
focus on the spin-precession and spin-diffusion
lengths. The possibility of observing and using
spin precession of an ensemble of electrons in
the diffusive regime is demonstrated by our nu-
merical Monte Carlo simulations (22, 28) shown
in Fig. 1C.

The numerically obtained spin-precession
period is well described by an analytical formula
derived from the dynamics of the spin-density
matrix (28), LSO = p!2/m*(|a| + |b|); m* = 0.067
is the electron effective mass in GaAs. There are
two regimes in which spin precession can be ob-
served in the diffusive transport regime. In one
regime, the width of the channel is not relevant
and a spin-diffusion length larger than the pre-
cession length occurs as a result of the single-
particle transport analog of the spin helix state
(9) realized at 2DEG Rashba and Dresselhaus
spin-orbit fields of equal or similar strengths,
a ! "b for our bar orientation. When the two
spin-orbit fields are not tuned to similar strengths,
the spin-diffusion length is approximately given
by #L2SO=w and spin precession is therefore ob-
servable only when the width w of the channel
is comparable to or smaller than the precession
length (28–30).

The complex design of our semiconductor
heterostructure provides simultaneously the means
for spin injection, electrical gating, and detec-
tion, so we did not rely on further fine tuning of
the internal spin-orbit fields to realize the spin
helix state condition. Instead, we fabricated nar-
row Hall bars whose width is smaller than the
precession length and used a strongly focused
light spot for spin injection. As shown in Fig.
1C, several precessions are readily observable in
this quasi one-dimensional geometry even in the

diffusive regime and for a $ "b, and the spin-
precession and spin-diffusion lengths in this re-
gime are independent of the mean-free-path, i.e.,
of the mobility of the 2DEG channel (28).

The strength of the confining electric field of
the 2DEG underneath the gate changes by up to
a factor of #2 in the range of applied gate volt-
ages in our experiments. This result implies (22)
comparably large changes in the strength of the
internal spin-orbit fields in the 2DEG channel.
The dependence on the spin-orbit field strength
shown in the above equation and confirmed by
Monte Carlo simulations (28) (and the indepen-
dence on the momentum of injected electrons)
implies also comparably large changes in the
spin-precession length. These estimates corrob-
orate the observed spin manipulation in our spin
Hall effect transistors by external electric fields
applied to the gates.

References and Notes
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Brownian Motion of Stiff Filaments in
a Crowded Environment
Nikta Fakhri,1 Frederick C. MacKintosh,2 Brahim Lounis,3 Laurent Cognet,3 Matteo Pasquali1*

The thermal motion of stiff filaments in a crowded environment is highly constrained and
anisotropic; it underlies the behavior of such disparate systems as polymer materials,
nanocomposites, and the cell cytoskeleton. Despite decades of theoretical study, the fundamental
dynamics of such systems remains a mystery. Using near-infrared video microscopy, we studied
the thermal diffusion of individual single-walled carbon nanotubes (SWNTs) confined in porous
agarose networks. We found that even a small bending flexibility of SWNTs strongly enhances
their motion: The rotational diffusion constant is proportional to the filament-bending compliance
and is independent of the network pore size. The interplay between crowding and thermal
bending implies that the notion of a filament’s stiffness depends on its confinement. Moreover, the
mobility of SWNTs and other inclusions can be controlled by tailoring their stiffness.

Crowding greatly constrains the transversal
mobility of a filament and causes aniso-
tropic diffusion, which is limited to the

filament axial direction. In the case of polymer
solutions or melts, understanding the motion of a
single polymer chain confined by the meshwork
of its neighbors was key to a number of advances
in polymer science. In their seminal work, de

Gennes, Doi, and Edwards (1–3) modeled the ef-
fect of crowding on polymer dynamics by intro-
ducing the concept of a confining tube, together
with preferential motion along the polymer’s axis,
known as reptation because of its resemblance to
the slithering of a snake (Fig. 1A, inset). This
model captured many bulk dynamical properties
of flexible polymer melts and solutions (4), al-

though direct experimental evidence validating
this powerful theoretical intuition came over two
decades later, when reptation of flexible and semi-
flexible filaments was observed directly by imag-
ing fluorescently labeled DNA (5) and actin (6).

In contrast, little is known about the thermal
motion of stiff filaments such as carbon nano-
tubes, biopolymers, and stiff fibers in a network.
In particular, the role of the bending stiffness of
such inclusions remains controversial, with long-
standing conflicting theoretical predictions (7–11).
Doi predicted that rotational diffusion is inde-
pendent of stiffness (7), whereas Odijk concluded
that such diffusion should be enhanced by flex-
ibility (9) and Sato concluded the opposite (11).
Bulk experiments by means of birefringence and
dichroism (12–14) have also given conflicting
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results, mainly because polydispersity, aggrega-
tion, attractive forces, and strong coupling be-
tween translational and rotational diffusivities of
the filaments all complicate the interpretation of
the results. We directly visualized single-walled
carbon nanotubes (SWNTs) reptating in a gel and
established that flexibility substantially speeds up
diffusion of stiff filaments under confinement,
which is in accord with Odijk’s theory (9). We
found that the rotational diffusion constant grows
linearly with the bending flexibility and, counter-
intuitively, is independent of degree of crowding.

A natural measure of the stiffness of a fila-
ment is its persistence length, Lp = k/kBT, which
measures its thermal bending by Brownian forces.

Here, k is the bending stiffness, T is the temper-
ature, and kB is Boltzmann’s constant. Doi (7)
postulated that as long as the rods are stiff (L < Lp),
flexibility does not affect diffusion, and that such a
stiff filament of length L confined in a tube of
diameter x <<Lwould explore an angle q ! x/L in
the reptation time trep = L2/D‖ needed to diffuse a
length L. This yields a rotational diffusivityDDoi

r =
q2/trep = kBTx

2/hL5, where D‖ ~ kBT/hL is the
translational diffusivity of an isolated filament in a
solvent of viscosity h. In contrast, Odijk (9) argued
that whenever the amplitude of the thermal un-
dulations u = (L3/Lp)

1/2 exceeds the pore diameter,
confinement results in the independent deflection of
segments of length l = (Lpx

2)1/3, of which there are

L/l (15). As the filament reptates a distance l, the
ends of the filament reorient by an angle dq ~ x/l.
After a reptation time, this results in a mean-square
angular deflection of the filament of q2 ~ x2L/l3

and an angular diffusivity of DOdijk
r = kBT/hL

2Lp.
Doi’s theory is recovered for filaments shorter
than l, a length typically much shorter than the
persistence length, at which the flexibility be-
comes irrelevant. Otherwise, Odijk theory pre-
dicts that rotational diffusion speeds up by a factor
DOdijk

r /DDoi
r = (L/l)3, for example, by three orders of

magnitude for a 10–mm-long, stiff (Lp = 100 mm)
filament moving through 100-nm pores. (9)

SWNTs are the ideal system to study confined
dynamics of stiff filaments. SWNTs are slender
(typical diameters of d! 0.7 to 1.2 nm), sufficiently
long to be visualized through optical microscopy
(L ! 3 to 15 mm), and share many dynamical
characteristics with polymers (17, 18). SWNTs are
considered stiff because their persistence length
ranges from 20 to 150 mm and scales with their
diameter cubed, Lp ~ d3, similar to the bending
stiffness of a macroscopic hollow pipe (19).
Individual semiconducting SWNTs can be visual-
ized directly because of their bright near-infrared
(NIR) luminescence, and their diameter can be
determined simultaneously spectroscopically (20).
We image the quasi-two-dimensional dynamics of
these individual SWNTs in agarose gel (21), a
permanent network with pores x ! 0.1 to 1 mm
[depending on agarose concentration (22, 23)],
which mimics the reptation ansatz of a filament
moving in a fixed network of frozen obstacles
(1–3). The diameter (hence the persistence length)
of each SWNTwas determined from its emission
spectrum (19, 20). By means of image analysis,
we extracted frame-by-frame each SWNT’s
center-of-mass position ri = [xi, yi] in the lab
coordinates and its orientation qi relative to the x
axis (i represents the frame number spaced by 30
ms acquisition time). Figure 1A depicts the center-
of-mass trajectory of a 4.5-mm-long (6,5) SWNT
[deduced from its emission spectrum (Fig. 1B)],
with a 0.76 nm diameter and Lp = 26 mm (19) in a
1.5%w/w agarose gel (x ! 0.2 mm); this figure and
the accompanying video (24) show unequivocally
snake-like motion. NIR fluorescence snapshots
demonstrate that flexibility substantially affects
reorientation of the SWNT in a new confining
tube. At first, the SWNT slides back and forth
partially out of the confining tube. By bending
slightly, the end of the SWNThasmore freedom to
explore various paths while translating along its
length, even thoughmost of the SWNTis still caged
and thus restricted to a certain orientation. Eventu-
ally, the SWNTcompletely slides out of the original
confining tube and reorients in another tube.

We quantify rotationalmotion by the statistics of
the angle qi. A typical time-evolution of the mean-
square angular displacement (MSAD), !Dq2", is
shown in Fig. 1C. At short times, the SWNT’s
angular diffusion is subdiffusive (!Dq2"º tn,
n << 1), reflecting the confinement in the initial
tube. At longer times, the SWNT diffuses out of
the initial tube, and the mean angular displacement

Fig. 1. (A) (x, y) center-of-mass trajectories of a SWNT reptating in 1.5 w/w % agarose gel and
representative NIR images of the SWNT, illustrating the effect of flexibility on reorientation of SWNT in
different pores (scale bar, 5 mm). (Inset) Schematic of a stiff filament in a fixed network: L is the length of the
filament, l is the deflection length, and x is the pore size of the network. (B) Individual SWNT emission
spectrumwith peak at 985 nm, implying a (6, 5) structure with a diameter of 0.76 nm and persistence length
of 26 mm. (C) Angular MSD showing the subdiffusive-to-diffusive behavior which occurs at disengagement
time td. The line is the best fit to the data. Dr is calculated from the long time (diffusive behavior). (Inset)
Representative image of a SWNT in x-y lab frame; the orientation angle q is the angle between the x axis and
the major axis of the best-fitted ellipse to the shape of the SWNT.

Fig. 2. Normalized rota-
tional diffusivity of 35
SWNTswithdifferent length
and persistence length
[denoted by different
symbols (tableS1)], reptat-
ing in different concentra-
tions of agarose gel versus
normalized length by de-
flection length. Doi’s theory
is shown by a dashed line
and predicts a power law
with scaling exponent –3
across the whole range of
normalized length. Odijk’s
theory is denoted by a
solid line and predicts a
plateau at ~1 for L > l.
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behaves diffusively !Dq2" ! 2Drt (25), yielding
the value of the rotational diffusivity Dr.

We measured the rotational diffusivity of 35
SWNTs with different lengths (2 to 10 mm) and
persistence lengths (26 to 60 mm), reptating in
agarose gels of several concentrations (hence
pore sizes). We collapsed the rotational diffusiv-
ity on a master curve (Fig. 2) by plotting the
normalized rotational diffusivities Dr /DOdijk

r =
DrhL

2Lp/kBT versus normalized length L/l. In
such a plot, Doi’s theory predicts a power law
with scaling exponent –3 [(L/l)–3] across the
whole range of normalized length (Fig. 2, dashed
line), whereas Odijk’s theory predicts a plateau at
~1 for L > l (Fig. 2, solid line). The data show
that when L % l, flexibility does not affect
mobility (which is in agreement with both Doi
and Odijk), whereas for L > l flexibility clearly
speeds up long-time diffusion, which follows
Odijk’s scaling. Therefore, the effective rigidity
of a filament depends on its degree of confine-
ment. Whereas in the absence of confinement
Brownian filaments can be considered essentially
as rigid when L < Lp, confined filaments (x < L)
behave as rigid when L > l.

We next turned to the short-time subdiffusive
dynamics of the MSAD (Fig. 1C). To cross over
from short time subdiffusive behavior to long-
time diffusive motion, a filament must diffuse by
a length l out of its initial confining tube. This
occurs on a time scale known as the disengagement
time td, which is the time scale a SWNT needs
to reptate by a deflection length and is deter-
mined from the free parallel diffusion constant
of the center of the mass, td = l2/D‖ ~ hl2L/kBT
(9). At times shorter than td, the SWNTwiggles
“freely” inside its initial confining tube, with min-
imal angular reorientation (q < x/L, hence the
subdiffusive behavior of MSAD in Fig. 1C). At
times longer than td, the SWNT slides out of
the initial confining tube and starts exploring the
other accessible tubes. Show in Fig. 3 are the
disengagement times normalized to l2 obtained
for 11 (6,5) SWNTs by fitting the MSAD with
!Dq2" ! q20 " 2Drt and settingtd ! q20=2Dr .We

found that the measured td normalized by de-
flection length l2 scales linearly with length L,
confirming Odijk’s prediction (9) for short-time
translational diffusion (26) and showing that
flexibility speeds up disengagement.

Because SWNTs explore orientation space by
reptating in and out of pores, rotational and
translational diffusion should be strongly coupled
at time scales below the rotational diffusion time
tr = 1/2Dr. Such coupling occurs even in themuch
simpler case of two-dimensional Brownian mo-
tion of an unconstrained ellipsoid and is well
described in terms of Perrin-Smoluchowski the-
ory (27). Theoretical calculations and simulations
have recently shown that this same theory can
capture such coupling in the motion of confined
rigid rods (infinite Lp) (28). To investigate this
coupling experimentally, we measured the time
evolution of the center-of-mass mean square dis-
placements (MSDs) parallel (Ds2) and perpendic-
ular (Dn2) to the orientation of the reptation tube,
averaged over the same time window (23). The
parallel and perpendicular MSDs versus time
(normalized by the rotational diffusion time) are
shown in Fig. 3B.

At short times (t < td), SWNT diffusion is
anisotropic—Ds2 >> Dn2; SWNTs diffuse much
faster parallel than perpendicular to the tube axis.
In this time regime, the dynamics of center of
mass is dominated by the relaxation of thermally
excited elastic bendingmodes of the SWNT,with
relaxation times tnr ehl

4
n=k, where ln is the mode

wavelength (29). For a given time t, long-wave
modes #tnr > t$ are effectively “frozen,”whereas
short-wave modes #tnr < t$ evolve and contrib-
ute to the amplitude of thermal undulations. At
time t, the longest (dominant) bending mode has
a wavelength of l(t) ~ (kt/h)1/4. The mean square
amplitude of the transverse fluctuations (Du2) of
this mode dominate the transverse diffusion of
the center of mass and evolves with time (29–31)
as Du2 ! Dn2 ~ l(t)3/Lp ~ t3/4, which is indeed the
subdiffusive power law t3/4 we measured (Fig.
3B). The same time dependence, t3/4, is also
expected for the mean square amplitude of the

longitudinal fluctuations of the SWNT (29, 31);
these dominate the mean square longitudinal
displacement of the center of mass Ds2, as shown
in Fig. 3B. At longer times, Ds2 crosses over to a
linear diffusion regime, indicating that the SWNT
has fully reptated along its length (Ds2 ~ t). In this
crossover regime, the transverse MSD Dn2 grows
super-linearly with time because reptation occurs
along a curved path—a motion that couples ro-
tation and translation (Dn2 ~ D‖tDq

2 ~ D‖Drt
2)

(10, 28). Thus on intermediate time scales between
disengagement and rotational diffusion times (td
and tr), translational diffusion perpendicular to the
filament is also enhanced by flexibility. At times
longer than rotational diffusion time tr, the SWNT
loses memory of its initial orientation, and its
diffusion becomes isotropic. On these time scales,
translational diffusion is weakly reduced by
flexibility (32).

By varying SWNT surface modifications (33),
we can selectively tune the sensitivity of the carbon
nanotubes to the different physical properties of the
porous media for transport and sensing applica-
tions (such as a cellular crowded environment).
The orientation dynamic behavior of SWNTs in a
fixed network is a starting point to study the dy-
namics of concentrated solutions of SWNTs as
well as SWNT composite materials. Our results
indicate that the SWNT shapes are altered by the
presence of the pores and that bent shapes can be
very long lived. Rotational diffusion and coupling
between translational and rotational motion of
SWNTs can provide a useful counterpart to
translational diffusion approaches in microrheol-
ogy techniques and render the ability to probe
different viscoelasticmodes or local heterogeneity
in complex fluids and biological media.
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Tunable Field Control Over
the Binding Energy of Single Dopants
by a Charged Vacancy in GaAs
D. H. Lee and J. A. Gupta*

Local manipulation of electric fields at the atomic scale may enable new methods for quantum
transport and creates new opportunities for field control of ferromagnetism and spin-based quantum
information processing in semiconductors. We used a scanning tunneling microscope to position
charged arsenic (As) vacancies in the gallium arsenide 110 [GaAs(110)] surface with atomic precision,
thereby tuning the local electrostatic field experienced by single manganese (Mn) acceptors. The effects
of this field are quantified by measuring the shift of an acceptor state within the band gap of GaAs.
Experiments with varying tip-induced band-bending conditions suggest a large binding energy for
surface-layer Mn, which is reduced by direct Coulomb repulsion when the As vacancy is moved nearby.

The scaling of electronic devices such as
field-effect transistors to nanometer dimen-
sions requires more precise control of in-

dividual dopants in semiconductor nanostructures,
because statistical fluctuations in dopant distribu-
tions are beginning to affect the performance and
functionality of current devices (1–4). Proposals
for next-generation quantum- and spin-based elec-
tronics also rely on the tuning of the charge, spin,
and interactions of dopant atoms with local elec-
tric fields [e.g., P in Si (5) orMn in GaAs (6)]. On
Si surfaces, the scanning tunneling microscope
(STM) has been used to probe the influence of
charged dangling bonds onmolecular conductance
(7). In III-V semiconductors, recent STM studies
of single Si, Zn, and Mn dopants have shown that
the electronic and magnetic properties of such im-
purities depend on proximity to the surface (8–14),
other impurities (15), interactionswith the STM tip
(9, 14, 16, 17), and local strain fields (18).

Here, we demonstrate control of single-dopant
properties by using the local electrostatic field
emanating from a charged vacancy. Using an
STM, we can position this vacancy with atomic
precision or reversibly switch it to a neutral state
to tune the binding energy of holes to individual

Mn acceptors in GaAs. Experiments were per-
formed with a custom-built ultra-high vacuum
(UHV) STM operated at 7.3 K (19). The semi-
conductor sample is a commercial p-GaAs wafer
doped with 2 ! 1018 cm"3 Zn atoms for nonzero
conductivity at low temperature.

Arsenic vacancies, VAs, in the GaAs(110) sur-
face formed during cleavage appeared as dark

depressions at negative sample voltage (e.g., Fig.
1A) and could be positioned on the surface by
applying a positive voltage pulse (~+1.7 V) (fig.
S1). Fig. 1, A to C, shows STM images with VAs
at three different positions. The average distance
(~8 Å) and direction of the motion could not
always be controlled and changed with different
atomic-scale terminations of the STM tip. Thermal-
and electro-migration of VAs have been studied
previously by STM (20, 21).

The nanometer-scale depression around VAs
reflects downward band bending associated with
its +1e charge in p-GaAs (20). However, we could
reversibly switch VAs to a neutral state by apply-
ing a smaller voltage pulse (~+1.3 V). The neutral
state of VAs in Fig. 1D appears as a protrusion, in
contrast to the apparent depression in Fig. 1, A to
C. We suggest that this state results from the cap-
ture of a tunneling electron by VAs

+. The neutral
state is stable indefinitely at 7 K but is readily
switched back to VAs

+ by the STM tip under
typical imaging conditions.

We studied the influence of the electrostatic
field provided by VAs on single Mn acceptors,
which were formed using an STM-based substi-
tution technique (15). Mn adatoms adsorbed onto
the surface at 7 K were exchanged with Ga atoms
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Fig. 1. Shift of Mn acceptor resonance due to VAs .
(A to D) STM topographic images of a Mn acceptor
and As vacancy in the (110) surface layer of p-GaAs
(V=–1.3 V, I=0.5 nA). Scale bar, 1 nm. Under these
imaging conditions, the bright dumbbell-like shape
of the Mn acceptor reflects the influence on neigh-
boring As atoms (15). The Mn atomic position is

indicated with a circle in (A). Positively charged VAs appears as a dark depression. (A to C) Manipulation of VAs+

to three positions (1.42 nm, 2.47 nm, and 5.48 nm from Mn). (D) A voltage pulse switches the vacancy to a
neutral state, which is imaged as a protrusion. (E) Corresponding differential conductance (dI/dV) spectra taken
on theMn acceptor. The in-gap resonance associated with theMn acceptor shifts toward lower voltage asVAs+ is
moved closer. The peak shifts back to its unperturbed position when VAs is switched to the neutral state.
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