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We report magnetotransport measurements on high-mobility two-dimensional electron sy2BHA%s
confined in I 7:Ga »5As/Ing 75Al 9 25AS single quantum wells. Several quantum Hall states are observed in a
wide range of temperatures and electron densities, the latter controlled by a gate voltage down to values of
1x 10 cm 2. A tilted-field configuration is used to induce Landau level crossings and magnetic transitions
between quantum Hall states with different spin polarizations. A large filling factor dependent effective elec-
tronic g-factor is determined by the coincidence method and cyclotron resonance measurements. From these
measurements the change in exchange-correlation energy at the magnetic transition is deduced. These results
demonstrate the impact of many-body effects in tilted-field magnetotransport of high-mobility 2DESs confined
in Ing 76G8& 25AS/ INg 75Al g 25AS quantum wells. The large tunability of electron density and effeaiVector,
in addition, make this material system a promising candidate for the observation of a large variety of spin-
related phenomena.
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I. INTRODUCTION Landau levels with opposite spin polarizations. These cross-
ings can be induced in a tilted-field configuration since the
A number of spintronic applications would be experimen-ratio between the Zeeman eneidy,) and the cyclotron en-
tally accessible thanks to the availability of high-mobility ergy (Ec) increases at larger values of the tilt angle. For a
two-dimensional electron system@DES9 confined in large enough tilt angle this ratio reaches unity and a crossing
In,Ga,_,As layers withx=0.75. This stems from three dif- between Landau levels of neighboring orbital indices and
ferent factors. First, metallic contacts on, @& _,As with  opposite spins is expected. It was shown, however, that this
such high indium concentration are characterized by the abmagnetic transition occurs before the coincidence between
sence of a Schottky barrier at the interface. This naturallythe single-particle energy levels and is induced by exchange-
provides a highly transmissive junction paving the way to thecorrelation effect$:'° These transitions are triggered by the
observation of Andreev reflection phenomena inbehavior of the long wave-vector limit of the spin gépat
superconductor/2DES hybrid systems and their study in thencludes many-body contributionand therefore can be also
regime of the quantum Hall effet€ Second, the bare used to determine the exchange-enhanced electgsfaictor
g-factor is expected to be very large. For instance, the barég’).™ In the past, the experimental investigation of this class
g-factor measured by electron spin resonance was found af many-body-driven magnetic transitions was mainly car-
around -5 in Iy 58G& 4As (Ref. 3 while effectiveg-factors  ried out on high-mobility 2DESs confined in GaAs/AlGaAs
g" (renormalized by electron—electron interactipméth ab-  heterostructures. The exploitation of heterostructures based
solute values between 14 and 28 were recently suggestenh InGa _,As would allow one to investigate the influence
from magnetotransport dat& The large resulting Zeeman of both effective mass angtfactor. In addition, the presence
spin splitting under the application of weak magnetic fieldsof a large Rashba coupling could yield new coherent Landau
makes this semiconductor system a promising candidate fdevel configurations close to coincidence as predicted in
spin-valve mesoscopic devices working at relatively highRefs. 12 and 13. Recent tilted-field experiments performed
temperature& Third, the large Rashba coupling constant thaton 2DESs confined in InAs/InSb, however, showed no evi-
characterizes asymmetric,(Ba,_,As layerg can be used for dence of electron—electron interaction effects presumably
the control of spin-dependent transport and for the creationue to a combination of large electron densigbove 6
of spin-Hall currents:® For all of these investigations, the X 10 cm™) and relatively low mobility:
combination of high-mobility and relatively low electron Here we report the realization of 2DESs with mobilities
density is a crucial requirement as well as the gate-voltagevell above 18 cm?/V s confined in
control of the various parameters mentioned above. INg 76G&y 25AS/ Ing 75Al g ,5AS  single quantum wells. These
In addition, these systems can be of much interest for thelectron systems display clear quantum Hall states in a large
study of magnetic phenomena associated with the crossing odnge of temperatures and with electron densities down to
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8 =] duction band discontinuit}f The inset of Fig. 1 shows the
_T=4'2K 13 conduction band diagram and the charge distribution ob-
-1§ tained from a Poisson-Schrodinger simulatfoassuming a
6 g;g‘GHz 0s uniform distribution of deep levels with an activation energy
T of 0.12 eV. The latter was measured by photoinduced current
= | { Depth [nm] & transient spectroscopy as reported elsewHerEhe main
= 4l }\ a panel of Fi_g. 1 displays the Iongi'_[udinal resistarlft;((;-(solid
. - e curve, vertical left axisas a function of perpendicular mag-

netic field atT=4.2 K. The zero-resistance regions which are
well defined at even filling factors indicate the absence of
parallel conduction and are associated to a quantized Hall
resistance. From this data we extract a densityngf3.1
X 10" cm? with a mobility above u=2x10° cn¥/V s
(electron mean free path of the order of L#). Cyclotron
resonance is shown in Fig. otted curve, right vertical
axis) and manifests as a peak in the longitudinal resistance
FIG. 1. Longitudinal resistanci, (solid curve, vertical left ChangedR, after far-infrared radiation at 2.542 THz as a
axis) and resistance changiR, (dotted curvg after far-infrared ~ function of magnetic field. The absorption peak is observed
radiation at 2.542 THz as a function of magnetic fieldra.2 K. ~ atB=3.57 T which yields the effective mass of the conduc-
The inset shows the conduction-band diagram of the heterostructufion electrons equal tm =0.039+0.002m,, wherem is the
and charge distribution obtained from 1D Poisson-Schrédingef’€€ €lectron mass.
simulation assuming a uniform distribution of deep donor states in The impact of the largg-factor and low electron mass
the barriers. that distinguishes this system from 2DESs confined in GaAs
quantum wells is further shown in the temperature-dependent
magnetotransport data displayed in Figg)2The data dem-
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ne=1x 10" cm?, the latter controlled by a gate voltage. In _ _ _
this paper we also report the magnetotransport analysis in @'Strates, in particular, that the odd-integer quantum Hall
tilted magnetic-field configuration under magnetic fields upMinima atv=3 and 5 associated to the Landau level spin gap

to 23 T and at millikelvin temperatures. This analysis shows'€ observable dt=4.2 K (up toT~11 K for they=3 statg

crossing of spin-split Landau levels at several even-integeffdicating the presence of robust spin-polarization at rela-

filing factors. These results are used to determine thédlVely low magnetic fields. Animportant aspect for spintronic
exchange-enhanced “effective” electrogidactor. Values of _apphcatlons in this material system stems from the possibil-
g are carefully deduced from the coincidence method witHtY t© reach low electron density and to control the asymme-
electron mass determined by cyclotron resonance and thég/ of the confining potentiali.e., Rashba coupling as shown
are found to be-dependent. Measurements performed on 4" Ref. 19 still maintaining large values of the electron mo-
gated sample confirm this behavior for different densitiesPility- In this case several recently predicted spin-related phe-
The enhanced-factor decreases and saturates at high filling?®Mmena can be studied. These include the generation of an
factors in agreement with the reduction of the exchange erltrinsic spin-Hall currerftand the contrtl)l of its value for
ergy. From these data the change in the exchange-correlatig§nsities typically below,=(1-1.5 x 10" cm™. Such low
energy at the magnetic transition between Landau states wiffensities and their gate voltage control have never been ob-
opposite spins is also measured and is found to vary linearl§€rved in high-mobility 2DESs confined in InGaAs quantum

as a function of the perpendicular component of the magneti@e!ls with very large In concentration. Figuregopand Zc)
field. These results demonstrate the impact of electrondemonstrate the successful achievement of these desired

inProperties. The gate voltage control of the electron density is
obtained by the application of a voltage difference between a
top Ti/Au gate deposited onto a cross-linked PMMA thin
layer (thickness of the order of 50 nmand the substrate.

Il. GATE-VOLTAGE CONTROL OF ELECTRON DENSITY Fi_gure 2b), in particular, reports the longitudinal resifstivities

without any parallel conduction d=4.2 K as a function of

Samples analyzed in this work consist of an unintentionthe gate voltage while Fig.(2) displays the density, (left

ally doped 30-nm-wide I§,:Ga 5AS/Ing 757l 25AS quan-  axis) and mobility u (right axi§ as a function of gate voltage

tum well metamorphically grown by molecular beam epitaxyfor two different devices. A good control on the valuergf

on a(001) GaAs substrate. An JAl;_,As step graded buffer down to a value of X 10'* cm™ can be obtained despite the

with x ranging from 0.15 to 0.85 was inserted between theuniform distribution of doping states and without altering

substrate and the 2DES to achieve almost complete straiignificantly the electron mobility.

relaxation at the quantum-well region. In these nominally It must be noted, in addition, that the generated electric

undoped structures, a relatively low carrier concentratiorfield introduces an asymmetry in the confining potential thus

close to 3x 10 cmi™? can be achieved and this confirms that enhancing the value of the Rashba coupfing. this rela-

there exists an intrinsic source of free carr&3he origin tively low-density In ;<Ga, ,5As quantum well only a limited

of the doping is, however, still unclear. Preliminary resultsnumber of Shubnikov-de Haas oscillations are detected at

indicate the role of deep-level donor states lying in the contelatively low magnetic fields which inhibits the conven-

electron interactions on magnetic transitions
Ing 76G&y 25AS/INg 76Al g ,5AS quantum wells.
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tional determination of the Rashba coupling constant of the
heterostructure. Previous studies, in fact, were conducted on
samples having densities approaching< 10*? cm™ or
above!'>18|t can be noted in Fig. ®), however, that an
anomalous behavior characterizes the longitudinal resistance
close to filling factorv=4. Ther=4 minimum, in fact, tends

to disappear at positive nonzero values of the gate voltage
and this might be interpreted as a precursor of the beating
pattern associated to the enhancement of the Rashba cou-
pling for a large quantum well asymmetry generated by the
gate voltagé®>'® The analysis of the transverse resistance
(data not shownalso strongly suggests a significant Rashba

R, [kQ]

coupling consistent with the theoretical prediction of Ref. 19.
- e o {6 3
- { o4l Kl ZF
g % L 2N . lIl. ENHANCED g-FACTOR AND MAGNETIC
= = % o° 1" 5 TRANSITIONS IN TILTED FIELDS
.
o . 04V gg L ;d) AAAA gn
08V 3 & _A_ Aoa 12 E Having demonstrated good magnetotransport properties
- R4 and their gate-voltage control we now turn to the study of the
S VY [ 1 1 1 1 1

evolution of the magnetotransport in a tilted-field configura-
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FIG. 2. (a) Longitudinal resistanc®, vs magnetic fieldB as a

function of temperature. Data correspond to sample with electro

densityns=3.1x 10 cm™2 and mobility . =2.1X 10° cn?/V s. (b)
Ry« vs magnetic field for different values of the gate voltagg.at
T=360 mK. (c) Gate voltage dependence of electron dendjft
vertical axig and mobility (right vertical axig for two different
samples aT =360 mK. The sketch of the sample with gate is shownmeasured on a Hall bar via a lock-in setup with a low ac
in the upper part of the panel.

tion at ultralow temperatures. As shown below these data
allow one to determine the effectiv@xchange-enhancged
g-factor and to identify the impact of many-body effects on
ﬁhe magnetic transitions induced by the tilted field. For these
measurements the sample was mounted on a rotation probe
and placed in the mixing chamber of a dilution fridge. The
maximum available magnetic field is 23 T and the bath tem-

perature is 30 mK. The longitudinal and Hall resistances are

current(1=20 nA, f=17 H2). Figure 3a) shows a waterfall

v=6

(b)
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FIG. 3. (a) Perpendicular magnetic field dependence of the longitudinal resistance for different tilt angless latter were accurately
obtained from the Hall voltage. The carrier densitys 3.1x 10 cm2. The curves are shifted for clarity; the inset shows a sketch of the
tilted-field geometry(b) Perpendicular magnetic field position of tRg, peaks vs 1/cd#). The thin lines are guides for the eye; the arrows

indicate the angles#=79.68°, 80.89°, and 81.6¥at which the first coincidence of Landau levels occurs at even-integer filling factors
(v=4,6, and 8respectively.
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FIG. 4. Perpendicular magnetic field position of g peaks as 4t ? ol &
a function of 1/co&d) for a Iny 7:Gay 25As/ Ing 767l o 25AS quantum 2 0 o
well with a density ofng=3.7Xx 10" cm 2 and a mobility of u 3 —

=7.5X 10* cn?/V s. The graphsgfrom left to right) have been ob-
tained at three different gate voltage¥,=-0.5V (ns=2.55

X 10" em?), 0 V, and +0.5 V(ng=4.9% 101% cm?), respectively.
Here data are presented for filling factors
v=4 (up triangle$, 6 (squarey 8 (disk9, 10 (diamond$, and 12
(down triangles The thin lines are guides for the eye.

FIG. 5. Enhanced electronic g-factor [defined as
2m, cog6,)/m'] as a function of perpendicular magnetic field for
both samples presented in FighB(solid squaresand Fig. 4(open
symbolg. The latter provides three sets of values obtained at differ-
ent gate voltagesVy,=-0.5V (open circley Vy=0V (open
squarey andVy=+0.5 V (open triangles The dashed line shows a
graph of the longitudinal resistan&, as a function of the linear dependence af vsB, with a zero .fiel_d value equal to 55
perpendicular magnetic field for different tilt anglégsee- Nset: energy differencew.—~gougB at coincidence, as a function
inset of Fig. 3a)] at T=30 mK. At such low temperatures ° B..

and at¢=0° several dissipationless QH regions at both eversecond sample allows one to vary the electron density. Figure
and odd filling factors are clearly seen from 1 (not shown 4 shows the perpendicular magnetic field position of e

up to the filling factorr=12. As the tilt angle increases, the peaks as a function of the inverse cosine of the tilt angle for
width of these zero-resistance regions decreases for evethree different gate voltages. The densitisobilities) are
integer filling factors(v=4,6,8,10, and 12and increases 2.55(5.2) and 4.9(10) at Vy=-0.5V andV,=+0.5V, re-

for odd-integer filling factor§»=3,5, and J. This behavior  spectively, in units of 18 cm™ and nf/V s. In all these

is in agreement with the evolution of the respective energyonfigurations the magnetic transitions between Landau lev-
gaps in the density of states as a functiorddinked to the  els with opposite spins occur at different tilt angles for dif-
increase of the rati&,/Ec. For angles larger than 81°, how- ferent even filling factors thus confirming the impact of the
ever, the inverse dependence takes place, i.e., the even fillimgany-body corrections in the material system here of inter-
factor gaps become larger and those at odd fillings are reest.

duced. For intermediate tilt angles, the zero-resistance region The observed coincidence angles yield values for the en-
corresponding to odd-integer filling factof$=5,7) satu- hancedg-factors plotted in Fig. 5 as a function of the per-
rates to its maximum width while th&,, minima of the pendicular component of the magnetic fighl. The en-
even-integer filling factors disappear and are replaced bjancedg-factor decreases for lower perpendicular magnetic
maxima. This behavior signals the transition between QHield (or higher filling factor$ and lower mobilities. Having
phases with different spin polarizations and can be used tm mind that the long wave-vector limit of the spin géagl-
determineg’. evant in magnetotranspgris the sum of the bare Zeeman

Figure 3b) displays the perpendicular magnetic field po-energy gougB and the exchange energy proportional to
sition of theR,, peaks of the Shubnikov-de Haas oscillations€?/4me{g, it is tempting to describe the behavior gif(B )
as a function of the inverse cosine of the tilt angleThese by a\B, dependence. However, effects associated to mixing
peak positions were estimated from the derivative curvesf Landau levels, disorder, finite-layer thickness, and Cou-
dR,/dB. Coincidences between spin-split Landau levels, iniomb correlation among electrons could play a role espe-
dicated by arrows, occur at different values of 1/@s cially in the limit of low density. The behavior shown in Fig.
(5.58, 6.32, and 6.9Zor different even-integer filling factors 5 in fact, shows a linear rather than a square root dependence
(v=4, 6, and 8, respectivelyUsing these coincidence angles on B,. Additionally, the data enlighten the fact that the
and the measured effective mass, we can determine thmany-body contribution is enhanced when the mobility in-
exchange-enhancegifactor |g'|=2m, cog 6,)/m".*1 We ob-  creases and becomes negligible at high filling factors when
tain |g'|=9.2,8.1, and 7.7 fow=4, 6, and 8, respectively. the enhanced-factor saturates to the bagefactorg,, which
The reduction oflg’| for larger filling factors was already is estimated of the order of 5@ absolute valug We note
reported in other material systems and is interpreted as dubat the estimated value @f is small compared to the the-
to the reduction of electron—electron interaction efféts.  oretical one of bulk 1§.:Ga, ,sAs equal to|gy|=8.9. How-

A similar tilted-field experiment was performed on a sec-ever, several recent papers also reportethctor values
ond Iny 76G& »5AS/ Ing 76Al g o6AS quantum well with a den- strongly reduced compared to the theoretical ones. For in-
sity of ng=3.7x10"cm? and a mobility of x  stance, barg-factors of -13, =8.7, or —6 have been reported
=7.5n?/V s measured aT=1.4 K. A gate on top of this in InAs quantum well¥"2122which are far from the bulk
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value of around —-15. It must be stressed that in the presembust be stressed that at the coincidence angle the magnetore-
experiments the orbital effect of the in-plane field becomesistanceR,, exhibits no spikes and no hysteresis at any filling
important at large tilt angles and may contribute to the refactor. These effects which were reported in a number of
duction ofg’. It is well known, in fact, that the measurement material systems are associated to the formation of magnetic
of the electronic enhanceagifactor, and consequently of_the domains?27.28As proposed in Ref. 29, the absence of resis-
bare g-factor, from magnetotransport measurements is nofance spikes as well as detectable hysteresis can be explained
straightforward as it depends on the polarization of the syspy the presence of small and dilute magnetic domains at the
tem, in other words on the position of the Fermi energy inyansition, which in our case could be associated to fluctua-

the density of state¥. tions at short-length scale of the In content in the quantum
Now, with the value of the barg-factor of |gy|=5.5, it is well. g d

possible to compute the energy differenckeB,/m

—gougB | /cog6,), for all the tilt anglesd, at which the tran-

sition is observed. This is performed for all filling factors and I[V. CONCLUSION

all gate voltages. In the single-electron picture, this differ- i

ence should be equal to zero, as the first transition between !N conclusion, we have reported the magnetotransport
neighboring Landau levels occurs when the cyclotron an@nalysis — of ~ a ~ 2DES  confined in  a
Zeeman energies are equal. Due to electron—electron interallo.7538 25AS/ INg 757l 25As quantum well. Several quantum
tions this energy difference is finite as shown in the inset of1all states were observed and the effectiydactor was
Fig. 5 as a function of the perpendicular magnetic field.measured in a tilted-field configuration. The bayéactor
These values represent the gain in the exchange-correlatiovas estimated of the order ¢do|=5, while the impact of
energy as the system jumps from spin unpolarized to a pag€lectron—electron interactions was shown to play a major
tially spin-polarized configuration. The values obtained arerole at low filling factors. We have demonstrated that elec-
significantly large and comparable or even larger to valuegon densities down to #cm™ can be achieved in nomi-
obtained in GaAs- and AlAs-based systeth&We see that nally undoped structures by applying a gate voltage. The
the data points, including those obtained at different gatéarge measured electron mobilities at these relatively low
voltages(different densitie suggest a linear dependence vsdensities make this electron system a promising candidate
B, similar to what was reported in Ref. 25 and discussed irffor those spintronics applications that would require high
Ref. 26. From these data we conclude that, even for InGaAg-factors and gate-voltage control of the electron density. In
based systems with large In concentration, the electronaddition, this system might be of potentially high interest for
electron interaction term plays a dominant role in determinthe investigation of the spin-orbit coupling and its impact on
ing the magnetic transitions at low filling factors, unlike the magnetic transition of quantum Hall ferromagnetic states.
previous studies on InAs systems characterized by larger
electron densitie¥!

Therefore it will be worth identifying the nature of the
transitions in these systems. It is well known that electron— The authors are grateful to T. Jungwirth for helpful dis-
electron interactions can give rise to a first-order phase trarcussions and for Hartree-Fock calculations. This work was
sition associated to a nonvanishing gap controlled by theupported in part by the Ministry of University and Research
exchange terr\.It was also suggested that the Rashba cou¢MIUR) under the FIRB “Nanotechnologies and nanodevices
pling could lead to a repulsion of the Landau levels at crossfor the information society” and COFIN programs and by the
ing through the mixing of the two spin stat&s'3Additional  European Research and Training Network COLLECT
experiments are required to address these issues. Finally(roject No. HPRN-CT-2002-00291
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