a value of 0.6,
base set for the expansion described in Sec. II, and typicallih the regime of intermediate modulation strength. The solid
20 Landau levels are included. The inclusion of more Lan{dash-dottefl curves are for the lowefuppe) spin states,
dau levels is found to have a negligible effect on the lowestespectively. It can be clearly seen in Fig. 1 that, if one
several energy levels, but demands a much larger computigentifieska ™2 as a point along the axis (without modula-
tional capacity. Note that because of the introduction oftion, k/a? is the cyclotron center of a Landau statg, (k)
modulation, originally flat Landau levels now become Lan-closely resembles the modulation profile, when the modula-
dau bands with nonzero width. tion perioda is much larger than the magnetic length®,

An iteration method is used in the self-consistent diago4.e., p>1. This behavior was also observed in previous
nalization of the matrixE o+ #(V,+V,). With each itera- studies:™ and the underlying physics for this behavior is
tion, the eigenstate of the previous iteration is used as asimple: whenp>1, the electron wave functiofi.e., the cy-
input, and the newly generated eigenstate is combined withlotron orbiy of low-lying states is not strongly modified by
the input to form an input for the next iteration. This input the modulation.
differs from the old one by a controlled, but not necessarily By comparing panelsa) and(b), one observes that, for a
small, correction. Convergency is assumed to be achieved PMLS with a shorter modulation periog € 3), the varia-
the difference of energy levels between two consecutive ittion of energy levelgthe bandwidthis smaller than that for
erations is smaller than a prescribed number, and this behaa-PMLS with a longer modulation periogh€ 13). This is a
ior continues for the next several iterations. In our numericaeneral behavior, and it is because the effective modulation
results present below, the maximum relative difference irstrength, determined by the intra- and inter-Landau-level ma-
energy between the last several iterations before exiting thix elements, decreases psdecreases' (for a fixed ug).
iteration loop is typically smaller than I6, much smaller The MMLS has a stronger inter-Landau level coupfing,
than the features in each curve shown in the figures. Thitherefore thig dependence is less obvious. In this paper, we
indicates that the features observed in the following figuresvill study the electronic state for typical values pf The
are free from possible numerical artifacts. commensurability problerfi.e., the detaileg dependende

In this paper, our results for the PMLS case sometimesvhich was the main focus in previous studfésyill not be
resemble those of Ref. 4. However, one important differenceonsidered.
should be noted: in our paper, the varialldeof function Comparing the cases of a PMLS and a MMLS in Fig. 1,
Eno(K) varies in the intervalO k], with kp=aa2 defined in  one observes that, for a PMLS, the spin splitting defined as
Sec. Il, but in Ref. 4k was limited to a smaller interval AEp(k)=E,;(k)—Ep (k) is independent ofk. For a

FIG. 1. The first six energy levels of a 2DES in a PML8 and
r(lb%] and in a MMLS[(c) and (d)] for two typical values ofp,

ithout the electron-electron interactiomy=0.6. The solid(dash-
dotted curves are for the loweuppe) spin states, respectively.
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FIG. 2. ThepB dependence of the energy levels for a PMLS,
with the exchange effect include¢p=13, uy,=0.6, v,=0.8, and
v=1.6. The solid(dash-dottefl curves are for the lowetuppe)

spin states, respectively. The dashed line indicates the position of Of - -~ wm---> Rin: [ T s N

. . oo ] s -
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MMLS, this is no longer the case, as there is a spatially
varying magnetic field. This shows an important difference
between the PMLS and MMLS when the exchange effect is FIG. 3. Thev, dependence of the energy levels. The upper
not included: the spin splitting is nonuniform for a MMLS. (lowen four panels are for a PMLBVMLS), respectivelyLio=0.6,
Note that this nonuniform spin splitting can be clearly ob-8=3, andv=1.6. In the left(right) four panels,p=3 (p=13),
served for a MMLS with either a short or a long modulation "eSPectively.
period. Earlier studiés show that this nonuniform spin
splitting can even survive the inclusion of the self-consistenprevious studies, to our knowledgé At a higher tempera-
Hartree potential(i.e., the mean electrostatic potential ture (a smallerg), E, (k) versusk is almost symmetrical
However, we will demonstrate that, if the exchange effect isaboutk,/2, but, asg increases, this is no longer the case.
taken into account, the spin splitting of a PMLS with a largeOne observes that the spin splitting becomes non-uniform,
p also becomes nonuniform, thus this difference between thand the narrowing of spin splitting in theinterval[ 0k,/2]
PMLS and MMLS will no longer be obvious. is accompanied by the widening of the spin splitting wiken

Before we study the exchange effect, it should be pointedies in the other half intervalk,/2k,] [see the lowest two
out that the exchange effect becomes important only if thenergy levels in pandh) of Fig. 2]. We attribute this break-
Fermi surface of the system is shdgtean enough® Thus,  ing of thek symmetry to the inclusion of Landau-level cou-
the system temperature must be sufficiently low, i{3%1.  pling, because without the Landau-level coupling, one can
This is demonstrated in Fig. 2, where the temperaty#e ( show thatE, (k) is indeed symmetrical abolsqjlz.4 It must
dependence of energy levels is shown for a PMLS, with thée pointed out that the occurrence of the nonuniform spin
exchange effect included. Other system parameters agplitting is also determined by the averaged electron density
p=13,u;=0.6,v.,=0.8, andv=1.6. The soliddash-dottel  and the modulation period. Because an unevelistribution
curves are for the loweuppe) spin states, respectively. The of electrons is more likely whep>1 (recalling thatk/ @? is
dashed line indicates the position of the chemical potentialthe center of cyclotron orbit, therefore thedistribution is
At a lower temperatur¢see panela) with B=4], the spin  closely related to the-distribution of electrons the nonuni-
splitting is obviously nonuniform and larger than the bareform spin splitting is easier to see when the modulation pe-
spin splitting (compare with Fig. 1L As the temperature in- riod is large.
creases 8 decreasesthe spin splitting becomes almost uni-  Next, let us study the dependence of energy levels on the
form (see paneld) with 8=1) and smaller. The case of a effective electron-electron interaction strength asv, can
MMLS is similar to that of a PMLS; therefore, it is not be tuned by varying the strength of uniform component of
shown explicitly. When the modulation period is short, thethe magnetic field. The lowest several energy levels are
temperature effect in either a PMLS or a MMLS is quite shown in Fig. 3 for two values af,. The upper four panels
similar to what is shown in Fig. 2: the spin splitting reducesare for a PMLS, while the lower four panels are for a
toward its bare value a8 decreases, so it is not shown. In MMLS, respectively. Other system parameters age 0.6,
order to study the exchange effect unambiguously, in theg=3, and v=1.6. In the left (right) four panels,p=3
following, we will focus on the regime of low temperatures. (p=13), corresponding to the case of a shdohg) modu-

In Fig. 2, there is an interesting feature not observed ifation period, respectively. The solidash-dottedcurves are
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for the lower (uppep spin states, respectively. The dashed
line indicates the position of the chemical potential.

Whenv, is small, the spin splitting is small as expected
[see panelga), (b), (e), and (f)]. For the PMLS, the spin
splitting is almost uniform, with either a short or long modu-
lation period. In contrast, for the MMLS, the spin splitting is
nonuniform even for a small value af,, as discussed
above. Because the self-consistent Hartree-Fock approxima-
tion is a perturbation theory in natuté,and it should be
more suitable and reliable for small valuesugf, the largest
value ofv, studied in this paper is limited to be smaller than
1. For a larger, value af ., the iteration process is found to
take more time to converge as one intuitively expected. In
the case ob .= 0.8, for the PMLS, one observes that the spin
splitting becomes larger as expected, but the spin splitting
also becomes more nonuniforithe bandwidth increasgas
the modulation period increases frop=3 to 13. For the
MMLS, the spin splitting increases ag increases. How-
ever, the uniform to nonuniform behavior change of spin
splitting (versusp) found for the PMLS case is less obvious.
This is due to the presence of the spatially varying magnetic
field.

There is a number of reasons why the spin splitting is
almost uniform in a short-period PMLS. First, the effective
modulation strength of a PMLS with a short modulation pe-
riod is smaller than that with a long modulation period, as
mentioned above. Second, whpris small, it is more diffi-
cult for thek distribution, or equivalently the distribution, FIG. 4. Theu, dependence of the energy levels. The upper
of electrons becomes uneven, because there is an energy pdwen four panels are for a PMLBVIMLS), respectivelyv.=0.8,
alty arising from the self-consistent Hartree potential. The8=3, and»=1.6. In the left(right) four panels,p=3 (p=13),
calculation carried out for other small valuespfnot shown ~ espectively.
here corroborates these arguments. Note that the exchange
effect is still observable in a short-period PM[[§ee panel picture is the following: Whenu, is small, the variation of
(c) of Fig. 3], which manifests itself as an overall increase ofenergy levelgthe bandwidthis also small. Asl, increases,
the spin splitting. the variation increases either for a PMLS or a MMLS, with

It is well known that for a 2DES without modulation, the either a short or long modulation period. The spin splitting
exchange effect could introduce large corrections to the Landisplays some interesting features.
dau levels*® Figure 3 shows that this picture is still qualita-  In the case of a PMLS with a long modulation period, one
tively correct. Here an intermediate valuewgf=0.6 is cho-  observes that the energy levels shift upwards as a whole, as
sen for the modulation strength, so that the exchange effect, increasegcompare panelgb) and (d)]. However, this
could be unambiguously identified. In contrast to a uniformbehavior is absent in the short modulation period PM&&e
system, the modulation studied in this paper introduces @anels(a) and(c)]. We attribute this shift of energy levels as
self-consistent Hartree potentrdiwhich is included via the a whole to the enhancement of the self-consistent Hartree
self-consistent Hartree-Fock approximation. It is clear frompotential in the long modulation period PMLS. In the short
Fig. 3 that, either for the PMLS or MMLS, the variation of a modulation period PMLS, the self-consistent Hartree poten-
fully occupied energy levelbandwidth is smaller than that tial is suppressed due to the strong mixing of wave functions,
of a partially occupied energy level. This is because the selfi.e., the matrix elements of the self-consistent Hartree poten-
consistent Hartree potential becomes more important for #al become smaller than that with a long modulation period
fully occupied energy level. The main effect of this self- asu, increases. The above argument is also corroborated by
consistent Hartree potential is to flatten the variation of thenvestigating theu, dependence of energy levels for other
electron spatial density distribution, thus the effect of modu-averaged electron densiti€the results are, however, not
lation is partly compensated fof* shown herg In the upper four panels of Fig. 4, one also

Next, let us turn to the dependence of energy levels on thebserves that the spin splitting does not change mual, as
modulation strengthiy. In Fig. 4, the lowest several energy varies. This indicates that the exchange effect is less affected
levels of a 2DES are shown for two valueswf The upper by the increase of the modulation strength in the regime
four panels are for a PMLS, and the lower four panels are fostudied here.

a MMLS, respectively. Other system parametersuare0.8, The shift of energy levels as a whole found above for the
B=3, and v=1.6. In the left (right) four panels,p=3 PMLS case, however, is not obviously observed for the
(p=13), respectively. The solitash-dottefcurves are for MMLS case. This again can be attributed to the strong mix-
the lower (uppe) spin states, respectively. The dashed lineing of wave functions, so that the self-consistent Hartree po-
indicates the position of the chemical potential. The overaltential is weakened. In the case of a MMLS with a short

E,s(k)/ho,
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modulation period and a large modulation strerigitmpare

panels(e) and (g)], for some values ok the energy of the po s o — ]
lower spin state becomes higher than that of corresponding E——_ [ e
upper spin state. We attribute this flip of spin states to the I |
sign change of the spatially varying magnetic field along the
X axis whenug is large enough. As the local magnetic field is ] |
characterized by the ratiB, /B, = (27/p)u,, one sees that, oy A NI [ A v=10,
for a fixedu,, the sign change of the local magnetic fieldcan ~  F—
only happen for a MMLS with a small value pf Note that,

as the matrix element of bare modulation does not depend on
Up in a monotonic way, we are unable to give a “simple”
expression for the critical value afy, at which the flip of
spin states occurs. Note also that the flip of spin states is not
observed for the PMLS cadé.

It is also found that, ag, increases, the flip of spin states
emerges gradually. As a consequence, the spin splitting of
the corresponding energy level can become very sfsab
panel (g), two lowest energy levels This indicates the
breakdown, in this regime, of the perturbation picture, where
the understanding of the exchange effect is based upon the
picture of a uniform 2DES with the lateral modulation
viewed as a perturbation. This breakdown apparently should
be attributed to the competition between the local magnetic
field and the exchange effect, as this competition becomes
more important in this regime. The calculations carried out
for other averaged electron densitigsit not shown hepe
shows that the collapse of spin splitting found above is not
related to the well-known shrinkage of spin splitting of a
fully occupied Landau levél Note that the reduction of spin
splitting found for the short modulation period MMLS can-
not be clearly identified for the short modulation period
PMLS, because the magnetic field is spatially uniform in the
PMLS.

In Fig. 4, one observes that the energy level can display
small oscillations versuk whenu, becomes relatively large
[see panelh)]. This is only observed for the long modulation
period MMLS, and it is found that these oscillations arise
from the spatial oscillation of the electron density distribu-
tion, which is most likely to occur in a LS with a longer
modulation period. In the regime studied in this paper, this
energy oscillatory behavior is, however, not observed for the
PMLS case in contrast with some previous studi@éis is
because the modulation strength studied in the paper is rela- 0 k (ac”) 1o k (a0”) !
tively small, as we aim at obtaining a clear and traceable
picture. Comparing panelff) and (h) for the case of the
MMLS, one finds that, asly increases, the spin splitting of FIG. 5. Thev dependence of the energy levels for a PMLS.
the two lowest(partially occupied energy levels, where the v,=0.8, =3, anduy=0.6. In the left(right) seven panelgp=3
chemical potential lies between, also increases. It is foundp=13), respectively.
that this is due to the enhancement of the exchange effect,
which is well known for a uniform 2DE&The calculations dashed line indicates the position of the chemical potential.
carried out for other averaged electron densities confirm thifig. 6 shows ther dependence of energy levels with the
argument. In comparison with the PMLS case, one finds thatame set of parameters as in Fig. 5, but for a MMLS instead.
the exchange effect in the MMLS depends more sensitively It is clear that, even with a moderate modulation strength
on ug, because of the spatially varying magnetic field. Uo=0.6, the behavior of spin splitting shown in these two

Finally, let us study the dependence of energy levels ofigures can be qualitatively understood by recalling the re-
the averaged electron density or averaged filling faetdf  sults of a uniform 2DESRef. 6 in the presence of a per-

In Fig. 5, the lowest several energy levels are shown for @endicular magnetic field with the modulation viewed as a
PMLS with different values ofv. Other system parameters perturbation. As the average electron density {ncreases,
arev,=0.8,8=3, anduy=0.6. In the left(right) seven pan- the chemical potential increases and sweeps through each
els, p=3 (p=13), respectively. The soliddash-dottefl  energy level. When the chemical potential lies between a
curves are for the loweuppe) spin states, respectively. The pair of lower and upper spin states, i.e., the corresponding
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ergy level, that level displays ke asymmetry, and the spin
splitting becomes nonuniform. As we discussed above, this
uniform to nonuniform(symmetry to asymmetjybehavior
change is more pronounced for the PMLS with a long modu-
lation period. In the case of the MMLS, because of the pres-
ence of a spatially varying magnetic field, the spin splitting is
generally nonuniform. One can observe that the spin splitting
is typically larger in the MMLS with a long modulation pe-
riod in comparison with that with a short modulation period.
The spin splitting becomes smaller when the chemical poten-
tial lies in the energy gap. The underlying physics for these
behaviors has been discussed in previous paragraphs, thus it
will not be repeated here. The results shown in Figs. 5 and 6
are complementary to the results displayed in preceding fig-
ures.

In Figs. 5 and 6, we have not observed the pinning of
Fermi level, either for a PMLS or a MMLS, that was found
in some earlier studiesThis is because, in the present paper,

L (c) v=2.0 1t (j.) V‘=2“0.

3 ettt ;;_,-,_.i.\:\' we adopted the self-consistent Hartree-Fock approximation,
........... >-9,‘\)_V=2'5,~ ‘ ' and also limited ourselves to the regimeof1 where the

-
——

electron correlation effect should be less important. Those
earlier studies considered the regime of strong electron cor-
relation. It should be pointed out that our results are consis-
tent with some other theoretical investigatidns.

IV. SUMMARY

In summary, we have investigated comparatively the elec-
tronic state of a PMLS against that of a MMLS in a perpen-
dicular magnetic field. In the presence of a moderate modu-
lation, the electronic state of a PMLS is qualitatively
different from that of a MMLS, if the exchange effect is not
taken into account. The inclusion of the exchange effect
brings qualitative changes to the electronic state of a PMLS
where the spin splitting generally becomes nonuniform, and
the difference between a PMLS and a MMLS becomes less
obvious. The exchange effect is found to be suppressed when
the system temperature becomes high.

It is found that, when the coupling between Landau levels
is taken into account, the energy levéls, (k) of a PMLS is
qualitatively different from that without Landau-level cou-
pling. For a PMLS with a long modulation period, the spin
splitting generally becomes nonuniform, because of the self-
consistent Hartree potential. One can observe that, even with
a moderate modulation strength, the narrowing of spin split-

FIG. 6. The same as Fig. 5, but for a MMLS. ting for some values df is accompanied by the widening of

spin splitting for some other values kf In a short modula-

energy level(or the Landau level, if no confusipns par-  tion period PMLS, the self-consistent Hartree potential is
tially occupied, the exchange effect is enhanced and the spiiound to be less effective due to the strong mixing of wave
splitting increases. When the chemical potential lies in a gagfunctions.
i.e., two spin states of a energy level are fully occupied, the For a MMLS with a short modulation period, as the
enhancement to the exchange effect is suppressed. Here thi®dulation strength increases, the spin splitting could even
qualitative picture is demonstrated to be correct either for decome smaller than the bare spin splitting, and a flip of spin
PMLS or a MMLS, with either a short or long modulation states could emerge. The flip of spin states is not observed in
period. a MMLS with a long modulation period, nor in a PMLS. In

The feature of nonuniform spin splitting observed and dis-a long modulation period MMLS, the energy levels can dis-
cussed in preceding figures can also be seen here in thoplay small oscillations irk, as the modulation strength be-
density dependence plots. In the case of the PMES(K) comes large enough, due to the oscillation of electron spatial
becomes almost symmetrical abdkit=ky/2, and the spin distribution.
splitting is almost uniform, when the chemical potential lies It is also found that, even in the regime of intermediate
in the gap. When the chemical potential intersects one ermodulation strength, the density dependence of the spin
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splitting of energy levels, either for a PMLS or a MMLS, can

be qualitatively understood based on the picture of a 2DES

in

a perpendicular magnetic field with the modulation

viewed as a perturbation.
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