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Antiferromagnetic-ferromagnetic homostructures with Dirac magnons
in the van der Waals magnet CrI3

John A. Schneeloch ,1 Luke Daemen,2 and Despina Louca 1,*

1Department of Physics, University of Virginia, Charlottesville, Virginia 22904, USA
2Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

(Received 11 July 2023; revised 1 November 2023; accepted 11 December 2023; published 10 January 2024)

The Dirac magnon system CrI3 with a honeycomb lattice is a potential host of topological edge magnons. It
ideally orders ferromagnetically (FM) (Tc = 61 K) on cooling from a monoclinic (M) to a rhombohedral (R)
phase, but antiferromagnetic (AFM) order has been detected in nanometer thin flakes, attributed to M-type layer
stacking. There remains confusion, however, as to the extent to which such behavior is present in bulk samples.
Using a powder sample in which the sliding transition to the R phase was largely inhibited (2:1 M:R ratio),
clear evidence for M-type AFM order (TN ∼ 50 K) coexisting with R-type FM order is observed in the bulk.
From inelastic neutron scattering, a lower magnon energy is observed compared to the R phase, consistent with
smaller interlayer interactions expected in the M phase. While a gap at the Dirac points has been reported in the
R phase, the gap is clearly observed even when the majority is M type, as in our sample, suggesting that the same
nontrivial magnon topology of the R phase is present in the M phase as well.

DOI: 10.1103/PhysRevB.109.024409

I. INTRODUCTION

The discovery of giant magnetoresistance, built on alter-
nating layers of ferromagnetic (FM) and antiferromagnetic
(AFM) magnetic order [1,2], has revolutionized device con-
cepts based on heterostructures. Nowadays, the exfoliation
of single atomic layers from bulk van der Waals (vdW)
crystals [3] is leading a similar revolution, enabling new
discoveries. In twisted graphene, for example [4], the ob-
servation of superconductivity is a demonstration of what
single-layer manipulation can do. More recently, multiple
stacking possibilities in vdW crystals have been shown to lead
to markedly different behaviors. For instance, transitions from
nontrivial to topological band structures have been observed
in the Weyl semimetal MoTe2 from the 1T ′ (monoclinic) to
Td (orthorhombic) phases [5,6] or from a weak to a strong
topological insulator in Bi4I4 [7,8]. The magnetic behavior
may change with the stacking as well, such as the roughly
tenfold increase in the interlayer magnetic coupling reported
for CrCl3 when the layer stacking present at high temperatures
is preserved at low temperatures [9,10].

CrI3 consists of layers of honeycomb lattices of Cr3+ ions
with S = 3/2 spins sandwiched between two triangular lat-
tices of I− ions. The I− ions of one layer sit in the middle of the
triangles of the neighboring I− lattice [Fig. 1(a)]. Bulk crystals
become FM below TC = 61 K, with the spins oriented out of
plane [11]. In thin flakes, on the other hand, the spin alignment
is AFM with the spin direction (pointing out of plane) alter-
nating layer by layer [12], as deduced from techniques such
as the magneto-optical Kerr effect [12,13], magnetic circular
dichroism [14–16], magnetic force microscopy [17], scan-
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ning magnetometry [18], and tunneling magnetoresistance
[13,19–21].

The AFM order in flakes of CrI3 arises from monoclinic
C2/m (M-type) stacking that is present because of the ar-
rested transition to the rhombohedral R3̄ (R-type) stacking
[13,16,22–27]. There are two sets of symmetry-equivalent
stacking possibilities, with three M-type and two R-type
stacking options [Figs. 1(c) and 1(d)]. In principle, the M-
type stacking disappears in bulk CrI3 on cooling during the
layer-sliding transition from the M phase to the R phase below
∼180 K [11,28].

However, even in single crystals, the M → R transition
may occur over a broad temperature range or be inhibited
entirely (as can be seen in our single-crystal x-ray diffraction
measurements in the Supplemental Material, Fig. S1 [29]),
and the process may proceed differently in subsequent thermal
cycles [11]. The thickness of the crystals is also an impor-
tant factor in inhibiting the transition, as shown from split
vibrational modes, observed in the Raman spectroscopy of a
thin flake, that fail to merge (as expected for R3̄) down to at
least 10 K [30]. The dependence on thickness of layer-sliding
transitions has also been observed in MoTe2, where the tran-
sition temperature range broadens (or is inhibited entirely) for
crystals with a thickness below ∼120 nm [31,32].) Surface
layers of CrI3 crystals have also been reported to exhibit AFM
ordering, presumably from M-type stacking [17,33,34]. At the
same time, several bulk measurements hint at the presence
of magnetic ordering beyond the reported ferromagnetism.
Anomalies near ∼50 K in magnetic susceptibility have been
reported in bulk crystals [11,13,35,36]. Additionally, from
muon spin resonance (μSR) measurements, a second mag-
netic component has been reported [37]; the authors of this
study declined to identify AFM ordering as the source of this
component, understandably given the lack of direct evidence
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FIG. 1. (a) Crystal structure of the R3̄ phase of CrI3. (b) A
schematic showing how the spin direction would change, layer by
layer, in M- and R-type stacking, with spin flips accompanying
M-type stacking. (c), (d) Illustration of (c) M-type and (d) R-type
layer stacking. The honeycomb lattice represents the placement of
the Cr3+ ions, with the red lattice above the black showing one
possible stacking option; the displacements for the full set of stacking
options are shown as arrows.

for a correspondence between AFM ordering and M-type
stacking boundaries in bulk CrI3, but indicating the need for
such an investigation.

CrI3 is also a candidate material for observing topological
magnons [38]. CrI3 has been probed via inelastic neutron
scattering in several recent studies [39–42], in which the spin
waves were described in terms of a dispersion reminiscent
of the electronic band structure of graphene, but with the
Dzyaloshinskii-Moriya (DM) interaction reportedly opening
a gap of 2.8 meV at the Dirac points [41].

With neutron scattering, we elucidate the dual magnetic
nature of CrI3 by providing direct evidence of M-type stacking
with AFM order that alternates with R-type stacking with FM
order in bulk samples. Elastic neutron scattering measure-
ments on ground CrI3 powder show magnetic elastic intensity
that is consistent with a model where the spin direction flips
across M-type interlayer boundaries. Thus, control of the M-
to-R layering can provide a homostructure with AFM-to-FM
order. The AFM ordering vanishes above ∼50–55 K, while
the FM ordering persists to ∼60 K. From inelastic neutron
scattering, a � 1 meV decrease in energy relative to the re-
ported single-crystal dispersion is observed. A gap is present
at the Dirac node, suggesting its presence (and the possibility
of topological magnons) in the M phase as well as the R phase.

II. EXPERIMENTAL DETAILS

Stoichiometric amounts of Cr and I powders were sealed
into ampoules. The ampoules were heated at 100 ◦C/h to
650 ◦C, then kept there for three days before cooling to room

temperature. The resulting powder, about 5 g, was ground for
several minutes in a mortar and pestle in an argon glove bag
prior to the neutron experiment. For the magnetic susceptibil-
ity measurements, the powder was pressed into a pellet under
argon atmosphere.

Neutron scattering measurements were carried out on the
VISION instrument at the Spallation Neutron Source of Oak
Ridge National Laboratory. VISION is an indirect-geometry
time-of-flight spectrometer. The final neutron energy was
fixed at 3.5 meV. Inelastic data were taken on two detector
banks at scattering angles of 45◦ and 135◦, corresponding
to low-Q and high-Q momentum transfer neutron scattering
trajectories; all the data discussed in this work were taken on
the low-Q detector banks, where the magnetic intensity was
stronger and the phonon intensity weaker.

Simultaneously with the inelastic data, elastic data were
taken on six detector banks at a 90◦ scattering angle. The
elastic data were generally averaged over the six banks, except
for refinement, which was done with bank no. 6. The CrI3

sample was cooled to 5 K, warmed to 140 K, cooled to 15 K,
and warmed to 275 K; the data shown are from the warming
portions (5–140 K and 175–275 K). Positions in reciprocal
space that are labeled (hkl )R or (hkl )M correspond to R3̄- or
C2/m-phase reciprocal space coordinates, respectively.

Magnetization measurements were performed in a Quan-
tum Design Physical Property Measurement System (PPMS)
equipped with a Vibrating Sample Magnetometer.

III. RESULTS

A. Elastic neutron scattering

Neutron scattering data on a sample of CrI3 powder (which
had been ground for a few minutes in a mortar and pestle)
were taken on the VISION instrument at Oak Ridge National
Laboratory, which collects elastic and inelastic data on two
separate sets of detectors. The elastic neutron scattering data
collected at 5 K are shown in Fig. 2(a) as a function of
d-spacing, where d = 2π

Q and Q is the momentum transfer.

Also shown are the simulated intensities for the R3̄ and C2/m
phases and a Cr2O3 impurity phase. (Interestingly, CrI3 lacks
the clear in-plane negative thermal expansion of CrBr3 and
CrCl3; see Supplemental Material, Sec. II [29].) As shown in
Fig. 2(b), there is minimal change in the intensity on warming
from 70 to 200 K. Only localized changes are seen from 200
to 275 K [Fig. 2(c)], in the form of the expected shrinking
of R3̄ peaks [such as (113)R] and growing intensity of C2/m
peaks [such as (131)M]. Overall, though, it is clear that the
intensity in the 2.7 � d � 3.5 Å range [highlighted in green
in Fig. 2(a)] cannot be represented by the ordered R3̄ and
C2/m phases alone, and that substantial diffuse scattering is
present arising from disordered R- and M-type layer stacking.

The percentages of M- and R-type stacking was estimated
from Rietveld refinement at low d/high Q, where the intensity
of a randomly stacked R/M mixture can be approximated by
a linear combination of intensity arising from the two phases
(R3̄ and C2/m; see Supplemental Material, Sec. III [29]).
At 5 K, the sample consists of about 63% M-type and 37%
R-type stacking. A Cr2O3 second phase is present as well at
about 5 wt%. There are additional, likely magnetic, peaks near
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FIG. 2. (a) Data at 5 K (black points), along with curves of
simulated intensity for the R3̄ and C2/m CrI3 phases and the Cr2O3

impurity phase, both for the nuclear (“str”) intensity alone and with
the magnetic intensity (in the M-AFM model) included. The region
of focus (2.45 � d � 3.9 Å) is shaded. (b), (c) Elastic intensity
within (c) 70 to 200 K and (d) 200 to 275 K, with a linear background
subtracted to account for its temperature dependence. Error bars in
(a) are often smaller than the marker size; error bars are omitted in
(b) and (c) for clarity, but uncertainty is commensurate with scatter.

d = 5.0 Å that arise below ∼20 K, along with low-energy
(h̄ω < 4 meV) spin-wave intensity (see Supplemental Mate-
rial, Sec. IV [29]). We have not identified the source of these
peaks, but they do not affect our results since they are only
present at low temperature.

In Fig. 3(a), the temperature dependence of the elas-
tic intensity is shown from 5 to 70 K in the range of
2.5 � d � 3.8 Å. Since the intensity does not change from
70 to 200 K, we use the 70 K data as a background to subtract
from the 5, 50, and 60 K data, leaving behind the magnetic
intensity in Fig. 3(b). A strong peak at d = 3.43 Å and broader
intensity around d = 3.04 Å are present at 5 K. By 50 K, this
intensity is diminished and changes shape around d = 3.04 Å,
becoming more concentrated toward the center.

To identify the origin of the structural diffuse scattering,
the intensity from an R/M random stacking model was sim-
ulated, and the results are shown in Figs. 4(a)–4(c). The
simulated intensity was obtained from the squared structure
factor of a supercell constructed with a random mixture of
R- or M-type stacking. From the simulated nuclear structural
intensity in Fig. 4(a), it is evident that R/M stacking disorder
does, indeed, result in a broadening of the intensity within
the 2.8 � d � 3.4 Å range. (We show in the Supplemental
Material, Sec. V [29], that although there are two R-type and
three M-type stacking options, the specific types of M- or
R-type stacking that are involved have only a subtle effect on
the intensity.) In Figs. 4(b) and 4(c), we present two models
for the magnetic scattering. The M-AFM model has flipped
spins across every M-type stacking boundary [as depicted in

(a)

(b)

(d)

(e) (f)

(g)

(c)

(c)

(d) (e) (f,g)

FIG. 3. (a) Elastic scattering intensity vs layer spacing d . A lin-
ear background was subtracted for each temperature. (b) Intensity
with the 70 K data subtracted for T = 5, 50, and 65 K, to show the
magnetic contribution. Error bars are omitted in (a) and (b) for clarity,
but uncertainty is commensurate with scatter. [(c)–(f)] Integrated
intensity of the raw data within the regions labeled in (b), plotted vs
temperature; red dashed lines show 50 and 60 K. (g) Fitted position
vs temperature of the peak in (b) near d = 3.43 Å.

Fig. 1(b)], and the M-FM model assumes all of the spins are
aligned in the same direction regardless of stacking. A cursory
comparison between the results of these two models and the
magnetic intensity in Fig. 3(b) shows that the M-AFM model
[Fig. 4(b)] has much better agreement with our data.

Strikingly, the M-AFM model predicts that the (110)R

peak near d = 3.43 Å remains almost unchanged as R-type
stacking is replaced with M-type stacking, with its d-spacing
shifting by only −0.013 Å from (110)R to the corresponding
C2/m peak at (11 1̄

2 )R. (See Supplemental Material, Secs. V
and VI, for a mathematical explanation [29].) In Fig. 3(g),
we show the fitted position of this peak as a function of
temperature, showing an abrupt shift above 50 K of about
+0.007 Å. If we assume this change corresponds to a shift
toward (110)R from (11L)R, where L represents the average
position of the peaks arising from a distribution of M-type
stacking fractions, we obtain an estimate of 73(8)% M-type
stacking, roughly consistent with our estimate of ∼63% from
the low-d refinement. [A slight increase in the width of the
(110)R peak below ∼53 K was reported in Ref. [40] and
interpreted as evidence that the spin-spin correlation length
was finite even at low temperature, but in light of our results,
such a peak broadening is, instead, likely due to the presence
of a distribution of M-type stacking fractions in the sample,
resulting in a superposition of peaks at (11L)R with a range of
L values within − 1

2 � L � 0.]
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FIG. 4. Simulation of the (a) nuclear diffuse scattering intensity,
and magnetic diffuse scattering intensity within the (b) M-AFM and
(c) M-FM models for various percentages of M-type stacking.

If M-type stacking is associated with a transition at ∼50 K,
then we would expect intensity associated with M-type stack-
ing to decrease on warming faster than for R-type stacking.
This is exactly what is seen in Figs. 3(c)–3(e), which are
plots of the temperature dependence of the intensity integrated
within the d ranges indicated by the dashed lines in Fig. 3(b).
From the simulated M-AFM magnetic intensity [Fig. 4(b)], it
is clear that the intensity near d = 3.04 Å is disproportion-
ately from R-type stacking, while the surrounding intensity
near d = 2.96 Å and 3.12 Å is predominately from M-type
stacking. The intensity at d = 2.96 Å and d = 3.12 Å shows
transitions at or just above 50 K, while the intensity at d =
3.04 Å shows a transition at ∼60 K. This change can also
be seen in the 50–70 K data in Fig. 3(b), in which a peak
near d = 3.04 Å is still present, but its two side peaks at 2.96
and 3.12 Å are absent. Meanwhile, the peak near d = 3.43
Å has contributions from both M- and R-type stacking, and
its intensity thus shows an ultimate transition at the higher
of the two transition temperatures, ∼60 K [Fig. 3(f)]. Thus,
our elastic neutron scattering data show that the magnetic
coupling across M-type stacking boundaries arises below ∼50
to 55 K.

B. Inelastic neutron scattering

Inelastic neutron scattering intensity is shown in Fig. 5(a).
VISION collects inelastic data at fixed incident neutron en-
ergy along two sets of detector banks; we focus on the
“low-Q” data set where the magnetic intensity is stronger.
The spin-wave dispersion of CrI3 resembles that of the elec-
tronic band structure of graphene, where acoustic and optic
branches disperse along the in-plane directions and meet at
Dirac points. The data indeed show acoustic- and optic-branch
features at temperatures below ∼60 K, similar to CrCl3 data
also taken on VISION [44]. The optic-branch hump is cen-
tered around 15 meV, separated from the acoustic branch by a
Dirac gap around 10 to 11 meV. A peak at the acoustic-branch

(b)

(c) (d)

(a)

FIG. 5. (a) Inelastic neutron scattering intensity (Bose-factor
corrected) as a function of energy transfer for temperatures taken
on warming from 5 to 275 K along the low-Q trajectory of VI-
SION. (b) Temperature dependence of inelastic intensity near 10
and 17 meV, averaged within ±0.5 meV. The dashed line indicates
60 K. (c) Inelastic intensity (Bose-factor corrected) plotted vs energy
transfer with averaging over two sets of data: “low T” (5, 8, 11,
and 20 K) and “high T” (70, 75, 80, and 100 K). The dashed line
is a polynomial background fit to the high-T data. (d) To account
for phonon peaks, the high-T data (with the fitted background sub-
tracted) were subtracted from the low-T data and plotted as the black
points. Also shown are curves of simulated intensity for the “R3̄, FM”
model (calculated from the “J-DM” parameters in Ref. [41]) and for
the “C2/m AFM” model (same as “R3̄, FM”, except with summed
interlayer interaction of +0.073 meV instead of −0.59 meV [41,43]).
Error bars are omitted for (a), but uncertainty is commensurate with
scatter; error bars are smaller than the marker size for [(b)–(d)].

saddle point can be seen at 7.3 meV, while there is a lack
of a clear optic-branch saddle-point peak, presumably due
to broadening by interlayer interactions or mixed stacking.
Below 4 meV, additional features are present at tempera-
tures lower than 20 K, likely due to the magnetic impurity
phase discussed above, but minimal change is observed above
4 meV in this temperature range. Spin waves would also arise
from the Cr2O3 impurity phase, but the energy scale of the
dispersion is higher, with maxima around 40 to 50 meV [45],
and the intensity is expected to be temperature independent
below ∼100 K since TN = 308 K for Cr2O3.

Little change is seen on warming (for h̄ω � 4 meV) un-
til ∼30 K, at which point magnon dampening is observed,
with the magnetic intensity being replaced by a paramagnetic
background. These changes continue until TC ≈ 60 K, as seen
from the temperature dependence of the intensity near 10
and 17 meV (integrated within ±0.5 meV) in Fig. 5(b). This
temperature response is different from CrCl3, where the spin-
wave energy decreases continuously, even across the Néel
transition [44]; this different behavior is likely due to the
interlayer magnetic coupling being two orders of magnitude
smaller in CrCl3 [46] than in CrI3 [41]. At 10 meV, the in-
tensity increases as the spin-wave renormalization fills in this
energy range. At 17 meV, at the upper part of the optic branch,
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the intensity gradually decreases and levels off at 60 K. Since
the observed spin waves arise from the sample as a whole
(i.e., from regions with R-type as well as M-type stacking),
the presence of the transition at ∼60 K is as expected.

Shown in Fig. 5(c) is the dynamic susceptibility where the
data from 5 to 20 K were averaged together to improve the
statistics (blue points). To remove the phonon contribution,
data averaged from 70 to 100 K (red points), after having a
polynomial background fitted (magenta line) and subtracted,
were subtracted from the 5 to 20 K data, as shown in Fig. 5(d)
(black points). (The polynomial-fitted background is likely
due to paramagnetic diffuse scattering intensity from CrI3,
which is, thus, not present at low temperature.) Although the
effect of stacking disorder will be considered below, there
appears to be a gap around 11.0 meV that is roughly 1 meV
wide.

The spin-wave intensity in Fig. 5(d) is shifted downward
by just under 1 meV relative to the observed R3̄-phase spin-
wave energies, as represented by a calculation based on the
“J-DM” model of Ref. [41], which we plot as “R3̄, FM”
(or as seen from a direct comparison of our data with those
in Ref. [41]). The calculated intensity in Fig. 5(d) was ob-
tained from a powder-averaged simulation in SPINW [47],
then convoluted with a narrow energy resolution [48] and
a broad Q resolution (assuming a FWHM spread in scat-
tering angle of about 25◦, or ∼0.5 Å−1.) The “R3̄, FM”
model includes three in-plane exchange interactions, single-
ion anisotropy, a Dzyaloshinskii-Moriya interaction, and two
interlayer magnetic coupling constants for the first- and
second-nearest-neighbor interlayer Cr-Cr bonds. We use this
model as representative of R3̄-phase spin-wave energies since
it agrees well with the data [41,42], at least for the locations
of the saddle-point peaks and Dirac gap, though the model
does disagree in the higher-energy region (seen in powder
data [42]), where it predicts a sharp drop off in intensity
while the data show a gradual decrease. Regardless, it is clear
that there is a significant difference between the spin-wave
energies in our data and those observed for R3̄, likely due to
the prevalence of M-type stacking in our sample. A similar
energy shift (∼0.5 meV) relative to R3̄-phase expectations
can be discerned in inelastic tunneling spectroscopy data on
(presumably M-stacked) bilayer CrI3 [49].

Interestingly, a ∼1 meV shift has also been observed in
data on a powder CrI3 sample that had been ball-milled
overnight [42]. However the elastic intensity for that sample
was largely featureless, lacking the clear peaks of our data in
Fig. 3(a), suggesting that ball-milling overnight (rather than
grinding for a few minutes in a mortar and pestle) led to a
nearly amorphous crystal structure, well beyond the stack-
ing disorder present in our sample. The inelastic features in
our data are also much sharper than those observed for the
ball-milled sample of Ref. [42], which were broadened well
beyond resolution. Thus, unlike the nearly amorphous sample
of Ref. [42], our sample should be representative of the effect
of disordered M/R-type stacking.

The primary effect of changing the interlayer magnetic
coupling is to apply an energy shift to the spin-wave in-
tensity since the interlayer coupling is a small perturbation
compared to intralayer interactions. We introduce the “C2/m,
AFM” model, which has the same (intralayer) parameters as

for “R3̄, FM”, except that the interlayer magnetic coupling,
which sums to −0.59 meV per Cr3+ ion for the R3̄ model,
is replaced with an AFM interlayer exchange of 0.073 meV
(i.e., 0.073/4 meV per nearest-neighbor interlayer bond in
the C2/m structure). The value of 0.073 meV is based on
an analysis [41] of Raman spectroscopy data on bilayer CrI3

[43]. Calculations for these models are shown in Fig. 5(d).
The main difference between these models is an energy shift
of ∼0.8 meV from C2/m to R3̄. The Dirac gap, in particular,
remains largely unchanged. (We note that it is the magni-
tude of the interlayer coupling which determines the size of
the energy shift since there is cancellation in simultaneously
swapping the sign of the interlayer coupling constants and the
directions of the spins.) The fact that our data in Fig. 5(d)
line up almost exactly with our calculated C2/m AFM-model
curve would seem to imply that our sample is entirely M-type
stacking (rather than our estimate of ∼63% M-type stacking),
but we should remember that there is uncertainty in the intra-
plane interactions of the models that we have borrowed from
(as is evident by the changes in refined exchange parameters
in subsequent studies as better data were obtained [39–41]).

The effect of the M/R stacking disorder should be to
narrow the gap somewhat (discussed in the Supplemental
Material [29]), but the gap’s presence in our data appears to
be a natural consequence of the gap being the same size in
the “C2/m, AFM” and “R3̄, FM” models. Thus, assuming
that the magnon gap in the R3̄ phase is topological due to
intraplane Dzyaloshinskii-Moriya interactions, as has been
proposed [39,41], then a topological gap in the C2/m phase
(or in a mixed-stacking phase) should open for the same
reason.

C. Magnetization measurements on a pressed pellet

The magnetization data also indicate a connection between
stacking disorder and magnetic ordering. We performed mag-
netization measurements on a pressed pellet of ground CrI3

powder, with the pressing presumed to preserve disordered
M-type stacking down to low temperature. In Fig. 6(a), the
magnetization M as a function of temperature T is shown,
with its slope dM/dT plotted in Fig. 6(b). The sample was
first cooled to 2 K, at which point a field of μ0H = +0.01 T
was applied, and zero-field-cooled (ZFC) data were collected
on warming to 300 K. Field-cooled (FC) data were then col-
lected on cooling back to 2 K. On warming, we see that the
0.01 T field is initially insufficient to reverse the sample’s
negative magnetization that happened to have set in on its
first cooling. Above ∼50 K, however, the magnetization rises
sharply and becomes positive. The AFM coupling across the
M-type boundaries causes the spin direction to flip back and
forth on crossing these boundaries, resulting in an almost
random spontaneous magnetization in any given region, but
above ∼50 K, the disappearance of the AFM coupling leaves
disconnected FM R-type-stacked regions that are free to align
in response to a small field. With higher temperature comes
greater thermal fluctuations, and thus the magnetization in
Fig. 6(a) drops on further warming, with FM order vanish-
ing near the usual transition temperature of TC = 61 K [11].
On cooling, the magnetization rises sharply below ∼60 K,
but flattens just under 50 K before having an upturn on
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FIG. 6. (a) Magnetization vs temperature for a pressed pellet of
CrI3 on warming (ZFC) and cooling (FC), taken at μ0H = 0.01 T.
(b) Derivative dM/dT of the data in (a). (c) Magnetization-field hys-
teresis loops collected at several temperatures on a pellet of pressed
CrI3 powder. A hysteresis is present at 4 and 40 K, but is gone by
54 K. (d) The coercive field μ0Hc (the field at which M = 0) plotted
as a function of temperature, extracted from magnetization-field hys-
teresis loops. The hysteresis disappears around 52 K. Error bars are
omitted for clarity, but uncertainty is assumed to be commensurate
with scatter.

further cooling, showing the resistance to full FM alignment
induced by the AFM coupling of the M-type stacking. The
magnetization reaches a level of ∼0.17 μB/Cr, comparable
to values reported in the literature for single crystals with
μ0H = 0.01 T applied out of plane [11,35], though those
studies report the magnetization approaching its maximum
near 60 K rather than 50 K. (At much larger fields of ±9 T,
we observe full magnetic saturation near the ±3μB/Cr3+ ion;
see the Supplemental Material, Sec. VIII [29].)

Perhaps the clearest magnetization signal of the AFM
transition is the closing of the magnetization-field hysteresis
loop above ∼50 K. These data are shown in Fig. 6(c) for
selected temperatures, and the coercive field μ0Hc (i.e., μ0H
where M = 0) is plotted in Fig. 6(d). Despite the presence
of FM order up to ∼60 K, the hysteresis vanishes around
52 K, showing the role of the AFM coupling across M-type
stacking boundaries in pinning the magnetization. Anomalies
in magnetization vs temperature data on bulk crystals have
been reported before [36,37,50], sometimes attributed to AFM
ordering across M-type stacking, but usually with the assump-
tion that the behavior is confined to surface layers [17]. An
increase in the coercive field with decreasing crystal thickness
was also reported [50], though not directly attributed to M-
type stacking. However, here we report the disappearance of
the magnetization-field hysteresis above ∼50 K, which makes
clear the connection between the magnetic anomalies and
the presence of AFM order across M-type stacking bound-
aries. The hysteresis may have practical applications (e.g.,
since mixed stacking evidently induces hysteresis, it may be
a strategy for improving retentivity in data storage based on
vdW-layered magnetic materials [51]), but the hysteresis also
provides a convenient way to diagnose possible mixed mag-
netic ordering in other vdW-layered compounds where the
type of magnetic order is correlated with stacking.

IV. DISCUSSION

The neutron scattering data show that at low temperature,
there is AFM order in CrI3 wherever M-type stacking is
present. The link between AFM and M-type stacking is not
limited to thin flakes or the surfaces of bulk crystals, and
is likely the source of anomalies in magnetization data [50]
and the secondary phase seen via muon spin rotation [37].
Our bulk magnetization measurements provide additional ev-
idence for this connection. More generally, our results show
that neutron scattering can uncover details about interlayer
magnetism at the nanoscale.

Beyond CrI3, the effects of mixed interlayer magnetic
coupling may be seen in many other compounds. In CrCl3,
for instance, M-type stacking reportedly has a tenfold-greater
interlayer AFM magnetic coupling than the usual R-type
stacking [9], but the potential of mixed stacking as a source
of certain magnetization anomalies seen at low magnetic field
[52] has not been widely investigated. In CrBr3, while the
M → R structural transition is well above room temperature
[53] and even few-layer flakes tend to be R stacked [54], a
kink in magnetization data [55] suggests the possibility of
AFM order across M-type boundaries in CrBr3. Cr2Si2Te6

and Cr2Ge2Te6 have also been reported to have anomalies
in their magnetization data, attributed to magnetic anisotropy
[56], but the possibility of mixed stacking should not be dis-
counted. RuCl3 is another honeycomb-layered material that
is structurally similar to the chromium trihalides; it also has
multiple magnetic transitions associated with stacking defects
[57] (e.g., deforming a crystal introduces a second magnetic
transition [58]). Finally, Fe5−xGeTe2, with TC ≈ 310 K, also
reportedly has changes in both magnetic order and layer stack-
ing as a function of Co doping [59]. In these materials, if
stacking disorder is present, an analysis of diffuse neutron
scattering intensity (and a careful look at magnetization data)
may elucidate the nature of the interlayer coupling and poten-
tially expand our knowledge of the many kinds of interlayer
magnetism that can be present in vdW-layered materials.

V. CONCLUSION

In conclusion, we have performed elastic and inelastic
neutron scattering measurements on a ground-powder CrI3

sample. An analysis of the nuclear and magnetic diffuse scat-
tering allows us to conclude that AFM spin alignment occurs
across M-type stacking defects at temperatures below ∼50
to 55 K, even as FM order persists up to ∼60 K. Inelastic
measurements showed a � 1 meV decrease in spin-wave en-
ergy relative to a reported R3̄-phase model, indicating that the
magnitude of magnetic coupling across M-type boundaries is
significantly less than across R-type boundaries.
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