possible applications of the PSCOF technol-
ogy to nonliquid crystalline areas. This tech-
nology should permit one to prepare sand-
wiches of LCs between polymer films and
vice versa and self-supporting thin and flex-
ible displays. Fabrication of multilayer struc-
tures perpendicular to the substrate, for use in
switchable gratings and other diffractive op-
tics applications, is possible with the use of
masks during phase separation. Electrically
controllable LC microlenses, two-dimension-
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al optical gratings, and other microstructures
have been prepared with the PSCOF method.
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An Adiabatic Quantum
Electron Pump

M. Switkes,” C. M. Marcus,"* K. Campman,? A. C. Gossard?

A quantum pumping mechanism that produces dc current or voltage in response
to a cyclic deformation of the confining potential in an open quantum dot is
reported. The voltage produced at zero current bias is sinusoidal in the phase
difference between the two ac voltages deforming the potential and shows
random fluctuations in amplitude and direction with small changes in external
parameters such as magnetic field. The amplitude of the pumping response
increases linearly with the frequency of the deformation. Dependencies of
pumping on the strength of the deformations, temperature, and breaking of
time-reversal symmetry were also investigated.

Over the past decade, research into the elec-
trical transport properties of mesoscopic sys-
tems has provided insight into the quantum
mechanics of interacting electrons, the link
between quantum mechanics and classical
chaos, and the decoherence responsible for
the transition from quantum to classical phys-
ics (1, 2). Most of this research has focused
on transport driven directly by an externally
applied bias. We present measurements of an
adiabatic quantum electron pump, exploring
a class of transport in which the flow of
electrons is driven by cyclic changes in the
wave function of a mesoscopic system.

A deformation of the confining potential of
a mesoscopic system that is slow compared
with the relevant energy relaxation times
changes the wave function of the system while
maintaining an equilibrium distribution of elec-
tron energies. In systems connected to bulk
electron reservoirs by open leads supporting
one or more transverse quantum modes, the
wave function extends into the leads and these
adiabatic changes can transport charge to or
from the reservoirs. A periodic deformation that
depends on a single parameter cannot result in
net transport; any charge that flows during the
first half-period will flow back during the sec-
ond. On the other hand, deformations that de-
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pend on two or more-parameters changing in a
cyclic fashion can break this symmetry and, in
general, can provide net transport. This trans-
port mechanism was originally described by
Thouless (3) for isolated (or otherwise gapped)
systems at zero temperature. The theory has
been extended to open systems at finite temper-
ature (4—6). Here, we present an experimental
investigation of this phenomenon.

Before we characterize the adiabatic
quantum pump in the present experiment, it is
useful to recall other mechanisms that pro-
duce a dc response to an ac driving signal in
coherent electronic systems. One mechanism
relies on absorption of radiation to create a
nonequilibrium distribution of electron ener-
gies, which leads to photon-assisted tunnel-
ing (7) in systems with asymmetric tunneling
leads and a mesoscopic photovoltaic effect
(8) in open systems. A second mechanism,
the classical analog of the quantum pumping
measured in this experiment, has been ob-
served in single (9) and multiple (/0) quan-
tum dots in which transport is dominated by
the Coulomb blockade (2). In this regime, the
capacitive energy needed to add a single elec-
tron to the system is greater than the temper-
ature and applied bias, blockading transport
through the dot. Electrons can be added one
by one by changing the potential of the iso-
lated dot relative to the reservoirs. Each cycle
begins by isolating the system from one elec-
tron reservoir—for example, by increasing
the height of one tunneling barrier—while
forcing one or more electrons to enter from
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the other reservoir by changing the potential
in the system. The cycle is continued by
reversing the configuration to isolate the sys-
tem from the reservoir that supplied the elec-
trons and forcing the extra electrons out into
the other reservoir, yielding a net flow quan-
tized in units of the electron charge times the
frequency applied. This cycle requires two ac
control voltages with a phase difference be-
tween them. The magnitude and direction of
the pumping are determined by these volt-
ages; there are no random fluctuations due to
quantum effects. The control and quantiza-
tion of current provided by the Coulomb
blockade pump has motivated its develop-
ment for use as a precision current standard
[see, for example, (11)].

Adiabatic quantum pumping in open struc-
tures also requires two ac voltages and produces
a response that is linear in the ac frequency.
However, because the system is open to the
reservoirs, Coulomb blockade is absent and the
pumping response is not quantized. Quantum
pumping is driven not by cyclic changes to
barriers and potentials, but by shape changes in
the confining potential or other parameters that
affect the interference pattern of the coherent
electrons in the device.

Many aspects of adiabatic quantum pump-
ing can be understood in terms of the emis-
sivity, dn/dX, which characterizes the number
of electrons n entering or leaving the device
in response to a small change in some param-
eter 8X, such as a distortion of the confining
potential (/2). The change in the charge of
the dot is thus 8Q = eXdX,dn/dX,. Integrating
along the closed path in the /-dimensional
space of parameters X, defined by the pump-
ing cycle then yields the total charge pumped
during each cycle (6). For the particular case
of pumping with two parameters (for exam-
ple, shape distortions at two locations on the
dot), the line integral can be written as an
integral over the surface enclosed by the path,
Q « [ &dX,dX, (6), where £ depends on the
emissivities at points in parameter space en-
closed by the path. Because changes in exter-
nal parameters rearrange the electron interfer-
ence pattern in the device, emissivities fluc-
tuate randomly as parameters are changed,
similar to the well-known mesoscopic fluctu-
ations of conductance in coherent samples.
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When the pumping parameters vary by less
than the correlation length of the fluctuations
of emissivity, £ remains essentially constant
throughout the pumping cycle and the total
charge pumped per cycle depends only on the
area enclosed by the path in parameter space,
«. These straightforward observations ex-
plain many of the qualitative features of our
data.

We made measurements of adiabatic quan-
tum pumping in three similar semiconductor
quantum dots defined by electrostatic gates pat-
terned on the surface of a GaAs-AlGaAs het-
erostructure using standard electron-beam li-
thography techniques. Negative voltages (~—1
V) applied to the gates formed the dot by
depleting the two-dimensional electron gas at
the heterointerface 56 nm (device 1) or 80 nm
(devices 2 and 3) below the surface. All three
dots had lithographic areas a,, ~ 0.5 pm?
giving an average single particle level spacing
A = 2mh%/m*a,, ~ 13 wV (=150 mK), where
# is Planck’s constant () divided by 2w and m*
is the effective electron mass. The three devices
showed similar behavior, and most of the data
presented here are for device 3. In the micro-
graph of device 1 (Fig. 1C), the three gates
marked with red circles control the conductanc-
es of the point-contact leads that connect the dot

A Vot (1V)
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Fig. 1. (A) Pumped dc voltage V,_, as a function of
the phase difference ¢ between two shape-dis-
torting ac voltages and magnetic field B. Note the
sinusoidal dependence on ¢ and the symmetry
about B = 0 (dashed white line). (B) Plot of V_,(d)
for several different magnetic fields (solid sym-
bols) along with fits of the form V,,, = Agsind +
B, (dashed curves). (C) Schematic of the measure-
ment set-up and micrograph of device 1. The bias
current is set to 0 for pumping measurements.
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to electronic reservoirs. Voltages on these gates
were adjusted so that each lead transmitted N ~
2 transverse modes, giving an average conduc-
tance through the dot g ~ 2¢?/h. The remaining
two gates were used to create both periodic
shape distortions necessary for pumping and
static shape distortions that allow ensemble av-
eraging (13, 14).

Except where noted, measurements were
made at a pumping frequency f = /0 MHz,
base temperature 7 = 330 mK, dot conduc-
tance g ~ 2¢°/h =~ (13 kilohm) !, and ac gate
voltage 4, . = 80 mV peak-to-peak. For com-
parison, the gate voltage necessary to change
the electron number in the dot by one is ~5
mV. Measurements were carried out over a
range of magnetic field, B, from 30 to 80 mT,
which allows several quanta of magnetic
flux, ¢, = h/e, to penetrate the dot (¢,/a, , ~
10 mT) while keeping the classical cyclotron
radius much larger than the dot size (7 [im]
~ 80/B[mT]).

The general characteristics of quantum
pumping, including antisymmetry about phase
difference & = mr, sinusoidal dependence on ¢
(for small amplitude pumping), and random
fluctuations of amplitude as a function of per-
pendicular magnetic field, are illustrated in Fig.
1. The pumping amplitude is quantified by the
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values 4, and B, which are extracted from fits
of the form ¥, () = 4, sin & + B, (shown as
dotted lines in Fig. 1B).

Because pumping fluctuations extend on
both sides of zero (pumping occurs in either
direction) with equal likelihood for a given ¢,
(4, is small and the pumping amplitude is
instead characterized by o(4,), the standard
deviation of 4. For example, the data in Fig.
2B yield (4,) = 0.0/ pV and the standard
deviation a(4,) = 0.4 uV. Values of o(4,)
(Figs. 2, 3, and 4) are based on 96 independent
configurations over B, V,, and V,, (Fig. 2B).

The dependence of the pumping ampli-
tude o(4,) on pumping frequency is linear
(Fig. 2). For the above parameters, the linear
dependence has a slope of 40 nV/MHz. Be-
cause the dot has conductance g ~ 2e?/h, this
voltage compensates a pumped current of 3
pA/MHz, or about 20 electrons per pump
cycle. The dependence of o(4,,) on the pump-
ing strength A4, (Fig. 3) shows that for weak
pumping, 4,. < 80 mV, o(4,) is proportional
to A2, as expected from the simple loop-area
argument described above. For stronger
pumping, o(4,) increases more slowly than
A2, with a crossover from weak to strong
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Fig. 2. (A) Standard deviation of the pumping
amplitude, a(A,), as a function of ac pumping
frequency. The slope is ~40 nV/MHz for both
device 2 (solid symbols) and 3 (open symbols).
Circular symbols represent a second set of data
taken for device 3. (B) A typical data set cor-
responding to one point in (A), along with fit
parameters A, (open bars) and B, (solid bars)
for each configuration.
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pumping occurring near the characteristic
gate voltage scale of fluctuations in both dot
conductance and pumping, measured inde-
pendently to be 70 = 6 mV. This departure
from an 42_ dependence for strong pumping
is expected to occur when the loop in param-
eter space that describes the pumping cycle
becomes sufficiently large that it encloses
uncorrelated emissivities (5, 6). In this case,
one would expect a(4,) * A,_, neglecting
any correlations. However, the observed de-
pendence at strong pumping is slower than
linear, and in fact appears consistent with
a(d4,) x A72. This unexpectedly slow depen-
dence may result if significant heating and
dephasing of electrons occurs as a result of
strong pumping. Further study is needed to
investigate this. Another characteristic of
strong pumping is that ¥, (¢) becomes non-
sinusoidal, as seen in the lower inset of Fig. 3.
Notice that ¥, (¢ = w) remains close to zero
for all pumping strengths whereas V, (b =
0) deviates from 0 at strong pumping.

The temperature dependence of o(4,) for
pumping strength near the crossover from
weak to strong pumping, 4,, = 80 mV, is
shown in Fig. 4. At high temperatures (1 to
5.5 K), o(4,) is well described by a power
law, a(4,) = 0.2T ~°° [for o(4,) in micro-
volts and T in kelvin]. This behavior presum-
ably reflects the combined influence of ther-

01k
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0.01 n N R | )
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Fig. 3. Standard deviation of the pumping am-
plitude, a(A,), as a function of the ac driving
amplitude A, along with fits to o(A,) « AZ
below 80 mV (dashed line), o(A,) = A, (solld
line), and o(A,) = Al/2 (dotted llne) above 80
mV. The lower inset shows that the sinusoidal
dependence of V() at small and intermedi-
ate values of A__ (solid curve, A, = 100 mV)
becomes nonsinusoidal for strong pumping
(dotted curve, A, = 260 mV ), but maintains
V,..(m) = 0, as required by time-reversal sym-
metry. The upper inset is a schematic of the
loop swept out by the pumping parameters X,
and X,. The charged pumped per cycle can be
written in terms of an integral over the surface
a enclosed by the loop.
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mal smearing, which alone is expected to
yield 6(4,) « T~ and temperature-depen-
dent dephasing. A similar temperature depen-
dence is found for the amplitude of conduc-
tance fluctuations in dots (/5). Below 1 K,
the temperature dependence begins to round
off, perhaps indicating a saturation at lower
temperatures. A low-temperature saturation
of pumping is expected when thermal smear-
ing becomes less than lifetime broadening
(16), kgT < [T, + [ (T)], where ky is the
Boltzmann constant, F « = NA/m@ (N is the
number of modes per lead) is the broadening
due to escape through the leads, and I' (T) is
the broadening due to dephasing, I' (T) =
fi/r,. Using N ~ 2 and known dephasing
times 7, in similar dots (/5) yields an expect-
ed saturation at ~100 mK, consistent with
the rounding seen in the data.

Finally, we investigated the symmetries
and statistical properties of adiabatic quan-
tum pumping. The symmetry of pumping
fluctuations about zero magnetic field is seen
in the gray-scale plot of V, (b = m/2) as a
function of B and the dc voltage on one
shape-distorting gate, ¥, (Fig. 5A). The full
symmetry of pumping follows from time-
reversal symmetry: V, (¢, B) = —V, (—d,
—B), analogous to the Landauer-Biittiker re-
lations for conductance (5). The reduced
symmetry observed in Fig. 5A, ¥, (¢, B) =

Vyo(d, —B), results from a combination of
time-reversal symmetly and the symmetry
Viald, B) = —V, (—d, B) implied by the
sinusoidal dependence of ¥, on & at low
pumping amplitudes.

A central paradigm in mesoscopic physics is
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Fig. 4. Pumping amplitude o(A,) as a function
of temperature T with a power law fit (dashed
line). At lower temperatures, there is a round-
ing off of the T dependence, consistent with an
expected saturation when lifetime broadening
exceeds temperature below ~100 mK.
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that the statistical properties of a fluctuating
quantity depend on the symmetries of the sys-
tem and little else. To investigate how the sta-
tistics of pumping fluctuations depend on time-
reversal symmetry, we measured V, (b =
11/2), as well as the conductance, as a function
of magnetic field for 36 independent configu-
rations of ¥, and V,,. The sampling in B is
much finer than the characteristic magnetic
field scales for pumping fluctuations (3.3 = 0.4
mT) and conductance fluctuations (3.9 * 0.4
mT), where these values are the half-maxima of
the autocorrelations of the fluctuations. These
values are comparable to and somewhat smaller
than one flux quantum through the device, con-
sistent with theory and previous experiments on
conductance in similar dots (/7). The average
pumped voltage, (V, (b = w/2)), is close to
zero and has no outstanding features other than
its symmetry in magnetic field. On the other
hand, o[ ¥, (¢ = m/2)] shows a peak at B = 0
of about twice its value away from zero field.
The peak width is comparable to the correlation
field (Fig. 5B), suggesting that the peak is
associated with the breaking of time-reversal
symmetry. We conclude that pumping fluctua-
tions are larger for the time-reversal symmetric
case at B = 0, similar to the situation for
conductance fluctuations (/3).

A Vdot (b=

w/2) (1V)

Vg1 (V)

Vot (b = /2) (V)

L

-20 0 20 40 60
B(mT)

Fig. 5. (A) Gray-scale plot of V, (b = m/2) as
a function of magnetic field B and dc gate
voltage V,, (78). Note the symmetry and the
characteristic scales of pumping fluctuations.
(B) Average (dotted curve) and standard devi-
ation (solid curve) of 36 uncorrelated samples
of V, (¢ = m/2) as a function of B measured at
different dc gate voltages, V,, and V., [not the
same data set as (A)]. The average i€small and
fluctuates around zero. The standard deviation
shows a peak around B = 0 about twice its
value away from zero with a width correspond-
ing to about one quantum of flux, h/e, through
the dot.
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Structural Maturation of Neural
Pathways in Children and
Adolescents: In Vivo Study
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Structural maturation of fiber tracts in the human brain, including an increase
in the diameter and myelination of axons, may play a role in cognitive devel-
opment during childhood and adolescence. A computational analysis of struc-
tural magnetic resonance images obtained in 111 children and adolescents revealed
age-related increases in white matter density in fiber tracts constituting pu-
tative corticospinal and frontotemporal pathways. The maturation of the cor-
ticospinal tract was bilateral, whereas that of the frontotemporal pathway was
found predominantly in the left (speech-dominant) hemisphere. These findings
provide evidence for a gradual maturation, during late childhood and adoles-
cence, of fiber pathways presumably supporting motor and speech functions.

Structural maturation of individual brain re-
gions and their connecting pathways is a
condition sine qua non for the successful
‘development of cognitive, motor, and sensory
functions. The smooth flow of neural impuls-
es throughout the brain allows for informa-
tion to be integrated across the many spatially
segregated brain regions involved in these
functions. The speed of neural transmission
depends not only on the synapse, but also on
structural properties of the connecting fibers,
including the axon diameter and the thickness
of the insulating myelin sheath (/). Axons
constituting major fiber pathways in the hu-
man brain, such as those of the corpus callo-
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sum or the corticospinal tract, continue to
develop throughout childhood and adoles-
cence. Postmortem studies suggest that axon
diameter and myelin sheath undergo conspic-
uous growth during the first 2 years of life,
but may not be fully mature before adoles-
cence (2) or even late adulthood (3). Howev-
er, the scarcity of brain specimens makes it
difficult to draw definite conclusions about
the timetable of myelination during child-
hood and adolescence. In vivo studies with
magnetic resonance imaging (MRI) therefore
play a major role in filling this gap. Previous
developmental MRI studies have provided
evidence for a continuous increase in the
overall volume of white matter and the area
of the corpus callosum well into adolescence
(4), but the analytic procedures used in these
studies did not allow the investigators to de-
tect changes in specific corticocortical or cor-
ticofugal white matter pathways. Here, we
report findings obtained with a technique for
computational analysis of age-related chang-

ment set-up. The current bias is then set to zero to
measure pumping.
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es in local white matter signal throughout the
brain. Similar techniques have been used in
adults to detect subtle regional differences in
gray matter signal between healthy subjects
and patients with psychiatric or neurological
disorders (5, 6).

We obtained brain MRI scans of 111 chil-
dren and adolescents aged 4 to 17 years (7).
The images were then processed in a fully
automatic system that included the following
steps: (i) nonlinear transformation of images
into standardized stereotactic space to re-
move global and local differences in the size
and shape of the individual brains; (ii) clas-
sification of brain tissue into white matter,
gray matter, and cerebrospinal fluid; and (iii)
blurring of white matter binary masks to gen-
erate three-dimensional (3D) maps of white
matter “density” (&). Using a linear regres-
sion model, we correlated the 111 individual
maps of white matter density with the sub-
ject’s age on a voxel-by-voxel basis (9).

Regression analysis revealed significant
(t > 5.0, P < 0.04, corrected) age-related
increases in white matter density within the
left (+ = 8.9, » = 0.65) and right (¢t = 8.0, » =
0.60) internal capsule (Fig. 1) and the poste-
rior portion of the left arcuate fasciculus (¥ =
6.6, r = 0.54; Fig. 2). The location of the
changes in the posterior limb of the internal
capsule suggested that the changes involved
the corticospinal and, possibly, thalamocorti-
cal tracts. Changes in white matter density
within the internal capsule were small but
consistent, increasing linearly from age 4 to
age 17 by about two standard deviations (Fig.
3). The arcuate fasciculus contains fibers con-
necting frontal and temporal cortical regions
involved in speech. It is therefore noteworthy
that age-related white matter increases in this
pathway reached significance only in the left
but not the right hemisphere; the left hemi-
sphere can be assumed to be dominant for
speech in the majority of our right-handed
subjects (/0). The mean white matter density
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