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Abstract

Van der Waals materials provide a versatile
toolbox for the emergence of new quantum
phenomena and the fabrication of functional
heterostructures. Among them, the trihalide
VI3 stands out for its unique magnetic and
structural landscape. Here we investigate the
spin and orbital magnetic degrees of freedom
in the layered ferromagnet VI3 by means of
temperature-dependent x-ray absorption spec-
troscopy and x-ray magnetic circular and linear
dichroism. We detect localized electronic states
and reduced magnetic dimensionality, due to
electronic correlations. We furthermore provide
experimental evidence of (a) an unquenched or-
bital magnetic moment (up to 0.66(7)) in the
ferromagnetic state, and (b) an instability of
the orbital moment in proximity of the spin re-
orientation transition. Our results support a
coherent picture where electronic correlations
give rise to a strong magnetic anisotropy and

a large orbital moment, and establish VI3 as a
prime candidate for the study of orbital quan-
tum effects.

Keywords

Van der Waals systems, quantum materials, X-
ray absorption spectroscopy, magnetism

Main text

The progress in fundamental research on next-
generation magnetic materials is currently
spearheaded by two-dimensional (2D) van der
Waals (vdW) materials. These compounds
have been garnering a large share of attention,
as they exhibit a wide array of layer-dependent
magnetic ordering;1™ tailoring vdW materi-
als may pave the way for applications in the
ever-growing field of spintronics.®

Among them, trihalide VI3 has been exten-
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sively studied in the last years.™83 At vari-
ance with the Ising ferromagnet Crlz, VI3 is a
canted layered ferromagnet with strong magne-
tocrystalline anisotropy, displaying in its bulk
form a structural transition from monoclinic to
rhombohedral below T, = 79K and two fer-
romagnetic ones, one at the Curie temperature
Tryn = 50K and the other at Trye ~ 35 K with
a variation of spin canting direction and stack-
ing order of layers. The proximity of structural
and FM transitions in a narrow temperature
interval hints at a relevant interplay between
crystal structure and magnetic order. Interest-
ingly, once VI3 is reduced to few monolayers,
Trai depends on the number of layers;** more-
over, further clues suggest that VI3 hosts strong
magnetoelastic interactions.® The importance
of orbital phenomena in solids"® motivates this
line of research on VI3 also due to its reduced
dimensionality. However, to date the under-
standing of this physics is elusive and mostly
limited to magnetometric and structural char-
acterizations.

For this reason, a temperature-dependent
spectroscopic investigation of the spin and or-
bital degrees of freedom is of paramount im-
portance. X-ray magnetic circular dichroism
(XMCD) and x-ray natural linear dichroism
(XNLD) are ideal techniques for this research.
Structural changes influencing the transition
metal centres can be monitored by studying the
orbital magnetic moment, highly dependent on
the local symmetry of the crystal; additionally,
the spin magnetic moment reveals the details of
the long-range magnetic order, as well as iden-
tifying the universality class of the material and
its spin dimensionality.

In this Letter, we firstly report the varia-
tion of the magnetic and orbital signals in VI3
crystals, below and above the two FM transi-
tions, by combining XMCD and XNLD mea-
surements. We reveal the presence of a large cir-
cular dichroic signal at low temperature, with
a clear discontinuity near Tgy and disappear-
ance above Tryp, following a tricritical behav-
ior and compatible with a reduced dimension-
ality. Linear dichroic measurements disclose a
mixed ground state, consistent with a partially
unquenched orbital moment supported by clus-

ter calculations, strongly quenched in the prox-
imity of Trye. Our results confirm the presence
of a high orbital moment in VI3 at low tem-
perature and reveal an orbital instability near
Trwme, corroborating the hypothesis of a strong
coupling between orbital and magnetic degrees
of freedom. These findings underline the rel-
evance of orbital magnetization in VI3 among
vdW crystals and reinforce the importance of
quantum spin-orbit entanglement.

The experiment has been performed at the
XMCD endstation of the ID32 beamline at
the European Synchrotron Radiation Facility
(ESRF).18 Commercially available VI3 crys-
tals stored in Ar atmosphere (< 0.5 ppm Oq,
< 0.5 ppm Hy0) have been transferred in in-
ert static atmosphere and cleaved under Ng
flow inside the loadlock chamber, to expose the
(0001) crystallographic plane of the clean sur-
face without contaminating the highly hygro-
scopic surface; the sample is held in ultra-high
vacuum (UHV, pressure < 3x 107! mbar). The
structure and 3d electronic configuration of VI3
are represented in Fig. [lp-b. X-ray absorp-
tion spectroscopy (XAS) spectra have been ac-
quired in total electron yield and normalized by
the intensity collected on a Au mesh in front
of the sample stage. The beam has almost
100 % degree of linear and circular polarization,
and the setup has resolving power better than
5000. XMCD spectra are the difference be-
tween left- and right- circularly polarized light
spectra, measured at remanence after zero-field
cooling from room temperature to 25 K follow-
ing application of 0.5T out-of-plane magnetic
field, large enough to saturate the magnetiza-
tion;” the sample temperature spans the range
from 25K to 65 K. The beam spot diame-
ter at sample position at normal incidence is
100 pm x 100 pm. XNLD spectra are the differ-
ence between vertically and horizontally polar-
ized light spectra, measured at 20K, at graz-
ing incidence (6 = 70°) and at remanence. All
spectra are normalized by the average of the
two light polarizations.

Multiplet cluster calculations have been per-
formed using the Quanty code™ to simulate
XNLD signal at 20K. The trigonal crystal
field perturbation has been set to zero, mod-
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Figure 1: (a) Top pictorial view of a VI3 layer. Each V centre is coordinated by six I atoms to
form VIg octahedra. (b) Crystal field splitting and electron filling for O), and D3q symmetry; in the
latter case 3d levels are split by elongation (1) or compression (2) along the trigonal axis, resulting
in opposite ordering of a;, and e; orbitals. (c) Top: XAS spectra across the V Ly 3 edges, acquired
with left and right circularly polarized photons at 25 K. The inset shows the experimental geometry.

Bottom: Corresponding XMCD.

eling instead the trigonal distortion via hy-
bridization potentials V5, —and V;/g. The sim-
ulation parameters and the role of trigonal dis-
tortion/hybridization in the orbital ordering of
VI; are discussed in detail elsewhere.?"

XAS and XMCD spectra across the V Ly s
edges at T = 25K are presented in Fig. [If.
The XAS lineshape shows a complex multi-
plet structure in agreement with that reported
for similarly measured VI3 spectra, confirming
the 3+ valence state.”22? The Ls edge is dom-
inated by five spectral features: specifically at
513.3eV and 513.8eV (1-2, in the pre-edge re-
gion), 515eV (3), 516.2¢eV (4) and 517.3eV (5).
The L, peak displays two primary features at
523.1eV (8) and 524.1eV (9); between the two
edges, the Ly pre-edge features at 520.5eV and
521.2eV (6-7) are the broader counterparts of
the (1-2) L3 pre-edges.

Concerning the XMCD spectrum, the fea-
tures of Lz and Ly edges present both nega-
tive (3, 4, 8) and positive (5, 9) dichroism, ow-
ing to the combined weak spin-orbit coupling
(SOC) and strong hybridization typical in V
compounds.”** On the other hand, the pre-
edge features 1-2 and 6-7, which are associated
with transitions from V 2p to the unoccupied
V 3d t3, state at the V3" site, present narrow
structures, hinting at a localized nature of 3d
states in the valence band. In the case of L3 pre-

edges, the XMCD intensity almost corresponds
to the intensity of the right circular light, sig-
nature of a large asymmetry in the spin popula-
tion. In addition, both edges exhibit an uncom-
monly large positive dichroic signal. The pos-
itive sign for the L3 pre-edge, where no shoul-
der affects the sign of the dichroic signal, is at-
tributed to the final state, i.e. an 71 electron
in the previously partially filled #5454 states (see
Fig. ), to which a corresponding negative one
would be expected for the L, pre-edge.?” We at-
tribute this lack in inversion to the large degree
of hybridization of V3' in the crystal: indeed,
the long tail of the L3 main peak at ~ 517eV
(5) extends up to the Ly pre-edge region, shad-
owing the sign reversal of the pre-edge peak.
The large dichroic signal on the L3 main peak
(= 0.4) is a clear indication of FM ordering.
In order to study the dependence of the mag-
netic character on temperature, we performed
the same measurements while raising the tem-
perature up to above Tgyq, which are plotted
in Fig. [Za-b. The temperature increase pro-
duces no qualitative modification in the fea-
tures of both XAS and XMCD spectra. The
XMCD lineshape reported in Fig. shows
that magnetic order is preserved up to 51K,
whereas from 53 K onward the signal intensity
becomes comparable with the sensitivity limit
of the beamline, losing information on the de-
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Figure 2: (a) XAS average spectra across the V Lo3 edges as a function of temperature. (b)

Corresponding XMCD.

tails of the overall spectrum. This indicates
that the Curie temperature lies between 51 K
and 53 K, in agreement with literature. 7230

The XMCD signal allows an element-sensitive
quantitative evaluation on the magnetic spin
and orbital moments via sum rules analysis.?!
However, calculations of the spin moment con-
tribution become inadequate for early transi-
tion metals, where the large overlap between L3
and L, edges prevents a clear-cut distinction.®2
Therefore, we follow the evolution of VI3 mag-
netic character by plotting the XMCD intensity
at the L3 main peak, as displayed in Fig. A
first observation is the abrupt reduction of the
signal between 30 K and 35 K. This discontinu-
ity may be explained in terms of the nature of
the FM transition. In previous studies®? a weak
discontinuity of the heat capacity appears at
Try2: additionally, since a second-order transi-
tion takes place at Try, thermodynamic con-
siderations prevent the one at Tgyo to display
a second-order character.®3 We thus infer that
a weak first-order transition at this tempera-
ture would result in a discontinuity of the order
parameter. Moreover, a structural transition
from triclinic to monoclinic has been reported
at Trye, together with an in-plane rotation of
the canted V spins; 73435 this could justify the
variation of dichroic signal below Tgy, as the
concurrent change of crystal structure and mag-
netic easy axis could modify the projection of
the magnetic moment along the out-of-plane di-
rection.

Around Ty, the trend of the XMCD signal
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Figure 3: XMCD maximal intensity at the V L
edge as a function of temperature, and visual
comparison with theoretical models. The solid
red line plots the fit following Eq. [I, in the
temperature range highlighted by the gray area;
dotted lines trace curves for mean field (5 =
0.5), 3D Ising (8 = 0.33), 2D XY (8 = 0.23)
and 2D Ising (5 = 0.125) models. The teal
dotted line marks Ty as retrieved from the
fit, the light blue shaded area indicates Tgyo.



can be assessed in order to extract information
on the spin dimensionality. To do so, we fitted
the curve in Fig. [3| with the Curie-Weiss law

m ~ (1)°, (1)

where 7 = (Teyn — T') /Trm1, and 5 and Tey
are free parameters of the fit. The procedure
has been performed for 7 < 0.1, 7.e. in a re-
gion close to the transition, to ensure the va-
lidity of the formula. The fit yields values of
Tenvi = 51.5(5) K and 8 = 0.28(3). The critical
exponent 3 governing the order parameter gives
indications on the universality class of the ma-
terial, being § = 0.23 for dimensionality n = 2
and § = 0.5 for dimensionality n = 3 (¢f. the
dotted curves exemplifying different models in
Fig. 13). Our results suggest that VI3 mag-
netic character is denoted by a reduced spin di-
mensionality, as expected for a quasi-2D crystal
with weak inter-plane interactions,*® in agree-
ment with what found on other vdW materi-
als®™9 and by magnetometric measurements
on VI 1440

The extracted value of S and the first-order
FM transition at Ty point at the tricritical
mean field model as a good description of the
critical behavior of VI3. In the VI3 p —T phase
diagram,”V the two FM transitions merge at a
triple point (pe1, T.1) with increasing pressure:
our measurements further support the hypoth-
esis that this is also a tricritical point.

In addition to XMCD, we performed XNLD
on V Ly 3 edges to retrieve information on the
orbital ordering. We showed that the pre-edge
features previously identified (Fig. (1| and dis-
cussion) result from transitions to unoccupied
oy states; in particular, the trigonal distor-
tion splits the ?9, level into a;, and e’g, with
mostly out-of-plane and in-plane character re-
spectively. In an XNLD experiment with graz-
ing angle geometry, horizontally (vertically) po-
larized photons interact mostly with out-of-
plane (in-plane) orbitals: it is thus possible to
discern which level is occupied from the change
in the spectral weight of the pre-edge features.

XAS spectra acquired with linearly polarized
light, and the corresponding XNLD, are dis-
played in Fig. [l We reveal a negative dichro-
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Figure 4: Top: XAS spectra across the V Ly 3
edges, acquired with linearly polarized photons
at 20 K. The inset shows the experimental ge-
ometry. Bottom: calculated (solid black line)
and measured (red shaded area) XNLD.

ism in both pre-edge regions (1-2 and 6-7): the
signal derived from the excitation induced by
linear light polarization vector £ L ¢ (vertical
polarization) is enhanced compared to E || ¢
(horizontal polarization), consistently with the
XNLD reported by our group.”) By means of
cluster calculations, the XNLD at 20 K is simu-
lated in the framework of the ligand-field multi-
plet theory. In Fig. , the resulting curve (solid
black line) obtained with hybridization param-
eters V,,, = 1.097eV and Ve/g = 1.103eV is in
excellent agreement with experimental data, in-
dicating an aj,e; ground state. Furthermore,
as a comparison with a similar V3 system, in
V503 the pre-edge intensity increases when the
ay, orbital is unoccupied and F || ¢.*¥ Our ob-
servation suggests that in the initial state the
ay4 orbital is filled: this is also in agreement
with a recent ARPES characterization, where
the a4 orbital lies at the top of the valence band
and displays strong photoemission intensity,*
and with the large orbital moment measured by
Hovancik et al.“? We note however that the re-
sulting linear dichroism is quite small compared
to e.g. the one calculated for V,0s3, indicat-
ing that the energy difference between 6;2 and
a%ge;l ground states is small, and tiny lattice
distortions and/or partial charge transfer could
stabilize a mixed electronic configuration."
The stabilization of an aj,e;' ground state



drives the appearance of a high orbital moment
in FM VI3. To assess the effect of tempera-
ture, we calculated the orbital moment from
XMCD data displayed in Fig. by apply-
ing the orbital sum rule®! as shown in Fig.
Bl The value at 25K (L, = 0.66(7)) is com-
parable with the other reported result“® for a
50 % occupancy of each possible ground state
(e and aj,e;'). However, as the temperature
increases we notice a strong quenching of the
orbital moment at 40 K, which then recovers
and gradually goes to zero close to Tryg. If
we consider that Tgyp lies between 32K and
36 K 1080233 t he proximity of the sharp disrup-
tion of the orbital moment to Trye indicates a
connection to the critical dynamics of the tran-
sition: the orbital instability is indeed a signa-
ture of a change in the anisotropy constant of
the lattice,** and has been demonstrated to be
a precursor of spin reorientation transitions.*>
Changes in the magnetic anisotropy accompa-
nied by a spin reorientation have also been re-
ported in other vdW materials exhibiting a sim-
ilar magnetic anisotropy, such as Fe,GeTey. 1340
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Figure 5: Orbital magnetic moment on V3 as
a function of temperature. The green dotted
line and the teal shaded area indicate the two
FM transition temperatures.

The presence of an unquenched orbital mo-
ment has deep implications in the physics of
low-dimensional materials. 3d transition met-
als display quenched orbital moment and weak
SOC (in the order of few tens of millielectron-
volts); however, strong SOC may appear when
electron correlations lead to a spin-entangled
state, as suggested in the Ising metallic system

Fe; /4Ta82,47 or recently in the 2D vdW anti-
ferromagnet FePS3,*® where large orbital mo-
ment and SOC ultimately give rise to a size-
able magnetic anisotropy. VI3, a system with
a large unquenched moment where SOC can-
not be neglected without hampering the inter-
pretation of experimental spectra,”t has been
proposed as a candidate material where elec-
tronic correlations enhance the orbital magne-
tization.*? Therefore, future efforts to under-
stand the microscopic origin of the large mag-
netic anisotropy in VI3 should focus on the or-
bital degree of freedom, in view of spintronics
applications.

In summary, in this work we present and
interpret temperature-dependent XMCD mea-
surements, with the support of XNLD and clus-
ter calculations, to assess the spin and orbital
degrees of freedom in VI3. XMCD reveals a
magnetic state with strong (up to =~ 0.4) dichro-
ism, whose lineshape is not qualitatively af-
fected by temperature, and well-defined pre-
edge features, signature of localized states.

The XMCD maximal intensity at the Lz edge
shows an abrupt decrease at the first-order FM
transition at Tgye, and displays a critical be-
havior following an exponent 5 = 0.28(3), sug-
gesting a tricritical mean field model and a re-
duced dimensionality.

The XNLD spectrum exhibits a sizeable neg-
ative linear dichroism on the pre-edges, imply-
ing an at least partially filled a;, orbital in
the ground state and non-zero orbital moment:
further analysis from temperature-dependent
XMCD spectra confirm a large (up to L, =
0.66(7)) orbital moment, and unveil the pres-
ence of a large orbital instability near Tgyo.
This is interpreted in terms of changes in the
magnetic anisotropy of the crystal, disrupting
the orbital moment and kickstarting the sub-
sequent spin reorientation. Our study demon-
strates that VI3 hosts exotic quantum prop-
erties and will bolster advanced investigations
into vdW 2D ferromagnets.
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