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Resistance Spikes at Transitions
Between Quantum Hall
Ferromagnets

E. P. De Poortere,* E. Tutuc, S. J. Papadakis, M. Shayegan

We report a manifestation of first-order magnetic transitions in two-dimen-
sional electron systems. This phenomenon occurs in aluminum arsenide quan-
tum wells with sufficiently low carrier densities and appears as a set of hys-
teretic spikes in the resistance of a sample placed in crossed parallel and
perpendicular magnetic fields, each spike occurring at the transition between
states with different partial magnetizations. Our experiments thus indicate that
the presence of magnetic domains at the transition starkly increases dissipation,
an effect also suspected in other ferromagnetic materials. Analysis of the
positions of the transition spikes allows us to deduce the change in exchange-
correlation energy across the magnetic transition, which in turn will help
improve our understanding of metallic ferromagnetism.

Ferromagnetism in metallic systems, also
known as itinerant electron ferromagnetism,
has thus far revealed few of its secrets to
scientists. In one of its well-known occur-
rences, in transition elements Fe, Co, and Ni,
metallic ferromagnetism is believed to stem
from a partially filled 3d band of electrons
with unbalanced spin populations, although
the properties of their magnetic moments at
nonzero temperature are still unclear (/) de-
spite some recent theoretical progress (2). In
dilute electron gases, the appearance of spon-
taneous magnetization at sufficiently low
densities, as evidenced by recent experiments
in doped hexaborides (3), is also subject to
debate, with the critical density at the ferro-
magnetic to paramagnetic transition still un-
certain (4). One difficulty in modeling these
materials lies in their complexity, because
itinerant charged carriers in these systems are
subject not only to electron-electron interac-
tions but also to atomic potentials resulting in
an intricate density of states or to local mo-
ments of other atoms in the material.
Two-dimensional (2D) electron systems
in modulation-doped semiconductor hetero-
structures, on the other hand, provide an ideal
system for the study of itinerant electron
ferromagnetism, as interactions with their
host material are almost entirely contained in
the effective mass (m*) and effective g factor
(g*) of electrons. Given these two renormal-
izations, carriers in these structures behave as
a nearly free electron gas. In a perpendicular
magnetic field (B,), 2D electrons condense
into a ladder of energy levels, called Landau
levels, which are separated by the cyclotron
energy fiw,, where % is Planck’s constant
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divided by 27 and w, is the cyclotron fre-
quency, eB,/m*. The total magnetic field
(B,oy) also couples to the electron spin and
leads to an additional (Zeeman) energy =
1/21g* 1B, (Where pz is the Bohr magneton,
eh/2m,, and m, is the bare electron mass),
which splits each Landau level into two sep-
arate levels. The number of occupied spin-
split Landau levels at a given field is called
the filling factor, v. This discrete level struc-
ture gives rise to the quantum Hall (QH)
effect, the vanishing of longitudinal resis-
tance (R,,) and the quantization of the Hall
resistance, which occurs when an integral

number of Landau levels are occupied. In the
setup we use for our experiments (inset of
Fig. 1B), where the sample is tilted at angle 6
with respect to the magnetic field, both Zee-
man and cyclotron energies can be tuned
independently.

Figure 1A depicts the evolution of elec-
tronic levels in a constant B, , as B, (or 0) is
increased: The Zeeman splitting increases
with B,,, so that in an independent-electron
picture, energies cross or come into “coinci-
dence” for particular values of 8. On either
side of these coincidences, the magnetization
of the electron system thus takes on distinct
values, corresponding to QH ferromagnets
(or “Ising” states) of various strengths. Figure
1B highlights our main finding, namely that
the transitions between these ferromagnets
provoke sharp peaks in the magnetoresis-
tance. These new peaks, marked with arrows,
are distinct from the usual maxima between
QH minima and are visible here near v = 3,
5, and 7. Moreover, as we show later in this
report, the magnitude of the spikes at low
temperatures depends strongly on magnetic
field sweep direction, a clear indication that
the peaks occur at the magnetic phase transi-
tion. In addition, we are able to record these
peaks for a broad range of filling factors and
carrier densities. This allows us to establish a
simple model for the field at which the tran-
sitions take place and, with this model, to
obtain the exchange-correlation energy gained
by the system as it makes the transition.

Our results can be compared with tilt ex-
periments performed in various 2D systems
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Fig. 1. (A) Diagram of the Landau energy levels in a 2D electron gas, showing the spin-up and
spin-down levels intersecting as parallel field (or angle 6) is increased. Indices (v,{) label each
crossing, where v maps to the filling factor of the nearest magnetoresistance minimum and [ is the
number of fully polarized filled levels at the (v,{) coincidence. (B) Longitudinal magnetoresistance
(R) of the 2D electron gas in our AlAs quantum well at 6 = 38° and at T ~ 300 mK, showing

resistance spikes near filling factors 3, 5, and 7.
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(5-8). These previous measurements either
show the expected disappearance of the QH
resistance minimum at coincidence, corre-
sponding to the vanishing of the gap between
Landau levels, or, as in (6, 7), reveal the
persistence of the R minimum at coinci-
dence, indicating a more subtle anticrossing
of the Landau levels at the Ising transition.
Our experiment, on the other hand, displays
detailed structure within the QH minimum:
The latter remains strong over most of its
range, except in a small field interval where
the resistance rises sharply. Fractional QH
states can also undergo a spin-related phase
transition (9—12), which appears to share
common traits with the integer QH transition.
A theoretical investigation of magnetism and
magnetic transitions in the integer QH regime
has been addressed in (/3), motivated in part
by experiments on pseudospin Ising transi-
tions in wide GaAs quantum wells (the
pseudospin of an electron refers to its layer or
subband index) (8, 14).

The 2D electron gas we study resides in
the conduction band of a 150 A wide AlAs
quantum well, bordered by Al ,,Ga, ¢ As
barriers and modulation-doped with a front
layer of Si. Our structures were grown by
molecular-beam epitaxy over GaAs sub-
strates oriented along various crystal lattice
planes, and the data we present are from a
sample grown on a (411)B-oriented substrate.
We performed magnetotransport measure-
ments in pumped 3He and dilution refrigera-
tors with magnetic fields up to 18 T. Through
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a combination of sample illumination and
back-gate biasing, we were able to vary the
carrier density (n) from 1.6 X 10! to 5.2 X
10'! cm™2,

Our choice of AlAs as a host material for
2D electrons stems from the magnitude of
their effective mass (/5) and of their g factor,
both of which are substantially larger than in
GaAs. The larger mass in AlAs makes carri-
ers more dilute and therefore more sensitive
to many-body effects; the larger g factor,
equal to 1.9 (/6), implies that the Zeeman
and cyclotron energies become comparable
for a wide range of experimental conditions.
Moreover, our samples have electron mobil-
ities as high as 20 m?/ Vs forn = 5 X 10!
cm™2 and exhibit fractional QH states up to
third-order fractions, indicating that many-
body effects dominate the energetics of our
2D electron system at low temperatures.

We studied the behavior of the anomalous
peaks while changing various parameters: tilt
angle, temperature, field sweep direction, and
sample density. Figure 2, A and B, shows the
evolution of magnetoresistance as we change
the tilt angle of our sample (here n = 2.5 X
10" cm™2). At three angles, 37.8°, 58.7°,
and 67.0°, additional peaks appear within the
QH minima. At = 37.8° and § = 67.0°,
peaks are seen near odd fillings v = 5, 7, and
9, and for § = 58.7° they occur near even
fillings v = 4, 6, and 8. Moreover, as we
increase 6 around these special angles (Fig.
2B), we see the peaks travel from low fields
to high fields. This allows us to rule out an
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Fig. 2. (A) Magnetoresistance of the 2D electron gas at n = 2.5 X 10"" cm™2 for various tilt angles

at T = 30 mK. New peaks are seen nearv = 5, 7,

and 9 for 6 = 37.8°and 6 = 67.0° and near v =

4,6, and 8 for § = 58.7°. R traces are shifted vertically for clarity. Baselines (R, = 0) are marked
by the right tick marks, which indicate the corresponding tilt angle. (B) Movement of the peaks
from higher to lower filling as tilt angle increases. (C) Hysteresis and temperature dependence of
the magnetoresistance peak near v = 3, at a tilt angle = 37.8°. No hysteresis is seen at 430 mK,
whereas at lower temperatures the peak becomes increasingly hysteretic. At 30 mK, the peak has
all but vanished in the downward sweep, whereas it is still observable (in an enlarged trace) in the

upward sweep.
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inhomogeneous density in the sample as a
possible explanation for the peaks, because
inhomogeneities would not depend on the
parallel field.

Evidence that the anomalous peaks corre-
spond to a phase transition is displayed in
Fig. 2C: Tuning the 2D electrons to the state
where a peak is seen near v = 3, we observe
magnetic hysteresis at the precise location of
the anomalous peak. At high temperatures
(T = 430 mK), hysteresis is absent, whereas
for T < 330 mK, upward and downward
sweeps diverge increasingly as temperature is
lowered. For T' < 65 mK, the downsweep peak
cannot be discerned, and likewise at 7 = 30
mK, the upsweep peak has nearly vanished.

We now show that the positions of the
peaks in (B , B,,) phase space also lend
themselves to a simple interpretation in terms
of a phase boundary between ferromagnetic
states. We note that, as 6 increases, peaks
appear alternatively within odd and even QH
states. Following a standard argument used in
(5), we can thus put the peaks in a one-to-one
correspondence with the level crossings of
Fig. 1A. We label these crossings with an
index (v,l), where v is the number of filled
levels at the nearest R minimum and / is the
rank of the coincidence, which we define as
the number of fully polarized levels below
the highest occupied level (which undergoes
the transition). In Fig. 3A, we plot the posi-
tions of the peaks for different densities and
tilt angles (17).

Let us focus first on the (3,2) transition,
near v = 3. In an independent-electron pic-
ture, where the only energy contributions are
from cyclotron and Zeeman energies (“bare”
energies), the transition between unpolarized
and polarized states happens exactly when
the bare energy levels cross. By contrast, as
shown in Fig. 3B, interacting electrons may
opt to transfer to the unoccupied level before
the bare-level coincidence, i.e., at a smaller 0,
in order to align their spins with the spins of
the electrons in the lower levels [see (7) for a
similar argument]. Calling AE, , the energy
difference between bare levels at the (3,2)
transition, we can write this difference as (/8)
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If we now write the total energy E, ., of
electrons of spin * 1/2 in Landau level v as
a sum of their bare energies and of an ex-
change-correlation energy term X, . ,,, we
can then interpret AE,, as the difference
(Xo,—12 — X, 412), because the transition
takes place when the two competing energies
E,_,,and E, ., are equal. Using both Eq.
1 and our data in Fig. 3A, we deduce the
dependence of AE; , on B, at the transitions,
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which we plot in Fig. 3C, using g* = 1.9
and m* = 0.41m,. Although no accurate
calculations for the exchange-correlation
energy terms in AE; , exist at present, we
expect AE,, to be a fraction of the
Coulomb energy, e*/Amel, = 65B, '72,
where € = 10¢,, is the dielectric constant of
AlAs and I, = (fi/feB )" is the magnetic
length (the unit for B, is T and for energy
is K) (19). In qualitative agreement with
this expectation, the magnitude of the mea-
sured AE; , increases with B, . Our simple
model described by Eq. 1 also explains the
shift of resistance peaks from high v to
low v with increasing 6. However, the de-
pendence of AE,, on B, is only slightly
sublinear rather than proportional to B, 2.
A quantitative understanding of the mag-
nitude of AE;, and of its dependence on
B, therefore requires future theoretical
work, which includes factors such as the
finite layer thickness of the 2D elec-
trons, the mixing between Landau levels,
and disorder.

We then define AE, , in analogy with
AE3’2, as the difference between bare level
energies at the (v,/) transition and plot AE, ,
in Fig. 3C. We note that all AE, , increase
with B, and scale approximately as /, the
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number of occupied polarized levels. This
scaling, shown in Fig. 3D, is not surprising,
because the / polarized levels are the main
levels contributing to AE, ,, although not
necessarily with equal weight.

The transition-induced magnetoresis-
tance spikes we have described are appar-
ent in all other samples we have character-
ized so far and which contain similar car-
rier densities; these include one sample
grown on a GaAs (311)B substrate and five
samples grown on (100), all of them 150 A
wide AlAs quantum wells. On the other
hand, we do not observe the resistance
spikes in high-density samples with only
one subband occupied: In the density range
3.5 X 10! to0 5.2 X 10'! cm™2, where we
have carefully monitored R __ as a function
of tilt angle, we observe that R _ minima do
become slightly weaker near coincidence
but do not exhibit any additional peaks. At
this point, we do not know why peaks
appear only at low carrier densities.

We comment briefly on the resistance
spikes themselves. We suggest that when
the two competing ferromagnetic states ac-
quire the same energy, they separate into
domains with opposite magnetizations
(within the top Landau level). Extended
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electron states then dissipate energy by
scattering at the ferromagnetic domain
walls, which explains why the resistance
rises at the transition. Indeed, theoretical
studies of the QH liquid at v = 1 (20) hint
that magnetic domains induced by a fluc-
tuating Zeeman energy can cause dissipa-
tive transport. A similar explanation has
also been attributed to negative magnetore-
sistance in various ferromagnetic materials
(21, 22). Nucleation sites for the domains
may then be provided by topological quasi-
particles akin to skyrmions, which appear
when two Landau levels cross (23, 24).
This may explain another conspicuous fea-
ture of our hysteresis data in Fig. 2C, name-
ly that the magnitude of the transition re-
sistance is systematically higher in the up-
ward sweep than in the downward sweep,
independent of the position of the peak
with respect to the center of the R mini-
mum. This asymmetric trend might be due
to the presence of a larger number of
skyrmions as the transition is approached
from the low-B side, i.e., from the state
with the smaller magnetization.

In conclusion, we have demonstrated that
a first-order Ising transition, when observed
within the quantum Hall regime, has a
marked impact on the transport properties of
a 2D electron gas. The resistance spikes we
observe at the transition can also shed light
on the physics of magnetic domains in 2D
electron systems. We have also learned that
AlAs quantum wells, which have been
scarcely used in the past for measuring mag-
netotransport, can display phenomena unob-
served or unresolved so far in other semicon-
ductor heterostructures. We thus hope that
the many structures we have yet to imagine
on the basis of this compound will provide a
fertile ground for the observation of correlat-
ed electron phenomena.
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Magnetic Clusters on
Single-Walled Carbon
Nanotubes: The Kondo Effect in

a One-Dimensional Host

Teri W. Odom, Jin-Lin Huang," Chin Li Cheung,’
Charles M. Lieber'2*

Single-walled carbon nanotubes are ideal systems for investigating fundamen-
tal properties and applications of one-dimensional electronic systems. The
interaction of magnetic impurities with electrons confined in one dimension has
been studied by spatially resolving the local electronic density of states of small
cobalt clusters on metallic single-walled nanotubes with a low-temperature
scanning tunneling microscope. Spectroscopic measurements performed on and
near these clusters exhibit a narrow peak near the Fermi level that has been
identified as a Kondo resonance. Using the scanning tunneling microscope to
fabricate ultrasmall magnetic nanostructures consisting of small cobalt clusters
on short nanotube pieces, spectroscopic studies of this quantum box structure
exhibited features characteristic of the bulk Kondo resonance, but also new

features due to finite size.

Single-walled carbon nanotubes (SWNTs)
exhibit unique electronic properties that have
been the focus of considerable fundamental
and applied research (/-3). Scanning tunnel-
ing microscopy (STM) studies have illumi-
nated the fact that SWNTs can exhibit metal-
lic or semiconducting behavior depending on
diameter and helicity (3-5) and have con-
firmed the distinct van Hove singularities
characteristic of one-dimensional (1D) sys-
tems (6). In addition, electrical transport
measurements have shown that SWNTs can
behave as low-temperature single-electron
transistors (7, 8) and room-temperature field-
effect transistors (9, 10), and can exhibit pow-
er-law behavior characteristic of a strongly in-
teracting Tomanaga-Luttinger liquid (11, 12).
These latter observations of strong electron-
electron interactions, and our interests in under-
standing the response of SWNTs to local per-
turbations, has led us to investigate how mag-
netic atoms and clusters interact with SWNTs.
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The interaction between the magnetic mo-
ment of a magnetic impurity atom and the
conduction electron spins of a nonmagnetic
host, termed the Kondo effect, is a well-
known phenomenon that leads to anomalous
transport measurements in bulk systems of
dilute magnetic alloys (/3). For temperatures
below the Kondo temperature (T), electrons
of the host screen the local spin of the impu-
rity, resulting in the emergence of a Kondo
resonance. This resonance should disappear
at temperatures above T.. A magnetic nano-
structure composed of a magnetic impurity
and a carbon nanotube host is an interesting
system because the impurity spins would in-
teract with conduction electrons confined to
1D, and, in addition, might potentially spin-
couple to a strongly (versus weakly) interact-
ing electron system. The possibility of a
Kondo state in SWNTSs was recently suggest-
ed on the basis of thermopower measure-
ments made on SWNT mats (/4), although
the complexity of such samples makes de-
tailed analysis difficult.

We report spatially resolved STM measure-
ments of the local electronic structure of mag-
netic cobalt (Co) clusters on metallic SWNTs.
Recent STM investigations of magnetic atoms
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and clusters on noble metal surfaces show that
local probes can provide unique insight into the
Kondo problem by spatially characterizing the
electronic density of states (DOS) in the vicin-
ity of a magnetic center (/15—17). These studies
found narrow features in the tunneling spectra
near the Fermi energy (E:) above magnetic
centers, which were identified as Kondo reso-
nances. In addition, the structure in the reso-
nances was attributed to quantum interference
between the localized metal d or f orbitals and
conduction electron channels (/5-18). In the
present study of SWNTs, an electronic reso-
nance peak near E is observed in the spectra
measured above the center of small Co clusters,
and this resonance feature disappears over a
distance of 2 nm from the cluster. Spatially
resolved spectroscopy measurements made on
small Co clusters on semiconducting SWNTSs
and nonmagnetic Ag clusters on metallic
SWNTSs show no evidence for this resonance,
thus confirming its origin as a Kondo reso-
nance. In addition, the interaction between
magnetic clusters and a finite-sized SWNT host
with discrete conduction electron states was
characterized, and an enhanced conductance at
E above the Co atom was found.

Our STM measurements were performed
in a home-built, ultrahigh vacuum STM that
was stabilized at temperatures of either 80 or
5 K. Current (/) versus voltage (V) were
recorded directly and differentiated using
published methods (5, 6). Cobalt metal was
thermally evaporated onto SWNT samples in
situ at low temperature (/9). The SWNT
samples were prepared by spin-coating sus-
pensions of SWNTs in 1,2-dichloroethane
onto Au(111) surfaces (3, 5). Before Co dep-
osition, extensive STM imaging and spec-
troscopy measurements showed that both the
SWNTs and Au(111) substrate were clean
and cluster-free. However, after Co deposi-
tion, small clusters with diameters of ~1 nm
were observed on the Au(111) surface and
nanotubes. We attribute these new features to
Co clusters (20). A representative image (Fig.
1A) shows well-resolved atomic structure of
the SWNTs and small, well-separated Co
clusters positioned on individual SWNTs.

The 0.5 nm in diameter Co cluster in Fig.
1A was studied spectroscopically at 5 K; data
were obtained at the Co site and at a clean
SWNT site displaced ~7 nm away from the
Co (Fig. 1B). The differential conductance
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