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Intrinsic Magnetism and Field-Driven Spin Alignment
in Nil, Revealed by X-ray Magnetic Spectroscopy

Ethan L. Arold, Emily Heppell, Rabindra Basnet, Binshuo Zhang, Jieyi Liu,
Javier Herrero-Martin, Charles Guillemard, Yanfeng Guo, Jin Hu, Dirk Backes,

Gerrit van der Laan,* and Thorsten Hesjedal*

This study investigates the intrinsic magnetism and field-driven spin alignment in
Nil, using X-ray absorption spectroscopy and X-ray magnetic circular dichroism
(XMCD). Nil,, a van der Waals material, exhibits helimagnetic and type-ll
multiferroic behavior. This study reveals robust XMCD signals across para-
magnetic, antiferromagnetic, and helimagnetic phases under applied out-of-
plane fields up to 6 T, while no net moment emerges at zero field. Atomic
multiplet calculations confirm a covalent Ni 3d ground state with a significantly
reduced spin moment. The results establish the intrinsic nature of Nil,’s
magnetism and clarify its field-driven spin alignment mechanism. This

materials, nickel diiodide (Nil,) stands
out for its rich magnetic phase diagram
and unique multiferroic properties.”) At
room temperature, bulk Nil, is paramag-
netic, but upon cooling, it undergoes a
series of intriguing magnetic transitions—
first to an antiferromagnetic state below
75K, and subsequently to a helimagnetic
phase below 59 K. The latter transition
involves a rhombohedral-to-monoclinic
structural distortion, enabling an inversion-

comprehensive spectroscopic characterization lays the foundation for future
applications of Nil, in advanced spintronic and multiferroic devices, despite
challenges posed by its low transition temperature in the monolayer limit. Future
research should focus on enhancing its critical temperature through doping,

strain engineering, or heterostructure fabrication.

1. Introduction

Magnetic van der Waals (vdW) semiconductors hold great
promise for future spintronic and multiferroic technologies!"?
due to their intrinsic magnetism persisting down to the mono-
layer limit?™! and their tunability via external stimuli such as
magnetic fields, strain, and electric fields.*® Among these

symmetry-breaking spin spiral that couples
magnetism and electric polarization.'*!"]
Consequently, Nil, is classified as an
improper type-II multiferroic, with multi-
ferroicity extending down to monolayer
thickness,'” albeit at a reduced critical
temperature of around 21K, highlighting
the crucial role of dimensionality."”
Recent research has confirmed that
exfoliated Nil, retains strong magnetic correlations in its 2D
limit, exhibiting phenomena such as chiral magnetoelectric
oscillations,™! electromagnons,®'***! and quantum-entangled
magnetic states.”®! These properties position Nil, as an ideal can-
didate for applications in advanced spin-based devices.>*! Despite
significant interest, a detailed spectroscopic characterization of
the electronic and magnetic ground states of Nil, is still lacking.
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In this work, we bridge this gap by providing a comprehensive
X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD) study of bulk Nil, single crystals as a func-
tion of temperature and applied magnetic field. Our experimen-
tal results, supported by atomic multiplet calculations, clarify the
intrinsic nature of Nil,’s magnetism and lay the foundation for
the future use of its unique magnetoelectric phenomena in
advanced 2D heterostructures.

2. Experimental Section

At room temperature, Nil, adopts the CdCl,-type (R3m) crystal
structure, shown in Figure 1, featuring Ni?* ions arranged on
triangular planes separated by 1~ layers. These I7-Ni2*-1~ triple
slabs stack along the c-axis, with neighboring layers bound by
weak vdW interactions.

The Nil, crystal was grown using chemical vapor transport.
Owing to Nil,’s hygroscopic nature, which results in rapid deg-
radation in air, the crystal was cleaved at the beamline right
before the measurements in an Ar glove box that is directly
interfaced with the ultrahigh vacuum (UHV) end station, thus
ensuring that the sample remained in an inert environment
throughout the transfer process. The sample was oriented such
that the c-axis was in the out-of-plane (OOP) direction. The
sample was transferred to the XMCD end-station in UHV, thus
limiting degradation as far as possible. Note that the XMCD spec-
tra show no signs of Ni oxide, indicating that there has been no
deterioration of the sample.

XAS and XMCD offer the most direct way to determine the
local electronic and magnetic structure of 3d transition metals
due to their element-, valence-, site-, and symmetry-selectivity.['®
In particular, XMCD—defined as the difference between X-ray
absorption spectra for photons with left and right circular
polarization—enables a direct, quantitative assessment of spin
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and orbital moments via the well-established sum rules."”) The
XAS and XMCD measurements reported here were carried out
at the BOREAS beamline at the ALBA Synchrotron (Barcelona,
Spain), spanning temperatures from 2 to 300 K in a superconduct-
ing magnet. All data were collected in the total electron yield (TEY)
mode, which is surface-sensitive with a typical probing depth of
~4 nm. The incident X-ray beam was along the applied field.

Atomic multiplet calculations were performed to obtain the Ni
L, 3 XAS and XMCD spectra for the electric-dipole transitions,
3d" — 2p°3d"*!, with the spin-orbit and electrostatic interactions
treated on an equal footing."*'! The wave functions of the
initial- and final-state configurations were calculated in interme-
diate coupling using Cowan’s atomic Hartree—Fock (HF) code
with relativistic corrections."®*” The atomic electrostatic inter-
actions included the 3d-3d and 2p-3d Coulomb and exchange
interactions, which were reduced to 80% of their atomic HF
value to account for intra-atomic screening. An octahedral crystal
field of 10Dq = 2 eV was included, which splits the 3d-orbitals in
states of e, and t,, symmetry. Hybridization in a cluster-model
mixes the 3d""'L and 3d" wave functions, where L represents a
hole on the neighboring atoms in states of appropriate symme-
try. Specifically, for Nil,, the hybridization parameter
T = (P(d")|H|¥(d""1L)) was taken as T(eg) = 1.5 and Tl(ty,) =
0.75eV. The relative values of the average energy of the
configurations in the initial state were taken as E(3d%) =0,
E(3d°L) = —1.5, and E(3d'°L?) =5 eV and those in the final
state as E(2p°3d°) = 0 and E(2p°3d'°L) = —2.5 eV. This resulted
in a high spin *A,, ground state with 54.8% d°, 43.4% d°, and
1.8% d'° character, yielding a d-count of n;=8.47—in good
agreement with earlier performed Anderson impurity model cal-
culations for the XAS of Ni dihalides and NiO.?"] The computed
Ni L3 (L) line spectra were convoluted by a Lorentzian with a
half width of " = 0.2 eV (0.6 eV) for intrinsic lifetime broadening
and a Gaussian with a standard deviation of 6=0.15eV for
instrumental broadening.
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Figure 1. Crystal structure and magnetic phase diagram of Nil,. a) At room temperature, Nil, adopts a CdCl,-type structure (space group R3m), com-
prising alternating layers of Ni** and |~ ions, weakly coupled via vdW interactions. b) Top-down view of the crystal structure along the c-axis, highlighting
its triangular symmetry. c) Temperature-dependent magnetic phase diagram illustrating Nil,’s transition from a paramagnetic state at room temperature
to an antiferromagnetic phase below 75 K, followed by a helimagnetic phase emerging below 59 K.
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We note that the magnetic transition into the helimagnetic
phase is accompanied by a structural distortion from rhombohe-
dral to monoclinic symmetry, as reported in earlier work.!'%'!
While our XMCD measurements do not directly track changes
in lattice parameters, these structural modifications likely play
a role in the evolution of the magnetic ground state. A detailed
temperature-dependent structural analysis would be a valuable
complement to the present study.

3. Results and Discussion

We begin by comparing the experimental and calculated XAS
and XMCD at 65 K in a 6 T out-of-plane magnetic field, as shown
in Figure 2. The primary peaks at the L3 and L, edges, located at
851.6 and 868.7 eV, respectively, are dominated by the 2p>3d1°L
configuration, whereas the satellite structure at ~3.5 eV higher
photon energy corresponds mainly to 2p°3d°, split by ~2 eV
due to the core-valence exchange interaction. In the XMCD spec-
trum, the satellite structure displays a characteristic (—,+) signa-
ture. The spectral structure is markedly different from a pure 3d®
ground state, as reported in ref. [22], and instead aligns well with
earlier work on Ni metal for which an impurity-model analysis
revealed a significantly hybridized Ni 3d ground state.”*) The
strong agreement between the experimental and calculated
XAS confirms the high quality of the Nil, crystal and establishes
that the XMCD signals originate from Nil, itself, rather than
from spurious nickel metal impurities or other contamination.
The observed step in the XAS intensity at ~858 eV corresponds
to the onset of the I; continuum states,?*! which are not
taken into account in the calculation and which show no
dichroism.

The element-specific spin and orbital magnetic moments were
obtained from the integrated intensities of the dichroic spectra
using the XMCD sum rule analysis.** Consider the integrated
XMCD spectra, with p and q the integrated intensities over the L3
and L, 5 edges, respectively. Using the integrated intensity r over
the L, 3 edge of the sum spectrum as the normalization factor
accounting for the number of d holes ny, = (10 — ng) = 1.53, the
spin and orbital moments per atom are then given by m; =
—(Lz)=—(4/3)qnn/rand ms= — (2S. )= — (6p—4q)m,/r.1"°
For the calculated spectra, we obtain m; = 0.103 pg/Niand mg =
1.36 pg/Ni, yielding m;/mg = 0.076. By contrast, sum rule anal-
ysis on the experimental data at 65K and 6T (as shown in
Figure 2), after background subtraction, give m; = 0.005 pg/Ni
and mg = 0.08 pp/Ni, yielding m;/mg = 0.063. Although the
ratio of orbital to spin moment, m;/mg, is comparable in both
cases, i.e., a 17% difference, the spin moment observed experi-
mentally is ~#17 times smaller than in the theoretical calculation.
Such a strong reduction is expected and arises from the geomet-
rical projection of the spin moment along the direction of the
incoming X-ray beam. In zero field, the antiferromagnetic or
helical spin textures in Nil, result in no net magnetization along
any fixed axis, thereby suppressing the XMCD signal. Even under
finite field, unless full spin alignment is achieved, only the pro-
jected component contributes to the dichroic signal. Thus, the
apparent discrepancy reflects the noncollinearity of the spin
structure rather than a fundamental disagreement in moment
size. A detailed quantitative analysis of this reduction would
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Figure 2. Comparison between experimental and calculated a) XAS, aver-
aged over both polarizations, and b) XMCD spectra at the Ni L, ; edge of
Nil,. The experimental data were collected at 65 K in an out-of-plane mag-
netic field of 6 T in normal incidence using TEY mode. The theoretical
spectra were calculated in intermediate coupling using Cowan'’s atomic
Hartree—Fock code with relativistic corrections. Transitions to the contin-
uum states, showing a step-like onset at #858 eV, as indicated by the green
arrow, were not included in the calculation. The experimental XAS and
XMCD spectra have been scaled to the calculated spectra in order to allow
for a better comparison of the multiplet structure. To do this, the experi-
mental XMCD intensity had to be multiplied by a factor 20 compared to
the experimental XAS intensity. The need to scale reflects the fact that the
atomic multiplet model assumes fully aligned moments and does not
account for the antiferromagnetic or helical spin structures present in Nil,.

require modeling the spin texture and its projection along the
beam, which goes beyond the current multiplet framework.
Next, we examine the XMCD as a function of temperature.
Figure 3 shows the XMCD spectra at temperatures from 2 to
300K, in an out-of-plane field of 6 T. The XAS spectra are nor-
malized such that the sum of both circular polarizations has an
Ly peak intensity of unity. At lower temperatures, the XMCD
spectra exhibit noticeable linewidth broadening, which is not
observed in the corresponding XAS data. Moreover, the
XMCD peak intensity diminishes with decreasing temperature,
suggesting partial suppression of the net spin alignment, possi-
bly due to enhanced spin-orbit interactions or domain effects
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Figure 3. a) Normalized XAS sum spectrum measured at 2K and
b) temperature-dependent XMCD spectra at the Ni L, ; edge. All spectra
were acquired at a fixed out-of-plane field of 6 T with incoming X-rays at
normal incidence. The XMCD spectra have been vertically offset for clarity.

near the surface. In addition to the reduction in XMCD intensity,
an effect that may seem counterintuitive from the perspective of
conventional ferromagnetic ordering, we also observe a gradual
broadening of the spectral features below 59 K. In the monoclini-
cally distorted low-temperature crystal structure, the various
spins will feel slightly different exchange interactions, which
can lead to slight shifts in energy, resulting in a broadened
XMCD response. Although no XMCD studies on helimagnetic
materials reporting similar broadening effects are currently
known, related temperature-dependent changes in hybridization,
localization, or magnetic interactions influencing the XMCD line
shape have been observed in other 3d transition metal com-
pounds. For example, XMCD studies on Co,MnGe revealed mul-
tiplet features in the Mn L, ; spectra attributed to localized 3d
electrons and temperature-dependent hybridization effects./**!
Likewise, in GdNi, strong hybridization between Ni 3d and
Gd states leads to significant temperature-dependent changes
in the XMCD spectral profile.[?®!

Finally, we investigate the XMCD behavior in the intermediate
antiferromagnetic phase between 59 and 75 K. Figure 4 shows
XMCD spectra acquired at 65 K in out-of-plane magnetic fields
from 0T to 6 T. To estimate the magnetization, we use the peak
asymmetry, defined as the L3 XMCD amplitude divided by the
XAS sum intensity (see Supporting Information for ref. [27]).
To determine the asymmetry values, we evaluated the XMCD
amplitude for each field by identifying the minimum of the
L; edge within a narrow energy window around the peak, rather
than taking the value at a fixed energy, minimizing the influence
of noise and slight peak shifts across the field-dependent spectra.
From these data, we extract the average Ni magnetic moment
along the field direction at each field value, which is plotted
in Figure 5. The measurement at 0 T is excluded because it lacks
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Figure 4. a) Normalized XAS sum spectrum at the Ni L, ; edge, measured
at 65 K in an applied field out-of-plane field of 6 T. b) Corresponding XMCD
spectra as a function of field from 0T to 6T. Measurements were
performed at normal incidence of the X-rays, and the XMCD spectra
are vertically offset for clarity.
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Figure 5. XMCD asymmetry (i.e., maximum peak XMCD divided by sum
XAS) at 65 K as a function of the applied out-of-plane magnetic field. The
data points (dots) are derived from the L; edges in the XMCD spectra
shown in Figure 4. Note that the uncertainty in the asymmetry is expected
to be greater at low fields due to reduced signal strength and less well-
defined spectral features. The solid line represents a linear fit to highlight
the nearly linear proportional relationship between magnetization along
the field direction and magnetic field for fields up to 6 T.

a discernible ferromagnetic-like XMCD lineshape. The linear
trend observed above 0T is therefore extrapolated down to 0T
to emphasize the apparent proportionality between magnetiza-
tion and applied field at 65 K. Similar behavior was observed
for the same set of measurements for X-rays in grazing
incidence.

Although Nil, hosts paramagnetic, antiferromagnetic and hel-
imagnetic phases at low fields, we observe XMCD at all studied
temperatures once the out-of-plane field is sufficiently large.
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Above 75K, the XMCD signal is due to the paramagnetic
response, whereas between 59 and 75 K, there are ferromagneti-
cally ordered Ni layers that are antiferromagnetically coupled
over longer distances. The behavior of Nil, in this phase is simi-
lar to Crl;—another vdW antiferromagnet—where the applica-
tion of an out-of-plane magnetic field overcomes the weak
antiferromagnetic interlayer coupling, resulting in ferromagnetic
alignment of the layers®®! and a corresponding XMCD signa-
ture.” The absence of a sharp transition in the field dependence
suggests that the interlayer antiferromagnetic coupling in Nil, is
similarly weak and readily overcome by modest out-of-plane
fields. While this field dependence may resemble a paramagnetic
response, previous neutron and magnetometry studies place
65 K firmly within the antiferromagnetic regime, indicating that
the XMCD signal arises from field-aligned spins in an antiferro-
magnetic background rather than a purely paramagnetic phase.
The XMCD peak becomes less well defined below 2 T, increasing
the uncertainty in the peak asymmetry ratio extraction in this
field range. Accordingly, the uncertainty in the extracted asym-
metry values is expected to be higher at low fields, though not
quantified here due to the lack of an established method to
uniquely determine error bars in this case. Although sum-rule
integration offers an alternative for quantifying magnetic
moments, the limited signal-to-noise ratio at low field renders
it less reliable. We therefore chose the peak asymmetry ratio
as a more consistent and robust metric for evaluating the field
dependence of the XMCD response. Similarly, in the spin spiral
state below 59K, applying a strong enough magnetic field is
expected to result in the formation of a conical helix.*”!
Despite these indications, we observed no clear ferromagnetic-
like XMCD at zero field for any temperature, suggesting that
there is no net moment below some threshold field.

4, Conclusions

In summary, we have performed a detailed X-ray magnetic spec-
troscopy study on freshly cleaved Nil, single crystals, combining
Ni L, 3-edge XAS and XMCD with atomic multiplet calculations.
We have demonstrated that the magnetism in Nil, is intrinsic
and arises from a covalent Ni 3d ground state exhibiting a sig-
nificantly reduced spin moment, rather than arising from metal-
lic Ni or other extrinsic impurities. Comparison of the measured
XAS and XMCD with multiplet calculations indicates a high spin
ground state with 54.8% d®, 43.4% d°, and 1.8% d'® character,
amounting to a d-count of n; = 8.47. This is different compared
to the more ionic NiO, which is closer to ny; = 8. It demonstrates
that in Nil,, there is a large charge transfer of electrons from the
ligand iodide ions to the Ni cations. The resulting hole density on
the I" ions influences the magnetic behavior. In Nil,, magnetic
exchange interactions, particularly between first and third near-
est neighbors, play a crucial role in determining its magnetic
properties, leading to a helimagnetic state and multiferroicity,
especially in its monolayer form. Our results show robust
XMCD signals across all magnetic phases under applied out-
of-plane fields, yet no intrinsic moment at zero field, confirming
a field-driven spin alignment mechanism. Although Nil, has
been confirmed as a 2D semiconducting multiferroic, its low
transition temperature in the monolayer limit (~21 KP)) still
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represents a significant hurdle for device implementation.
Future efforts should therefore focus on exploring doping strat-
egies, strain engineering, or heterostructure fabrication to
enhance its critical temperature and fully harness the rich mag-
netoelectric physics of Nil, for practical spintronic and multifer-
roic applications.
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