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ABSTRACT: The ability to create nanometer-scale lateral p—n Graphene Nanobubble p—n Junctions
junctions is essential for the next generation of two-dimensional
(2D) devices. Using the charge-transfer heterostructure graphene/a-
RuCl;, we realize nanoscale lateral p—n junctions in the vicinity of
graphene nanobubbles. Our multipronged experimental approach
incorporates scanning tunneling microscopy (STM) and spectros- /‘%

copy (STS) and scattering-type scanning near-field optical 1 ace plasmon
microscopy (s-SNOM) to simultaneously probe the electronic and ﬁ'
optical responses of nanobubble p—n junctions. Our STM/STS

results reveal that p—n junctions with a band offset of ~0.6 eV can be

achieved with widths of ~3 nm, giving rise to electric fields of order graphene/a-RuCl
10° V/m. Concurrent s-SNOM measurements validate a point- :
scatterer formalism for modeling the interaction of surface plasmon
polaritons (SPPs) with nanobubbles. Ab initio density functional theory (DFT) calculations corroborate our experimental data and
reveal the dependence of charge transfer on layer separation. Our study provides experimental and conceptual foundations for
generating p—n nanojunctions in 2D materials.

KEYWORDS: scanning tunneling microscopy, scanning tunneling spectroscopy, scanning near-field optical microscopy, plasmons,
two-dimensional materials, charge transfer

B INTRODUCTION Recent theoretical’””' and experimental””™** work on
Nanoscale lateral p—n junctions in graphene present promising graphene/a-RuCl, heterostructures demonstrates that the

routes for investigating fundamental quantum phenomena such Dirac-point energy (Epi) in graphene will experience a

as Andreev reflection,”” whispering gallery mode resonators,””" @assive shift (~0.6 eV) .due to work. function—mediatgd
quantum dots,"™® Veselago lensing,'®'" and photonic interlayer charge transfer with the underlying a-RuCl;. While
) )

crystals.'> The ability to realize nanoarchitectures capable of transport measzl?l’r.ements suggest a high degree of interlayelg
hosting these properties relies on precise control over the cha_rzge transfer * in graphene/a-RuCl, heterostructures (>10

lateral p—n junction size, ideally down to atomic length scales. cm ).’ they have not revealed the lateral fhmenswns of th.1s
Despite the potential advantages of tailored nanometer charging process. On the other hand, analysis of the plasmonic
junctions, attempts to realize sharp and clean interfacial behavior c;lfgraphene/ g'RuCh n t}}lf rlcmlty of nanobu})b}es
junctions in graphene-based devices have been limited by the suggests that bougdanes between ey doped and pristine
precision of nanolithographic techniques (ie, >20 nm)'»'3 graphene are no wider than 50 nm.”” Raman maps conducted

and lack the nominal potential profile for yielding high-quality on t.hese heFerostructures produce similar c.onstralnts on t};i
devices. Conventional techniques such as local back gating,">"* maximum size of lateral charge modulation boundaries.
ion implantation,'>'® and adatoms'” are practically challenging

to implement and can be accompanied by an increase in Received: November 27, 2021

disorder, reduction in mobility, and surface contamination. Revised:  February 9, 2022

Moreover, the maximum charge carrier density achievable with Published: February 28, 2022

these approaches is typically limited to less than S X 10"
cm™ 'Y restricting the potential gradients accessible with
these techniques.
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However, a detailed understanding of the nanoscale spatial
dependence of interlayer charge transfer between graphene and
a-RuCl; necessitates use of a high-resolution local probe.

In order to elucidate the intrinsic lateral and vertical length
scales associated with interlayer charge transfer in graphene/a-
RuCl; heterostructures, we employ two complementary
imaging and spectroscopic techniques: scanning tunneling
microscopy and spectroscopy (STM/STS) and scattering-type
scanning near-field optical microscopy (s-SNOM). STM and
STS are ideal probes for studying lateral junction interfaces
(e.g, p—n, p—p/, p—i—p, etc.) with atomic resolution and
provide information about the local electronic structure (in
particular, Ep;.,. in graphene). On the other hand, s-SNOM
uses hybrid light—matter modes known as surface plasmon
polaritons (SPPs) to probe the local conductivity in graphene.
This multimessenger experimental approach provides a
multifaceted view of the fundamental length scales associated
with interlayer charge transfer as encoded in both the
electronic and plasmonic responses of graphene/a-RuCl;.

We use nanobubbles that arise spontaneously at the
graphene/a-RuCl; heterostructure interface during fabrication
as a testbed for probing the in-plane and out-of-plane behavior
of interlayer charge transfer. Differential conductivity (dI/dV)
maps and point spectroscopy performed at the boundary of
nanobubbles reveal that highly p-doped and intrinsically n-
doped graphene are separated by a lateral distance of ~3 nm
and vertically by ~0.5 nm, generating internal fields on the
order of 10° V/m. In addition, the rapid change in the
graphene conductivity in the vicinity of nanobubbles acts as a
hard plasmonic barrier that reflects SPPs generated during s-
SNOM measurements, as observed previously.”” The results of
STS measurements inform our interpretation of the s-SNOM
data and permit us to further develop our model for the
complex-valued near-field signal associated with nanobubble-
scattered SPPs using a perturbative point-scatterer approach.
Our results are well supported by first-principles density
functional theory (DFT) calculations, which reveal the origin
of the sharp spatial profile of interlayer charge transfer at the
boundary of nanobubbles.

B RESULTS AND DISCUSSION

The graphene/a-RuCl; heterostructures studied herein were
fabricated using dry transfer techniques from components
isolated using exfoliation from single-crystal sources (see
Methods and Figure S1 for fabrication process). The resulting
heterostructure consists of large regions of graphene forming a
flat interface with the underlying a-RuCl;, which are
occasionally interrupted by graphene nanobubbles (Figure
1A) (see Figure S2 for STM topographic overview).

A high-magnification topographic STM image of a character-
istic graphene nanobubble is shown in Figure 1B. As observed
with STM topography, the typical heights of nanobubbles
studied in this work were between 1 to 3 nm, while the radius
ranged from 20 to 80 nm. Topographic images collected with
an atomic force microscope (AFM) used during s-SNOM
measurements yield similar nanobubble dimensions (Figure
S2). On the other hand, near-field images of these same
nanobubbles collected using s-SNOM reveal larger circular
features that extend over lateral distances of several hundred
nanometers (Figure 1C). The oscillatory nature of the near-
field signal moving radially from nanobubbles is consistent
with the presence of SPPs that are either being launched or
reflected from these locations, giving rise to modulations in the
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Figure 1. Overview of joint STM/s-SNOM investigation of
nanobubbles in graphene/a-RuCl; heterostructures. (A) Schematic
of Dirac-point energy shift between nanobubbles and clean flat
interfaces in graphene/a-RuCl; heterostructures. The ~0.6 eV energy
shift takes place over a lateral length scale of ~3 nm at the boundary
of nanobubbles, generating effective lateral fields of E; ~ 2 X 10° V/m
(0.2 V/nm). Since the pristine graphene suspended in the nanobubble
is intrinsically n-doped, a p—n junction is created at the nanobubble
boundary. The associated jump in the graphene conductivity at the
perimeter of the nanobubble acts as a hard boundary for reflection of
surface plasmon polaritons. (B) Characteristic STM topographic
image of a nanobubble (V5 = 0.7 V, I, = 50 pA). The inset shows the
one-dimensional cross section of the nanobubble topography. (C)
Characteristic s-SNOM image of two nanobubbles shows circular
fringe patterns corresponding to radially propagating surface plasmon
polaritons (@ = 1050 cm™).

near-field signal that extend far beyond the nanobubble area. It
has been suggested that these plasmonic features arise due to
discontinuities in the graphene conductivity associated with
local modulation of charge carrier density,”” though the precise
nature of this profile demands further scrutiny with STM and
STS.

In order to gain insight into the spatial dependence of
interlayer charge transfer, we performed a series of STM and
STS measurements in the vicinity graphene nanobubbles
(Figures 2, S3). Figure 2A shows two representative point
spectra collected on a flat interface of graphene/a-RuCl; (red
curve) and on a nanobubble (blue curve). The spectrum taken
on the nanobubble (blue curve) is characteristic of slightly
intrinsically n-doped graphene since Ep;,. is located at —100
meV relative to the Fermi energy Ep. This spectrum acts as a
reference for the pristine graphene density of states. On the
other hand, the dI/dV spectrum on the flat graphene/a-RuCly
region (red curve) away from the nanobubble junction shows a
shift in the Dirac point energy of AEp,;,. = +625 meV relative
to pristine graphene suspended in the nanobubble. This
massive shift in Ep;,,. corresponds to a hole density in graphene
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Figure 2. Electronic structure characterization of nanobubbles in graphene/a-RuCl; using STM and STS. (A) Inset: STM topographic image of a
graphene nanobubble (Vg = 0.7 V, I, = S0 pA). Representative dI/dV point spectroscopy collected over nanobubbles (blue curve) and flat
graphene/a-RuCl; interfaces (red curve) as indicated by the crosshairs in the inset. Between these two spectra, Epy, shifts by 625 meV. (B) dI/dV
maps of a graphene nanobubble conducted at the indicated biases corresponding to the Dirac point energies on the nanobubble (left panel) and the
flat interface (right panel) (V¢ =25 mV, I, = 50 pA). A suppressed LDOS is observed at those biases associated with the local Dirac point energy.
(C) Linecuts of the dI/dV maps shown in (B) following the green and purple lines indicated on the —100 and 525 mV maps, respectively. In both
instances, the change in the LDOS at the bubble boundary (indicated by the black dashed line) takes place over a lateral length of approximately 3
nm. (D) Position-dependent dI/dV point spectroscopy collected along the dotted white trajectory shown in the inset in (A). The shift in the Dirac
point energy occurs over a lateral length scale of ~3 nm as indicated by the region highlighted in partially transparent red and blue. The position-
dependence of the Dirac point energy (solid white line) is superimposed on the topographic line cut (dotted white line) showing that the prior has
a much more abrupt spatial dependence than the latter. (E) Sample dI/dV point spectra collected at the threshold of a graphene nanobubble
corresponding to the red and blue highlighted region in (D).

greater than 10" cm™ resulting from interlayer charge transfer the LDOS is enhanced on the nanobubble compared to the
with a-RuCl;. We attribute the local minimum close to Eg surrounding flat graphene/a-RuCl; region. A similarly abrupt
observed for both spectra to the ubiquitous inelastic tunneling shift in the LDOS at the nanobubble edge is observed at this
gap that arises due to phonon-mediated processes independent energy (purple curve, Figure 2C). This behavior is character-
of the graphene doping level.'” This direct observation of istic of a nanometer-scale p—n interface in graphene located at
heavily p-doped graphene on a-RuCl; by STM is consistent the nanobubble boundary. We note that these nanobubble p—
with the previous optical and transport studies”> >° and n junctions resemble quantum dots previously shown to host
demonstrates that p—n junctions are formed at the nanobubble quasi-bound states” ™ that would require a spectral resolution
boundaries. beyond what is achievable in the present room temperature
To visualize nanobubble p—n junctions, dI/dV maps were study to be visualized.
conducted at biases corresponding to Ep;,. for both the We then extracted the potential profile across the p—n
nanobubble and flat interface regions (Figure 2B). The junction and evaluated its sharpness. A representative dI/dV
spectroscopic map conducted at —100 mV associated with line cut is shown in Figure 2D and follows the white trajectory
Epiac of the nanobubble shows a high LDOS on the highlighted in the inset of Figure 2A. Figure 2D clearly shows
surrounding graphene/a-RuCl; compared to the nanobubble that the local minimum of the Dirac point shifts abruptly at the
area. A sharp jump in the LDOS is observed at the boundary boundary of the nanobubble from +525 to —100 mV over a
between these two regions that occurs over a lateral length length scale of only a few nanometers. To provide information
scale of approximately 3 nm (green curve, Figure 2C). This is about the correspondence between STM topography and the
consistent with the expectation that the nanobubble should shift in Ep;,., we compare the nanobubble topographic cross-
have a suppressed LDOS at its Ep;, compared to the section (denoted with a white dotted line in Figure 2D) with
surrounding highly doped regions. By the same reasoning, at the position-dependence of Ep,. (solid white line). It is
+525 mV (ie., Ep;,. of the flat graphene/a-RuCl; interface) evident that the change in the graphene doping level occurs
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Figure 3. Characterization of the plasmonic response of nanobubbles using s-SNOM. (A) s-SNOM S; amplitude (top panel) and @, phase
(bottom panel) collected in the vicinity of a graphene nanobubble (@ = 990 cm™). The bubble perimeter is indicated in each image with a white
and black circle, respectively. A characteristic fringe pattern is observed in both the near-field amplitude and phase emanating radially from the
bubble. (B) Simulated near-field amplitude (top panel) and phase (bottom panel) based on a raster-scanned dipole over a conductivity defect with
fixed radius Ryple and a variable SPP wavelength 4. The radial dependence /Ry of both amplitude and phase are shown. The black arrows and
black dashed box enclose the regime of A,/Ryp that resembles the experimental data. (C) Radial line cuts of the images shown in (A) averaged
over half annuli with thicknesses of Ar = 10 nm. The gray vertical lines indicate the boundaries of the nanobubble. On the basis of a model that
treats the nanobubble as a point scatterer, the radial dependence of the experimental near-field amplitude and phase is simultaneously fit to the real
and imaginary components of —A[Hgl)(qpr)]z, respectively (H{" is the Hankel function of first kind of order one, gp is the complex SPP
wavevector, r is the radial coordinate, and A is a complex amplitude). (D) The corresponding dispersion of SPPs emanating from five different
nanobubbles is extracted using the fitting procedure described in (C).

much more abruptly than the height profile of the nanobubble,
implying that interlayer charge transfer is rapidly suppressed
with interlayer separation. The lateral junction width is
measured to be ~3 nm as indicated in Figure 2D. The lateral
width of this depletion region is roughly 1 order of magnitude
smaller than previously reported results on state-of-the-art split
back gate devices.'> To provide a step-by-step view of the
evolution of Ep;,. across the junction, a few spectra from the
junction region are shown in Figure 2E. Once the interface of
the nanobubble is reached and the graphene is separated from
the underlying a-RuCl; layer by less that 1 A, the minimum
corresponding to the Dirac point at +525 mV rapidly shifts to
lower biases. Beyond this point, Ep;.,. shifts more gradually
until it reaches its minimum value of —100 mV. (The
dependence of the shift in Ep;,. on the nanobubble height is
shown explicitly in Figure 4D.)

Armed with the results of STM and STS experiments, we
now return to s-SNOM images conducted on graphene
nanobubbles. Data were collected on five different nano-
bubbles over a frequency range of 930—2280 cm™" (Figure 3).
Characteristic images of the near-field amplitude and phase for
@ = 990 cm™ are shown in Figure 3A. Immediately outside
the radius of the nanobubble, radial oscillations of both near-
field channels decay as a function of distance as shown in
Figure 3C. As expected,”” the spacing between fringes clearly
disperses with frequency (Figure S4). In principle, these fringes
could arise from SPPs generated on and propagating away
from nanobubbles (’119 fringes), from SPPs generated at the
AFM tip that reflect from the nanobubble boundary (4,/2
fringes), or from both. Previous work on similar hetero-
structures would suggest the near-field behavior is primarily
dominated by the latter.”

To definitively resolve this question, it is useful to consider
that the STS data provides unambiguous evidence that the
entirety of the graphene nanobubble consists of nominally

undoped graphene surrounded by highly doped graphene with

1949

a boundary width on the order of only a few nanometers. We
therefore model the s-SNOM data of a graphene nanobubble
as a raster-scanned dipole over a circular conductivity
depletion region surrounded by a bulk possessing high
conductivity in a manner similar to our previous study”
(Figure 3B, see Supporting Information for model descrip-
tion). Expanding on this previous work, we now consider that
the SPPs generated at the AFM tip during s-SNOM
measurements may possess a wide range of wavelengths
relative to the size of the nanobubble. At one extreme, the SPP
wavelength is much larger than the nanobubble and can pass
through with little to no scattering. Here, a maximum in both
the near-field amplitude and phase is observed at the location
immediately outside the nanobubble boundary. At the other
extreme, the SPP wavelength is too small to effectively couple
to a finite-sized tip, suppressing the generation of SPPs. At
intermediate length scales where the SPP wavelength is on the
order of several times the nanobubble dimensions, plasmonic
reflections are observed that result in 4,/2 fringes whose

2
amplitude scale as (%) (Ryubple i the nanobubble radius)
P

(Figure 3B). In contrast to the behavior at large A, here the
near-field amplitude possesses a minimum immediately outside
the defect, while the phase has a maximum. A comparison of
the experimental and simulated near-field images shown in
Figure 3A,B suggests that our experiment takes place in this
intermediate regime where plasmonic reflections give rise to
Ap/2 fringes that generate an amplitude minimum and phase
maximum at the nanobubble boundary (indicated by the black
dashed boxed region in Figure 3B). In principle, 4, fringes
could exist concurrently as a result of light scattering directly
from vacuum into the graphene from the nanobubble itself.
Such fringes would have a systematic angular-dependent near-
field signal enforced by the angle of the incident light projected
onto the 2D plane. Since a systematic angular dependence is
neither observed in near-field amplitude nor phase (Figure S4),
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we exclude the possibility that A, fringes are substantially
contributing to the observed SPP oscillations.

An approximate representation of the radial dependence of
the near-field amplitude can be derived by perturbatively
treating the nanobubble as a point scatterer. This is a 2D
analogue of Rayleigh scattering and may be useful for analysis
of SPP dispersions in a manner analogous to quasiparticle
interference (QPI) of 2D electronic states.”®?” Within this
framework, the scattered polariton field is used as a proxy for
the near-field signal and has the functional form of
—A[Hgl)(qpr)]z, (here, H{V is the Hankel function of the
first kind of order one, g, = q; + ig, is the complex SPP
wavevector, r is the radial coordinate, and A is a complex
scaling factor) (see Supporting Information for full derivation).
The real and imaginary components of this function are
simultaneously fit to the near-field amplitude and phase,
respectively, using A and g, as fitting parameters. The resulting
model line profiles faithfully reproduce the experimental data
(Figure 3C). Repeating this fitting procedure for all
experimental frequencies @ and all five bubbles yields the
SPP dispersion @(q;) (Figure 3D). The shape of the
experimental dispersion is consistent with SPPs propagating
in highly doped graphene.

Both experimental STM/STS and s-SNOM data provide
corroborating evidence that interlayer charge transfer between
graphene and a-RuCl; is eliminated in nanobubbles as a result
of <1 nm of interlayer separation. We now inquire into the
precise mechanism by which this charge transfer takes place
and how it is suppressed in nanobubbles through a series of
DFT calculations on model graphene/a-RuCl; heterostruc-
tures. Specifically, we explored the role of an intermediate
vacuum region between the two layers varying from 0 to S A
above the equilibrium separation (Figure 4A). As reported
previously,”” the shift in Ep;,. for the graphene/a-RuCl,
heterostructure with an equilibrium interlayer separation
(hmin = 3.3 A) is observed to be 0.54 eV (Figure 4B), which
is in good agreement with the experimental data on flat
interface regions. Expanding on this previous result, we show
that the theoretical shift in Ep, . effectively disappears once a
vacuum spacer layer of just Ah = h — h,, = S A is introduced
(Figure 4C), revealing a rapid decay in the interlayer charge
transfer with layer separation. The theoretical dependence of
AEp;,. at intermediate interlayer separations shows a rapid
jump for Ah < 1 A followed by a more gradual decay in the
interlayer charge transfer at larger separations (Figure 4D).
The experimental counterpart to this data can be extracted
from Figure 2D to visualize AEp, as a function of the
interlayer separation between graphene and a-RuCl;. Here,
AEp,.. is obtained from the local minima (or curvature
maxima when Ep;,. presents as a shoulder) of each dI/dV
spectrum taken at a known height above the flat region. Figure
4D demonstrates that the behavior of the model DFT
calculation mirrors the experimental STS: both show two
characteristic decay lengths of less than and on the order of a
few angstroms, respectively. We speculate that the emergence
of two characteristic length scales associated with interlayer
charge transfer arises due to a dual mechanism involving short-
range interlayer tunneling and long-range electrostatic effects
between the layers.

The agreement between theory and experiment shows that
the magnitude of interlayer charge transfer is agnostic to the
surrounding in-plane charge and strain®® environment (i.e.,
purely dependent on the layer separation). Thus, it would
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Figure 4. DFT and STM analysis of interlayer charge transfer in
graphene/a-RuCl; heterostructures. (A) Side-view of the graphene/
a-RuCl; heterostructure supercell used in DFT calculations. An
equilibrium interlayer separation of K, = 3.3 A is used to model the
so-called flat interface observed experimentally. To model the charge
transfer behavior between graphene and a-RuCl; at the edge of
nanobubbles (where the interlayer separation increases gradually),
additional calculations are performed using interlayer separations of
Ah=h — hy, =05,1,2, 3,4, and S A. Orange, green, and gray
spheres indicate Ru, Cl, and C atoms, respectively. (B) DFT-
calculated band structure for a graphene/a-RuCl; heterostructure
with maximal charge transfer (ie, h = h,, = 3.3 A). (C) Band
structure for graphene/a-RuCly heterostructure with b = hy, + S A,
showing minimal interlayer charge transfer. The Fermi levels are set to
zero in (B,C). (D) The shift in Ep;,. relative to its value on the
nanobubble plotted as a function of interlayer separation is plotted for
both experimental (red dots) and theoretical (blue dots) data. The
shift in Epy,. relative to the vacuum energy Ey,. is plotted with a green
curve. The rapid decay in interlayer charge transfer is highlighted in
orange, while the subsequent gradual decay is highlighted in purple.

appear that there is little to no charge redistribution in the
graphene plane across the nanobubble interface despite large
differences in the local charge carrier density. To understand
this, we return to the DFT calculations of model hetero-
structures with variable vacuum spacer layers and plot AEp;,.
relative to the vacuum energy (green curve in Figure 4D).
From this, it is clear that an electrostatic barrier comparable to
the offset in Ep;,. of ~0.6 eV emerges between the pristine
nanobubble and the highly doped graphene/a-RuCl; region.
Ultimately, this large electrostatic barrier enforces the sharp p—
n junctions naturally generated in nanobubbles.

Finally, we consider the influence of screening on p—n
nanojunctions. Poor screening in graphene permits long-range
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inhomogeneous potentials extending >100 nm from metallic
contacts.””* Contrary to this behavior, mutual doping at the
graphene/a-RuCl; interface leads to the formation of an
interlayer dipole that is largely confined to the first atomic
layers of the heterojunction interface.”” The electrostatics of
this situation are analogous to a split gate device, where the
lateral length scale of the associated bare potential near p—n
junctions scales with the thickness of the gate dielectric (can be
substantially smaller than 100 nm'?). In this context, the poor
screening in graphene is less relevant to the resulting minimum
feature size than the length scale of the underlying bare
potential. For graphene/a-RuCl,, the effective gate dielectric
thickness is on the order of the layer separation (<1 nm),
permitting nanometer-scale depletion regions at nanobubble
boundaries.

B CONCLUSION

We have measured the electronic and photonic behavior of
nanobubbles in graphene/a-RuCly heterostructures, revealing
massive shifts in the local interlayer charge transfer over lateral
length scales of only a few nanometers. Such narrow p—n
junctions in graphene have previously been inaccessible using
standard doping techniques and have many potential
applications for studying fundamental electronic structure
properties in graphene and related materials. At the same time,
our results demonstrate that work function mediated charge
transfer is a viable route toward creating nanoscale
conductivity features in graphene that act as local plasmon
scatterers. The insights gained in our DFT calculations provide
a detailed understanding of the dependence of charge transfer
on interlayer separation and reveal abrupt electrostatic barriers
at nanobubble boundaries that give rise to nanometer p—n
junctions. This work provides the experimental and conceptual
foundation for future device design, and validates the use of
interstitial layers in charge-transfer heterostructures to
predictively influence the local electronic and plasmonic
behavior.

B METHODS

Experimental and theoretical methods can be found in the
Supporting Information.
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