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Anomalous impurity-induced charge modulations in black phosphorus
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We observe anomalous charge modulations induced by ionized indium impurities on the surface of the
semiconductor black phosphorus by scanning tunneling microscopy (STM). When the impurities are switched
into a negatively charged state by the STM tip, periodic charge modulations emerge around the impurity center,
but strictly confined by the nanoscale impurity potential. These modulations form a distorted triangular pattern,
whose periodicity remains unchanged in a wide range of positive bias. Furthermore, these local charge orders
exhibit an anisotropy opposite to that expected based on the anisotropy of the Fermi surface, challenging a
simple band-structure interpretation. Our experiment demonstrates the possibility of creating and manipulating
macroscopic charge orders through impurity engineering.

DOI: 10.1103/39jp-9dkp

Introduction. Impurities in low-dimensional electronic ma-
terials often act as localized perturbations that reorganize
the surrounding charge density or atomic lattice. Such rear-
rangements can appear as standing-wave-like charge density
modulations [1–3], localized impurity states [4], or impurity-
induced lattice distortions [5,6], depending on the strength and
spatial extent of the impurity potential. Understanding these
responses is essential for determining how impurities enable
tuning material properties and for revealing the mechanisms
behind impurity-driven electronic behavior [7–10]. Despite
extensive studies on impurity-induced electronic signatures
in various materials, there are still open questions concerning
the microscopic mechanism by which an individual impurity
reshapes the nearby electronic environment, particularly in
systems with strong structural or electronic anisotropy.

Black phosphorus (BP) provides an advantageous platform
for investigating these effects. Its puckered structure gener-
ates markedly anisotropic effective masses, yielding distinct
Fermi velocities [11,12] and screening behaviors depending
on crystallographic axes [13,14]. With scanning tunneling mi-
croscopy (STM), one can directly tune the ionization state of a
surface impurity and thereby control the associated Coulomb
(or scattering) potential [15]. This enables real-space
visualization of how electrons respond to an impurity whose
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charge state and potential profile can be manipulated with an
atomic precision. Previous studies have examined impurity
charging and scattering in BP [16,17], but it remains un-
certain whether an ionized impurity can induce anisotropic
charge modulations expected from the intrinsic band
anisotropy.

Here, we employ STM to control the charge state of
individual indium clusters on BP and uncover anomalous
charge modulations. These modulations form a distorted tri-
angular order, remain sharply confined within the tip-induced
band-bending region, and exhibit an energy-independent
wavevector. Notably, their spatial anisotropy follows the
zigzag direction, contrary to expectations based on the
effective-mass anisotropy and known screening behavior of
BP [14]. These findings show that the tunability of impurity
charge states provides a powerful means to elucidate impurity-
induced electronic modulations unaccounted for by standard
scattering or screening models.

Results and discussion. We begin with a two-dimensional
electron system on the surface of black phosphorus. BP is a
predominantly p-type semiconductor, and its low-energy elec-
tronic band structure can be approximately modeled as simple
parabolic dispersions for both conduction and valence bands
[11,12]. The (001) surface of BP exhibits a puckered honey-
comb lattice structure [inset of Fig. 1(a)], resulting in two
distinct directions, designated as zigzag (ZZ) and armchair
(AC). One peculiar characteristic of BP’s electronic structure
is its anisotropy along these two directions, manifested by a
substantial difference in the effective mass of the conduction
band electrons m∗

AC = 0.07me for the armchair direction and
m∗

ZZ = 1.0me for the zigzag direction [18], where me is the
free electron mass. Next, we introduce impurities on BP by
depositing indium atoms, which form either clusters on the
surface with a diameter of 1∼ 5 nm, or triangular islands with
size over 5 nm [19].
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FIG. 1. Charge modulations near ionized adatom impurities. (a) Schematic illustration of the experimental setup. The STM tip is brought
close to the sample (gray), and the electric field between them (cyan) locally penetrates the sample. A neutral impurity (white ball) is placed on
the surface. When the tip is away from the impurity, the surface electrons (blue) remain spatially uniform. The inset shows the crystal structure
of the (001) surface of the black phosphorus (BP) samples used. The darker and brighter balls represent surface and subsurface phosphorus
atoms, respectively. (b) Local energy diagram near the impurity for the case in (a). EC and EV denote band edges of the conduction (white) and
valence (gray) bands, respectively. The red line indicates the Fermi level, EF. The blue shades illustrate the density of states on the surface.
The impurity level (white) above EF indicates the impurity’s charge-neutral (Imp0) state. (c) Ionization (yellow ball) occurs when the local
electric field reaches the impurity, and the impurity’s Coulomb potential disturbs locally the energy of surface electrons (blue). (d) Local energy
diagram near the impurity for the case in (c). VB is the applied bias voltage. Ionization (Imp−) is represented by the impurity level (yellow)
moving below the EF. While the dashed curves illustrate tip-induced band bending, the Coulomb potential of ionized impurity further lifts
the bands (solid curves). The blue arrows represent the tunneling channels, with their lengths indicating the tunneling probabilities. (e) STM
image taken near indium adatoms showing charge modulations. Setup conditions: VB = 0.7 V, Iset = 0.1 nA. (f) Fourier-filtered image of (e),
highlighting the charge modulations. Scale bar: 2 nm.

We then proceed to switch the ionization state of the sur-
face impurities. A surface impurity creates a strong Coulomb
potential, but only when the impurity is charged. A neutral
impurity, otherwise, would only weakly perturb the electron
density around it. Experimentally, it is well established that
the ionization state of an impurity in a semiconductor can be
controlled by STM [15,20,21], as illustrated in Fig. 1. When
an STM tip approaches the sample surface, the strong electric
field (typically on the order of 1 V/nm) exerted by the tip
extends toward the sample. If screening is insufficient, this
field penetrates the local surface area under the tip [Fig. 1(a)],
modifying the local potential inside the sample. This often
results in a rigid shift of the conduction and valence band
edges [dashed lines in Fig. 1(d)], known as tip-induced band
bending (TIBB) [22]. When the impurity is far from the tip, it
stays neutralized with the surrounding background [Fig. 1(b)].
However, when the spatial extension of the tip’s field reaches
the impurity [Fig. 1(c)] and shifts down the lowest unoccupied
impurity level across EF, the impurity becomes negatively
ionized. This ionization subsequently enhances the impurity’s
Coulomb potential, which in turn lifts the bands at the surface.
The combination of tip- and impurity-induced band bending
effects have been understood in previous reports [23,24], as
shown by comparing the solid and dashed curves in Fig. 1(d).

In this case, as the tunneling channels with higher transmis-
sion probability (blue arrows) align closer to a peak in the
surface density of states (blue shades) [25], the tunneling
current is instantaneously increased compared to the case
before ionization [19]. In constant-current mode, the feedback
control of STM immediately retracts the tip. It is then antic-
ipated that this change in current occurs roughly at the same
distance from the impurity in all directions, manifesting as
a disklike feature with enhanced contrast in the STM image
[15,20,21]. As illustrated in Fig. 1(e), this is indeed what we
observed around a dimer impurity. Behind the vertical stripes
originating from the zigzag ridges and valleys, we observe a
faint disklike feature around the impurity. The area inside the
disk exhibits a larger apparent height at positive bias voltages,
which is better discernible after filtering out the surface corru-
gation in Fig. 1(f) [19].

Charge modulations near ionized impurities. The primary
finding of this study is the discovery of additional modula-
tions in the vicinity of the impurity, which exist within the
commonly observed disklike feature. These modulations can
be clearly visualized as oscillations in both filtered and unfil-
tered images in Figs. 1(e) and 1(f), as well as in differential
conductance images taken simultaneously [19]. They appear
to form an approximately triangular lattice that is distorted
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FIG. 2. Charge modulations controlled by the electric field
between tip and sample. (a)–(c) Fourier-filtered STM images taken
at a fixed current setpoint but with varying bias voltages. As the bias
voltage increases, the size of the disk decreases. The orange arrows
indicate that a charge modulation peak shown in (a) disappears at the
same location in (c). (d)–(f) Fourier-filtered STM images taken at a
fixed bias but with varying current setpoints. Scale bar: 2 nm.

because of the underlying orthorhombic surface Bravais lat-
tice, leading to a centered rectangular charge modulation;
additional distortions are visible at the disk edge and near
the central impurity. One important observation is that these
modulations are strictly confined to the disk. To demonstrate
this, we change the disk radius by varying the bias voltage or
the tip-sample distance, as TIBB depends on the electric field
between the tip and sample.

As shown in Fig. 2, the disk shrinks in size with an in-
creasing bias or a decreasing tip-sample distance (increasing
current setpoint). This band-bending behavior confirms that
the impurity is negatively charged when the tip is positioned
inside the disk [19]. As the disk size decreases, the area
that contains the modulations also shrinks accordingly. This
confinement is clearly visible when comparing the same field
of view, for example, at a fixed current setpoint but increasing
bias in Figs. 2(a)–2(c). In Fig. 2(a), the modulations extend
to over 4 nm away from the impurity along the zigzag direc-
tion; a density peak appears at the location indicated by the
arrow. In contrast, in Fig. 2(c) the modulations disappear at
the same location as the disk shrinks. We observe the same
phenomenon when comparing images taken at a fixed bias of
0.7 V but with increasing current setpoint [Figs. 2(d)–2(f)].
These observations rule out the possibility of structural defor-
mation and suggest an electronic origin of the modulations.

Possible origin of the charge modulations. To discuss
possible electronic mechanisms, we first consider Friedel os-
cillations, often referred to as quasiparticle interference (QPI)
and widely utilized in determining electronic band structures
by STM [1–3]. Specifically, the oscillations should have a
scattering wave vector q(E ) = kf (E ) − ki(E ), connecting the
wave vectors ki(E ) and kf (E ) of the initial and final states
at a certain energy E in the energy bands, respectively. A
Fourier transform of the real-space oscillation pattern at each
energy reveals the dispersion relation q(E ), which can be used
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FIG. 3. Energy dependence of charge-modulation periodicity.
(a) STM image taken near a two-adatom impurity. Setup conditions:
VB = 1.2 V, Iset = 0.1 nA. (b) The normalized differential conduc-
tance ( dI/ dV )/(I/V ) spectra along the line marked by the arrow
in (a). Setup conditions: VB = 1.2 V, Iset = 0.2 nA. (c) Band edge
(black dots) appearing near VB = 0.8 V in (b), extracted by finding
the bias that corresponds to a maximum in the first derivative of each
spectrum above 0.7 V. The impurity potential (purple) is estimated by
a screened Coulomb potential [19]. (d) Linewise Fourier transform
of (b). The periodic feature of the charge order is marked with the
green arrow. The blue dashed curve corresponds to the expected
dispersion of quasiparticle interference along the zigzag direction in
the conduction band.

to reconstruct the energy bands. In our case, an anisotropic
parabolic dispersion mode is expected from the first-principle
calculations and photoemission experiments [11,18].

To obtain the wave vector q(E ) associated with our ob-
served modulations, we measure the differential conductance
along a line in the zigzag directions where modulations appear
[Fig. 3(b)] and then perform a linewise Fourier transform
[Fig. 3(d)]. We first note the conduction band that starts at
0.3 V, and slightly bends upwards right on top of the impurity;
this results in a flat dark feature in the Fourier transform
in Fig. 3(d). We then focus on the bias range of 0.5 V–
1.2 V where the modulations appear. The spatial extent of
the modulations diminishes due to the reduced disk radius
with increasing bias [Fig. 3(b)], as also indicated by the
V-shaped dark feature with multiple sidebands in Fig. 3(d) due
to quantum confinement effects. Most importantly, we note
an almost constant wave vector |q| ∼ 0.32 Å−1 that corre-
sponds to the observed modulations. This energy-independent
mode clearly deviates from the expected parabolic dispersion
[blue dashed line in Figs. 3(d)], thus indicating that trivial
Friedel oscillations would not suffice to explain the observed
modulations. Interestingly, it is known that the QPI signal
can be significantly influenced by quantum geometric form
factors [26]. In this case, we do find the possibility that an
apparent energy-independent mode appears in our simulated
QPI. Specifically, nonlocal impurity potentials with selec-
tive orbital couplings suppress scatterings along the zigzag
direction [19].
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Furthermore, our results show a spatial anisotropy opposite
to what one would expect from the Fermi surface. Due to
the anisotropy of the effective masses along the zigzag and
armchair directions, the Fermi surface (of doped BP) has an
elliptical shape elongated along the zigzag directions [11,27].
This means that the screening of the extra charges by band
electrons should have a longer decay length along the arm-
chair direction [14], and that any charge modulation, e.g.,
originating from Fermi surface nesting, should have a longer
length scale along the armchair direction. Surprisingly, upon
close inspection of the charge modulations in Fig. 1(f), we
find that the individual density peaks have an elliptical shape
elongated along the zigzag direction instead of the armchair
direction. In addition, the modulations extend to the boundary
of the disk along the zigzag direction but are more confined
spatially along the armchair direction. Inside the disk, we
also observe a smooth transition from modulations to a rel-
atively uniform background when moving toward the disk
edge along the armchair direction. Both the spatial extent
of the modulations and the shape of the individual density
peaks are intrinsic to the charge orders and irrespective of the
appearance of the impurity, as confirmed by imaging charge
modulations around different impurities and nanoislands [19].
While local impurities can mix bands in a way consistent with
a shorter wavelength along the armchair direction [12,28],
there is no indication of such a strong redistribution across the
band gap, which stays open with a nearly constant size when
approaching the impurity [Fig. 3(b)].

We also consider whether enhanced interaction effects give
rise to the charge modulations. The presence of a strong,
localized impurity potential can trap electrons and one might
hypothesize that it simultaneously reduces the screening of
Coulomb interactions between them, potentially stabilizing a
charge-ordered phase within the confined region. This inter-
pretation is supported by our observation of the modulations
being strictly confined by the potential of the ionized impurity
(Fig. 2). From the differential conductance plot [Fig. 3(b)], we
can extract the impurity potential, which follows the expected
screened Coulomb form at the dielectric-vacuum interface
[15,29]. Assuming a tip-sample distance of 0.5 nm, and that
each atom in the indium dimer acquires one electron charge
after ionization (see the Supplemental Material [19] and also
Refs. [16,30–38] therein), we obtain a potential profile shown
as the curve in Fig. 3(c). The expected impurity potential
aligns well with a band edge appearing at a bias of ∼ 0.8 V,
indicating the effect of the impurity potential acting on this
band.

Finally, while the charge modulations exhibit features
reminiscent of a Wigner crystal [39]—including a distorted
triangular lattice incommensurate with the host lattice—
quantitative analysis reveals fundamental discrepancies: if
each peak in Fig. 1(f) in the disk corresponded to a “frozen”
electron, we would have an electron density of 5 × 1013

cm−2; this corresponds to a Wigner-Seitz radius rs ≈ 0.5,
which is at least an order of magnitude lower than what is
required for crystallization [40–42]. The unique appearance of
these charge modulations near indium impurities—absent for
phosphorus vacancies [13], ionized potassium [14], or cobalt
adatoms [43]—suggests that the underlying mechanism likely
involves an intricate interplay between (at least a subset of)

500 pA 300 pA 200 pA 100 pA 50 pA

Low High
Apparent Height

FIG. 4. Fourier-filtered STM images taken around two nearby
cluster impurities. The bias is fixed at 0.6 V, while the current setpoint
decreases from 500 pA to 50 pA. The charge modulations around
both impurities are initially separated at 500 pA, and gradually ex-
pand their extensions and start to merge at 50 pA. Scale bar: 2 nm.

the nonlocal impurity potential, quantum geometric effects,
and enhanced local electronic correlations.

Manipulation of charge modulations. To complete the
story, we demonstrate how the impurity potential provides a
microscopic means of manipulating the charge orders. To do
so, we monitor the evolution of charge modulations around
two nearby clusters (Fig. 4) while controlling the spatial pro-
file of the impurity potentials.

As previously demonstrated in Fig. 2, we can expand the
spatial extent of the impurity potential by reducing the size
of the TIBB disk. With a decreasing current setpoint, we find
that the charge modulations around the two clusters extend
toward each other. For example, at a setpoint of 50 pA, the
modulations eventually merge. This microscopic enlargement
of the charge modulations implies that, through impurity en-
gineering such as nanopatterning [44], a macroscopic phase
of such charge order can form with an appearance analogues
to a charge density wave.

Conclusions. In conclusion, we present a direct observation
of anomalous charge modulations near indium impurities in
black phosphorus. The charge modulations appear as a dis-
torted triangular lattice, with an apparent anisotropy opposite
to that expected based on the Fermi surface’s anisotropy. This
unexpected spatial anisotropy and the energy-independent be-
havior of these modulations cannot be explained by standard
scattering between the quasiparticle energy bands. Instead, it
might be the result of nontrivial wave-function effects, the
interplay of localization and strong-coupling physics, or a
combination of both. Our work establishes a versatile exper-
imental platform for exploring how impurities can stabilize
intriguing charge orders in a system with strong intrinsic
anisotropy.
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