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Oscillatory Hall effect in high-mobility two-dimensional electron gases
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We report an unexpected anomaly in the zero-field Hall coefficient of two-dimensional electron systems in
high-mobility GaAs/AlGaAs heterostructures. Our device layout allows the investigation of mesoscopic sys-
tems with variable Fermi energy as well as with tunable Hall probes. At very low temperature, both positive
and negative deviations from the noninteracting Hall coefficient y% are observed, which can be twice as large
as y% itself. A distinct regularity in the deviations and their temperature dependence are interpreted as the
spontaneous formation of localized spins and their indirect exchange interaction.
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The possibility of spontaneous spin polarization (SSP) in
low-dimensional electron systems is widely discussed for ex-
periments with low Fermi energies and at low temperature.
SSP has been claimed, for example, in open quantum dots,!
in carbon nanotubes,? in quantum point contacts,’ and in me-
soscopic two-dimensional electron systems (2DES) in GaAs/
AlGaAs heterostructures.*> However, despite much work,
both nature and origin of the exchange interaction that drives
the spin polarization remains widely debated. Two mecha-
nisms are generally cited in literature: many-body exchange
arising from Coulomb interaction at low carrier densities,*™?
and the possibility of a Kondo effect by virtual bound states
or by localized spins in confined mesoscopic systems.'%1
For the latter case it was suggested that a many-body spin
polarization arises from an indirect Ruderman-Kittel-
Kasuya-Yosida (RKKY) exchange,? which can be tuned with
gate voltage in an oscillatory manner. To resolve the uncer-
tainty in the subject, one needs to investigate the nature of
spin polarization in these systems themselves, which can
then be associated with the respective exchange interaction.
The experimental study discussed in this Rapid Communica-
tion addresses this issue.

Most early experimental reports on SSP are based on
equilibrium® or nonequilibrium transport spectroscopy in 1D
or 2D,* which act only as an indirect probe of spin effects.
Susceptibility measurements with tilted-field Shubnikov—de
Haas oscillations!? or direct measurements of the magnetiza-
tion with a modulated magnetic field'* also indicate non-
trivial spin dynamics at low densities, but the situation re-
mains unclear as the data have been interpreted both as the
many-body Bloch-Stoner ferromagnetic instability, and as
the formation of interacting or noninteracting localized
moments. 4

An alternative tool to investigate spin phenomena is the
measurement of the zero-field Hall coefficient. In the pres-
ence of localized spins, electron scattering is spin selective
and leads to an anomalous contribution to the Hall voltage.
For years, this has been demonstrated in numerous systems,
for example, in Kondo lattice compounds' or in magnetic
semiconductors.'®!7 In nonmagnetic 2DES, Hall measure-
ments focused mostly on the physics of the quantum Hall
effect, or on electron-electron interactions in macroscopic
devices.'® However, the sensitivity of these techniques to lo-
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calized spins remain unexploited so far, although it might be
crucial for the understanding of the origins of SSP. We report
here results from a systematic study of the quasi-zero-field
Hall coefficient (yy) within mesoscopic regions of high-
mobility nonmagnetic 2DES embedded in GaAs/AlGaAs
heterostructures. At temperatures 7=0.8 K, the 7-depen-
dence of 7 indicates a Curie-type dc susceptibility (<1/7),
while at low T (<0.3 K) strong deviations from the nonin-
teracting Hall coefficient yOH lead to an oscillating yy as the
Fermi energy Ef is varied. These results are interpreted as
the formation of localized spins within the 2DES and a SSP
arising from RKKY-type indirect exchange interaction.

The measurement of 7y is carried out in mesoscopic sili-
con modulation-doped GaAs/AlGaAs-based high electron
mobility transistors (HEMT) with an as-grown mobility of
3X10° cm?/Vs and an 80 nm-thick spacer layer. For de-
tailed material properties we refer to earlier investigations.*>
A purely electrostatic method for Hall measurements at me-
soscopic length scales is adopted, consisting of two split-
gated Hall probes on two sides of a 4X4 um? or 5
X5 um? full gate [see Fig. 1(a)]. The coupling of the Hall
probes to the central region is tunable with split-gate volt-
ages VgPCl and VgPC2. During operation, both VgPC] and
ng€2 are driven to a negative voltage such that the central
mesoscopic region is connected to the Hall probes through
quasi-1D channels. Both channels operate in the ballistic re-
gime with two-probe conductance ~6—10¢?/h at vg"m
—0.8 V, thereby reducing the scattering of electrons within
the Hall probes themselves.

The charge density n,p and the Fermi energy Ef in the
central area (the active region of the device) are tuned by the
voltage VEC. The longitudinal linear conductivity (o) of the
HEMT at 75 mK is shown in Fig. 1(b) for the full range of
VgG. The shaded region indicates the gate voltages where the
T-dependence of the Hall effect is measured and corresponds
to n,p=3-5.5x 10" m=2. High o,, shows that the HEMT
operates far away from the strongly localized regime. The
Hall resistance p,, of a device is shown in Fig. I(c) as a
function of B, for various Eg. To avoid any contribution
from possible Hall probe misalignment, only the odd com-
ponent of the Hall resistance % (Pxy(B 1) =pyy(=B 1))
is considered for the evaluation of yH=%(pxy(B )
—py(~B))/B " Furthermore, the slope of the Hall resis-
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FIG. 1. (Color online) Mesoscopic Hall device: (a) Scanning
electron microscopy image of a device with electrical setup. Nega-
tive VgPCI and Vgpcz confine a 4—5 um wide mesa. VSG varies the
Fermi energy in the central region. (b) o, as a function of VEG. The
gray region indicates the voltage range investigated in the measure-
ments. (¢) Asymmetric Hall resistance up to 5 mT at several Fermi
energies. (d) The resulting vy and the theoretical Hall coefficient 7%
shown as dashed green/gray line. The colored (grayscale) dots cor-
respond to the colored (grayscale) lines in Fig. 1(c).

tance is only analyzed in the low-field regime between
+5 mT. An example of vy is shown in Fig. 1(d). The Hall
voltage at such low fields is only a few tens of nanovolts, but
this field range prevents influence from commensurability
effects and quantum interference.’ Furthermore, at such low
magnetic fields the Landau level spacing is much smaller
than the base temperature, making quantum Hall physics ir-
relevant for this experiment.

The key observation is that yy develops regular oscilla-
tions at low temperatures over a wide range of VEG. An in-
crease in n,p, the field range to calculate yy, or application
of source-drain bias Vg decreases the amplitude of the
oscillations.”’ The amplitude of these oscillations also de-
creases with increasing T (see Fig. 2). Above T~ 1000 mK
no oscillations are observed and the measured vy is consis-
tent with the expected noninteracting value y%:—l/ nyple|
(the orange/gray dashed line in Fig. 2). The sensitivity of the
oscillations is also illustrated in the inset where 7y is shown
over the entire range of VEG: The blue/dark gray squares are
recorded at very high n,p at 75 mK with a 50 mT range and
the red/gray dots are recorded in the active region of n,p at
T=1.7 K with a 5 mT range; both agree well with yg.

First we focus on the overall features in the 7-dependence
of yy. Both the minima (M1, M2, etc. in Fig. 2) and the
maxima (P1, P2, etc. in Fig. 2) indicate a T-dependent
anomalous Hall effect (AHE), as shown in Fig. 3(a)
(M points) and Fig. 4(a) (P points). Two regimes shall be
emphasized: (1) For T=0.8 K and for all gate voltages, yy
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FIG. 2. (Color online) Hall coefficient at different temperatures:
Asymmetric zero-field yy (range 5 mT) over VgG and 2kpR shows
periodic fluctuations that vanish with increasing T (orange/gray
dashed line corresponds to 'yg). Inset: yy over VgG and n,p. The
blue/dark gray squares were recorded at 7=75 mK with 50 mT
range and the red/gray dots were recorded at 7=1.7 K in the active
region of n,p (gray box) with 5 mT range. Both sets of data com-
bine to a smooth function of n,p over the full range.

decreases (becomes more negative than 7(})1) as T is de-
creased. There is no oscillation in 7y as a function of VEG in
this regime. (2) For T<0.3 K, the T-dependence of yy at M
and P points is the complete opposite [see Figs. 3(a) and
4(a)], resulting in the oscillation of g as a function of n,p, at
low T. The opposite signs of the anomalous Hall contribu-
tions contradict an explanation based on the freezing of car-
riers. Moreover, the regularity and the amplitude (which can
be >e?/h) of the oscillation rules out mesoscopic fluctuation
effects arising from quantum interference of backscattered
electrons.”! A correction of vy arising from Coulomb inter-
action is contradicted by the oscillatory behavior and the
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FIG. 3. (Color online) (a) The temperature dependence of M
points is monotonic. The solid lines are a guide to the eyes. (b)
T-dependence of p,./(yy— ) shows three distinct regimes over 7.
(c) Nonequilibrium transport spectroscopy shows three distinct 7
regimes as well.
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FIG. 4. (Color online) (a) The temperature dependence of P
points is nonmonotonic. The upturn exceeds the noninteracting
high-T value (see also Fig. 2). (b) An enlargement of the Fermi
surface can lead to a change in sign in the effective mass and thus
the nature of the quasiparticles. (c) Nonequilibrium transport spec-
troscopy shows a resonance in d//dV at Ep, recorded at a P point.

small interaction parameter r,=~3 for the operating n,p.

However, in the presence of localized spins, a spin-
dependent scattering of conduction electrons may lead to the
AHE. In general, the Hall coefficient with anomalous contri-
bution is a sum of two components:'*** yy=p,(B,)/B
= 7H+RS)( with the dc susceptibility y. Both sign and mag-
nitude of the parameter Rg=A/ uop,+B/ ,U,Opm depend on the
spin scattering mechanism, either skew scattering (<p,,) or
side-jump processes (OCpfx), with numerical factors A and B
and the vacuum permeability w,. In the presence of repulsive
scatterers, both processes lead to negative corrections to p,,
at low T.'° Here, the contribution from side-jump processes
is neglected, as these were shown to be weak compared to
skew scattering in GaAs systems:?

A
=+ 2y (1)
Mo
Hence the magnetic nature of the system can be extracted by
plotting x™' o p../ Ayy=p./ (yu— ) as a function of 7.

To investigate whether a model based on localized spins
yields a quantitative understanding of the observations, we
have measured yy around M points at closely spaced tem-
peratures, and converted it to p,./Ayy (<x7!). In Fig. 3(b)
we find: (1) When T=0.8 K, the solid green/gray line indi-
cates p,./AvyyxT, which resembles the Curie susceptibility
of independent spins in a paramagnetic system. This will
henceforth be referred to as the free spin regime. (2) For
0.3 K=T=0.8 K, p,/Ayy deviates from the green/gray
line and saturates at a finite value. This can be understood as
Kondo screening of localized spins where the conduction
electrons form a singlet with the localized spins, leading to
the T-independent Pauli susceptibility. The Kondo tempera-
ture Tg, which is estimated independently from transport
measurements to =~300-500 mK,>'0 fits well to the ob-
served behavior of x~'. (3) At lower T (<300 mK), the
dashed green/gray line indicates p,,/Ayy o (T+T,), implying
a modified Curie-Weiss law that may arise from short-range
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coupling of neighboring spins.!® The sign of the parameter
T, indicates the dominant mode of coupling and is positive
for antiferromagnetic coupling and negative for ferromag-
netic coupling. In our HEMT, the limitations on the tempera-
ture range and the accuracy of the Hall voltage measurement
prevent an unambiguous determination of 7, at every M
point. T, varies for M points but is predominantly positive
(1" =280+ 150 mK, 73?~350=150 mK, and T)°
~280=* 150 mK).

To connect the AHE at an M point to the low-energy
density of states (DOS), the differential conductance dI/dV
is analyzed over the same temperature range.’ In the free
spin regime, the localized spins act only as additional scat-
tering mechanism for conduction electrons and hence do not
affect the DOS [blue/dark gray trace of Fig. 3(c)]. In the
Kondo-screened regime, the antiferromagnetic coupling of
conduction electrons to individual localized spins adds one
virtual resonant state at each localized spin, enhancing the
DOS at Eg. The corresponding zero-bias peak in df/dV [red/
gray trace of Fig. 3(c)] shows characteristic features of the
Kondo effect.’> Below ~300 mK the short-range interaction
between the spins dominates and suppresses the Kondo ef-
fect for e|Vgp| <kgT,, resulting in a double peaked DOS
resonance [black trace of Fig. 3(c)]. The existence of RKKY
indirect spin interaction is confirmed by an independent
evaluation of the interspin distance R (=1.1 um) from mag-
netotransport measurements:> The RKKY interaction energy
oscillates in 2D over the Fermi wave vector kp as |J(kg)|
o« |cos(2kgR)|/ (kgR)?, leading to a periodicity of 7 over 2kgR
as observed in the separation between successive P points
and M points (see upper x axis of Fig. 2).

The m-periodicity of the oscillations implies that |J| is
nearly zero at P points, enabling the Kondo effect to persist
down to lowest 7. The resulting single resonance in the DOS
at Ep is shown in Fig. 4(c). A possible mechanism for the
upturn in 7y at these points may involve the Kondo screen-
ing cloud of dimension A= (fvg)/ (kgTk),2* around each lo-
calized spin, where vy is the Fermi velocity. When the
screening clouds of neighboring localized spins overlap, the
conduction electrons can be scattered resonantly at the sites
of the localized spins.?>® In such a scenario, a many-body
phase with enlarged Fermi surface is formed [see schematic
of Fig. 4(b)], quenching quasiparticle scattering and sup-
pressing a part of the Hall voltage.'> The upturn in 7y is then
expected below a coherence temperature, that can be <Tk,
depending on the number of spins and screening
electrons.’-28 The plausibility of this scenario is supported
by the similarity of the interspin separation R and Ag
~1 um for n,p=3x10"% m™2 and Tx~500 mK. The ob-
servations thus indicate that coherent scattering might set in,
but only an experiment at far lower temperature will be able
to verify this scenario, by investigating whether yy changes
its sign.

In summary, we have measured the zero-field Hall coef-
ficient yy in mesoscopic 2DES and report unanticipated os-
cillations of y over Ep at low temperature. The periodicity
and temperature dependence of the oscillations confirm ex-
perimentally the existence of localized spins and their mutual
interaction in GaAs/AlGaAs-based mesoscopic systems. As
most low-dimensional systems are based on 2D electrons as
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a host, these results from mesoscopic systems could also
shed new light on low-temperature transport properties and
spontaneous spin polarization in nanoscopic systems, like
quantum wires or dots.
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