
shear bands can dramatically increase plasticity
of BMGs (32). These results confirm that a
structural feature is the cause of the super
plasticity of the BMGs, and the homogeneous
and concurrent formation of multiple shear bands
throughout the samples is crucial for the
improvement of plasticity in BMGs.

This unusual plasticity can shed light on some
fundamental issues on the deformation and
fracture of BMGs, such as the dynamics of
plastic deformation (5). We measured the evolu-
tion of shear-band spacing d with increasing
nominal strain e. It was found that d correlates
with e via a power-law relation (d = Ae–B) where
A is a constant and B = 1.45, which is different
from the value obtained by decreasing the
sample’s aspect ratio (height/diameter) to less
than 1.0 (8).

Similar to the glass-forming ability of BMG-
forming alloys (33), the super plasticity of the
BMGs is very sensitive to their composition.
Minor deviations in content (<1 atomic %) can
substantially change the plasticity of the BMGs.
The results indicate that, even in the reported
BMG systems, extraordinarily plastic BMGs may
be obtained by the appropriate choice of their
composition with the use of the Poisson’s ratio
strategy. The present investigation has focused on
Zr-based BMGs. We expect that the strategy
would provide useful guidelines for the develop-

ment of super plastic BMGs as high-performance
structural materials in other known or unknown
BMG-forming alloys and open an area of research
of both fundamental and applied importance.
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Quantum Hall Effect in Polar
Oxide Heterostructures
A. Tsukazaki,1 A. Ohtomo,1,2* T. Kita,3,4 Y. Ohno,4 H. Ohno,3,4 M. Kawasaki1,5*

We observed Shubnikov–de Haas oscillation and the quantum Hall effect in a high-mobility
two-dimensional electron gas in polar ZnO/MgxZn1–xO heterostructures grown by laser molecular
beam epitaxy. The electron density could be controlled in a range of 0.7 × 1012 to 3.7 × 1012 per
square centimeter by tuning the magnesium content in the barriers and the growth polarity. From
the temperature dependence of the oscillation amplitude, the effective mass of the two-
dimensional electrons was derived as 0.32 ± 0.03 times the free electron mass. Demonstration
of the quantum Hall effect in an oxide heterostructure presents the possibility of combining
quantum Hall physics with the versatile functionality of metal oxides in complex heterostructures.

Zinc oxide (ZnO), a wide–band gap semi-
conductor, is of growing importance in
advanced electronics, and its potential

applications include transparent conducting ox-
ide layers for flat-panel displays and transparent

field-effect transistors (1). Research focused on
the epitaxial growth of ZnO, particularly in terms
of its novel excitonic properties, has led to the
recent realization of homostructural light-emitting
diodes (2). Studies of the intrinsic properties of
ZnO have yielded a recipe for the preparation of
high-quality epilayers having high mobility and
excitonic luminescence with high quantum effi-
ciency (3, 4).

Certain aspects of two-dimensional electron
gas (2DEG) behavior in semiconductor hetero-
structures have been studied by observing the
quantum Hall effect (QHE)—a quantized mag-
netotransport accompanied by Shubnikov–de
Haas (SdH) oscillations in the longitudinal
resistivity rxx and Landau plateaus in the Hall

resistivity rxy (5). Early results were obtained in
the material systems of Si/SiO2 or GaAs/AlGaAs
(6, 7). However, after discovery of the fractional
QHE (8, 9), the focus has been extended to a
variety of other material systems, such as III-
nitrides (10) and graphene (11). The observation
of SdH oscillation requires conditions such as
wct > 1 and ħwc > kBT, where wc is the cyclotron
frequency equal to eB/m* (where e is the charge
on the electron, B is magnetic field, and m* is the
electron effective mass), t is the carrier relaxation
time, ħ is Planck’s constant divided by 2p, kB is
Boltzmann’s constant, and T is absolute temper-
ature. Although several epitaxial oxide hetero-
structures have satisfied these conditions (12), the
QHE has not been observed in those materials.
[However, a QHE-like state was seen in a
quasi-2D crystal of bulk h-Mo4O14 (13).]

In our study, (0001)-oriented ZnO/MgxZn1–xO
heterostructures were grown by laser molecular
beam epitaxy with the use of a semiconductor-
laser heating system (3). The MgxZn1–xO layer
acts as a potential barrier for the 2DEG in the
adjacent ZnO layer (14). We used a temperature
gradient method that allowed us to grow the films
over a wide range of temperatures on a single
substrate (3). The three samples (samples A, B,
and C) discussed here were of such high quality
that we were able to look at the effects of growth
temperature (Tg) of the ZnO layers and Mg con-
tent x in the barrier layers (Table 1) [see (15) for
sample preparation and characterizations]. Sam-
ple A was selected from the highest-Tg region
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of a film with an x = 0.15 barrier, whereas
samples B and Cwere selected from lower- and
intermediate-Tg regions, respectively, of another
film with an x = 0.2 barrier. From the low-field
Hall coefficient RH, carrier densities n = –1/(RHe)
and mobilities m = –RH/rxx at 1 K were eval-
uated to be 0.66 × 1012 to 3.7 × 1012 cm−2 and
2700 to 5500 cm2 V−1 s−1, respectively. These
values were nearly independent of temperature
below 1 K, but with increasing temperature, n
increased while m decreased, eventually reach-
ing the room-temperature values also listed in
Table 1 (see fig. S4).

We found that n systematically depended
on x and Tg for the ZnO layers. Our previous
study showed that Tg was a good parameter to
control the free carrier density; the intrinsic
donor concentration increases with increasing
Tg (3). To investigate the dependence on x, it is
necessary to consider spontaneous and piezo-
electric polarization effects along the polar
(0001) orientation of wurtzite ZnO (16, 17).
These polarizations induce surface charges in
individual layers, resulting in accumulation or
depletion of free electrons at the heterointer-
faces (18). Because the growth direction of our

samples was identified to be the O-face (2), the
direction of spontaneous polarization was up-
ward toward the surface (Fig. 1A). From high-
resolution x-ray diffraction analysis (fig. S3),
the piezoelectric effect vanishes in unstrained
MgxZn1–xO layers, whereas upward piezo-
electric polarization should arise in ZnO layers
from tensile strain (14). Thus, the total polari-
zation is defined by

s = [Psp(0) + Ppe(x)] – Psp(x)

= |DPsp(x)| – |Ppe(x)| (1)

where Psp(x) is spontaneous polarization in
the MgxZn1–xO layer, and Ppe(x) is piezo-
electric polarization in the strained ZnO layer
on unstrained MgxZn1–xO. Note that positive
s means that free electrons are accumulated
at the heterointerface, and negative s means
that free electrons are accumulated at the ZnO
surface.

We calculated s as a function of x (Fig. 1B).
When x is higher than ~0.1, polarization-induced
positive charges |s/e| (blue shading) are formed
at the heterointerfaces, and their density in-
creases as x increases. There is good agreement
between experimental n (solid circles) and
estimated |s/e|, despite the ambiguity in Ppe(x),
a range of the theoretical values representing all
of the shaded regions, and the lack of consider-
ation of charge compensation with free electrons.
Using the aforementioned polarization charges
and band offset (19), we can construct the po-
tential diagram near the heterointerfaces (Fig.
1C). The subband energies are estimated using a
triangular-potential approximation (20) and are
listed in the upper panel. The energy separations
between the two lowest subband levels are greater
than the Fermi energy, which suggests that in the
temperature range of the experiments described
below, carrier occupation in the second subband
is negligible.

We measured the magnetotransport proper-
ties (Fig. 2, A and B) using a standard lock-in
technique with ac excitation (10 nA, 19 Hz). At
low field, all the samples exhibited negative
magnetoresistance, presumably because of weak-
ly localized carriers. Above ~ 2 T, clear rxx os-
cillations that were periodic in 1/B appeared,
and their amplitudes increased with increasing
B. Although the zero-resistance state was ab-
sent because of the large scattering rate, each
minimum of rxx coincided with the quantized
rxy plateaus equal to h/(ne2), where n is the
Landau filling index. These observations con-
firmed the existence of the QHE in our samples
and allowed direct determination of the 2DEG
density (n2D). Note that in sample A, the odd
states, such as n = 3 and 5, had much wider Hall
plateaus and larger amplitudes of rxx minima
relative to those of the even states (Fig. 2A).
Consequently, the even states, such as n = 4, were
barely observable in drxy/dB (see circle super-
imposed on red broken line). These features were

Table 1. Growth and electronic parameters of ZnO/MgxZn1–xO heterostructures. Electron densities
were obtained independently from the low-field Hall coefficient RH and the low- and high-field
slopes SL and SH, respectively (see Fig. 2C).

Sample Thickness
of ZnO
(mm)

Growth
temp.
(°C)

Mg
content

x

Electron density
(1012 cm−2)

Mobility m
(cm2 V−1 s−1)

n2D n = 1/RHe RH/rxxeSL/h eSH/h
45 mK (A),
1 K (B, C) 1 K 300 K 1 K 300 K

A 1.1 1020 0.15 0.2 0.6 0.66 39 5500 150
B 0.4 900 0.20 0.4 1.2 1.8 5.0 4900 160
C 0.4 1000 0.20 0.9 1.8 3.7 11 2700 160

Fig. 1. (A) Schematic of the ZnO/MgxZn1–xO heterostructures grown on ScAlMgO4 substrates.
Depending on the sign of |DPsp(x)| – |Ppe(x)|, an accumulation layer represented by broken lines is
formed either at the surface or in the interface. (B) Calculated (gray and blue shaded regions) and
measured (solid circles) n as a function of Mg content x in the barrier. Red shaded region [|Ppe(x)/e|]
and solid orange curve [|DPsp(x)/e|] were calculated by using theoretical values listed in tables S1
and S2. (C) Potential diagram near the heterointerfaces. Calculated energy parameters are listed in
the upper panel, where EF is the Fermi energy, E0 and E1 are the first and second subband energies
with respect to the bottom of the conduction band in the wells, respectively, and DEC is the
conduction band offset. The colors of the potential profile (solid line) and position of EF (broken
lines) in the middle panel correspond to those of the upper panel, representing samples A, B, and C,
respectively.
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well preserved at elevated temperatures (see Fig.
2A and upper panel of Fig. 2D).

Standard analyses were performed using fan
diagrams (Fig. 2C), where indices of extrema in
rxx and/or drxy/dB are plotted as a function of
1/B. Taking low- and high-field slopes (SL and
SH), we independently evaluated n2D as eSL/h
and eSH/h, respectively, and compared these
values with n (Table 1), where eSH/h generally
corresponds to the 2DEG density contributing
to the QHE. The obtained eSH/h values were
systematically smaller than n by 9% to 51%,

apparently indicating that 2D confinement be-
comes weaker with increasing n. To investigate
carrier dimensionality, we further studied the B
orientation dependence of the SdH effect under
the configuration shown in the inset of Fig. 2D.
Sample A exhibited weak oscillation, even with
B parallel to the interface (y = 90°), and similar
behavior was obtained for sample B (fig. S6). In
contrast, sample C, which was expected to have
more unconfined free carriers, showed vanish-
ing oscillations with y approaching 90°. The
fact that the oscillation periods depended on the

perpendicular B component (B cos y)−1, as evi-
denced by the data at y = 30° (open circles in
Fig. 2C), is consistent with a 2D character of the
electron gas. In this regard, however, we found
inconsistent results between n2D extracted from
fan diagrams and carrier dimensionality evi-
denced by angular dependencies of the SdH os-
cillations (see below).

Having established the presence of SdH os-
cillations, we extracted the value of m* from the
temperature dependence of the SdH oscillation
amplitude. The resulting Dingle plot for sample
C is shown in the inset of Fig. 3. We subtracted
the ordinary magnetoresistance from the raw
rxx(B) data and normalized it through [rxx(B) –
rxx(0)]/rxx(0) (21). The slope of a linear fit to
the plot at B ~ 3.9 T gave m* = 0.32 ± 0.03 m0

(wherem0 is the free electron mass), and similar
values were obtained for B ranging from 2.6 to
4.5 T. This m* value is somewhat heavier than
the bulk polaron mass (0.28 m0) estimated by
cyclotron resonance (22), giving rise to the pos-
sibility of mass enhancement with 2D polaronic
correction (23, 24).

We next discuss anomalous periodicities of
the SdH oscillations. The SH/SL ratios were
found to be ~3 for samples A and B, and ~2 for
sample C. These results suggest that an internal
electric field arising from the asymmetric tri-
angular well substantially removed spin degen-
eracy, even in zero magnetic field. In this case,
the ratio of the slopes directly gives the carrier
populations in two spin-split subbands, n+ and
n–, as SH/SL = 1 + n+/n–. When applied to sample
A, this analysis gives a carrier density in one
band twice as large as that in the other band at
low fields and total carrier density n2D = n+ +
n– = 6 × 1011 cm−2 (25, 26). As for sample C, we
obtained clear evidence of the 2D nature, and
hence we expected that n2D would be equal to n,
but in fact we found that n2D was about half of n.
Together with the approximately linear slopes,
this finding implies that the missed rxx extrema
occurred in a systematic fashion. In this situa-
tion, the values of n2D and SH/SL are no longer
reliable. Because of the stronger polarization
fields in samples B and C, rather large spin
splitting would be expected, making it difficult
to resolve all Landau states (23). Relatively
lower m and higher n may further reduce the
ability to discriminate the Landau levels. In
fact, even states with n < 10 tended to disappear
in sample A, which has the highest m. In the
above discussion, we ignored the possibility of
valley splitting because there was no evidence
that either ZnO or MgxZn1–xO has an indirect
band structure. Whether or not the spin-
splitting scenario is likely in our samples, it is
an interesting problem to be studied in future
experiments.

Despite this open question, the observation of
the n = 2 state is remarkable, particularly when
compared with isostructural AlxGa1–xN/GaN
heterostructures. It is difficult to obtain an n2D
value lower than 1012 cm−2 in nitrides having

Fig. 2. (A) Longitudinal resistivity rxx, Hall resistivity rxy, and differential Hall resistivity drxy/dB
versus B measured at 45 mK for sample A. Integers on the horizontal tick marks are the Landau
level filling factors defined as n = h/(rxye

2). (B) rxx and rxy versus B measured at 1 K for samples B
(top) and C (bottom). (C) Standard fan diagrams extracted from the data shown in (A) and (B). The
symbols SL and SH refer to the low- and high-field slopes, respectively. Colors are consistent with
those used for rxy(B) in (A) and (B). Open symbols were evaluated from data of sample C at 2 K and
y = 30° shown in (D). Note that each increment of index of extrema is set to 0.5. (D) Angular
dependence of normalized magnetoresistance measured at 2 K for sample A (top) and sample C
(bottom). Inset depicts the measurement configuration.
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AlxGa1–xN lattice constants smaller than GaN
(18). A Ppe direction opposite to that in ZnO
results in piling up of charges induced by both
polarizations. Thus, our results imply the ex-
citing possibility of realizing the fractional QHE
in the present polar heterostructure if the carrier
mobility can be improved. In addition, given
chemical compatibility with certain other classes
of oxides, the quantized Hall state may be com-
bined with a broad range of physical properties
in a complex oxide heterostructure.
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A Molecule Carrier
K. L. Wong,1 G. Pawin,1 K.-Y. Kwon,1 X. Lin,1 T. Jiao,1 U. Solanki,1 R. H. J. Fawcett,1
L. Bartels,1* S. Stolbov,2 T. S. Rahman2

We found that anthraquinone diffuses along a straight line across a flat, highly symmetric
Cu(111) surface. It can also reversibly attach one or two CO2 molecules as “cargo” and act as a
“molecule carrier,” thereby transforming the diffusive behavior of the CO2 molecules from isotropic
to linear. Density functional theory calculations indicated a substrate-mediated attraction of ~0.12
electron volt (eV). Scanning tunneling microscopy revealed individual steps of the molecular
complex on its diffusion pathway, with increases of ~0.03 and ~0.02 eV in the diffusion barrier
upon attachment of the first and second CO2 molecule, respectively.

The development of molecules that, when
adsorbed onto a surface, exhibit dynamic
or electronic properties resembling those

of macroscopic objects or machines has attracted
considerable attention (1–3). Examples include
rotors (4), nanocars and nanowalkers (5–7), var-
ious kinds of electrical switches and leads (8, 9),

and ratchets (10, 11). For any realization of
molecular-scale machinery, controlled transport
of “cargo”molecules is a key functionality, much
as transportation of macroscopic objects is the
key purpose of many machines (e.g., conveyor
belts, trucks). Control of surface transport by
means of adsorbed molecules may additionally
offer novel avenues for the optimization of sur-
face processes such as growth/epitaxy, reactivity/
catalysis, and friction/lubrication.

At metal surfaces, diffusion is generally the
surface process with the lowest energetic barrier,
hence it is the lowest-temperature surface pro-

cess. Diffusion is random in nature and isotropic
on flat surfaces unless the surface itself is an-
isotropic (12, 13); step edges (14), anisotropic
surfaces (15), and surface templates (7, 16, 17)
can restrict diffusion to specific pathways or
areas. The use of such surface features is, how-
ever, a very inflexible approach for guiding
surface transport. Previous studies have shown
that the isotropic diffusion of adsorbates on flat
surfaces can be turned into linear and guided
motion by means of incorporation of either two
sequentially moving thiol substrate linkers (6) or
fullerene “wheels” (5, 13) into the adsorbate.

Although these approaches were success-
ful for one specific molecule each, neither of
them has yet been generalized to a class of
molecules. Moreover, within the mentioned
approaches, no transport of any “cargo” mol-
ecules has yet been realized, although con-
certed motion of adsorbates has been observed
in unrelated systems (18, 19). Here we show
that anthraquinone (AQ) molecules (Fig. 1A)
can transport one or two CO2 molecules in a
linear and guided fashion across an isotropic
Cu(111) surface.

This study used a custom-built variable-
temperature scanning tunneling microscopy
(STM) system housed in a vacuum chamber

Fig. 3. Normalized mag-
netoresistivity versus 1/B
recorded at various tem-
peratures for sample C.
Inset depicts temperature
dependence of the loga-
rithmic amplitude of rxx
peak at 3.86 T (indicated
by arrow).
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