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Abstract

The recently confirmed monolayer ferromagnet Crls is a frisky example of a two-
dimensional ferromagnetic material with great application potential in van der
Waals heterostructures. Here we present a soft x-ray absorption spectroscopy
study of the magnetic bulk properties of Crls, giving insight into the magnetic
coupling scenario which is relevant for understanding its thickness-dependent
magnetic properties. The experimental Cr Lg 3 x-ray magnetic circular dichro-
ism spectra show a good agreement with calculated spectra for a hybridized
ground state. In this high-spin Cr ground state the Cr—I bonds show a strongly
covalent character. This is responsible for the strong superexchange interaction
and increased spin-orbit coupling, resulting in the large magnetic anisotropy of
the two-dimensionally layered Crls crystal.
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1. Introduction

CrIs belongs to the family of van der Waals materials [I] that is character-

ized by stacked two-dimensional (2D) layers which are weakly bonded together
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(see Fig. a,b)). Van der Waals heterostructures of 2D layers have a great po-
tential for novel devices owing to the sheer endless number of possible materials
combinations [2]. So far, the important magnetic members had been missing as
ferromagnetism is not possible in isotropic 2D systems [3]. Monolayer Crls, on
the other hand, is a 2D Ising ferromagnet with a magnetic ordering temperature
of Tc = 45K [I1[], whereas bilayer Crl; is antiferromagnetic [I]. Trilayers (and
above) show long-range ordered 3D ferromagnetism with T¢ = 61K [5]. In the
ferromagnetic phase, Crlz is thombohedral (R3) (Fig. a)) and it transforms
into the monoclinic (C2/m) phase at ~215K (Fig. [1{b)) [6]. The 3D ferromag-
netic behavior [5] highlights that the interlayer coupling between the 2D layers
can not be ignored in bulk Crlz. As a result, obtaining direct evidence for the
mechanism behind the magnetic anisotropy and the intriguing behavior of 2D
Crls is a desirable, yet challenging task.

Here we report the determination of the magnetic ground state of Crlz using
x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD). These techniques offer the most direct way to determine the local
electronic and magnetic structure of 3d transition metal atoms due to their

valence-, site-, and symmetry-selectivity [7].

2. Experimental

2.1. Structural characterization

Crl; single crystals (HQ Graphene, Groningen, The Netherlands) have been
characterized by room temperature x-ray diffraction (XRD) using Mo Ka (A =
0.7107 A) and Cu Ka (A = 1.5418 A) sources in a SuperNova single-crystal XRD
system. At room-temperature, Crls adopts the monoclinic C2/m space group,
and from single-crystal diffraction (Fig.[I[c)) we determined the lattice param-
eters to be a = 6.87(4) A, b = 11.89(7) A, ¢ = 6.98(3) A, and 8 = 108.5(5)°, in

agreement with Ref. [6].
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Figure 1: (a) Low-temperature crystal structure of Crls, viewed along the a-axis (left), per-
spective view (middle), and normal to the ab-plane (right). The I-Cr-I trilayers are separated
by a van der Waals gap, and stacked along the c-axis direction. The Cr ions arrange in a
hexagonal pattern. On the lower right, the coordination octahedron shows the Cr ion in the
center of six I ions. (b) Room-temperature crystal structure (C2/m). (c) Single-crystal diffrac-
tion pattern showing the reciprocal space points in the (hk0) plane at room-temperature. A

dashed grid in units of reciprocal lattice constants is shown for convenience.

2.2. X-ray magnetic circular dichroism

X-ray absorption spectra (XAS) at the Cr Ly 3 edges of freshly cleaved Crls
bulk samples were measured at 15, 50, and 300 K using the 14T supercon-
ducting magnet on beamline 110 at the Diamond Light Source. XAS measure-
ments were made in total-electron-yield mode, which is surface-sensitive with
an exponentially decreasing probing depth of ~4 nm [8]. The element-specific
technique of x-ray magnetic circular dichroism (XMCD) is used to probe the
magnetic ground state [9]. The XMCD spectrum is obtained as the difference
between the two XAS spectra with the circular polarization vector parallel and
antiparallel to the external magnetic field. Hence, the technique resemblances
the magneto-optical phenomena in the visible region, such as the Faraday ef-
fect. Unlike the latter, the XMCD arises from the excitation of a core electron,

instead of a valence electron, into the unoccupied conduction states. A field of
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2T was applied during the measurements which were performed with the field
parallel to the x-ray beam at an incident angle of 30° relative to the surface
normal. During the change between different temperatures, and for the initial

cool down, no magnetic field was applied.

3. Results and discussion

Figure [2] shows the experimental XAS and XMCD spectra of Crls. At 15
and 50K, i.e., below T, Crls is in the long-range ordered ferromagnetic phase,
and at 300 K it is paramagnetic. The XAS spectra shown in Figs. a) and (a)
are the averaged data obtained for left- and right circularly polarized light. The
XAS measurements at the Cr Ly 3 edges show a similar lineshape of the spectra
taken at 15K and 50 K, and more pronounced features at 300 K. Note that the
broader structure at 577 eV is due to some oxidation of Cr in the freshly cleaved
samples. The XMCD spectra show strong dichroism in the ferromagnetic phase,
and a vanishing signal in the paramagnet phase. An energy splitting between
the two negative Cr L3 peaks is found.

The measured Cr Ly 3 XAS and XMCD of Crls (Fig. [3) are rather different
from those of Cr-doped BisSes [10] and SboTes [I1]. However, in some aspects
the XAS of Crls resembles that of the common oxide CryOs [12], which is
antiferromagnetic and thus has no XMCD. Instead, we can compare with the
ferrimagnetic spinel FeCroO4 [I3] or Cr-doped magnetite [14], which has quite
a different XMCD as that shown in Fig. [8] Thus, the XAS suggests a partial
oxidization, whereas the XMCD is still mostly from the remaining Crlz. It is
also similar to that of FeCraSey [I5], which is mainly high-spin trivalent Cr with
three electrons in the ¢y, state. Its difference with CrpO3 demonstrates that the
character of the Cr-I bond is not simply ionic, but covalent.

Atomic multiplet theory is employed to calculate the Cr Ls 3 XAS and
XMCD spectra using the electric-dipole transitions 3d” — 2p°3d"*!, where
the spin-orbit and electrostatic interactions are treated on an equal footing [g].

The wave functions of the initial- and final-state configurations are calculated
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Figure 2: Temperature-dependent XAS and XMCD measurements of Crlz at the Cr L2 3
edges in a field of 2T. (a) Normalized XAS spectra (integral of the background subtracted-
spectra set to one). (b) Corresponding XMCD signals.

in intermediate coupling using Cowan’s atomic Hartree-Fock (HF) code with
relativistic corrections [7), [I6]. The atomic electrostatic interactions include the
3d-3d and 2p-3d Coulomb and exchange interactions, which are reduced to 80%
and 75%, respectively, of their atomic HF value to account for the intra-atomic
screening [8]. Hybridization effects are included by mixing the Cr 3d® with
3d*L configurations, where L represents a hole on the neighboring atoms in
states of appropriate symmetry. The charge-transfer energies in the initial- and
final-state are F(3d*L) — E(3d®) = 1eV and E(2p°3d°L) — E(2p°3d*) = —1eV,
respectively. The hybridization parameter T = (1)(d3)|H|(d*L)) = 2eV. The
Cr L3 (Ls) line spectra are broadened by a Lorentzian with a half-width of T
= 0.2eV (0.4eV) for the intrinsic lifetime broadening and a Gaussian with a
standard deviation of ¢ = 0.15eV for the instrumental broadening.

By comparing with the experimental spectra, the ground state for Cr is ob-
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tained as a hybridized state with 59% d* and 41% d* character in an octahedral
crystal-field of 10 Dg = 1.8eV, which corresponds to a d count of ng = 3.41.
This ground state has an orbital moment m; = —0.067 up/Cr and an effective
spin moment mg = 2.87 ug/Cr (i.e., 0.84 up per 3d electron). Figure [3| shows

the excellent agreement between experimental and theoretical spectra.
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Figure 3: Experimental (black lines) Cr Lz 3 XAS and XMCD of Crl3 film measured at 50 K
and 2T. Calculated (red lines) averaged XAS and XMCD spectra for a hybridized Cr ground
state with 59% d® and 41% d* character in octahedral symmetry (see text for further details).

Our findings support recent theoretical work [I7] which concludes that the
Cr-I-Cr superexchange interaction is ferromagnetic. Comparing the related Cr
halogenides CrClz, CrBrs, and Crls, triiodide has the highest T despite the
increased Cr-Cr distance resulting from the increased ionic radius in the halogen
series [6]. On the other hand, the bonds with Cr become more covalent in the
halogen series, leading to a stronger superexchange interaction and therefore
higher T, as well as stronger spin-orbit coupling which is most likely responsible

for the important magnetic anisotropy [17].
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4. Conclusion

In summary, we performed magnetic spectroscopy on freshly cleaved Crlg
crystals at temperatures above and below the magnetic ordering temperature.
Below T, the experimental Cr Lo 3 XMCD spectra show a good agreement with
calculated spectra for a hybridized ground state. In this high-spin Cr ground
state with three electrons in the ty, state, the Cr-I bonds show a strongly
covalent character. Our experimental results therefore confirm the theoretical
claim [I7] that the increased covalent bonding in Crls, together with an increase
in spin-orbit coupling, is responsible for the large magnetic anisotropy that is

behind the 2D Ising behavior of monolayer Crls [IJ.
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