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Two-dimensional electron gas under a spatially modulated magnetic field: A test ground
for electron-electron scattering in a controlled environment
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We have studied the electronic transport in a two-dimensional electro(2B&%5) subjected to a spatially
modulated magnetic field and electrostatic potential. Independent control of the magnetic field components
parallel and perpendicular to the 2DEG plane allows us to manipulate the amplitude of the magnetic modula-
tion independently of the normal field component relevant to the magnetotransport in the 2DEG. The ampli-
tudes of the magnetic and electrostatic modulations can be evaluated from an analysis of the commensurability
oscillation of magnetoresistance. The increase of resistivity in the presence of a modulated magnetic field at a
zero uniform magnetic field is found to be quadratic in the modulation amplitude and to vamfasC at low
temperatures. This is a signature of the electron-electron scattering in the presence of a spatially modulated
magnetic field. The present system provides an ideal test ground for theories of electron-electron-scattering-
induced resistivity[ S0163-18208)07431-1

[. INTRODUCTION commensurability oscillatiorfsThis kind of system thus of-
fers a unique opportunity to explore the electronic transport
A two-dimensional electron gas(2DEG at the in a highly controlled artificial environment. In this paper we
GaAs/ALGa, _,As heterointerface constitutes one of the demonstrate how we can control and evaluate the electro-
cleanest electron systems in solids. It allows us to investigatstatic and magnetic modulations at the 2DEG plane and
various effects of artificial potential that can be realized, forshow that the present system is a good candidate for quanti-
example, by placing a microstructured gate electrode on thtative studies of the combined effect of the electron-electron
surface. The simplest type of artificial potential involvesinteraction and artificial periodicity. Part of this work has
sinusoidal modulation of a electrostatic potential. It givesbeen reported in Ref. 12.
rise to oscillatory magnetoresistance known as a Weiss
oscillation! =3 The phenomenon has its physical origin in the Il. EXPERIMENTAL METHOD
commensurability between the electronic cyclotron motion . .
and the spatial periodicity and manifests itself as Samples used in the present study were fabricated
1/B-periodic oscillations in the resistivity measured with thefrom a GaAs/AlGa _,As single heterojunction ~wafer
current parallel to the direction of the potential modulation.9rown by molecular beam epitaxy. The 2DEG in the

The condition for the occurrence of resistivity minima is Wafer had the densityn,=1.9x10" m~2 and mobility
given by?° uw=43 m’ V' 1s1at1.5 K. The depth of the heterointer-
face from the top surface was 90 nm. A standard Hall-bar
2R, 1 pattern was defined by photolithography and wet etching. An
g N~z (=123...). (1) array of 60-nm-thick nickel stripes with periodicity (a/2

wide anda/2 aparj was fabricated on the top surface by

Here R.=#ike/eB is the cyclotron radius of an electron at electron-beam lithography, vacuum deposition, and a lift-off
the Fermi surface and is the modulation period. process. The nickel stripes were all connected so that a gate

Recently, a magnetic analog of the Weiss oscillation prebias could be applied to them. The experimental results pre-
dicted earliet® has been experimentally demonstratettin  sented in this paper were obtained from intensive measure-
that case, a spatially modulated magnetic field is imposed oments on one particular sample with periodicitg
a 2DEG by placing a microstructured ferromagnet or super=500 nm.
conductor on the surface. The magnetoresistance exhibits One of the experimental obstacles encountered in the
1/B-periodic oscillations similar to the ordinarfelectro-  study of the magnetic Weiss oscillation is the fact that plac-
statio Weiss oscillation except that the minima and maximaing the microstructured gate generally induces strain and
exchange their positions. The condition for the resistivityproduces a strain-induced electrostatic potential moduldtion.

minima in the magnetic Weiss oscillation is given by In our previous studies we applied a gate bias to counteract
and cancel the strain-induced potentiaRecently, it has
2R, 1 been shown that the strain-induced potential is mostly via
a =n+ 4 (n=123...). 2) piezoelectric coupling and that it can be minimized by set-

ting the direction of modulation parallel to thgLOQ]
In both cases of electrostatic and magnetic modulationgjirection**~1 Accordingly, we patterned the Hall bar with
rather detailed information on the nature of modulation im-the current direction aligned along th&0Q] axis.
posed on the 2DEG can be gained from the analysis of the Transport measurements were carried out using a standard
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FIG. 1. Schematic drawings of the 2DEG with a spatially modu-
lated magnetic field(a) When the ferromagnetic stripes are verti-
cally magnetized, the resultant magnetic modulation at the 2DEG

plane is in phase with the electrostatic modulatign.When they FIG. 2. Magnetoresistance traces for different settings of the
are horizontally magnetized, the magnetic and electrostatic moduazimuthal angler of the parallel magnetic field defined as shown in
lations are out of phase. the inset. The traces are vertically shifted for clarity.

low-frequency ac technique. As discussed below, the precisglitude B,. If the two types of modulation are spatially in
alignment of the magnetic field direction with respect to thephasdi.e., V(x) = V,cos(2mx/a) and B,(x) = B,cos(2mx/a)],
2DEG plane and to the stripe pattern was essential. Thghe Weiss oscillation pattern shifts horizontally as a function

cross-coil magnet system used in the present work consistes} 5 in such a way that the positions of the resistance minima
of a 6-T split-coil superconducting magnet in combinationpecome

with a small homemade solenoid and enabled us to indepen-

dently control the horizontal and vertical components of the 2R, 1 1

magnetic field. A rotating sample holder was used to adjust a n+ Vi —arctad (n=1,23...). (4)

the angle of the sample-mounting stage so as to make the i

2DEG plane horizontal. The azimuthal anglebetween the  rig sort of phase shift as a function 6fhas been experi-
horizontal magnetic field and the direction of the mOd“|at'°”mentally verified™® In that experiment, the ferromagnetic
(see the inset of Fig.)2was varied by turning the sample gyines were magnetized by a vertical magnetic field so that

holder around its vertical axis. For each settinggofthe e resulting magnetic modulation at the 2DEG plane was in
horizontal alignment was readjusted. The misalignment cOmpase with the electrostatic modulation as depicted in Fig.

ponent that was not accessible by the sample rotation stagey) |n contrast, if the two types of modulation are out of
was compensated by applying a small bias field in the Vert"phase[i.e., V(x) =V,cos(2rx/a) and B,(x) = Bysin(2mx/a)],

cal direction. o the oscillatory part of the magnetoresistance is given by
The horizontal magnetic field served to control the mag-

netization of the ferromagnetic gate and the vertical field was

. 27R
used for measurements of magnetotransport in the 2DEG. AP(B)oc(l_gZ)sinZ( 7 °_z>, (5)
This scheme allowed us to keep the ferromagnetic stripes a 4

fully polarized while working with low(or even zerp per-

pendicular field for the 2DEG so that the Weiss oscillation pattern is inverted without a

phase shift.

In the present experimental configuration, the ferromag-

. RESULTS AND DISCUSSION netic stripes are magnetized by the horizontal magnetic field,

Prior to the analysis of the experimental data, we give &° that_ the resulting magnetic field modu!ation at the 2DE(._3
brief account of the Weiss oscillation in coexisting electro-Plane is expected to be out of phase with the electrostatic
static and magnetic modulations. Equatiéhsand (2) give moldulatlon as depicted in Flg.(l:i). This is seen in Fig. 2,
the positions of resistance minima for the electrostatic potenhich shows the magnetoresistance as a function of the per-
tial modulation and for the magnetic field modulation, re-Pendicular magnetic fiel, with zero gate bias and under a
spectively. The Weiss oscillation in the presence of botifonstant parallel field =5 T. This parallel magnetic field
types of modulation is predicted to show distinct behavior'S much higher than the saturation fil8e=0.3 T for nickel,
depending on the relative spatial phase of the two types of° that the magnetization of the nickel stripes are fixed irre-

modulation® The key parameter is spective of the change iB e The_different t_races are taken
with the parallel field applied at different azimuthal angles
27m*V, The oscillations observed in the field ranBe<0.3 T are
o= akchieB,’ (3)  the Weiss oscillations, while the shorter period oscillations at

higherB, are the Shubnikov—de Haas effect. No hysteresis
which represents the ratio of the electrostatic potential moduappears because the magnetization of the nickel stripes is
lation amplitudeV, and the magnetic field modulation am- fixed by the constant horizontal fieldj=5 T. Note that
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FIG. 3. Data shown in Fig. 2 replotted as a function & 2a.
The traces are vertically shifted for clarity. The inset shows the
cose dependence of the amplitud of the magnetic field modu-
lation at the 2DEG plane. FIG. 4. Magnetoresistance as a function &_.2a for different
values of the gate biag, with the magnetic modulation amplitude

L . fixed atBy=12 mT by settingBj=5T at ¢=55°. The traces are
only the magnetization component parallel to the mOdUIatlorQ/ertically shifted for clarity. The inset shows the change in the

direction is effective in generating the magnetic field modu-gjectrostatic potential modulation amplitudg as a function of/g.
lation at the 2DEG plane. The V, at V,=0 represents the strain-induced component.

Figure 3 is a replot of the data in Fig. 2 as a function of
2R./a calculated by using the value of, as determined approximately written asVo~—1.2x 10’3Vg+0.10 mV.
from the Shubnikov—de Haas effect. The traces#ef60°  The first term represents the gate-bias-induced component,
have their minima at the positions in agreement with @.  which is roughly proportional toV,. The coefficient
(vertical dotted lines in the figure However, the minima 1 2x 1073 is the reduction factor that depends on the dis-
turn to maxima in traces for higher values @f namely, the  tance of the 2DEG from the patterned gate and on the details
Weiss oscillation diminishes in amplitude with increasing of screening. The valu#,=0.10 meV atV,=0 represents
and is eventually inverted without any phase shift. Thisthe strain-induced component. It is noted that the strain-
peak-valley inversion corresponds to the behavior for thenduced component in the present sample is about an order
mutually out-of-phase electrostatic and magnetic modulaof magnitude smaller than those for samples with the modu-
tions mentioned above. lation structure made along th&10] direction!**®Since the

We can evaluate the modulation amplitude by fitting thestrain-induced potential via piezoelectric coupling is mini-
Weiss oscillation with the theoretical formula given by mized in the present system, the one that plays the role here
Peeters and Vasilopoul8sLet us begin with the case  may be attributed to deformation potential couplifig.
=90°. For this field orientation, the nickel stripes are mag- \We have thus demonstrated that a spatially modulated
netized along their length so that the magnetic field modulamagnetic field can be imposed on the 2DEG at the
tion produced at the 2DEG plane is minintdlThe Weiss ~ GaAs/ALGa _,As heterointerface and that the modulation
oscillation observed in this configuration is mostly due to theamplitude can be precisely determined from the analysis of
strain-induced electrostatic modulatiofThe nature of the the Weiss oscillation. It is then of great interest to explore
electrostatic modulation will be discussed latdthe ampli-  the effect of such artificial superperiodicity on electronic
tude of the strain-induced electrostatic modulation extracteg¢tansport. We learn in elementary solid state physics text-
from this data is/y=0.10 meV. Now tha¥, is determined, hooks that electron-electron scattering does not contribute to
the values ofB, for different ¢ settings can be extracted the resistance in a translationally invariant system, but can
from these data. The results are plotted in the inset of Fig. 3lay a role in a translational-symmetry-broken system. In the
which clearly shows the expected apsdependence. The case of periodic symmetry breaking, the relevant process is
maximum amplitude of the magnetic field modulation at thecalled the umklapp process.
2DEG plane in this sample is found to Bg=19.1 mT. The present system allows us to break the translational

The peak-valley inversion of the Weiss oscillation can besymmetry in a controlled fashion so that it may provide an
also achieved by changing the gate bias. Figure 4 shows thgxcellent test ground for this problem. This issue was re-
magnetoresistance traces for different values of gate\hjas cently addressed by Messiea al?! for electrostatic modu-
ranging from—200 to 200 mV. For this series of measure- lation. They have measured the low-temperature resistance
ments, the magnetic modulation is fixed B&12 mT by of a 2DEG for different gate bias settings and found an ex-
settingB =5 T ate=55°. The amplitude/,, of the electro-  cess resistance with a quadratic temperature dependence,
static potential modulation as determined from the analysisvhich is taken as a signature of the electron-electron scatter-
of the Weiss oscillation amplitude is plotted as a function ofing. In the present work, we have used magnetic field modu-
the applied gate biag in the inset of this figure. The elec- lation as the artificial periodicity. In addition to the interest in
trostatic modulation amplitude in the present system can behe possible difference associated with the different types of
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FIG. 5. Inset: resistivity as a function &, with B, =0. The

two traces correspond tp=0° (maximum magnetic modulatipn FIG. 6. Inset: temperature dependence of the inverse mobility
and 90° (null modulation. Main panel: excess resistivitkp as a  u~*. Main panel: temperature dependence of the excess resistivity
function of the azimuthal angle of the parallel magnetic field. The Ap for Bp=19.1 mT.
observed cdg dependence verifies the relatimprS.
shown here corroborate this dependence as demonstrated by
the good fit of the cds curve.

Next we turn to the temperature dependence. The inset of
g. 6 shows the temperature dependence of the inverse mo-
bility »~ ! calculated fromp(T). The behavior at low tem-
lﬂ)'eratures is expressed as'= ,u51+ aT. TheT-linear term

modulation(magnetic as opposed to electrostatihere is
also a good reason for the preference of magnetic over eles;_-i
trostatic modulation. Namely, use of magnetic modulation
has a distinct advantage that it allows us to change the mod

lation amplitude without affecting the density of the 2DEG. is attributed to acoustic phonon scattering with deforma-
This is a crucial point in conducting experiments because thﬁon potential coupling. For the present sample=
electron-electron interaction is anticipated to be sensitive t§ o 15-4 \/ g/n2 K whi(':h is in agreement with thosé re-

the electron density. o _ ported earlier for plain 2DEG samples with similar density
The inset of Fig. 5 shows the resistivity as a function of 5, mobility22°

the parallel magnetic fiel@ with B, =0. Two traces corre- The main panel of Fig. 6 shows the temperature depen-

spond top=0° and 90°, respectively. Note that the magneticdence of the excess resistivityp for B,=19.1 mT. The

field is aligned exactly parallel to the 2DEG plane, so thatexcess resistivity increases with at low temperatures,

there is no uniform field component normal to the 2DEG.reaches a maximum &~30 K, and decreases with at

For ¢=90°, the resistivity is found to be independent of thehigher temperatures. The low-temperature part of the excess

applied magnetic field except for a small peak in the lowresistivity is found to increase with increasing temperature.

field region where the magnetization reversal occurs. AShe main panel of Fig. 7 shows the excess resistivity plotted

mentioned earlier, the magnetic field modulation vanishesigainstT? for four different¢ settings. It is seen that foF

for this field orientation, so that the observed field- <10 K, the excess resistivity can be expressedAgs

independent resistivity can be taken as the reference value at

zero modulation amplitude. The origin of the small peak can s F ' ' ' "]
be interpreted as follows. During the magnetization reversal, 9=0°
small domains with different magnetization directions are .
formed and they produce a certain degree of magnetic field [

p(Q/0)

nonuniformity at the 2DEG plane that contributes to the car- 8 (p=3.0 T
rier scattering. Fop=0° at which the magnetic modulation I . ]
can be maximized, a resistance change by about 5% is ob- =45
served. The constant resistivity fBe>0.3 T gives the value 2F A
under the maximum magnetic field modulation, i.84 3 /
=19.1 mT as determined from the Weiss oscillation. We I ¢=60°]
define the excess resistivitp by the difference between 1k v
the values for the two field orientations, as indicated in the H,,v_v/"/'/'/'/
figure. i

The main panel of Fig. 5 shows thedependence of the
excess resistivityA p. As seen earlier in the inset of Fig. 2, oH : ' : . : : : .
- L . 0 50 100 150 200
the amplitude of magnetic field modulation changesBgs 2 (K3
«coS¢. Since the excess resistivity associated with the
modulation should be proportional to the square of the tran- F|G. 7. Excess resistivitp p plotted against? for four differ-
sition matrix eIementApocBgoc cogg is expected. The data ent values ofp, which set the magnetic modulation amplitude.




4880 KATO, ENDO, KATSUMOTO, AND IYE PRB 58

=AT?+C. It is stressed that the quantityp only picks up Another possible source of the deviation from fede-
the change induced by the application of the magnetic fielgpendence is the diminishing effectiveness of the imposed
modulation, while keeping the other parametersperiodicity at high temperatures. For example, if the mean

unchanged? free path becomes much shorter than the period, the effect of
The temperature dependence of resistivity can be summamposed periodicity should disappear altogether. However,
rized as follows. The total resistivity is written as as seen in the inset of Fig. 6, a significant decrease in the

mobility (and hence the mean free patnly occurs at high
m* m* B enough temperatures where the optical phonon scattering

= = — (7 ) ©®) |
p N7y, NE MM/ comes into play. The mean free path only changes from
otal

~3.1t0~2.2 um betweerlT=1.3 and 30 K. Therefore, the
Here 7~* represents the electron scattering processes unr@ecrease in the mean free path cannot explain the observed
lated to the magnetic modulation ang}y, those associated behavior ofAp(T).
with the magnetic modulation. A magnetic field modulation with amplitud®, is seen as
ForT<30 K, 7 1=55x10+58x10°T sec’. The a potential energy modulation with amplitutlg,=eav B,
first term represents the elastic scattering rate of the 2DE®y an electron at the Fermi lev&l.When the temperature
including additional scattering associated with the non-exceeddJ,, the thermal smearing will wash out the effect of
magnetic (strain-inducedl part of the effect of the striped the artificial periodicity. NumericallylJ,=1.8 meV atB,
gate. The second term represents the acoustic phonon scai19.1 mT for the present system, which is in a right order
tering as stated above with possible minor modification duef magnitude. We note, however, an experimental fact that
to the presence of the striped gate. cannot be readily understood in this line of reasoning. Ac-
The scattering rate,\_,l,\l,I in Eq. (6) represents the magnetic cording to this picture, the deviation from tfié dependence
part of the effect of the striped gate. This term is proportionakhould occur at a lower temperature for a smaBgr The
to BS, as shown in Fig. 5. FoF<10 K, it can be expressed data shown in Fig. 7 do not exhibit such behavior. Thus this
as ryy=AT?+C. The coefficient of theT? term is A= point remains as an unsolved problem to be explored in the
1.1x10" K ?sec? for the maximum magnetic modula- future.
tion amplitude By=19.1 mT, or A=3.0
X 10'B2 (mT) K2sec’. The constant term iC=1.0
x10° sec’! for Bo=19.1 mT. A similarT?-dependent ex- IV. SUMMARY
cess resistance is recently reported by Overendl?® for
their device with cobalt stripes.
The AT? term represents the electron-electron scatterin

We have demonstrated that the spatially modulated mag-
netic field can be imposed on a 2DEG at the
. . . St—:‘aAs/Aleal_XAs heterointerface in a controlled fashion.
that contnbut_es to momentum reIaxathn by I|ft|ng of the Independent control of the field components parallel and per-
translational invariance by the magnetic modulation. Thependicular to the 2DEG plane allowed us to fix the magne-
constant ternC represents additional elastic scattering asSO%iation of the striped ferromagnetic gate, while we measure
ciated with the imposed magnetic modulation. It would bethe low (or zerd magnetic field transport in the 2DEG. The
absent in an ideal case of perfect periodicity, but reflects the i des of the magnetic and electrostatic modulations can
deviation therefrom in a real sample. We note that the small, jotermined from the analysis of the Weiss oscillation.

-1 -1
value of 7yy as compared tor ~ warrants that the The 2DEG under a modulated magnetic field with zero

modulation-induced effect can be treated in a perturbatiogniform component is of particular interest in the context of
scheme. This should make a detailed comparison betwegRe combined effect of the electron-electron interaction and
theory and experiment quite feasible. TA& term is basi- aificial periodicity. Here the use of a magnetic field modu-
cally attributed to the electron-electron umklapp process ination in the place of an ordinary electrostatic modulation has
the presence of a periodic magnetic field. Considering thg gjstinct advantage in that the modulation amplitude can be
presence of the constant ter@, however, the electron- yaried without affecting the 2DEG density. The excess resis-
electron scattering term may contain not only the umklapRiyity associated with the imposed magnetic modulation is
process arising from the periodic magnetic modulation buty;nd to vary asAT?+C at low temperatures. Th&? de-
also some contribution attributable to accompanying disorpendence is a signature of the electron-electron scattering.
der. ) ) The present system offers an ideal ground for a quantitative
An important point to address next is how ti$ term  comparison between theory and experiment for this funda-
changes at higher temperatures. As seen in Figs. 6 and fental issue of solid state physics. We hope that the present

with increasing temperatutkp deviates from th@” depen-  \york may stimulate efforts on the theoretical side.
dence, takes a broad maximum arouind 30 K, and even-

tually decreases at higher temperatures. One possible source
of such behavior may be sought in the electron-electron scat-
tering itself. Since th@? term is the lowest-order term of the
electron-electron scattering, it is conceivable that the higher- The authors thank H. Fukuyama for valuable conversa-
order (T%) term becomes important at higher temperaturestions on the role of the electron-electron interaction in trans-
Unfortunately, to our knowledge, there exist no theoreticalport phenomena. This work was supported in part by a
models that can give a quantitative estimate of the higherGrant-in-Aid for Scientific Research from the Ministry of
order terms. Education, Science, Sports and Culture, Japan.
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