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ABSTRACT
Intrinsic defects in graphitic materials, like vacancies and edges, have been expected to possess magnetic states from the many-body inter-
action of localized electrons. However, charge screening from graphite bulk carriers significantly reduces the localization effect and hinders
the observation of those magnetic states. Here, we use an ultra-low-temperature scanning tunneling microscope with a high magnetic field
to observe the magnetic states of atomic vacancies in graphite generated by ion sputtering. Scanning tunneling spectroscopy reveals localized
states at the vacancies, which exhibit splitting at a certain magnetic field whose separation increases with the field strength. The transition
is well described by the “Anderson model,” which describes the emergence of localized magnetic states inside the metallic reservoir through
electron–electron interaction. The interaction strength is estimated to be between 1 meV and 3 meV, which is supported by the density func-
tional theory calculation. The observation provides an important foundation for application of intrinsic defects to carbon-based spintronic
devices.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0010466., s

I. INTRODUCTION

Carbon-based spintronics have gained large attention because
of the long spin-coherence time of electrons from the weak spin–
orbit interaction and the absence of a nuclear spin in the most
abundant C12 nuclei.1 Although a perfect lattice of sp2-bonded car-
bon atoms does not possess any magnetic states, defects such as
vacancies and zigzag edges can generate localized states that induce
magnetism through the many-body interaction between electrons.2

The simplest defects in graphene or graphite, namely, vacancies
in the size of a few atomic sites, should exhibit spin-split states
induced by electron–electron interaction between two electrons with
opposite spins.3 For example, atomic vacancies were generated by
irradiating pristine graphene or graphite with ions, and a network
of such vacancies exhibited collective magnetic behavior such as
ferromagnetism.4

Microscopic study of individual vacancies is essential for
understanding their magnetism and the role of many-body inter-
action. Scanning tunneling microscopy/spectroscopy (STM/S) has
identified the atomic structure and localized states of vacancies in
graphene and graphite;5–9 however, vacancy states that are split into
two spin-polarized states, which is the hallmark of a magnetic state,
have not been observed. Recent studies into other defects such as
edges10 and adatoms11 have revealed that the interaction between
defects and the underlying substrate significantly affects the elec-
tronic state, and hence, minimizing hybridization between them
(e.g., by using an insulating substrate) is important for retaining the
magnetic properties of the defects. Graphite can be considered as
graphene on top of a graphite substrate weakly bound by van der
Waals interaction, and this weak interaction preserves the electronic
properties of vacancies better than other metal substrates, as evi-
denced by sharp vacancy states with an energy broadening of only a
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few millielectronvolts.5,6 Observation of the spin splitting of vacancy
states, however, requires an extreme energy resolution (i.e., finer
than the broadening which is typically in a millielectronvolt range),
thus making operating temperatures lower than 1 K a necessity.

In this study, we use ultra-low-temperature STM to observe
the spin-split states of atomic vacancies in highly oriented pyrolytic
graphite (HOPG). To see the fine structure of spin splitting, we
employed an operating temperature of the millikelvin range to max-
imize the energy resolution and applied a high magnetic field to
increase any existing spin splitting through the Zeeman effect.12–14

The vacancy state exhibited splitting when a magnetic field was
larger than a certain magnitude. The evolution of this splitting with
the magnetic field is well described by the “Anderson model,”15

which describes the transition of localized states from non-magnetic
to magnetic that is induced by electron–electron interaction. The
interaction strength was estimated to be between 1 meV and
3 meV. Density functional theory (DFT) calculations of multi-layer
graphene have shown that spin splitting reduces with the number of
layers, which explains the small interaction strength observed in the
experiment.

II. EXPERIMENTAL METHODS
For STM/S measurements, we utilized a custom-built dilution-

fridge-based ultra-low-temperature scanning tunneling microscope
with a base temperature of 10 mK and a magnetic field B of up to
15.4 T.16,17 During the measurement, the sample temperature was
kept below 30 mK to achieve sub-millielectronvolt energy resolu-
tion (see Fig. S1 and supplementary material, Sec. 1 for the energy
resolution measured on the superconducting gap). The HOPG sam-
ple was cleaved in the air and then transferred to the UHV chamber
(∼10−10 Torr) where it was annealed at 200 ○C for 30 min for
degassing. To create vacancy defects, HOPG was irradiated for 10 s
with Ar+ ions by a sputtering ion gun at an ion energy of 140 eV
and under an Ar pressure of 2 × 10−6 Torr.5,6 Once irradiated, the
sample was annealed at 600 ○C for 1 h to remove any intercalated
impurities.18 A conventional lock-in technique was used to measure
the differential conductance dI/dV with a modulation voltage ampli-
tude (i.e., half of the peak-to-peak voltage) of 200 μV–500 μV and
a modulation frequency of 793 Hz. For DFT calculation, we used
the Vienna Ab Initio Simulation Package with the Perdew–Burke–
Ernzerhof exchange correlation functional and D3 dispersion cor-
rection.19–21 The cutoff energy used for the plane-wave basis set
was 400 eV. The number of k-points sampled was increased until
there was negligible change in the density of states (DOS), and the
atomic structure was fully relaxed until the residual force was less
than 0.02 eV/Å. A Gaussian broadening of 0.04 eV was applied when
calculating the DOS.

III. RESULTS
A. Spin-split states of atomic vacancies measured
by STM/STS

Figure 1(a) shows a typical topograph of the HOPG after Ar+

ion irradiation. Among the various types of defects that are visible,
our focus here is on those with a triangular shape as this is the shape

FIG. 1. (a) Topograph of the HOPG surface after Ar+ ion irradiation (VB = 300 mV
and I = 0.3 nA). The inset at the left bottom corner shows an atomic vacancy at
atomic resolution (image size 4 × 4 nm2, VB = 100 mV, and I = 0.5 nA). (b) dI/dV
spectra taken from the bare surface at B = 0 T (dotted line) and a single vacancy
at B = 2 T and B = 8 T (black and red solid line, respectively). The modulation
voltage was 200 μV for the bare surface and the vacancy spectrum at 2 T and
500 μV for the vacancy spectrum at 8 T. (c) The energy diagram of the vacancy
state with respect to the external magnetic field. The bottom two levels below EF
are the energies for the first electron filling the vacancy state with an opposite spin
(black arrow), while the top two levels above EF correspond to the energies for the
second electron filling the same vacancy state (red arrow).

expected of an atomic vacancy [inset of Fig. 1(a)]. Moreover, the
atomic vacancies can have various configurations from the distinct
arrangement of the carbon lattice and possible hydrogenation due
to the high reactivity of the vacancy sites, which can turn the local-
ized vacancy states on or off.8,22 To identify the vacancies with the
localized states, we employed STS to observe the characteristic dI/dV
spectra, which are proportional to the local density of states (LDOS),
with a peak at about the Fermi energy from the π-band vacancy state
(see Fig. S2 and supplementary material, Sec. 2).3,5–9 The peak of the
vacancy state exhibits some variation in amplitude and width due
to the polycrystalline nature of HOPG that induces local variation
of doping and carrier concentration. Among the several vacancies
we observed, the vacancies with a smaller peak width display more
prominent splitting with the magnetic field. Figure 1(b) shows an
example of the dI/dV spectra taken from the top of a vacancy with
the narrowest FWHM of 1.2 meV (black solid line). No splitting of
the peak was observed for the magnetic field smaller than 3 T. The
thermal broadening and bias modulation is much less than the peak
width, which suggests that the observed broadening is intrinsic. At
a high magnetic field of B = 8 T, however, the peak of the vacancy
state splits into two, with each peak above and below the Fermi level
[Fig. 1(b), red solid line]. In contrast, the vacancy states with the
FWHM of 8 meV does not show any splitting up to 15 T (see Fig. S3
and supplementary material, Sec. 3).
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To explain the vacancy state split, we considered a simple case
of the Anderson model where the vacancy state is a single quantum
state that two electrons with an opposite spin can occupy. Following
the Anderson model, the Hamiltonian H can be separated into four
parts:2,11,15

H = Hbulk + Hvacancy + HZeeman + Hhybrid,

where Hbulk is the energy of the bulk graphite states, Hvacancy is the
energy of the vacancy states including electron–electron interac-
tion, HZeeman is the Zeeman splitting, and Hhybrid is the hybridization
between bulk graphite states and vacancy states. Here, we focus on
the energy diagram of Hvacancy and HZeeman [Fig. 1(c)] because bulk
states are not of interest in this paper, so Hbulk and Hhybrid can be
omitted by fixing the Fermi level and giving some broadening Δ to
the vacancy states.15 Then, the many-body interaction is reduced to
the two-body interaction with the contracted Hamiltonian H as

H = Hvacancy + HZeeman = Ed∑
σ
ndσ + Und↑nd↓ + gμBmSB(nd↓ − nd↑),

where Ed is the energy of vacancy states, U is the strength of
electron–electron interaction by Coulomb repulsion, ndσ is the num-
ber operator of vacancy states as defined by ndσ ≡ cdσ†cdσ , cdσ†(cdσ)
is the creation (annihilation) operator, g is the g-factor, μB is the
Bohr magneton, and mS is the spin quantum number. In all, there
are four eigenenergies for the contracted Hamiltonian, i.e., Ed − (+)
gμBmSB and Ed + U − (+) gμBmSB for spin down (up) states.23

Owing to the Pauli exclusion principle, two electrons should have
opposite spins, so spin splitting can have two possible values: δ = U
+ 2gμBmSB and δ∗ = U − 2gμBmSB. Only δ is observed in our
case because the Fermi level is located between Ed and Ed + U and
it forces the first electron to occupy the ground state of the spin
pointing down. When electron–electron interaction is present, then
U > 0, so δ becomes larger than the conventional Zeeman splitting
of 2gμBmSB. It is known that g = 2 in graphite and mS = 1/2 for
a single vacancy,3,24–26 and therefore, the estimated Zeeman split-
ting is ∼0.9 meV at B = 8 T. Because this is much smaller than
the measured δ of 2.6 meV, as shown in Fig. 1(b), U > 0 and elec-
trons in the vacancy state are indeed affected by electron–electron
interaction.

B. Magnetic field dependence of the spin-split states
The behavior of the vacancy state in a magnetic field was fur-

ther investigated by tracking the dI/dV spectra while changing the
magnetic field incrementally (Fig. 2). When the magnetic field is
increased, several peaks in addition to the one from the vacancy
state appear in the dI/dV spectra. These peaks can be broadly catego-
rized into two sets: ones that are always present at around the Fermi
energy and shifts less than 0.5 mV/T (dark and light blue arrows in
Fig. 2) and others that move monotonically to a negative bias with
a step larger than 1 mV/T (red and yellow arrows in Fig. 2). The
behavior of the first set is consistent with the vacancy state, while that
of the second set is consistent with the bulk states of graphite, such
as the Landau levels that are expected to move monotonically with
the magnetic field.27,28 As a control experiment, we measured the
dI/dV spectra on the pristine HOPG surface while ramping the mag-
netic field. The peaks appear when the magnetic field is applied and

FIG. 2. dI/dV spectra taken from the center of the vacancy while changing the
magnetic field from 3 T to 14 T. The modulation voltage was 500 μV for all spectra.
Each spectrum is vertically displaced for clarity. The right side depicts the energy
diagram of the spin-split states of vacancy at different magnetic field regimes.

shift monotonically to a negative bias with a step of about 1 mV/T
–2 mV/T, suggesting that they indeed originate from the bulk
graphite states (see Fig. S4 and supplementary material, Sec. 4).

The peaks from the vacancy state exhibit a complicated behav-
ior with an increasing magnetic field. For instance, only a single peak
appears near the Fermi level up to a field strength of 3 T, but when
the field strength exceeds 4 T, the peak splits into two peaks, above
and below the Fermi level. This separation also increases with field
strength. In real space, the separation of the peaks was constant over
the vacancy region and only the amplitude of the peaks changed
(see Fig. S5 and supplementary material, Sec. 5), so the splitting δ
can be defined as the separation between the peaks. At B = 4 T,
δ = 1.2 meV, which is comparable to the intrinsic broadening; thus,
any splitting below 3 T appears to be disguised by the intrinsic
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broadening. The increase in splitting with field strength indicates
that the two peaks are spin-polarized states with opposite spins.
However, at 10 T and above, the peak below the Fermi level sud-
denly disappears and only the one above the Fermi level survives.
This sudden disappearance of the peak is another indication that
the splitting is not just the Zeeman effect of a single electron state
but rather the combined electron–electron interaction of a two-body
state. For electron–electron interaction to be present, the position of
the Fermi level should be between the split vacancy states.15 In Fig. 2,
the center of the vacancy state is monotonically shifted to a positive
bias with increasing magnetic field. When the vacancy state energy
drifts too far away from the Fermi level, electron–electron interac-
tion should disappear and the splitting significantly decreases in the
amount of U, which seems to happen between 9 T and 10 T. It is
uncertain why the vacancy state energy shifts with magnetic field,
but a shift in the Dirac point of graphite or few-layer graphene with
the magnetic field has been observed previously and explained by
the charge transfer between the adjacent layers.28–30 It is expected
that the vacancy state energy should follow this shift.

For further quantitative analysis, the energy of the spin-split
states and their separation were extracted and plotted in Figs. 3(a)
and 3(b), respectively. The peak separation δ from 4 T to 9 T is
about three-times as large as the Zeeman splitting in the case of all
the extracted values, which provides strong evidence for the pres-
ence of electron–electron interaction. The magnitude of U was in
the range of 1 meV–3 meV and increased with the magnetic field.
It is uncertain at this point why U increases, but one possibility is
that it is caused by a reduction in the hybridization between the

FIG. 3. (a) Energy of spin-split states at the Fermi level, as extracted from the dI/dV
spectra shown in Fig. 2. (b) The separation between spin-split states calculated
from (a). Zeeman splitting of mS = 1/2 is marked as an orange dotted line for
comparison. The error bar in (a) and (b) is from minimum spacing between bias
voltage points, 200 μV, while obtaining the dI/dV spectra.

vacancy state and bulk graphite states due to a quantization of bulk
states to Landau levels at higher magnetic fields.15,30 The appear-
ance and the disappearance of vacancy state splitting at B = 4 T
and 10 T are well explained by the Anderson model.15 According
to this model, there are at least two conditions that must be met for
the emergence of a localized magnetic state, namely, U > πΔ and
|Ed − EF | < U, where 2Δ is the FWHM of the localized state. In our
case, Δ ≈ 0.6 meV, so spin-split states can appear when U > 1.8 meV.
Because U increases with the magnetic field, it should eventually
cross the threshold when B = 4 T and U = 0.7 meV, at which point
the vacancy state becomes magnetic. Differences in the value of U
may originate from the detailed structure of the graphite states. At
10 T, Ed − EF ≈ 1 meV and becomes comparable to U, so the
electron–electron interaction is removed and splitting disappears.
Note that all transitions occur at an energy scale of 1 meV, which
supports our claim that U is in the range of 1 meV–3 meV.

We note that other possibilities for the abnormally large split-
ting, such as the higher vacancy magnetic moment or Kondo effect,
were carefully checked and excluded. For example, had the spin of
the vacancy state been 3/2 rather than 1/2, then the splitting should
have increased continuously for all magnetic fields from 3 T to
14 T, and more than two peaks should have appeared at higher mag-
netic fields. A change in the g-factor for the vacancy state from 2
would also be in contradiction with the reported magnetic prop-
erty measurements.7,25 Other many-body interactions, such as the
Kondo effect, can cause a larger splitting than the Zeeman effect,31

but these usually appear as a peak pinned to the Fermi level that does
not shift, which is in contrast to our observation and other reports
on the graphene vacancy state.6,32 We also note that the localized
spin states can induce inelastic spin–flip excitation that appears as a
splitting of a peak at the Fermi level.33 However, the inelastic feature
should have a step-like shape instead of peaks, and the size of split-
ting should follow the Zeeman splitting of 1/2 spin, which does not
correspond to our data. The absence of inelastic spin–flip is probably
due to the metallic graphite substrate, which significantly broadens
the feature and disguises it.

C. DFT calculations of vacancy states in graphite
To verify the origin of U, we also estimated its value through

DFT calculations and compared this to the experimental data. How-
ever, as HOPG is composed of more than a few tens of Bernal-
stacked graphene layers, its simulation is impractical. Instead, we
used a vacancy on Bernal-stacked multilayer graphene and tried to
find the relation between the number of graphene layers NL (from
one to five) and spin splitting δ (note that δ ≈ U because there is
no magnetic field). Splitting is expected to decrease with increased
hybridization between the vacancy state and bulk graphite states,15,34

so a larger NL should result in a smaller δ. Figure 4(a) shows the
atomic structure of a single vacancy on trilayer graphene (NL = 3)
and the LDOS of its majority spin states near the Fermi level (see
supplementary material, Sec. 6). A significant portion of the LDOS
is located at the first layer beneath the vacancy (18% of the top layer)
and even the second layer beneath it (10% of the top layer), indicat-
ing that there is a notable amount of hybridization of the vacancy
state with the states in the layers beneath it. Spin splitting calculated
from the spin-polarized DOS shows a clear decreasing tendency with
NL [see Fig. 4(b) and Fig. S6], and although it is uncertain as to
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FIG. 4. (a) Atomic structure and the LDOS of a single vacancy on trilayer graphene.
The yellow circle denotes the vacancy site. The red surface is an iso-surface of
the LDOS, which is calculated for the majority spin state of the vacancy. (b) Spin
splitting of the vacancy state with respect to the number of graphene layers.

how far this would continue, if the tendency is retained up to large
NL ≫ 10, it would be possible for spin splitting to reach a value of a
few millielectronvolts.

IV. CONCLUSIONS
In summary, spin splitting of an atomic vacancy of graphite

under a high magnetic field has been observed with STM. Electron–
electron interaction was identified through the fact that the sepa-
ration of the splitting was larger than the Zeeman effect and that
the splitting only appeared when the vacancy state is near the Fermi
level. The electron–electron interaction strength U was measured
to be between 1 meV and 3 meV, which is greatly reduced from
the expected value of graphene vacancy due to the hybridization
between vacancy states and bulk graphite states. The observation
that simple intrinsic defects like atomic vacancies can behave as
magnetic states would provide important information for the real-
ization of carbon-based spintronic devices or spin-qubit quantum
computers.1

SUPPLEMENTARY MATERIAL

See the supplementary material for additional STM data and
DFT results.
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