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Magnetic frustration in a van der Waals metal CeSil
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The realization of magnetic frustration in a metallic van der Waals (vdW) coupled material has been sought
as a promising platform to explore novel phenomena, both in bulk matter and in exfoliated devices. However, a
suitable material realization has been lacking so far. Here, we demonstrate that the vdW compound CeSil hosts
itinerant electrons coexisting with exotic magnetism. In CeSil, the magnetic cerium atoms form a triangular
bilayer structure sandwiched by vdW stacked iodine layers. From resistivity and magnetometry measure-
ments, we confirm the coexistence of itinerant electrons with magnetism with dominant antiferromagnetic
exchange between the strongly Ising-like Ce moments below 7 K. Neutron diffraction confirms magnetic order
with an incommensurate propagation vector k ~ (0.28, 0,0.19) at 1.6 K, which points to the importance of
further-neighbor magnetic interactions in this system. The presence of a two-step magnetic-field-induced phase
transition along the ¢ axis further suggests magnetic frustration in the ground state. Our findings provide a
material platform which hosts the coexistence of an itinerant electron and frustrated magnetism in a vdW system,
where exotic phenomena arising from the rich interplay between the spin, charge, and lattice in low dimension
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can be explored.
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The exploration of novel quantum phenomena in van der
Waals (vdW) coupled materials is a promising and rapidly
growing field motivated by both fundamental physics interest
and, thanks to recent advances in exfoliation technologies,
device applications [1-4]. An essential component to accel-
erate the development of the field is to increase the number
of materials that host states whose properties are described
by multiple coupled degrees of freedom, such as charge, spin,
orbital, and lattice [5]. Among these, a particularly interesting
playground for discovering phenomena like these has been
identified in systems which manifest an interplay between
itinerant electrons and magnetism, and intensive studies have
been pursued and reported [6—17]. However, a promising area
of this playground which simultaneously remains relatively
unexplored is that of vdW materials, where itinerant elec-
trons coexist with low-dimensional and potentially frustrated
magnetism. Magnetic frustration can result in noncollinear
spin textures and field-induced transitions to exotic quantum
phases [18,19]. This includes emergent topologically non-
trivial spin textures which lead to couplings between the
magnetism and the motion of itinerant electrons [20,21].
Furthermore, noncollinear spin textures can couple to lattice
degrees of freedom to produce phenomena such as multifer-
roicity [22].

Part of the reason why magnetic metallic vdW materi-
als are so scarce is that most vdW materials studied so far
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have been chalcogenides, which tend to be nonmagnetic. An-
other important class of materials with vdW structures is the
halides. The large ionic radius and small number of chemi-
cal bonds of halides leads to low-dimensional vdW bonded
structures [24]. While typical transition metal halides [25-28]
are low-dimensional Mott insulators, this is not the case for
reduced rare-earth halides LnX,. In rare-earth elements with a
strong tendency to stabilize the trivalent state, an electron pro-
duced by reduction occupies the outer 5d orbital of lanthanide
rather than the inner 4 f orbital and metallicity results [29-31].
Moreover, the finding of giant magnetoresistance and ferro-
magnetic order above room temperature in GdI, motivates us
to expect that 4 f magnetism strongly couples to conduction
electrons in rare-earth halide materials [32,33].

The ternary system LnAl (Ln = La, Ce, Pr, Gd. A = Al Si,
Ga, Ge) is a class of materials closely related to the reduced
rare-earth halides [34-36]. CeSil appears as a cleavable mate-
rial in 2DMatpedia [37], and its crystal structure is depicted
in Fig. 1(a). Ce atoms form a triangular bilayer in the ab
plane sandwiching a honeycomb net of Si. These blocks are
terminated by a vdW-coupled layer of iodine. While its syn-
thesis and crystal structure have been reported previously, its
physical properties, especially the effect of frustration and the
influence of the Fermi surface on magnetism, have never been
investigated. In order to demonstrate CeSil as a promising
host of itinerant electrons with frustrated magnetism, we have
synthesized crystalline CeSil by a high-temperature solid-
state reaction [33] in a bulk form [Fig. 1(b)] and performed
resistivity, magnetometry, heat capacity, and neutron diffrac-
tion measurements [38—44].
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FIG. 1. (a) Crystal structure of CeSil. Red, blue, and purple
spheres indicate Ce, silicon, and iodine atoms, respectively [23]. Red,
green, and blue arrows indicate the a, b, and ¢ axes, respectively. (b)
Optical microscope image of a single crystal of CeSil. The image
is taken in a globe box filled with pure Ar gas. (c) Temperature
dependence of magnetic susceptibilities from a single crystal of
CeSil and zero-field resistivity of a polycrystalline sample of CeSil.
The magnetization measurements were carried out upon cooling in a
magnetic field of 1 T applied along the @ and ¢ axes.

The coexistence of metallicity and antiferromagnetic in-
teractions in CeSil is confirmed. Figure 1(c) shows the
temperature dependence of the susceptibility x (7") along the
a and c axes (left axis), together with the temperature de-
pendence of the powder resistivity (right axis). x (T') exhibits
strongly anisotropic behavior below 100 K due to the trigonal
crystalline electric field splitting of the J = 5/2 manifold of
the Ce** 4f electrons. The lowest Kramers doublet dominates
the magnetism below ~10 K because the other J = 5/2 lev-
els are typically located above 10> ~ 103K in the trigonal
crystalline electric field [45]. Below 7 K, the susceptibility
component along the ¢ axis drops while that along a axis
slightly increases, which indicates long-range antiferromag-
netic ordering at Ty ~ 7 K. The presence of a magnetic phase
transition is also confirmed by the drop of resistivity below
7 K due to suppression of electron-spin scattering.

In order to elucidate the magnetic structure, powder
neutron diffraction was performed below 20 K on the
D20 instrument at ILL [39]. Whereas single-crystal neutron
diffraction would be ideal for pinning down the magnetic
structure, the required sample volume is difficult to obtain.
Nevertheless, as we describe hereafter, powder diffraction still
provides essential information to understand this relatively
new compound. In Fig. 2(a), we plot the temperature depen-
dence of the low-angle magnetic scattering of CeSil obtained
by subtracting a high-temperature intensity from each 26. Six
magnetic peaks, which are labeled by 6; ~ 64 in Fig. 2(a),
are visible below 40° (see Supplemental Material Fig. 3 for
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FIG. 2. Neutron diffraction study of CeSil. (a) Temperature de-
pendence of magnetic diffraction in the temperature range from 16 to
3.8 K. Nuclear reflections were removed from the data by subtracting
data obtained at 17 K. The positions of the six observed magnetic
Bragg peaks are labeled 6; (i=1, ..., 6). The color scales of the
neutron intensity are shown on the right side. (b) The evolution of
the integrated intensity around the magnetic Bragg peaks derived
from (a). The temperature is scaled by Ty = 7K. The integration
intervals for 6; (i =1, ..., 6) are (9.96, 11.56), (13, 14.8), (27.31,
28.5), (28.81, 30.00), (34.13, 35.42), and (35.76, 36.7), respectively.
A linear background was assumed in integration.

the nuclear refinement [38]). As shown in Fig. 2(a), the posi-
tions of these peaks are temperature-independent, while their
intensity gradually increases below Ty [Fig. 2(b)]. The data
quality did not allow for a determination of the critical expo-
nent, however. The increase in the intensity of 65 above Ty is
affected by a ferromagnetic impurity CeSi; 7 with 7, ~ 14K
[44]. We note that the change of background below Ty is due
to suppression of diffuse scattering from paramagnetic Ce>*.
We employed a long scan of the 1.6-K data subtracted by that
of the 7.7-K data for the magnetic structure analysis in order to
disentangle the effect of diffuse scattering and magnetic Bragg
peak.

Indexing the magnetic peaks produced a unique solution
with an incommensurate wave vector of k ~ (0.28, 0, 0.19).
In the space group P—3ml, the identity and mirror perpendic-
ular to b axis render the propagation vector invariant, and these
make up the little group G;. The magnetic representation of a
crystallographic site at the 2¢ site (0, 0, z) can be decomposed
into the irreducible representation I'y + 2I',, for which the
projected basis vectors are listed in Table I. While the Ce site
is separated into two orbits (0, 0, z) and (0, 0, —z) in G, the
symmetry operation that maps k to —k in the full group relates
these two; the real and imaginary coefficients of the basis
vectors therefore have opposite and same values between the

L121401-2



MAGNETIC FRUSTRATION IN A VAN DER WAALS ...

PHYSICAL REVIEW MATERIALS §, L121401 (2021)

(a) T T T T ———
- 1.0+ (011). |y SDWy|
= (011),
=]
£
&

(b)

)
c
=]
£
&
10 20 30 40 50 60
© 10 6 (deg)
% I, Cycloid;
2 0.5} e
-e. i w i 7o &
5 ; i el - kel N NN Nt
=~ 0.0F I IO IR T
©
\E M Pl P PR S D T ul i Y
10 20 30 40 50 60
0 (deg)

(d/)-\ 10 L L L L LA L L AL R N e s LIS S——
% ">, Cycloid,
2 o5} .
2 ™
© y ¥ Al ”',i' ,j,': At
= 0.0 [ O NN
\g PR AL S TR S TR Arair N bl

10 20 30 40 50 60
8 (deg)

FIG. 3. Powder neutron diffraction pattern of CeSil and a Ri-
etveld fitting to the magnetic spin structures I'y SDW, (a), I';
SDW . (b), I'; Cycloid; (c), and I'; Cycloid; (d). The red circles
represent data taken at 1.6 K after the subtraction of the 7.7-K data
as a reference of nuclear contributions. The black, blue, and green
line represent a Rietveld fit, a residual of fitting, and background,
respectively. The red thin and thick green bar represent the posi-
tion of magnetic Bragg peaks of CeSil and CeSi, g respectively.
The arrows indicate the indices of magnetic Bragg peaks, where
(hkl). represents a Miller index of (hkl) £ g reflection, with ¢ =
(0.28, 0, 0.19).

two orbits, respectively. Inversion and twofold rotation about
the b axis are added to Gy in the full group that also includes
time reversal (Supplemental Material, Note 4 [38]).

To determine the magnetic structure below Ty, we refined
the neutron diffraction pattern using all possible magnetic
structures described by a single irreducible representation:
spin-density wave (SDW) along the » axis (SDW,), which
belongs to I'; (in Baslreps notation), and SDW (SDW,:.)
and counter-rotating cycloid (Cycloid;) in the a*c plane,
which belong to I',. Cycloid; has opposite chiralities be-
tween the two orbits to maintain the inversion symmetry. We
also consider a structure that breaks sublattice symmetry but

TABLE 1. Irreducible representations (IRs) and basis vectors
(BVs) for the space group P—3ml with k = (0.28, 0, 0.19). The
decomposition of the magnetic structure representation for the site 1
(0,0, z)is I'pag = 'y + 2T',. The BV components of one orbit along
a*, b, and c are shown by m,, m,, and m_, respectively. The other orbit
at site 2 (0, 0, — z) has the same BVs.

IR BV m, m,, m,

Iy ¥y 0 1 0

I ) 1 0
Y3 0 0 1

transforms according to the little group and is more com-
mon than the counter-rotating cycloid; a corotating cycloid
(Cycloid,) in the a*c plane. In all cases, the impurity phase
CeSi; 7 is included in all the refinement and we confirmed
that the existence of the secondary phase does not have any
impact on the main conclusions of this study. Further details
of the magnetic structures and fits are described in the Sup-
plemental Material, Note 5 [38]. We plot the results of the
Rietveld refinement in Figs. 3(a)-3(d) and Table II. As shown
in Fig. 3(a), SDW,, is clearly excluded from the candidate
magnetic structure because of the poor agreement around
the (010)_, (011)_, (O11),, and (01—1),; reflections. By
contrast, SDW ., Cycloid;, and Cycloid, reproduce the over-
all behavior of the observed diffraction pattern as indicated
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FIG. 4. Magnetic frustration in CeSil. (a), (b) Magnetic struc-
tures are schematically drawn for the case of Cycloid, and SDW ..
Red spheres and magenta arrows indicate the magnetic Ce ions and
their magnetic moments, respectively. Red, green, and blue arrows
indicate the a, b, and c axes, respectively. (c) Magnetization process
of CeSil. The red, green, and blue circles and red and blue trian-
gles represent magnetization along the ¢ axis at 2, 5, and 7 K and
along the ab plane at 2 and 7 K. respectively. The red dotted line
is a derivative of magnetization at 2 K, where the peaks indicate
the two-step metamagnetic transition. (d) Schematic image of the
phase diagram as a function of temperature and magnetic field along
the ¢ axis. Open circle and triangle represent transition fields and
temperatures determined from the susceptibility and magnetization
process, respectively. The shaded regions are eye guides of the phase
boundary. See Supplemental Material Fig. 1 for the raw data [38].
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TABLE II. Results of Rietveld refinement of neutron diffraction pattern. The magnetic structure models are described in the main text. m; ;
represents the component of site j along direction i = x, y, zand j = 1, 2. R, Ry, and x? represent profile factor, weighted profile factor, and

reduced y2, respectively.

Model IR My | my | mg My my o R, (%) Ry (%) )(2
SDW, Iy 0 1.00(1) 0 1.00(1) 0 39.2 28.8 6.15
SDW .. I, 0.14(1) 0 1.08(1) 0.14(1) 0 1.08(1) 26.9 18.2 2.59
Cycloid, I, 0.07(2)i 0 1.11(1) 0.07(2)i 0 -1.11(1) 26.7 18.6 2.76
Cycloid, I, 0.71(2)i 0 1.024(9) 0.71Q2)i 0 1.024(9) 21.8 159 2.26

by Figs. 3(b)-3(d) . Thus, based on diffraction experiments,
we confirm that a common feature of these three magnetic
structures, all of which belong to I';, are a dominant out-
of-plane component of the order of 1.0-1.1ug. Two of the
magnetic structures that yielded the smallest R factors are
schematically shown in Figs. 4(a) and 4(b) as representatives
of possible magnetic structures, with and without relatively
large in-plane magnetic moment.

Finally, we point out that the magnetization process is con-
sistent with the presence of magnetic frustration. Figure 4(c)
shows the magnetization process along the out-of-plane (||c)
and in-plane (||ab) directions. Above 4 T the magnetization
along the c axis reaches ~ 1.1 ug, which is close to the ex-
pected saturated magnetization of SDW .. and the Cycloid,
model and suggests the localized nature of the Ce 4 f moment.
The magnetization along the a axis does not saturate below
7 T because this is the hard axis. The key feature is seen
at 2 K for the out-of-plane (//c) case. Between magnetic
fields of 2 T and 4 T, two metamagnetic transitions are clearly
observed. The phase diagram as a function of magnetic field
along the ¢ axis and temperature is presented in Fig. 4(d).
These anomalies are only visible below Ty and are therefore
thought to be associated with the magnetic order. It is impor-
tant to note that the anomalous behavior should be distinct
from a simple spin-flop transition in a collinear antiferro-
magnet, which is usually a single-step process. A similar
magnetization process with multiple steps is seen in a number
of metallic systems with localized spins such as CeSb [46] and
SrCogOq; [47], of which behaviors are understood as a result
of complex spatial dependence of Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction. Given that the 4f orbital in
cerium atoms are well localized, RKKY interaction accounts
for the magnetic order and the field-induced transition. If we
turn our attention to layered triangular systems, insulating
transition metal iodides are known by similar metamagnetism
due to competing nearest-neighbor and further-neighbor cou-
pling. The frustration in interaction leads to a helical order
with in-plane periodicity of (a, 0) [48-52], which is analogous
to the Cycloid, case (see Table II). While the origin of mag-

netic interaction is different between the metallic systems and
the insulating ones, the spatial dependence of the magnetic
interaction between the spins would be similar. As far as
we recognize, the observation of a multiple magnetization
process in a vdW metal is a first report in CeSil.

Our experimental findings collectively point towards CeSil
being a material platform hosting magnetic frustration coex-
isting with itinerant electrons within a vdW material family. In
the case of the out-of-plane SDW [Fig. 4(a)], the realization of
a quantum disordered state by frustration and reduced dimen-
sionality will be an interesting question to be explored with
the help of the exfoliation technique. Further exotic phases
can be expected in the case of the corotating cycloid case
[Fig. 4(b)]. For example, the point group of this structure is
ml1’, which allows a finite electric polarization perpendicular
to the b axis. Even if polarization is allowed by symmetry,
the conduction electrons are expected to screen polarization
in metallic compounds. However, in the van der Waals metal
WTe,, which features a polar-nonpolar structural transition,
an out-of-plane electric field can switch the displacement of
W when atomically thin flakes are used [53].

In summary, we investigated CeSil using resistivity, mag-
netometry measurements, and neutron diffraction experiments
on both powder and single-crystal samples. Through these
we demonstrated that CeSil is a material platform which
searches exotic phenomena arising from the rich inter-
play between spin, charge, and lattice degree of freedom,
for example, by using exfoliation-based device fabrication
techniques.
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