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ABSTRACT

The recent discovery of two-dimensional (2D) magnets, with a number of interesting magnetic properties, has drawn much interest due to
their potential for future 2D spintronic device applications. Crls, a van der Waals magnet, exhibits two-dimensional ferromagnetism even in
monolayer form, stabilized by strong magnetic anisotropy. Its interlayer magnetic ordering is coupled to structural layer stacking, implying
that the charge density distribution mediating van der Waals interactions plays a key role in the magnetic interaction between the layers.
Using polarization-dependent x-ray spectroscopy, we investigated the response of the electronic environment around Cr and I sites to struc-
tural changes of layer stacking order. The highly anisotropic nature of the Cr local environment is significantly enhanced and is accompanied
by changes in the valence band, in the rhombohedral phase. Magnetic spectroscopy measurements reveal a sizable iodine orbital moment,
indicating the iodine contribution to magnetic anisotropy. Our results uncover an important role for the extended nature of anisotropic Cr

orbital states in dictating interlayer magnetic interactions and the iodine contribution to magnetic anisotropy.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012748

The realization of two-dimensional magnetism in van der Waals
material Crl;, with readily cleavable atomically flat surfaces, makes it a
potential spintronic material for magnetic tunneling junctions.'™
Although magnetic ordering is unstable in an isotropic Heisenberg
two-dimensional system due to thermal fluctuations, a strong mag-
netic anisotropy can stabilize long-range magnetic order.” With a lay-
ered structure, Crl; exhibits ferromagnetism with a Curie temperature
of 60K due to sizable magnetic anisotropy along the out-of-plane
direction. This anisotropy stabilizes long-range ferromagnetic order
even in a single Crl; layer.” In bulk form, the crystal structure under-
goes a structural transition near 210K from rhombohedral to mono-
clinic on warming, which involves displacement of layer stacking.”

While ferromagnetism in Crl; is readily observable, the mecha-
nisms behind ferromagnetism and magnetic anisotropy still remain
an active research topic.” ' An experimentally observed value of
~3 ug/Cr suggests that the Cr’" ions in Crl; should have S = 3/2 with
a quenched orbital moment, indicating insignificant single ion anisot-
ropy contribution from the Cr atoms. Indeed, x-ray magnetic circular
dichroism (XMCD) at the Cr L, ; absorption edges, probing the Cr 3d
states, has not shown any measurable orbital moment contribu-
tion,"”"” and thus, this naturally leads to a postulation that the iodine
ion is likely the main contributor to magnetic anisotropy. From

previous studies, it is found that sizable spin-orbit coupling from I
atoms and strong hybridization between the Cr 3d and I 5p states are
linked to the stabilization of long-range ferromagnetic ordering and
strong magnetic anisotropy.” '* Another interesting aspect of the Crls
material is an intricate coupling between layer stacking and exchange
interactions. Modifying the layer stacking can tune the interlayer inter-
action between antiferromagnetic and ferromagnetic, with the mono-
clinic phase favoring the antiferromagnetic interlayer coupling,
whereas the rhombohedral favors ferromagnetic coupling, as observed
in experimental studies'® * and supported by theoretical calcula-
tions.'”'*"**" In this study, we investigate the contributions of Cr and
I to the interlayer magnetic coupling and the magnetic anisotropy
using x-ray spectroscopy measurements on bulk Crl; crystals.

The above recent studies have shown a strong tie between inter-
layer magnetic interaction and structural transition, and thus, we
probe the change in the local electronic environment across the transi-
tion. x-ray linear dichroism (XLD), the difference between x-ray
absorption near edge structure (XANES) spectra obtained with two
polarizations, parallel and perpendicular to a crystalline axis, reflects
the anisotropy of the electronic states probed in the absorption pro-
cess. Figure 1(a) shows temperature-dependent XANES at the Cr K
edge. The spectra taken with incident polarization parallel to the ab
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FIG. 1. (a) Temperature dependence of XAS at the Cr K edge. Vertical arrow marks the pre-edge region in the Cr XANES spectra. (b) XLD as a function of temperature. (c)
Schematic diagrams of the Crlj structure, highlighting edge-sharing octahedra. Purple spheres represent iodine atoms, and Cr (in blue and red) atoms are located at the center
of each octahedron. Top schematics show the iodine ions only. Bottom schematics highlight relative Cr orientation between neighboring layers. Note that the layers are shifted
fractional lattice coordinates from an ABC stacking, and thus, the Cr ions between the layers are not aligned vertically, whereas it appears so in the side view. (d) Temperature
dependence of the pre-edge feature, denoted by the vertical arrow, in (a) is replotted. (€) Simulated Cr K XAS spectra for the high temperature monoclinic and low temperature
rhombohedral phases. (f) Temperature-dependent XPS results with the incident photon energy of 750 V. Below the structural transition, the valence band maximum (VBM)
shows an extra spectral weight indicated by the arrow, leading to a center of mass (COM) shift of 0.28 eV. The energy level was calibrated by using the | 5d core levels as ref-
erence points. To compensate the temperature-dependent charging effects, the low temperature spectrum was shifted to match the 5d core levels. The effective energy resolu-

tion was better than 0.2 eV.

plane (E|[|ab) and the c-axis (E||c) show noticeable differences. The
derived XLD spectra as a function of temperature are shown in Fig.
1(b). The Cr K XANES and XLD exhibit a strong temperature depen-
dence, revealing changes in electronic anisotropy around the Cr atoms.
The changes are significant across the known structural transition
(210-230K), whereas minor changes were observable below 210 K.
The increased Cr XLD indicates that the electronic environment
around the Cr site becomes more anisotropic in the low temperature
rhombohedral phase.

To understand the changes in linear dichroism across the mono-
clinic to rhombohedral structural transition, we carried out simula-
tions of polarization-dependent Cr K-edge XANES using the FEFF8
code.” The ab initio, self-consistent approach used real space full mul-
tiple scattering calculations within an 8 A cluster centered on the Cr
absorbing atom. The cluster was constructed using crystallographic
data reported in Ref. 7 for both monoclinic (250 K) and rhombohedral
(90K) phases. The x-ray polarization vector was oriented within or
perpendicular to the Crl; layers, the former using an average over the
in-plane directions. Calculations with linear polarization along the a
and b directions show negligible in-plane linear dichroism, in either
structure. A Debye model was used to approximate thermal effects on
the fine structure although these are, in general, small near absorption
threshold. The simulations in Fig. 1(e) show a significant increase in
XLD in the low temperature rhombohedral phase, in agreement with
experiment. The simulations indicate that changes in c-axis XANES
are the main source behind the XLD changes, as expected from a

change in layer stacking, which preserves the ab-plane local structure
around Cr ions. Despite this agreement, the simulated fine structure
does not fully capture the experimental fine structure, suggesting that
more complex structural models including potential local structure
distortions may be at play. Despite this shortcoming, we note that the
predominant structural change across the transition is the shearing of
the 2D layers, as illustrated in the bottom schematic in Fig. 1(c), and
that this layer stacking change leads to a more anisotropic local envi-
ronment around the Cr ions.

While the XLD data show an anisotropic electronic environment
around Cr, deviation from centrosymmetry in the Cr octahedral envi-
ronment is insignificant and invariant across the structural transition.
The relevant feature in the current Cr XANES data is the pre-edge
region, as indicated by a vertical arrow and replotted in Fig. 1(d). The
pre-edge structures in transition metal K-edge XANES are linked to
the 3d character, via quadrupolar transitions (1s — 3d) or dipole tran-
sitions to mixed 3d/4p orbitals. While insignificant in centrosymmetric
symmetry, a non-centrosymmetric distortion can enhance the pre-
edge features via dipole-allowed transitions.” *” The vanishingly small
pre-edge intensity in Fig. 1(d), invariant with temperature, indicates
the absence of non-centrosymmetric distortion of the Crlg octahedra
across the monoclinic-to-rhombohedral transition. This result is con-
sistent with x-ray diffraction data.” In few-monolayer-thick Crl; sam-
ples, probing magnetism is nontrivial, and in recent studies,
photoluminescence (PL)* and second-harmonic generation (SHG)"
techniques have been used to observe emerging antiferromagnetic
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interlayer ordering. These techniques are sensitive to inversion and
centrosymmetry breaking, respectively. Our result here shows that the
centrosymmetry breaking remains insignificant in both monoclinic
and rhombohedral phases, supporting that the origin of the enhanced
PL and SHG signals is local spin configuration changes rather than
structural ones.

Next, we explored a possible link between the iodine electronic
structure across the structural transition. Temperature-dependent
changes in I L; ;3 XANES and XLD are shown in Fig. 2. Unlike the
strong temperature dependence in the Cr XANES (Fig. 1), the I L
XANES spectra show negligible changes between 40 and 220K.
Moreover, while the XLD reveals anisotropies of the probed 5p (I L,)
and 4d, 5s (I L,3) states, there is no clear temperature-dependent
changes across the magneto-structural transition. This suggests that
changes in the iodine 4d, 5s, and 5p orbital anisotropy across the struc-
tural transition are subtle. The schematics in Fig. 1(c), highlighting the
iodine ions, provide clues to the negligible change in XLD. The local
environment around the iodine ions remains nearly unchanged
between the monoclinic and rhombohedral structures, consistent with
the insignificant changes in the iodine L-edge XLD.

To further investigate the electronic change across the structural
transition, we performed x-ray photoemission spectroscopy (XPS) on
Crl; crystals. While XANES is sensitive to the unoccupied states, XPS
provides valuable insight into the occupied (valence) states.
Temperature-dependent XPS spectra below and above the structural
transition are shown in Fig. 1(f), revealing a noticeable change in the
Cr 3d and I 5p features near the valence band maximum (VBM).
Upon cooling from 230 to 180K, the spectral weight shifts toward
lower binding energies, indicating changes in the Cr 3d and I 5p states
triggered by the structural transition. Band structure calculations have
shown a strong iodine character in the valence band™'"*"** with a
strong Cr-I covalency.”” Combined with the absence of the tempera-
ture dependence in the I 5p states in L1 XLD [Fig. 2(c)], the observed
weight shift in the XPS spectra suggests potential changes in the Cr 3d
features across the structural transition. There is a strong link between
the electronic structure near the Fermi level and magnetism, as the
p-d covalency and the Cr 3d-I 5p-Cr 3d bond have significant
impacts on the anisotropic exchange interactions and consequently on
the magnetic anisotropy.”'>'® Electronic structure calculations have
shown that applied strain or magnetic alignment can have effects on
the valence band structure.””””*" Furthermore, recent studies demon-
strate the tunability of ferromagnetic and antiferromagnetic ordering
in Crl, via electrostatic doping.”

Stemming from strong hybridization between I 5p and Cr 3d,
iodine is expected to contribute to magnetism in Crl3, as shown in the-
oretical, 1421 hyperfine field,”” and iodine M, s XMCD results.'”
The XMCD data at the Cr L,; edges reveal no discernable Cr 3d
orbital moment contribution,'”'” and thus, the role of iodine becomes
more relevant. In particular, the spin-orbit coupling of the heavy
iodine atoms is expected to play a major role in emerging magnetic
anisotropy via the anisotropic superexchange’ and the induced iodine
moment is predicted to be —0.12-—0.14 uB/L'"~"* Along the chro-
mium trihalide series CrCl;, CrBrs;, and Crls;, magnetic anisotropy
energy increases, hinting an important role of spin-orbit coupling of
the ligands.”*”” Utilizing the element and orbital selectivity of XMCD
technique, we carried out XMCD measurements at the I L; , ; edges,
in order to verify the presence of a significant iodine orbital moment.
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The XMCD measurements were conducted on bulk Crl; single crys-
tals that are about 8 um thick along the out-of-plane direction (deter-
mined from the x-ray transmission measurement across the I L;
absorption edge). The XMCD spectra were measured at 10K, with an
applied field of 1 Tesla along the easy axis (c-axis) of the Crl; structure
[shown in Fig. 1(c)].

Considering the strong hybridization between I 5p and Cr 3d
states, we first investigated the iodine orbital moment contribution
using I L; XMCD since the iodine 5p state is more directly accessible
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at the L, edge (25 — 5p). While XMCD sum rules” "’ allow separat-
ing orbital (m; = —(L,)) and spin (m, = —2 (S,)) magnetic moments,
at the K and L, absorption edges, due to the absence of spin-orbit
split core levels, XMCD sum rules provide orbital moment contribu-
tion only.”*"” At the K and L, absorption edges, the integrated XMCD
area is proportional to the p state orbital moment, as demonstrated in
As K XMCD studies." " In these studies, a positive XMCD peak
corresponds to the p-state orbital moment that is antiparallel to
the applied field direction. The XMCD sum rule analysis of I L, in
Fig. 3(d) gives an iodine 5p orbital moment of —0.018 (£0.004) uB/L.
In calculating the orbital moment, we used one hole in the 5p state.
This value is an overestimation, considering that the 5p state is full in
the nominal electronic configuration of the I oxidation state.
However, as revealed in the density of state calculation studies, the 5p
states in Crl; remain less than full.” '***** The orbital moment from
the XMCD sum rules is simply proportional to the number of 5p
holes, and the result can be considered as an upper limit estimate
for the iodine 5p orbital moment. The negative sign of the orbital
moment here indicates that the iodine 5p orbital moment is antiparal-
lel to the applied field direction and, thus, antiparallel to the dominant
Cr 3d spin moment. This resembles the antiparallel alignment between
the Mn 3d spin and As 5p orbital moments in MnAs- and
Ba,Mn,As,-based alloys.““15

Figures 3(a) and 3(b) show sizable XMCD signals at the I L,
edge, corresponding to the 2p — 4d,5s transitions. The field depen-
dence of the I L, XMCD in the inset in Fig. 3(b) shows that the signal
is saturated well below an applied field of 1 Tesla and is overall consis-
tent with the magnetometry result from bulk Crl;.” The iodine 4d
states are nominally full, as evidenced by a negligible XAS peak (white
line) near the I L, ; absorption threshold energy. Thus, transitions into
states with pure 4d character are unlikely, and it is plausible that the
probed state includes the iodine 5s state, which is hybridized with the
iodine 5p state. This scenario is supported by the observed iodine mag-
netic hyperfine signature, originating from the hybridized iodine 5s-5p
orbitals, in Mossbauer measurements,”” and in the presence of Cr(3d)-
1(5s5p) hybridization in a theoretical study.”* Due to uncertainties in
the number of I 5s and 4d holes and negligible white-line features in
XAS, isolating orbital and spin moment via XMCD sum rules™* " is
not straightforward. Instead, we focus on the ratio between orbital and
spin moments, which is independent of these factors. The correspond-
ing orbital to spin ratio from the I L, 3 XMCD data is estimated to be
6.5 (0.3)%, and the result reveals that the iodine orbital moment is
small relative to its spin counterpart. The overall I L XMCD results
show clear evidence for induced iodine magnetic moment and, in par-
ticular, for iodine 5p orbital moment. Given the hybridized and
extended nature of the iodine 5p ligands in Crls, the iodine orbital
moment may be involved in mediating anisotropic exchange for incip-
ient magnetic anisotropy.

In summary, element-specific x-ray measurements revealed a
measurable orbital moment at the iodine sites, as well as changes in
the anisotropy of the Cr local environment across the structural transi-
tion. Moreover, below the structural transition temperature, the
observed anisotropy increase is accompanied by a XPS spectral weight
shift, alluding to potential changes in the Cr 3d states. As shown in the
doped tetradymite chalcogenides™ and dilute magnetic semiconduc-
tors,"® modification in the 3d density of states near the Fermi level can
have a significant impact on the p-d exchange magnetic interactions.
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Our results highlight the electronic environment changes across the
structural transition, which may be linked to the incipient magnetic
ordering and anisotropy in the low temperature phase. Our iodine
XMCD result provides direct evidence for small iodine 5p orbital
moment, alternatively suggesting the prominence of the anisotropic
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superexchange interaction as the main source of the magnetic anisot-
ropy in Crl3, as predicted from the theoretical studies.”' >

X-ray absorption and photoemission experiments were carried
out at beamlines 4-ID-D, 6-ID-B, and 29-ID of the Advanced
Photon Source, Argonne National Laboratory. The work performed
at the Advanced Photon Source was supported by the U.S.
Department of Energy, Office of Science, and Office of Basic Energy
Sciences under Contract No. DE-AC02-06CH11357. Crystal growth
and characterization at ORNL were supported by the U. S.
Department of Energy, Office of Science, Basic Energy Sciences,
Materials Sciences and Engineering Division under Contract No.
DE-AC05-000R22725.

DATA AVAILABILITY
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