
that this value is much lower than that of the
surface CO molecule. This lower value is expected
because the apex of the tip does not present a full
surface to the CO molecule, but rather a fraction
thereof. The following conclusion can be drawn:
The CO on the surface is laterally much stiffer and
therefore a better probe. To increase the lateral
stiffness of the tip, the CO molecule should be
picked up on a blunt metal tip.

The LFM images have a strong signal that is
much more spatially confined than are the normal-
force AFM images. Physically, the spatial resolu-
tion of frequency-modulation AFM is limited by
the lateral extent of the force gradient. Especially
in the case of a CO-terminated tip—in which lat-
eral forces change rapidly over a sharp transition,

such as encountering an adsorbate—LFM increases
the spatial resolution.
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Simultaneous Ground- and Space-Based
Observations of the Plasmaspheric
Plume and Reconnection
B. M. Walsh,1,2* J. C. Foster,3 P. J. Erickson,3 D. G. Sibeck1

Magnetic reconnection is the primary process through which energy couples from the solar wind into
Earth’s magnetosphere and ionosphere. Conditions both in the incident solar wind and in the
magnetosphere are important in determining the efficiency of this energy transfer. In particular,
the cold, dense plasmaspheric plume can substantially impact the coupling in the dayside
reconnection region. Using ground-based total electron content (TEC) maps and measurements
from the THEMIS spacecraft, we investigated simultaneous ionosphere and magnetosphere observations
of the plasmaspheric plume and its involvement in an unsteady magnetic reconnection process. The
observations show the full circulation pattern of the plasmaspheric plume and validate the connection
between signatures of variability in the dense plume and reconnection at the magnetopause
as measured in situ and through TEC measurements in the ionosphere.

The upward extension of cold, dense iono-
spheric plasma forms Earth’s plasmasphere.
The motion of the plasmaspheric particles

is governed by two electric fields, resulting from
corotation and convection motion. The first domi-
nates close to Earth and enforces rotation of these
particles with Earth. The second comes from solar

wind–magnetosphere coupling, in response to the
application of dawn-to-dusk solarwind electric fields
to the magnetosphere and ionosphere. During
geomagnetically quiet times, plasmaspheric par-
ticles on closed E × B drift shells maintain fairly
steady populations.During disturbed times, the con-
vection electric field increases, eroding the outer

region of the plasmasphere into a drainage plume
that extends sunward toward the dayside magne-
topause (1, 2) and noontime cusp ionosphere (3).

The spatial and temporal evolution of the
plasmasphere-ionosphere plume can be mea-
sured through observations of total electron con-
tent (TEC) from ground-based Global Positioning
Satellite (GPS) receivers. Integrated electron content
is obtained through monitoring the phase delay
of radio signals received from GPS spacecraft in
circular orbits at an altitude of 20,000 km. These
ground-based observations allow us to monitor the
large-scale morphology and extent of the plasma-
spheric plume (4). The structure and development
of a sunward-extending plume in the dusk sector,
as seen in TEC measurements, has been confirmed
through extreme ultraviolet (EUV) imaging with
NASA’s IMAGE spacecraft (3); however, the sen-
sitivity of these measurements does not allow for
detection of plumes with lower densities andwith
large radial distances close to the magnetopause.
Although the extension of the plume to the outer

Fig. 3. Modeling the LFM process. (A) In our model, the final tip atom to which the CO is bound is
set at (x, z). The tip CO molecule is allowed to relax by an angle qT, and the surface molecule is allowed
to relax by an angle qS. (B) LFM data directly above the CO molecule as a function of vertical distance
(z). Solid red points are experimental, and the blue curve is the calculated output.

1NASA Goddard Space Flight Center, Greenbelt, MD 20771,
USA. 2Space Sciences Laboratory, University of California, Berkeley,
CA 94720, USA. 3MIT Haystack Observatory, Westford, MA
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magnetosphere has been inferred from ground-
based and in situ measurements independently,
coincident in situ spacecraft and ground-based
measurements necessary to confirm the plume’s full
extension to themagnetopause and to the magnetic
reconnection point have not been presented.

The presence of a high-density plasmaspheric
plume at the reconnecting magnetopause is pre-
dicted to decrease the solar wind–magnetosphere
coupling in the localized region of the plume (5–8).
Through the process of magnetic reconnection,
magnetic field lines in the solar wind interconnect

with Earth’s magnetospheric field lines, allowing
plasma and energy to transfer from the solar wind
into the magnetosphere and ionosphere. The effi-
ciency of the reconnection process will govern how
much energy is being transferred. Theory and sim-
ulations predict that the reconnection rate slows

Fig. 1. GPS TEC maps showing temporal evo-
lution of the SED plume at noontime cusp. The
color scale shows TEC units (TECU) where 1 TECU =
1016 electrons/m2. The plots are oriented so that
local noon is up in each panel. The plume persists
for a number of hours; the black arrow indicates
the position of the cusp signature in the TEC data.
The gray circle in the top left panel is the magnetic
footprint of THEMIS E as it crosses the reconnecting
magnetopause at 18:22 UT. The black circle is the
poleward precipitation boundary from the OVATION
model (21).

Fig. 2. TECmeasurements projected to the equatorial
plane following magnetic field lines with the Inter-
national Geomagnetic Reference Field (IGRF) model.
The star indicates the position where the THEMIS A space-
craft crosses the magnetopause. The solid circles along the
orbit are each separated by 1 hour spanning the time period
from 16 to 22 UT. The black line is a modeled position of the
magnetopause (22).
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when the plasma density increases (9, 10). Here we
present simultaneous, magnetically coincident ob-
servations of the plume at the dayside reconnection
point in both the magnetosphere and ionosphere.

On 17 January 2013, a coronal mass ejection
(CME) impacted Earth’s magnetosphere, resulting
in a small geomagnetic storm, as indicated by the
Disturbed Storm Time (Dst) index (minimum of

–53 nT). During the storm, the ionospheric density
increased and a long-duration storm-enhanced den-
sity (SED) plume (11) developed in TEC measure-
ments (Fig. 1). The SED plume streamed in the
convection flow from the dusk sector to the noon-
time cusp (arrow) and then antisunward across the
polar cap, forming the polar tongue of ionization
(TOI) (12). The patchy, intermittent structure of
enhanced TEC within the TOI (Fig. 1) has been
inferred to indicate variability in the rate of mag-
netopause reconnection (13, 14).

During the same time period when the ex-
tended SED plume was monitored in the iono-
sphere, three of NASA’s THEMIS spacecraft
(15) detected the plume with in situ measure-
ments at the magnetopause in a “string of pearls”
formation (Fig. 2). The local time of the plume
projected from the ionosphere is consistent with the
location where THEMIS observed high-density
plasma at the magnetopause (12.7 hours in mag-
netic local time), demonstrating the continuous
extension of the plume from the inner magneto-
sphere sunward all the way to the magnetopause.

The THEMIS spacecraft were separated by
roughly 45 min along the orbit. During the time
plotted on the left in Fig. 3, each spacecraft passed
from the magnetosheath into the magnetosphere.
The magnetopause boundary is identified through
a strong rotation in the Z magnetic field compo-

Fig. 3. Measurements from the three THEMIS
spacecraft during each magnetopause crossing.
The left plots show the same time scale for each
spacecraft in GSM coordinates. The right plots are
zoomed in on the time period of the magnetopause
crossing and are in boundary normal (LMN) coor-
dinates. For each spacecraft, the panels from top to
bottom show electron density, bulk flow components,
and magnetic field components. The LMN coordinate
system is defined such that the N axis points outward
along the magnetopause normal and the (L, M) plane
is tangential to the magnetopause with L orientated
due north and M due west. The vertical dashed black
line indicates when each spacecraft passed through
the magnetopause.

Fig. 4. Magnetic field
measurements from
THEMIS E during the
magnetopause crossing
in boundary normal co-
ordinates. Clear signa-
tures of a flux transfer
event were observed. There
is an enhancement in the
magnetic field strength
(top panel) corresponding
to a bipolar signature in
the BN component and a
deflection of the BM com-
ponent (bottom panel).
Because the spacecraft is
north of the reconnection
site, as noted from the
jets in the +VL direction
(Fig. 3), an outward/inward
(+, –) bipolar signature,
indicating a northward-
moving feature, is antici-
pated (23) and observed.
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nent from –45 nT to 40 nT in the geocentric solar
magnetospheric (GSM) coordinate system. This
coordinate system is defined such that the X axis
points from Earth to the Sun, Y is perpendicular to
Earth’s magnetic dipole axis so that the XZ plane
contains the dipole axis, and Z is in the same sense
as the northern magnetic pole. For each magneto-
pause crossing, the magnetospheric density adja-
cent to themagnetopausewas greater than 10 cm−3.
This is close to twoorders ofmagnitude greater than
the nominal value, demonstrating the presence of
a plume. The density was measured through the
spacecraft potential.

During each of the three magnetopause cross-
ings, a strong rotation of the magnetic field (>120°)
and a reconnection jet were observed. These cross-
ings provide several confirmations of magnetic
reconnection and the participation of the dense
plume in the process. The first confirmation is
the jet velocity. The reconnection jet is caused by
the magnetic tension force that accelerates the
exhaust plasma to the Alfvén speed. In the case
of asymmetric reconnection, when the density
and magnetic field strength are not the same on
both sides of the current sheet, the jet velocity is
a hybrid of Alfvén speeds on both sides. In each
boundary crossing, the jet velocity matches to
within 5% of the predicted hybrid Alfvén speed
(Fig. 3) as calculated by a previous model (9, 16).

A second confirmation of the impact of the
cold plume plasma is the location of the recon-
nection jet. Typically the magnetosheath is much
denser than the dayside magnetosphere and the
jet lies primarily on magnetic field lines with
magnetospheric orientation (+BL) (17, 18). In
our study, the region of the magnetosphere adja-
cent to the magnetopause has been mass-loaded
and the jets are primarily on field lines with mag-
netosheath orientation (–BL) (Fig. 3). The oc-
currence of reconnection jets primarily on field
lines of magnetosheath orientation provides ad-
ditional evidence for the impact of the plume
density on magnetopause reconnection.

The location of THEMIS at the reconnecting
magnetopause also maps to the point in the
ionosphere where the TOI is formed and en-
hancements in TEC stream tailward over the
pole on open field lines (Fig. 1). This confirms
that the formation of the TOI in the ionosphere
is spatially linked to the presence of the plume
and reconnection at the magnetopause. The dense
plasma on newly opened magnetic field lines
convects tailward over the pole, as observed in
the motion of TOI patches in the ionosphere and
in situ at the magnetopause. Future studies using
the high spatial and almost continuous coverage
of the ground-based TEC maps may use this con-
nection to monitor reconnection and identify when
plume material has reached the magnetopause.

In addition to identifying substantial density
enhancements and mass loading at the magne-
topause, these conjugate measurements confirm
the connection between intermittent reconnection
signatures at the magnetopause and in the iono-
sphere. Bursts of reconnection can cause twisted

magnetic flux ropes known as flux transfer events
to form at the magnetopause (19, 20). At the mag-
netopause, a flux transfer event, demonstrating in-
termittent or “bursty” reconnection, was observed
in the THEMIS measurements (Fig. 4). In the iono-
sphere, patches of TEC enhancements known as
polar cap patches were observed convecting over
the pole on open magnetic field lines (Fig. 1). These
patches correspond to variability in reconnection
causing uneven rates of plasma to be transported
over the pole. Previous work (13, 14) used polar
cap patches to infer variability in magnetopause
reconnection; however, this association had not
been validated through in situ measurements at
the magnetopause.

Our results imply an extended plasmaspheric
plume that spanned from a nominal plasmapause
to the dayside magnetopause, where it impacted
magnetic reconnection. Ground-based TEC mea-
surements demonstrate that the extended plume
existed for several hours. During this period, three
THEMIS spacecraft provided magnetically coin-
cident measurements of the plume mass-loading
the magnetopause reconnection site near local
noon. The spacecraft measurements show sig-
natures of intermittent or bursty reconnection at
the magnetopause corresponding to the occur-
rence of patches of enhanced TEC convecting
tailward on open field lines over the pole in the
ionosphere. The simultaneous observation of
the conjugate location of the reconnection site
at the magnetopause with the TEC cusp sig-
nature ionosphere (Fig. 1) is important. With this
association validated, studies of the occurrence,
location, and variability of reconnection at the
magnetopause can be conducted with the assist-
ance of ground-based TEC maps that provide
high spatial and almost continuous temporal
coverage.
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Tunable Phonon Polaritons
in Atomically Thin van der Waals
Crystals of Boron Nitride
S. Dai,1 Z. Fei,1 Q. Ma,2 A. S. Rodin,3 M. Wagner,1 A. S. McLeod,1 M. K. Liu,1 W. Gannett,4,5
W. Regan,4,5 K. Watanabe,6 T. Taniguchi,6 M. Thiemens,7 G. Dominguez,7,8 A. H. Castro Neto,3,9
A. Zettl,4,5,10 F. Keilmann,11 P. Jarillo-Herrero,2 M. M. Fogler,1 D. N. Basov1*

van der Waals heterostructures assembled from atomically thin crystalline layers of diverse
two-dimensional solids are emerging as a new paradigm in the physics of materials. We used
infrared nanoimaging to study the properties of surface phonon polaritons in a representative
van der Waals crystal, hexagonal boron nitride. We launched, detected, and imaged the polaritonic
waves in real space and altered their wavelength by varying the number of crystal layers in
our specimens. The measured dispersion of polaritonic waves was shown to be governed by the
crystal thickness according to a scaling law that persists down to a few atomic layers. Our results
are likely to hold true in other polar van der Waals crystals and may lead to new functionalities.

Layered van der Waals (vdW) crystals con-
sist of individual atomic planes weakly
coupled by vdW interaction, similar to

graphene monolayers in bulk graphite (1–3).
These materials can harbor superconductivity
(2) and ferromagnetism (4) with high transition
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