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Crl, is a van der Waals layered material that exhibits helimagnetism that propagates along ribbon chains.
This is determined from neutron time-of-flight diffraction measurements. Below 7y = 17 K in the orthorhombic
structure, a screwlike helimagnetic order develops with an incommensurate wave vector of q =~ (0.2492, 0, 0)
at 8 K. Using density functional theory (DFT)+ U calculations, the J;-J, model is leveraged to describe
the helimagnetism, where J;(> 0) and J,(< 0) correspond, respectively, to a ferromagnetic nearest-neighbor
and antiferromagnetic next-nearest-neighbor intrachain interaction. The DFT 4 U calculations suggest that
orthorhombic Crl, satisfies conditions that favor formation of helimagnetic order.

DOLI: 10.1103/PhysRevB.109.144403

I. INTRODUCTION

van der Waals (vdW) layered materials have a broad range
of potential applications, especially when magnetic order can
be manipulated [1]. Efforts in this direction surged after re-
ports of ferromagnetic (FM) order in monolayer Crls [2],
antiferromagnetic (AFM) order in monolayer FePS; [3,4],
and the discovery that Crl; can be AFM or FM depending
on layer stacking [5,6]. One vdW-layered magnetic material,
Crly, has received little attention even though its ribbon chain
structure (Fig. 1) offers a new view into the nature of exchange
interactions in vdW heterostructures.

Crl, has two polytypes with the same intralayer structure:
a monoclinic phase, where the layers are oriented in the same
direction [8], and an orthorhombic phase, where the layers
are oriented in alternating directions [9-12], the latter being
reminiscent of the 7; phase of MoTe, or WTe, [13]. The
intralayer structure consists of a triangular lattice of Cr** ions,
each surrounded by six I~ ions in an octahedral configura-
tion, but with a Jahn-Teller (JT) distortion [10] lengthening
two of these bonds so that edge-sharing octahedra form “rib-
bon chains” along the a axis [Figs. 1(a) and 1(b)]. The JT
distortion induces a similar ribbon-chain structure in many
other compounds, including CuBr, [14] and CuCl, [15],
which are isostructural to monoclinic Crl,, as well as CrBr,
(which has a different layer stacking) [16], CrCl, (in which
the ribbon chains do not form Crl,-like layers) [17], and
a-PdCl, [18,19].

The magnetic properties of Crl, are largely unexplored,
with the sole attempt, to our knowledge, being a Moss-
bauer spectroscopy study indicating a magnetic splitting of
spectral lines at 4.2 K, but not at 77 K [20]; a transition
at 45(2) K was claimed, but without supporting data, and
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magnetic susceptibility was attempted but deemed inconclu-
sive due to suspected contamination from the ferromagnetic
Crl;. Despite the paucity of bulk experimental studies of
Crl,, there have been three recent studies on monolayers syn-
thesized by molecular beam epitaxy [21-23], with scanning
tunneling spectroscopy showing band gaps of about 3.0 to
3.2 eV [21,22]. Several recent theoretical studies have also
been reported [24-28], focusing mainly on the monolayer. In
calculations, both FM [22] and AFM [28] orders result in the
lowest free energy, though incommensurate ordering was not
considered. Recent reports suggested that the orthorhombic
phase has an out-of-plane polarization that can be reversed by
sliding the layers [28]; such multiferroic behavior could lead
to significant technological applications. Thus there is a clear
need for experimental measurements to clarify the magnetic
structure of this compound.

We report time-of-flight neutron diffraction measurements
on a predominantly orthorhombic Crl, powder sample. He-
limagnetic order is observed with a modulation wave vector
q = (4,0,0) arising below Ty = 17 K with § ~ 0.2492 at
8 K and decreasing slightly on warming. DFT + U calcula-
tions were performed to estimate the exchange interactions,
resulting in a sizable next-nearest-neighbor AFM intrachain
coupling that suggests an origin for the helimagnetic ordering.

II. METHODS

A. Density functional theory

First-principles calculations were performed based on
density functional theory (DFT) as implemented in the
open-source plane-wave pseudopotential code, QUANTUM
ESPRESSO [29,30]. We chose the generalized gradient
approximation (GGA) and PBEsol exchange-correlation func-
tional for all ground-state calculations [31,32]. A DFT + U
approach with a Hubbard U =3 eV [26] was applied on
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FIG. 1. (a) Crystal structure of orthorhombic Crl,, showing rib-
bon chains along the a axis. (b) One layer of Crl, in the ab plane.
(c) Both twins of orthorhombic Crl, depicted in the bc plane, con-
structed by A- and B-type stacking, respectively. (d) An illustration
that A- and B-type stacking are related by translations along the b
axis. (e) Photo of a Crl, synthesis attempt, in which the ampoule
(with stoichiometric Cr and I) was hung in a vertical tube furnace
at 600 °C. The boundary between the silvery (Crl3) and red (Crly)
powder suggests the influence of a temperature gradient, where Crl;
formed in a slightly cooler region of the ampoule. The outer diameter
of the ampoule was 23 mm. (f) Photo of a 0.5 g melt-grown piece of
Crly, in a vial of outer diameter 24 mm. Crystal structures plotted
using VESTA [7].

the Cr-3d orbitals to account for the correlated orbital ef-
fects [33,34]. The kinetic energy cutoff was set to 70 Ry for
the wave functions and the Brillouin zone was sampled using
a I'-centered Monkhorst-Pack £ mesh for all calculations [35].
A semiempirical Grimme DFT-D3 vdW dispersion correction
approach with three-body contribution was also applied to
treat the vdW bonding in the CrI; crystal [36]. We used the or-
thorhombic crystal structure (space group no. 36, Cmc2;) for
our DFT + U calculation. In this space group, there are two
unique crystallographic sites for the I atoms, whereas there is
only one unique site for the Cr atoms. All atoms occupy the
Wyckoff site labeled “4a.” We performed full crystal structure
relaxation (with and without the vdW dispersion correction)
where both the unit cell parameters and atomic coordinates are
relaxed. Convergence thresholds for the maximum residual
force and maximum energy difference between consecutive
iterations were set at less than 1.5 x 107 a.u. and 7 x 10710
Ry, respectively. Representative unit cells of DFT + U re-
laxed Crl, crystal structures are given in Fig. S4. The atomic

parameters of the DFT + U relaxed crystal structures with and
without the vdW dispersion correction are in the CIF files
included in the Supplemental Material [37]. The DFT 4 U
calculated absolute Cr magnetic moment is determined to be
~3.79up, regardless of the specific spin configuration.

We employed the methodology introduced by Banks
et al. [38] to compute the spin-exchange parameters, J,.
We constructed a 4 x 1 x 1 supercell and considered six
independent collinear spin arrangements (one FM and five
AFM, which are shown in Fig. S5). We then performed self-
consistent field calculations using a I'-centered k mesh of
4 x 7 x 4. The total energy data, along with the Heisenberg
Hamiltonian used to calculate each J from the supercell, is
given in Sec. VI in the Supplemental Material [37].

B. Experimental details

Crl, powder was synthesized by sealing a stoichiometric
mixture of fine (—200 mesh) chromium powder and iodine
pieces in ampoules and heating to 650 °C within a day, then
staying at 650 °C or 750 °C for several days before furnace
cooling. Below ~600 °C, Crl; forms instead, and an ampoule
heated at 600 °C in a vertical tube furnace showed a sharp
divide between silvery Crl; and red Crl, powder [Fig. 1(e)],
due to Crl; forming in the cooler region of the temperature
gradient. For the single crystals used for the magnetic sus-
ceptibility, Crl, crystals were grown from a melt by heating
an ampoule with a stoichiometric mixture of Cr and I up to
900 °C, then furnace cooling to 750 °C before quenching in
water. Slow cooling from 900 °C to 750 °C resulted in larger
crystals, such as the 0.5 g piece shown in Fig. 1(f). (The
melting temperature is 867 °C [11].) Crl, is hygroscopic and
crystals disintegrate within minutes in humid air, though they
can be stored in dry air for weeks without visible deterioration.

Neutron diffraction experiments were performed on the
POWGEN diffractometer at the Spallation Neutron Source of
Oak Ridge National Laboratory [39]. The powder was loaded
into a vanadium can in a helium glovebox before measure-
ment. A POWGEN automatic changer was adopted as the
sample environment. Two neutron banks with center wave-
lengths of 1.5 A and 2.665 A were used for the data collection.
Refinement was done using calculations in which the diffuse
scattering was obtained from the formalism of Ref. [40]; the
software GSAS-II [41] was used to obtain lattice parameters.
Single crystal x-ray measurements were also carried out as a
function of temperature, with data refined using the software
APEX4 by Bruker.

II1. RESULTS
A. Single-crystal x-ray diffraction

Single-crystal x-ray diffraction (SCXRD) on a vapor-
tranport grown crystal was performed as a function of
temperature. An intensity plot in the (OKL) scattering plane
at 100 K is shown in Fig. 2(a). The refined lattice and atomic
parameters are shown in Tables I and II, respectively. From
Fig. 2(a), not only is the main (orthorhombic) phase observed,
but also a secondary, coaligned phase with the monoclinic
structure [8] (with two Bragg peaks indicated by arrows), as
well as diffuse scattering streaks indicating some degree of
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FIG. 2. (a) Single-crystal x-ray diffraction (SCXRD) intensity
in the OKL plane. In addition to the orthorhombic phase peaks,
additional peaks from the monoclinic polytype [8] are seen, with
two monoclinic peaks indicated by arrows. The gray grid lines and
the labels on the axes correspond to the orthorhombic phase. The
red lines show the monoclinic-phase (HOL)y, lines for integer L;
Korth = Hiono and Loy = 2(Limono — €Hmono ), With € &~ 0.43. Both
phases share the same vertical axis. (b) Lattice parameters plotted vs
temperature, normalized to their 100 K values. Open circles denote
SCXRD values, measured for 7 > 100 K, and dots denote neutron
diffraction values, measured for 7 < 100 K.

stacking disorder. No sign of a structural phase transition was
observed from 100 to 400 K. A crystal from a melt-grown
batch was also measured by SCXRD and verified to have
the orthorhombic structure. The temperature dependence of
the lattice parameters (from the SCXRD and neutron diffrac-
tion data) are plotted in Fig. 2(b). The thermal expansion
is smallest along the a axis, which is as expected given the
stronger bonding along the chains (as seen in structurally
similar CuCl, [38]).

TABLE I. Lattice parameters from SCXRD refinement.

100 K 200 K 300 K 400 K
ad)  3.9070(5) 3.9158(3) 3.9195(3) 3.9214(4)
b(A)  7.4963(17)  7.5366(8) 7.5722(6) 7.6110(10)
c(A)  13.479(3) 13.5142(13)  13.5618(10)  13.6092(17)

TABLE II. Atomic positions from SCXRD refinement. Lattice
parameters are shown in Table 1. The space group is Cmc2;. All
Wyckoff symbols are “4a.”

X y Z Usso
100 K
1 0 0.2045(3) 0.37815(17)  0.0108(8)
12 0 0.4720(3) 0.62193(11) 0.0115(8)
Crl 0.5 0.3377(9) 0.4987(6) 0.0128(14)
200K
8! 0 0.20577(8) 0.37850(4) 0.01277(17)
12 0 0.47094(8) 0.62147(3) 0.01374(18)
Crl 0.5 0.3379(3) 0.49992(15) 0.0156(3)
300K
I 0 0.20706(10) 0.37872(5) 0.01927(19)
12 0 0.47003(9) 0.62127(3) 0.02039(19)
Crl 0.5 0.3383(3) 0.49975(17) 0.0227(4)
400 K
nn 0 0.20813(16) 0.37891(8) 0.0270(3)
12 0 0.46917(16) 0.62096(5) 0.0279(3)
Crl 0.5 0.3378(5) 0.5000(3) 0.0309(7)

B. Powder neutron diffraction

Figures 3(a) and 3(b) are a plot of the neutron diffraction
data collected at two temperatures, 8 and 30 K. A substantial
amount of diffuse scattering arising from stacking disorder is
observed, which is accounted for in the calculated curves and
will be discussed below. Selected nuclear and magnetic Bragg
peaks are labeled in Figs. 3(a) and 3(b); a more comprehensive
indexing can be found in Fig. S1 of the Supplemental Mate-
rial [37], along with the expected intensity in the absence of
stacking disorder. At 30 K, almost every peak can be indexed
by the orthorhombic (ortho-Crl,) structure [10]. Only one
small peak above d = 2.0 A (at d = 2.81 A) is inconsistent
with the ortho-Crl, structure; this peak is likely the (111) peak
of the monoclinic Crl, polytype [8], which would imply a vol-
ume ratio of about 1% relative to the orthorhombic phase if we
assume no monoclinic-phase stacking disorder. Little change
in intensity is seen from 30 to 40 K or 100 K [Fig. 3(c)].
No sign of Crl; was observed, in either the R3 or C2/m
phases [6]. Some preferred orientation was present, as seen
in the ratio of peaks such as (200) and (00L) (L = 2, 4, 6),
whose intensities would be immune to stacking disorder. We
found a March-Dollase ratio of 1.15 to be satisfactory in our
calculations [42].

The diffuse scattering arises from a disordered sequence
of the two stacking options present in the orthorhombic Crl,
crystal structure [Figs. 1(c) and 1(d)]. Using the same notation
as for similar stacking variations seen in Mo;_, W, Te, [43],
we can construct one ortho-Crl, twin by a repeated “A’-type
stacking operation. Since each layer has approximate inver-
sion symmetry, an inversion operation keeps the intralayer
structure largely unchanged but changes the layer stacking
from A type to “B” type, related by alternating b-axis transla-
tions of about +0.344 lattice units. Calculations of the diffuse
scattering were performed using the formalism of Ref. [40],
which is the basis for the software DIFFAX; see the Supple-
mental Material for mathematical details [37]. For our data,
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FIG. 3. (a), (b) Neutron diffraction intensity (blue curves) at (a) 8 K and (b) 30 K, compared to calculated intensity from the model
described in the text, shaded orange and gray for nuclear and magnetic intensity, respectively. The green curve is the difference between the
data and the calculation. The locations of nuclear and magnetic peaks (with +/ — /=% superscripts omitted) are indicated below the data,
colored blue for (00L), magenta for (03L), red for (10L), green for (13L), cyan for (20L), yellow for (23L), and gray for the remaining peaks.
Selected peaks are labeled. The asterisk (*) denotes the possible (111) peak of the monoclinic polytype. (c) Neutron diffraction data at 8, 30,

40, and 100 K. No peaks were present above d = 7 A.

we find satisfactory agreement if we assume the intensity is
the sum of two contributions with 22% of (nearly ordered)
p = 0.05 and 78% of (random) p = 0.5, where p is the prob-
ability of switching stacking types (from A to B type or vice
versa) between consecutive layers. Certain peaks are expected
to be unaffected by stacking disorder, in particular, (HKL),
where K is a small multiple of 3. This invariance is due
to the stacking translations randomly contributing phases of
exp(£2miK x 0.344) to terms in the summation of the struc-
ture factor, which are about unity when K is a small multiple
of 3. The (HOL) peaks are certainly prominent in our data.
The (13L) peaks, though, while prominent, are substantially
weaker than expected from our calculations [e.g., (138) in
Fig. 3(b)]. A likely possibility is the presence of additional
types of stacking, such as those in monoclinic Crl, [8] or
CrBr; [16]; preliminary calculations suggest that such stack-
ing may be (randomly) present on the order of 10-20%, but
an in-depth calculation is beyond the scope of this paper.
Below 17 K, magnetic satellite peaks appear at (H %
8, K, L) forodd H 4+ K, with § &~ 0.248. The peaks are labeled
(HKL)*, (HKL)™, or (OKL)*. We performed representation
analysis of the possible magnetic structures using the soft-
ware SARAh, as discussed in Sec. III of the Supplemental
Material [37]. The spin structure that best describes our data
consists of screwlike helimagnetism propagating along the
ribbon chains, with the spins rotating in the bc plane and in the
same direction between layers. We can envision the spin struc-
ture by starting with the arrangement depicted in Fig. 4(a),

which has (1) intralayer AFM order and (2) nearly AFM align-
ment (a phase difference of ~210°) between spins at position
x = 0 along the ribbon chain axis. Next, we apply a helical
twist of ~90°x to arrive at the spin structure that is consistent
with our data. (An equivalent picture, discussed in the Supple-
mental Material [37], is to start with spins FM aligned within
each layer, then apply a twist of ~450°x; for this picture, the
propagation vector would be k = (1 + §, 0, 0) and the peaks
would be located at [H + (1 +6), K, L] for even H + K.)
The intralayer AFM in the pre-“twisted” spin structure is
responsible for peaks being present only at odd H + K. The
~210° phase difference between the layers (specifically, the
fact that it is not 180°) is responsible for the small but nonzero
intensity of (100)~. The pretwisted spin structure resembles
that predicted in Ref. [28], though the helical modulation was
not in that proposed structure. Two chiralities are possible for
the proposed spin structure, though even with single-crystal
neutron scattering, we would be unable to distinguish these
domains with unpolarized neutrons.

The magnetic peaks are affected by stacking disorder in
the same way as the nuclear peaks, i.e., peaks with K =0
remain prominent, peaks with K = 3 are diminished relative
to calculations but still prominent, and the remaining peaks
are typically greatly broadened. The similar broadening for
nuclear and magnetic peaks suggests that only the locations of
the spins are disordered (due to random stacking translations),
while disorder in the orientation of the spins is not needed to
explain our data.
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FIG. 4. (a) Depiction of the proposed “untwisted” spin structure
in the bc plane, i.e., the orientation of the spins before applying the
helimagnetic spin rotation along the chain direction. (b), (c) The
temperature dependence of (b) the intensity of the magnetic (101)~
peak [divided by the intensity of (200)] and (c) the magnitude of the
modulation vector (6, 0, 0). The “X” in (b) denotes zero intensity.
(d) Magnetic intensity near selected peaks, obtained from the 11 to
20 K data by subtracting a background of the average intensity from
20 to 29 K. (e) Depiction of helical spin rotation along the a axis for
a pair of neighboring ribbon chains within a layer. For visual clarity,
these spins are depicted rotating normal to the layers, but the helical
plane determined from our data is bc.

While magnetic ordering increases on cooling, the or-
dered magnetic moment is not close to saturation down to
8 K, as seen from the intensity of the magnetic (101)~
peak in Fig. 4(b). A refinement (see Supplemental Material
for details [37]) resulted in an ordered magnetic moment
of 2.95(10);143/Cr2Jr ion. This value is well short of the
4up/Cr** expected for the high-spin Cr>* values of g =2
and S = 2. The magnitude of the modulation vector (8, 0, 0)
is plotted in Fig. 4(c); § was obtained by fitting the positions
of the (120)~, (101)~, (101)*, (100)~, (103)*, and (103)~
peaks, all but (120)~ which should be unaffected by stacking
disorder. Though § ~ 1/4, the modulation vector is incom-
mensurate, with § decreasing from ~0.2492 to ~0.2470 on
warming from 8 to 16 K. These values correspond to rota-
tions of spins between consecutive Cr>* ions along the ribbon
chains of 89.7° and 88.9°.

What effect does the stacking disorder have on the mag-
netic order? On the one hand, we expect significant interlayer
coupling, as was seen for structurally similar Crl; (with a
value of —0.59 meV for the summed exchange constants for
interlayer bonding for the R3 phase [44]). Our DFT calcula-
tions (to be discussed below) also suggest a sizable interlayer
magnetic coupling. However, for symmetry reasons, we
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FIG. 5. (a) Magnetic susceptibility of a melt-grown Crl, crys-
tal with a 1 T magnetic field applied in-plane. (b) The derivative
d(1/x)/dT for the data in (a). Ty = 17 K is depicted as a red dashed
line.

expect the magnetic ordering to be largely unaffected by the
A/B stacking disorder. If we apply an inversion operation to
one twin of the structure, which we call “AA” to denote its
A-type stacking, we end up with the “BB” twin. However, spin
is a pseudovector and does not change its orientation upon
inversion. Inversion about a particular layer would simply
swap the spins of layers of equal distance above and below
that layer, which would do nothing in a system like Crl,
where the spin direction repeats every two layers. The same
spin structure would, thus, be valid for both the AA and BB
twins. Assuming that magnetic interactions beyond nearest
neighboring layers are negligible, the relative spin orientation
of neighboring layers should, then, be independent of A- or
B-type stacking and no disorder in the orientation of the mag-
netic moments should arise from the A/B stacking disorder.
This situation is different from that in Crl3, where the differ-
ent types of stacking (monoclinic and rhombohedral) are not
symmetry equivalent and a stacking dependence of the spin
orientation is observed [6]. We note, though, that partial layer
sliding, such as during coherent phonon oscillations produced
in ultrafast pump-probe spectroscopy [45], could modulate the
interlayer magnetic coupling and thus the relative phase of the
spin helices of neighboring layers.

C. Magnetic susceptibility

The onset of helimagnetic order can also be inferred from
magnetization data taken on melt-grown crystals, suggest-
ing that the magnetic transition temperature is only weakly
affected by stacking disorder. The magnetic susceptibil-
ity has a monotonic increase on cooling [Fig. 5(a)]. This
behavior contrasts with the broad hump often seen in quasi-
one-dimensional magnetic systems, with the most relevant
examples being CrCl, [46], CuCl, [38], and CuBr, [47,48],
suggesting the role of stronger interlayer and interchain in-
teractions in Crl,. The inverse magnetization is roughly
linear above Ty ~ 17 K, with a fit resulting in a Curie-
Weiss temperature of about —70 K [see Fig. S3(a) in the
Supplemental Material [37]], suggesting the dominance of an-
tiferromagnetic interactions. Below Ty, though, the derivative
d(1/x)/dT shows a marked upturn, indicating the onset of
helimagnetic ordering [Fig. 5(b)]. Magnetization vs field at
3 K [Fig. S3(b)] shows linear and nonhysteretic behavior at
low fields, with a possible transition induced by fields above
~3 T. Generally, we saw similar behavior for magnetic field
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FIG. 6. Definition of J, of Crl, supercell. The dark blue color
represents Cr atoms and the cyan color corresponds to I atoms.
(a) J; and J; is nearest- and next-nearest-neighbor intrachain Cr-Cr
interaction. J3 and Js is nearest- and next-nearest-neighbor intralayer
interchain Cr-Cr interaction. (b) J; is nearest-neighbor interlayer
Cr-Cr interaction.

applied in-plane or out-of-plane, but further study is needed to
determine the extent to which in-plane anisotropy is present,
i.e., along or perpendicular to the ribbon chains.

D. Density functional theory calculations

To determine whether or not the helimagnetism of Crl,
has a similar origin as for the intrachain frustrated magnetic
interactions in CuX, (X = Cl, Br), we performed DFT + U
calculations using crystal structures that were relaxed with
and without the vdW dispersion correction. We computed
the energies of a number of collinear spin configurations,
then mapped their relative energies to the following spin
Hamiltonian

H=> -1,5-8; (1)

to obtain the exchange interactions J, (our definition of
Ji—Js is shown in Fig. 6). In terms of differences in the
DFT + U relaxed crystal structures, introduction of vdW dis-
persion correction has an impact on the unit cell volume.
The crystal structure with vdW correction had a smaller unit
cell volume (385 A%) when compared to the crystal struc-
ture without the vdW dispersion correction (404 A%). As a
result, introduction of vdW correction reduced the Cr-Cr bond
lengths leading to closer intrachain and interlayer bond dis-
tances (see Table III).

The DFT + U derived exchange interactions for coordi-
nates relaxed with or without the vdW correction are shown
in Table III. The total energy difference data used for the

TABLE III. Exchange interactions per Cr-Cr bond from
DFT + U calculations (U = 3 eV) using crystal structures that were
relaxed with and without vdW correction. J,, < 0 indicates favoring
AFM exchange coupling.

Relaxation procedure Cr-Cr (A) J, (meV)
3.930 J1 =299
7.861 J,=-2.19

DFTHU +vdW relaxed 4.196 J; = —0.42
7.017 Jy =211
6.965 Js =0.03
3.947 J; =3.55
7.894 J=-2.14

DFT+U relaxed 4.279 Jy =-0.27
7.195 Jy=1.36
7.033 Js =0.03

calculation of J,, is given in Table S1. As shown in Fig. 6,
the terms J; and J, correspond to exchange energies that arise
due to the nearest- and next-nearest-neighbor intrachain Cr-Cr
bonds.

A simple model for helimagnetism is the J;-J, model [49],
where spins on a one-dimensional chain are coupled with
nearest-neighbor J; and next-nearest-neighbor J, exchange
constants. In this model, helimagnetism results if J, is AFM
(J > 0) and |J>| > |J;]/4. In the limit of large J,, the twist
angle between neighboring spins is 90°. From Table III, our
DFT-calculated J; and J, values satisfy the J;-J, model condi-
tion, providing an indication that the sizably AFM J, constant
may be responsible for the helimagnetism in Crl,. Of course,
additional coupling constants are present and, with all of the
interactions, the energy of the Heisenberg model is minimized
for a twist angle of about 60° per Cr ion along the rib-
bon chains, substantially off from ~90°. Thus more detailed
calculations are needed to get a better understanding of the
microscopic interactions in Crl, and should include aspects
such as spin-orbit coupling and noncollinear spins. Regard-
less, our DFT calculations suggest that a substantially AFM
next-nearest-neighbor coupling is a plausible explanation for
the helimagnetism. Additionally, from the magnitude of Jy,
we see that interlayer magnetic coupling is non-negligible and
cannot be ignored.

IV. DISCUSSION

There are striking similarities in both the structure and
magnetism between Crl, and CuX; (X = Cl, Br), as well as
many other Cu®>" ribbon-chain compounds. Aside from dif-
ferences in layer stacking, CuX, (X = ClI, Br) is isostructural
to CrX, (X = Br, I), with JT distortions of the Cu”Xg and
Cr’* X octahedra resulting in ribbon-chain structures. Heli-
magnetic order has been reported in CuCl, below 24 K [38]
and in CuBr; below 73.5 K [47], with both exhibiting ~90°
rotations of spins along the chain axis between consecu-
tive Cu/Cr ions (specifically, 81° for CuCl, and 85° for
CuBr;) and an antiferromagnetism between intralayer chains
similar to Crl,. One difference, though, is the plane of
the helical rotation; CuCl, and CuBr, are reported to have
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spins rotate cycloidally within the plane that includes the
chain and out-of-plane directions, whereas the spins in or-
thorhombic Crl, appear to rotate perpendicular to the chain.
A number of other Cu?>* ribbon-chain compounds also ex-
hibit helimagnetism, such as LiCuVOQOy [50,51], LiCu, 0, [52],
NaCuMoO4(OH) [53], and PbCuSO4(OH), [54]. The heli-
magnetism is often described in terms of the J;-J, model. It is
frequently assumed that the helimagnetism in the Cu?* ribbon
chain compounds arises from the frustration between an AFM
J> and a sufficiently weak J;, though there are disagreements
as to whether the J;-J, model can fully explain the magnetism
or where different materials fall in regards to the size of the
|J1/J>| ratio. While there has been plenty of research into the
helimagnetism of Cu** compounds, few such studies have
been done of their Cr>* counterparts. (CrCl, is an exception;
though collinear AFM ordering sets in below 16 K [55] or
11.3 K [56], depending on the polymorph, intriguingly, short-
range helimagnetic order has been reported [56], with a ~97°
rotation angle between neighboring spins.) The case of Crl,
suggests a similarity in the magnetism of Cr’>* and Cu?*
ribbon chain compounds that should be explored further.

A better understanding of the connection between the
helimagnetism and ribbon-chain structure of Crl, could be
achieved by (1) measuring the magnetic behavior of CrBry,
which is, thus far, unreported, (2) performing a more detailed
study on the short-range helimagnetism of CrCl,, and (3)
conducting inelastic neutron scattering measurements on Crl,
to validate the exchange interactions between the ions, paired
with more in-depth DFT + U calculations that go beyond
collinear spin structures and include the effects of spin-orbit
coupling.

The helimagnetism of Crl, presents a number of op-
portunities for future research. There is the potential for
sliding ferroelectricity in orthorhombic Crl, by virtue of
its layer stacking [28], in which the electric polarization
may be switchable via layer sliding as has been observed
for other bilayer systems such as WTe, and hexagonal
boron nitride [57]. Another research opportunity involves the
search for a monolayer helimagnetic multiferroic. Nil, has

recently gained attention for being a potential single-layer
multiferroic [58], where the ferroelectricity (FE) is assumed
to arise from the helimagnetic ordering [59] (though there
is controversy as to whether FE has, in fact, been demon-
strated [60]). We have shown that Crl, is helimagnetic in
the bulk and isolation of monolayers of Crl, has already
been reported [21-23], so monolayer Crl, would be a natural
candidate for helimagnetism. We should make a couple of
points, however. First, while (nearly isostructural) CuBr, was
reported to have strong magnetoelectric coupling associated
with its helimagnetic ordering [47], the spin helix is cycloidal
in CuBr; and Crl,, but screwlike in Crl,, and only cycloidal
helices are expected to generate a ferroelectric polarization
by the inverse Dzyaloshinskii-Moriya mechanism [59]. How-
ever, an applied magnetic field may change the helical plane
and allow (or suppress) FE, as has been demonstrated for
CuCl, [61]. Second, the magnetic order for monolayer Crl,
may differ from that of the bulk; the helimagnetism in mono-
layer Nil,, in fact, has been reported to have a different wave
vector than bulk Nil, [62]. An investigation into the magnetic
properties of monolayer Crl, would, no doubt, enlighten the
search for novel magnetic materials in the few-layer limit.

V. CONCLUSION

In conclusion, we observed via neutron diffraction the on-
set of helimagnetic order below 17 K in orthorhombic Crlj.
The spin helix propagates along the chain direction with a
wave vector of about (0.2492,0,0) at 8 K, decreasing slightly
in magnitude on warming. Our DFT + U calculations pro-
vide evidence suggesting that one of the key factors behind
the helimagnetism may be a sizable antiferromagnetic next-
nearest-neighbor intrachain coupling.
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