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Element- and atomic-layer-resolved detection of surface magnetism via x-ray-excited tunneling
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Element-specific magnetism at the atomic scale is important in low-dimensional materials such as thin
magnetic films and quantum dots, where interfacial and surface effects can give rise to novel behavior. However,
probing magnetism specific to the topmost atomic layer remains a key experimental challenge. Here, we intro-
duce a synchrotron x-ray scanning tunneling spectroscopy approach that enables detection and quantification
of surface magnetism via x-ray-excited electron tunneling. By illuminating a scanning tunneling microscope
tip-sample junction with circularly polarized x-rays tuned to the Ni L2,3 absorption edges, ensemble-averaged and
surface atomic-layer x-ray magnetic circular dichroism are simultaneously measured on a ∼2.5-monolayer-thick
Ni film grown on a Cu(111) surface. Measurements are performed at substrate temperatures of 90 and 22 K. The
results reveal enhanced orbital and spin magnetic moments in the outermost atomic layer as compared to the
ensemble-averaged moments of the thin Ni film at both temperatures. This work establishes an experimental
method for quantitative, element-specific magnetometry with atomic-layer sensitivity using x-rays.
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Low-dimensional magnetic systems can exhibit exotic
properties different from those of their bulk counterparts due
to reduced symmetry, modified electronic hybridization, and
interfacial coupling to substrates [1,2]. These effects can give
rise to emerging magnetic phenomena, including skyrmions
[3] and chiral spintronic structures [4]. They also play a cru-
cial role in nanoscale magnetic materials such as nanoparticles
and quantum dots and are vital for many applications, includ-
ing spintronics, medicine, and sensors [5–7].

X-ray absorption spectroscopy (XAS), along with x-ray
magnetic circular dichroism (XMCD) [8–10], and the sur-
face magneto-optic Kerr (SMOKE) effect [11], have been
used extensively to investigate magnetic properties at the
few-monolayer limit [12–14]. The XMCD effect arises from
the difference in absorption between left- and right-circularly
polarized x-rays in magnetic materials. Through spin-orbit
coupling, the helicity of incident photons determines the
angular momentum transferred to excited electrons, thereby
generating spin-polarized electronic excitations. In materials
with an imbalance between spin-up and spin-down states,
such as 3d transition metals, this leads to a measurable
dichroic signal proportional to the magnetic moment. Several
theoretical studies have predicted enhanced spin and orbital
magnetic moments due to the narrowing of the d orbitals and
lowering of symmetry at the surface atomic layer [15–17].
However, because the incident x-ray beam penetrates several
atomic layers [18], it is challenging to study magnetic proper-
ties specific to the topmost atomic layer. Moreover, the spatial
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resolution in standard XMCD or SMOKE measurements is
limited by the beam size. Therefore, atomic-scale magnetism
has primarily been determined using spin-polarized scanning
tunneling microscopy (SP-STM). SP-STM uses a magnetized
tip to detect magnetic signals in materials at the atomic scale
via magnetoresistive tunneling [19–21]. However, unlike x-
rays, SP-STM relies on tunneling electrons near the Fermi
level, and therefore elemental specificity is limited. Here, we
demonstrate the detection of magnetism in the top-surface
atomic layer of a Ni thin film grown on a Cu(111) substrate
using x-ray-excited tunneling and explain the underlying de-
tection mechanism.

To achieve elemental sensitivity with atomic-scale spatial
resolution, synchrotron x-ray scanning tunneling microscopy
(SX-STM) has been developed [22–27]. In SX-STM, the
tip-sample junction is illuminated by monochromatic x-rays.
Using a topographic filter, the conventional tunneling current
is separated from the x-ray-excited tunneling contribution.
This enables elemental and chemical identification at the one-
atom limit [22]. In our setup, the sample current (IS) and
the tip current (IT ) are measured simultaneously using sep-
arate lock-in amplifiers [(Fig. 1(a)] [28]. The sample current
arises from photoemitted electrons escaping from the entire
x-ray-illuminated region and is analogous to total electron
yield (TEY) detection in conventional XAS [22]. The tip cur-
rent can be in two different regimes: far-field and tunneling.
In the far-field configuration [23], the tip is positioned outside
the tunneling distance, i.e., a few nanometers or more above
the surface, and tunneling does not occur. The detected current
signal at the tip then consists predominantly of photoelectrons
emitted from the sample.
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FIG. 1. (a) SX-STM experimental setup. A circularly polarized
x-ray beam illuminates the tip-sample junction. Separate lock-in am-
plifiers (LIAs) are used to detect the sample (IS) and tip (IT ) currents.
(b) X-rays excite photoelectrons. The photoexcitation process leaves
a vacancy (1), which is then filled by an electron from a higher orbital
(2). An avalanche of Auger and secondary electrons (3) is produced;
these electrons can fill unoccupied states and then tunnel to the tip.

In contrast, x-ray-excited tunneling (XET) occurs in the
tunneling regime, where the tip is positioned ∼0.5 nm above
the surface. The tip current in the tunneling regime origi-
nates from the tunneling of x-ray-excited electrons from the
sample to the tip [(Fig. 1(b)]. Because tunneling current de-
pends exponentially on tip-sample separation, this channel is
extremely sensitive to the local atomic environment directly
beneath the tip, as in scanning tunneling microscopy, and
provides intrinsic atomic-scale sensitivity, even down to just
one atom if the atom is isolated [22,29]. The contribution of
nonlocal photoelectrons, i.e., photoejected electrons, to the
x-ray-excited tunneling current signal is strongly suppressed
when operating at tunneling distances [22,23,26,28]. This
is because the coaxial tip geometry prevents photoelectrons
emitted at large angles from striking the sidewalls of the
tip and contributing to the far-field current. Moreover, the
exposed tip apex is positioned in close proximity to the sur-
face (∼0.5 nm), which strongly limits photoelectrons from
more distant regions reaching the tip. Simultaneous TEY and
XET measurements enable a direct comparison between the

ensemble-averaged magnetism of the film and the atomic-
scale local magnetism of the same sample, and it is greatly
advantageous.

XET involves two sequential processes: core-level pho-
toexcitation and electron tunneling. When the incident photon
energy is tuned to a core-level resonance, such as the Ni L2,3

edges, a core electron is excited, creating a core hole. The
subsequent relaxation process produces secondary and Auger
electrons [Fig. 1(b)]. A fraction of these electrons occupies
states between the Fermi level and the vacuum level. These
electrons can then tunnel into the STM tip, generating a
measurable current. Because the initial excitation probability
depends on photon helicity and on the projection of the sample
magnetization vector onto the x-ray beam propagation vector,
the resulting tunneling current carries XMCD contrast.

For the experiments, we used a Ni thin film grown on
Cu(111), a well-studied model system suitable for this demon-
stration. For sample preparation, a Cu(111) single crystal was
cleaned by repeated cycles of Ar+ ion sputtering and subse-
quently annealed to 600 K under ultrahigh vacuum (UHV).
The Cu(111) substrate was cooled to 79 K before Ni deposi-
tion to prevent Cu interdiffusion into Ni [30]. Approximately
2.5 monolayers (MLs) coverage of Ni were deposited by
thermal evaporation. Next, the sample was premagnetized
by applying an in-plane external magnetic field in UHV for
15 s using an AlNiCo permanent magnet mounted near the
sample stage. No external magnetic field was applied during
the measurement; therefore, the measured magnetic state was
remanent. Ni on Cu(111) exhibits magnetism even below
2 ML, with Ni spins preferentially aligning along the in-plane
magnetic easy axis up to several monolayers [31] and has a
critical temperature TC above 150 K [32]. Figures 2(a) and
2(b) present an STM image and corresponding height profile
of the Ni grown on the Cu(111) surface for this experiment.
STM images reveal that multiple single-step islands coalesce
to form the Ni layer.

The synchrotron experiments were performed at the XTIP
beamline of the Center for Nanoscale Materials and the Ad-
vanced Photon Source at Argonne National Laboratory [33].
Left- and right-circularly polarized x-ray beams with a size
of ∼10 µm × 10 µm were illuminated onto the tip-sample
junction [Fig. 1(a)] at ∼30◦ relative to the surface plane af-
ter passing through an x-ray beam chopper operating at 590
Hz. XMCD measurements were performed in the tunneling
regime, with the tip positioned ∼5 Å above the sample surface
at a −1 V tunneling bias and a fixed tunneling current of
100 pA. The x-ray chopper modulated the x-rays between
“on” and “off” states. During the x-ray-off period, the tun-
neling feedback loop maintained the tip height using the
parameters described above. During the x-ray-on period, the
STM feedback was inactive, and the tip remained stationary
at the set point above the surface. The additional tunneling
current induced by x-ray excitation during this period was
then measured using a lock-in amplifier. The x-ray-induced
current originates from primary, secondary, and Auger elec-
trons generated during core-level x-ray excitation events [see
Fig. 1(b)]. These electrons populate initially unoccupied states
of the sample and subsequently tunnel to the detector tip. Be-
cause the conventional tunneling current associated with the
−1 V bias is rejected by lock-in detection, the measured signal
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FIG. 2. (a) STM image of a Ni film grown on Cu(111) at a substrate temperature of 79 K [VT = 0.5 V, IT = 0.1 nA]. (b) Height profile
across the line indicated in (a). (c) STM-XAS spectra of the sample channel (TEY mode) showing Ni L2,3 edge signals measured with left- and
right-circularly polarized (LCP, RCP) x-rays. (d) Simultaneously measured STM-XAS signals produced by XET in the tip channel. Arrows in
(c), (d) indicate L3 edge peaks.

predominantly reflects the tunneling current of x-ray-excited
electrons that fill the unoccupied local density of states of Ni.

The x-ray absorption spectra are measured at substrate
temperatures of 90 and 22 K, respectively. The data acqui-
sition time for a complete spectrum is ∼3 min, and each
recorded spectrum is an average of 40 spectra. Considering
the photon flux of 1.94 × 1011 photons/s at 885 eV, the x-ray
beam delivered only ∼27.5 µW of power to the sample; this
corresponds to a power density of 27.5 mW/cm2 for our x-ray
beam size. The measured thermal drift at 90 K with the x-ray
beam illuminating the sample is 0.65 nm/h. This corresponds
to <1 Å thermal drift over a spectroscopic measurement time
of 3 min. At 22 K, the thermal drift is 0.14 nm/h, correspond-
ing to <0.1 Å over the spectroscopic measurement time. The
low thermal drift of the system is achieved by maintaining
both the tip and the sample at the same temperature.

Figure 2(c) presents average x-ray absorption spectroscopy
(XAS) data measured in TEY mode in the sample channel at
90 K. Figure 2(d) shows the simultaneously measured STM-
XAS spectra in XET mode at the tip channel. Both spectra
show that the left-circularly polarized (LCP) x-ray signal
(green) is higher than the right-circularly polarized (RCP)
signal (orange) at the Ni L3 edge at 852.7 eV [Figs. 2(c) and
2(d)]. The magnetization of Ni is evident in both spectra: the
LCP is higher at the Ni L3 edge, while the sign is reversed at
the Ni L2 edge at ∼870.5 eV, as expected. Here, the L3 peak
is generated by Ni 2p3/2 → 3d transition, while the L2 peak
originates from the Ni 2p1/2 → 3d transition.

Figure 2(d) clearly demonstrates that the local magnetic
signature can be detected in the tunneling regime using the
XET process. The detector tips used here are formed from PtIr

or W wires coated with an insulating SiO2 film and covered
with an outer Au layer to prevent charging [22,23,28]. There-
fore, the magnetic sensitivity in XET mode here does not
arise from spin filtering at the tip, as in SPSTM. Instead, the
XMCD contrast originates from the helicity-dependent core-
level excitation probability, which leads to different numbers
of excited electrons and, consequently, different tunneling
currents for opposite photon helicities. Thus the intensity dif-
ference between the LCP and RCP signals in the XET mode is
a direct consequence of the initial preferential photoexcitation
process. Remarkably, comparison of the L3-edge XAS spectra
[Figs. 2(c) and 2(d), and 3(a) and 3(b)] clearly reveals that the
difference between the LCP and RCP signals is significantly
enhanced in XET relative to the TEY mode.

The XMCD sum rules relate dichroism and the total
absorption to the ground-state orbital (mL) and spin (mS)
magnetic moment of the sample [34–36], and they can be
approximated as follows:

ml = −4Qnh

3R
, (1)

ms = (4Q − 6P)nh

R
. (2)

The quantities P and Q are extracted from the measured
XMCD spectrum [37], where P is the cumulative integral after
the L3 edge, and Q is the cumulative integral after the L2 edge
in the XMCD plot [Figs. 3(c) and 3(d)]. The quantity R is
extracted from the sum of the LCP and RCP signals and their
cumulative integral after the L2 edge [Figs. 3(e) and 3(f)],
while nh is the number of holes in the 3d valence band of
Ni. In XMCD, the measured magnetic signal is proportional
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FIG. 3. (a) TEY-mode XAS spectra (sample channel) and (b) STM-XAS spectra in the XET regime measured at 90 K after L3 and L2

edge-jump background subtraction. (c), (d) XMCD and cumulative XMCD integral plots corresponding to the TEY and XET spectra in (a),
(b), respectively. (e), (f) Sum spectra and cumulative sum-integral plots of the spectra in (a), (b), respectively.

to the projection of the sample magnetization vector onto the
x-ray propagation vector. Considering the x-ray beam angle
of 30◦ with respect to the surface plane, and 96% circular
polarization of the x-ray beam, the effective ml and ms are
estimated by ml,s = ml,s(measured)/(cos 30◦ × 0.96).

Few-monolayer-thick Ni films can have a different nh value
than the bulk Ni or thicker Ni films due to the hybridization
of Ni with the Cu(111) substrate [38]. To elucidate this effect,
we calculated the electronic structure of a two-atomic-layer Ni
film grown on a six-atomic-layer Cu(111) slab representing
the substrate [Figs. 4(a) and 4(b)], using density functional
theory (DFT) and DFT with spin-orbit coupling (DFT+SOC;

Supplemental Material [39]; also see [40–44]). The calcula-
tions reveal hybridization between the Ni and Cu d states,
accompanied by charge transfer from the Cu(111) substrate to
the Ni overlayer. The Cu(111) substrate donates 0.51e to the
Ni film in total, which contains 18 Ni atoms in the calculation.
Notably, the transferred charge is localized mainly at the inter-
facial Ni layer, where Ni atoms gain 0.06e per atom. Thus we
estimate the number of holes of the interfacial Ni atoms to be
nh = 2−0.06 = 1.94. In contrast, the Ni atoms at the topmost
layer are almost unaffected and remain with nh ≈ 2.

The orbital and spin magnetic moments of the Ni film
determined from the TEY and XET measurements are
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FIG. 4. (a) Geometry of the two-atomic-layer Ni on a Cu(111) slab used for the calculation. (b) Spin-up, spin-down, and total (spin-up +
spin-down) density of states (DOS) of Ni calculated using the geometry in (a). (c), (d) XMCD and cumulative XMCD integral plots for TEY
and XET modes at 22 K, respectively. (e), (f) Sum spectra and cumulative sum-integral plots of TEY and XET modes at 22 K, respectively.

summarized in Table I. For the TEY measurement, ml and
ms at 90 K are found as 0.03 ± 0.01 μB and 0.14 ± 0.02 μB,
respectively. Here, an average value of nh = (2 + 1.94)/2 =
1.97 is used. The measured ml value agrees with the reported

values in the literature (see the Supplemental Material [39])
[45]. Remarkably, for the XET measurements, the enhanced
ml and ms are found as 0.09 ± 0.01 μB and 0.34 ± 0.02 μB,
respectively. Charge transfer predominantly occurs at the in-

TABLE I. Measured orbital and spin magnetic moments.

TEY (90 K) XET (90 K) TEY (22 K) XET (22 K)

ml 0.03 ± 0.01 μB 0.09 ± 0.01 μB 0.03 ± 0.01 μB 0.09 ± 0.01 μB

ms 0.14 ± 0.02 μB 0.34 ± 0.02 μB 0.14 ± 0.02 μB 0.31 ± 0.02 μB
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terface, and its effect on the top-surface layer is assumed
to be negligible. Thus we use nh = 2 for the top-surface
atomic layer. However, even if we use an averaged nh = 1.97,
the magnetic moments do not change significantly. The dif-
ference in magnetic moments between the XET and TEY
modes is consistent with the expected preferential detection
of the outermost surface atomic layer. Because TEY averages
over the entire ∼2.5 ML film whereas x-ray-excited tunnel-
ing is strongly weighted toward the surface, the enhanced
moments obtained from XET reflect increased sensitivity to
low-coordination surface atoms whose magnetic properties
can differ from those of the underlying film.

To check that the observed discrepancy in magnetic mo-
ments between XET and TEY modes is not related to the
probe tip, XMCD measurements were performed in the far-
field regime at 90 K. Here, the detector tip was positioned
∼10 nm above the surface to ensure that no tunneling oc-
curred. Both the sample and tip channels were measured
simultaneously using left- and right-circularly polarized x-
rays. The results show the same orbital moment, ml = 0.03 ±
0.01 μB, and ms = 0.13 ± 0.02 μB for the sample and the tip
channel (see the Supplemental Material [39]). The similar
magnetic moments measured at the tip and sample channels
are because the tip in the far-field configuration captures a
fraction of the photoejected electrons, which are not specific
to the surface atomic layer. This measurement confirms that
the higher magnetic moments observed in the XET mode are
not attributable to the tip.

Next, to investigate the effect of temperature variation
on the magnetic moments of the top-surface atomic layer,
measurements are repeated on the same sample at a different
temperature, 22 K [Figs. 4(c)–4(f)]. For the TEY mode,
similar ml and ms values are found to be 0.03 ± 0.01 μB and
0.14 ± 0.02 μB, respectively (Table I). They are similar to
the values for the sample channel at 90 K. Similar values
for mL and mS at 90 and 22 K substrate temperatures are
expected because the sample magnetization is saturated
below the Curie temperature of 150 K. For the XET
measurements, the enhancements of ml and ms values
are again found to be 0.09 ± 0.01 μB, and 0.31 ± 0.02 μB,
respectively. These values are similar to those measured
at 90 K, suggesting that the surface magnetization is also
saturated.

Several theoretical studies have predicted enhanced spin
and orbital magnetic moments due to narrowing of the d
orbitals and reduced symmetry at the surface atomic layer
[15–17]. These predictions are generally consistent with our
findings; however, one caveat should be noted. The magnetic
moments reported here were measured in a remanent state.
In such measurements, the XMCD-derived values represent
the projected remanent surface magnetic moment along the
x-ray beam direction and, therefore, they are not necessarily

equal to the fully saturated local Ni moment. Although we
accounted for the angle between the x-ray beam and the sur-
face plane, where the Ni magnetization direction is expected
to lie, assigning a lateral angle between the x-ray beam and
the Ni magnetization direction is not meaningful because the
Ni film studied here is formed by coalescing two-dimensional
(2D) islands. Multiple magnetic domains are therefore likely
to be present in the Ni film, thereby significantly altering the
measured magnetic moments. Nevertheless, the distinct mag-
netic moments measured for the topmost atomic layer and for
the ensemble average of the Ni thin film clearly indicate that
the XET can detect local magnetic moments in the top-surface
atomic layer.

In summary, our findings establish an element-specific de-
tection and quantification method for atomic-scale magnetism
at the top-surface layer of a magnetic thin film using the x-ray-
excited tunneling process. In electron tunneling, the current
varies exponentially with the tip-sample distance; approxi-
mately an order of magnitude increase in current occurs when
the distance is reduced to about 1 Å. Thus, it is extremely
sensitive to the local electronic and magnetic properties of
the outermost atomic layer. These findings establish that the
x-ray-excited tunneling process using SX-STM is a power-
ful technique not only for detecting but also for quantifying
magnetic moments at the atomic scale. This capability should
enable measurements of local magnetic moments in individual
magnetic nanoclusters and, potentially, even at the ultimate
atomic limit.
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