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Competition between magnetic interactions and
structural instabilities leading to itinerant
frustration in the triangular lattice antiferromagnet
LiCrSe2
Elisabetta Nocerino 1 � , Shintaro Kobayashi 2, Catherine Witteveen 3,4, Ola K. Forslund5,
Nami Matsubara1, Chiu Tang6, Takeshi Matsukawa7, Akinori Hoshikawa 7, Akihiro Koda8,9,
Kazuyoshi Yoshimura10, Izumi Umegaki11, Yasmine Sassa5, Fabian O. von Rohr 3, Vladimir Pomjakushin12,
Jess H. Brewer13,14, Jun Sugiyama15,16 & Martin Månsson 1 �

LiCrSe2 constitutes a recent valuable addition to the ensemble of two-dimensional triangular
lattice antiferromagnets. In this work, we present a comprehensive study of the low tem-
perature nuclear and magnetic structure established in this material. Being subject to a strong
magnetoelastic coupling, LiCrSe2 was found to undergo a first order structural transition from
a trigonal crystal system (P�3m1) to a monoclinic one (C2/m) at Ts = 30 K. Such restructuring
of the lattice is accompanied by a magnetic transition at TN = 30 K. Refinement of the
magnetic structure with neutron diffraction data and complementary muon spin rotation
analysis reveal the presence of a complex incommensurate magnetic structure with a up-up-
down-down arrangement of the chromium moments with ferromagnetic double chains
coupled antiferromagnetically. The spin axial vector is also modulated both in direction and
modulus, resulting in a spin density wave-like order with periodic suppression of the chro-
mium moment along the chains. This behavior is believed to appear as a result of strong
competition between direct exchange antiferromagnetic and superexchange ferromagnetic
couplings established between both nearest neighbor and next nearest neighbor Cr3+ ions.
We finally conjecture that the resulting magnetic order is stabilized via subtle vacancy/
charge order within the lithium layers, potentially causing a mix of two co-existing magnetic
phases within the sample.
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In periodic crystalline lattices containing magnetic atoms, long-
range ordering of their electronic magnetic moments can be
stabilized by the exchange couplings among them at low

temperatures. In some systems however, due to peculiar struc-
tural properties, not all these interactions can be satisfied simul-
taneously. Examples of such systems are provided by
geometrically frustrated triangular lattice antiferromagnets
(TLA), whose crystal structure consists of two-dimensional tri-
angular lattice (2D-TL) layers, in which each corner of the tri-
angular lattice is occupied by a magnetic atom, with nearest
neighbor antiferromagnetic (AFM) interactions that cannot be
stabilized1. Some prominent representative cases of 2D-TLA are
found amid transition metal oxides (TMO), such as NaCoO2

2–7

or Li/Na/KCrO2
8,9. The highly degenerate spin states established

in these materials, owing to their inherent geometrical frustration,
may result in diverse exotic magnetic ground states and electronic
properties. Indeed, due to subtle differences between one system
and another, as well as to the strong interplay established
between their lattice geometry and correlated electrons, these
materials can host anomalous orbital states10–12, unconventional
superconductivity13,14, rare magnetic ground states15–17, and
distinctive spin-lattice dynamics18–20. The latter two aspects will
be the main focus of this work. Among the currently available
2D-TLA, chromium-based compounds of the type ACrX2, where
A is a monovalent atom and X is a chalcogen element, have been
extensively investigated as geometrically frustrated S = 3/2 Hei-
senberg spin systems. The interest around these materials lies in
the fact that they manifest a smörgåsbord of complex magnetic
ground states19,21–27 and attractive technological properties (e.g.
multiferroicity)28–30. These systems entail higher energy spin
configurations, therefore, in the low-temperature regime, often a
compromise between spin and lattice degrees of freedom has to
be reached. The compromise can be realized through a first-order
energetically beneficial distortion of the lattice leading to a new
symmetry of the crystal, in which new interaction paths are
realized and a magnetic order can be stabilized. When such an
interplay between strongly correlated spins and geometrical
degrees of freedom is realized, it is said that the system manifests
magnetoelastic coupling. The appeal for materials undergoing
these kinds of phenomena is twofold, as they constitute a unique
playground for fundamental scientific research19,21–27,31, but also
lend themselves to potential future technical applications32,33.
Here it is worth mentioning that, in the context of quantum
magnetism and magnetic frustration, S = 1/2 is often considered
the theoretically ideal spin configuration, being the smallest non-
integer spin value allowing for non-trivial quantum behavior.
S = 3/2 systems involve larger spin values compared to S = 1/2,
which can lead to a richer and more complex physics due to
stronger magnetic interactions and quantum fluctuations, but
also to a more challenging theoretical landscape to explore.
Therefore, while theoretical modeling remains beneficial for
guiding experimental investigations and providing qualitative
insights, experimental studies on existing materials are crucial to
ultimately clarify the physics of S = 3/2 systems.

The recent synthesis of LiCrSe2, via Li intercalation in CrSe2 by
Kobayashi et al. 34,35, constitutes a valuable addition to the
ensemble of TLAs that manifest magnetoelastic coupling since,
probably due to the difficulty in manufacturing alkali chromium
selenides, the most of the studies in this framework are performed
on oxides and sulfides. Beyond the fundamental physics interest
surrounding LiCrSe2, recent theoretical works foresee remarkable
electronic properties, such as the presence of tunable field-free
topological spin textures, which make this material appealing for
applications in spintronics circuitry36–38. The room-temperature
crystal structure of LiCrSe2 was identified as trigonal by syn-
chrotron X-ray diffraction, with space group P�3m1. Here, the

Cr3+ ions create 2DTL layers, stacked along the c axis, by the
connection of edge-sharing CrSe6 octahedra in the ab-plane39.
Indications of a first-order structural transition towards a lower
symmetry crystal system were observed around T = 30 K with in-
house X-ray diffraction35; here it is suggested that such transi-
tion leads to a low temperature monoclinic structure. From bulk
magnetic characterization methods, LiCrSe2 was found to
undergo a first order-like magnetic transition, with an AFM
character, also around TN = 30 K, which is a hint of magnetoe-
lastic coupling. This behavior is similar to the one observed in the
magnetoelastic TLA-Cr sulfides AuCrS2 and AgCrS2

22,26. How-
ever, remarkable qualitative differences in the structural distor-
tions and magnetic properties between LiCrSe2 and the sulfides,
indicate that LiCrSe2 would select a different magnetic ground
state with respect to the one realized in AuCrS2 and AgCrS2.
Indeed, the small negative value of the LiCrSe2 Curie-Weiss
temperature Θ = −28 K and the small frustration index f ¼
jΘj
TN

� 1 estimated in reference35, are suggestive of a weak nearest
neighbor magnetic interaction (weaker than the one found in the
sulfides) in favor of a strong further neighbor magnetic interac-
tion (stronger than the one found in the sulfides). These results
indicate that further neighbor interactions have a leading role in
the determination of the magnetic ground state in LiCrSe2,
making it a promising candidate for the realization of uncon-
ventional magnetic structures.

In this work, we investigated the temperature evolution of the
crystal and magnetic structure of polycrystalline LiCrSe2 by
means of neutron diffraction (ND), synchrotron X-ray diffraction
(XRD) and muon spin rotation (μ+SR). Our observations con-
firm the conjectures of Kobayashi and coworkers35, as a clear
structural transition from trigonal to monoclinic crystal system is
observed and a complex incommensurate magnetic structure
seems to be established in the sample, with periodic modulation
in direction and modulus of the Cr3+ spin axial vector. Here we
identified a main magnetic structure and a possible magnetic
superstructure which contribute differently to the neutron dif-
fraction pattern, suggesting that one is larger than the other, as
also indicated by the μ+SR analysis. A solution for the main and
secondary magnetic structures is proposed, together with a pos-
sible interpretation of such a spin ordering in terms of the
magnetic exchange interactions for the main phase.

Results
Muon spin rotation experiment. A zero-field (ZF) and weak
transverse field (wTF) bulk μ+SR experiment has been performed
for different temperatures, in order to observe the evolution of the
sample’s internal magnetic field distribution. In the wTF mode an
external magnetic field of weak magnitude is applied (here,
wTF = 30 G), with its flux lines perpendicular to the initial
direction of the muon spin polarization. In this set-up, it is
possible to follow the magnetic phase transition, while lowering
the temperature of the system, as the muon spin precession
(Larmor precession) is more and more affected by the sample’s
strong internal field, induced by long-range magnetic ordering, at
the expense of the externally applied weak field (for more details
about the μ+SR experimental technique refer to ref. 40).

The wTF time spectra are well fitted using the following
function:

A0 PTFðtÞ ¼ ATF cos 2πνTFt þ πϕ

180

� �
� eð�λTFtÞ þ Atail � eð�λtailtÞ

ð1Þ
were A0 is the initial asymmetry at time zero, PTF(t) is the muon
spin polarization function, ATF is the oscillating asymmetry while
Atail is the asymmetry of a slow relaxing exponential term due to
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the components of the internal field which are parallel to the
initial polarization direction of the muons spins. This “tail"
component, is also sometimes called the “powder average" signal
when measuring polycrystalline (powder) samples, which ideally
constitute 1/3 of the total asymmetry (in our case Atail ~ 0.08 ~
0.22/3 where the total asymmetry is equal to 0.22). Further, νTF is
the muon spin precession frequency having the phase ϕ (which in
this case has a value of � 12� in the entire temperature range), and
finally λTF and λtail are the depolarization rates for the respective
polarization components. wTF μ+SR time spectra at selected
temperatures are shown in Fig. 1a with best fits Eq. (1) as solid
lines. Further fitting of the full wTF temperature dependence and
extracting the wTF asymmetry as a function of temperature
(ATF(T)), allow us to estimate the magnetic transition tempera-
ture of LiCrSe2. The result is shown in Fig. 1b where ATF(T) is
fitted to a sigmoid function. Such a curve is commonly used in
the μ+SR related research to follow the temperature dependence
of magnetic transitions in magnetically ordered systems. Here the
transition temperature TN can be identified in correspondence
with the inflection point of the s-shaped function, giving
TN = 29.11 ± 0.06 K, which is in very good agreement with
previously published bulk characterizations35. From the wTF
data, it is also possible to deduce that more or less 100% of the
sample enters the magnetically ordered state. Further, and
contrary to our previous μ+SR studies of the related LiCrTe2
compound41, we do not seem to have any clear missing
asymmetry fraction above TN, i.e. absence of any evident FM
impurities in the current LiCrSe2 sample.

In the ZF configuration, the muon spin only senses the local
internal magnetic field of the sample and if long-range magnetic
order is established, a clear precession signal (i.e., oscillation) will
appear. The ZF μ+SR time spectrum at base temperature (T = 2
K) in LiCrSe2 is displayed in Fig. 1c, d.

At first look, the ZF signal in the short-time domain [Fig. 1d]
presents very clear oscillations, indicating the occurrence of AFM

spin order. However, initial fitting attempts, using two simple
exponentially relaxing cosine functions, gave poor results. Several
problems were found, e.g., the full asymmetry could not be
recovered, the fit could only work if the phase of the cosine
functions would be left free and acquire very large un-physical
values, and the chosen model could not fully capture the features
of the Fast Fourier transformed (FFT) signal [Fig. 1e]. After
testing several combinations of different oscillatory functions, the
best fit to the data was achieved with a combination of two
spherical Bessel functions j0:

A0 PZFðtÞ ¼ABess1j0 2πνBess1t þ
πϕBess1

180

� �
� eð�λBess1tÞ

þ ABess2j0 2πνBess2t þ
πϕBess2

180

� �
� eð�λBess2tÞ

þ Atail � eð�λtailtÞ þ ABG � eð�λBGtÞ:

ð2Þ

Here A0 is the initial asymmetry, PTF(t) is the muon spin polarization
function, ABess1 and ABess2 are the asymmetries of the oscillating part
of the signal, ABG is a small background component possibly coming
from muons stopping in the sample holder, and Atail is the
asymmetry of the tail component. The frequency of the Larmor
precession is given by 2π � νBess, and ϕ is the relative phase of
the oscillating signals. Here ϕ� 0 for both the Bessel functions in the
entire temperature range. Finally, λBess, λBG, and λtail = 0 are the
depolarization rates for the respective polarization components.
Figure 1d, f shows the ZF raw data in the short time domain, for
different temperatures, with the fitting curves as solid lines. As seen
from these results, as well as the accurate fit to the FFT at T = 2 K in
a large frequency range in Fig. 1e, Eq. (2) provides a good model for
the experimental data.

The temperature dependence of the relevant ZF fitting
parameters is shown in Fig. 1g, h. For both the relaxation rates
(λ) as well as oscillation frequencies (νBess) it is clear that an abrupt,
first-order like, transition occurs for TN � 30 K. In more detail, the
depolarization rate, and especially λBess2 display a very typical and
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Fig. 1 Results of the μ+SR analysis for LiCrSe2. a Weak transverse field (wTF) μ+SR time spectra at the selected temperatures 100 K (open orange
circles), 29 K (open gray circles), 24 K (open blue circles). The best fit to the data (corresponding to the function in Eq. (1)) is shown as solid lines.
b Temperature dependence of the wTF asymmetry (filled red circles), the continuous red line represents a fit to a sigmoid function giving the AFM
transition temperature TN = 29.11 ± 0.06 K. c, d Zero-field (ZF) μ+SR time spectrum at T = 2 K (open black circles) with the fit to Eq. (2) (solid magenta
line) shown in (c) long and (d) short time domain, respectively. e Fast Fourier Transform (FFT) of the spectrum and its fit shown in (d). f ZF muon time
spectra at selected temperatures T = 25 K (orange open circles), 28.5 K (light blue open circles) and 29.2 K (purple open circles) in the short time domain.
The spectra are shifted along the y-axis for clarity of display. The black continuous lines are fits to Eq. (2). g, h Temperature dependencies of the ZF fit
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strong increase just below TN, indicating the onset of spin
dynamics/fluctuations as the magnetic phase transition approaches.
The trend for λBess1 is similar, however, the absolute values are
much smaller. Here it is also important to emphasize that
ABess2 � 12 � ABess1, i.e. the oscillating component Bess2 has more
than an order of magnitude larger volume fraction with respect to
Bess1. What such differences mean is hard to rigorously deduce
using the μ+SR data alone. Nevertheless, it indicates that the two
oscillating components originate from muons experiencing two
rather different local magnetic environments42–44. Finally, the
temperature dependence of the oscillation frequencies is shown in
Fig. 1h, which reflect the magnetic order parameter of the phase
transition. The behavior of the two components is in fact very
similar, the oscillation frequencies have similar values, and follow
the same temperature dependence. The latter shows an approxi-
mately constant trend below TN, with a slow downturn of both
νBess1 and νBess1. This is then abruptly interrupted at TN � 30 K
which, we know from previous studies35, coincides with a structural
phase transition at Ts.

The presence of large non-zero phases (ϕ) for cosine functions
and replacement with a damped j0 Bessel is commonly used in the
μ+SR community to model incommensurate magnetic structures.
This solution is well established and proven, both theoretically
and experimentally, to describe incommensurate spin density
waves associated with single q − vectors45–47. The presence of
two distinct Bessel functions with two frequencies of similar value
in LiCrSe2 could be due to the presence of two different muon-
stopping sites in the lattice, thereby probing the same
incommensurate magnetic structure in a different fashion.
Another option would be that we have two slightly different
incommensurate magnetic phases present in the sample. Addi-
tional discussions on this matter will follow below.

Structural re�nement from X-ray and neutron powder dif-
fraction. The high- and low-temperature crystal structure of

LiCrSe2, was determined from high-resolution neutron powder
diffraction (NPD) studies [see Fig. 2a–f and Fig. 3c–f] along
with complementary synchrotron X-ray diffraction (XRD) data
[see Fig. 3a, b]. The refinement of the diffraction patterns was
carried out by means of the Rietveld refinement method. Here
we adopted a global refinement routine, which simulta-
neously included the three detector banks BS, SE, and LA35
covering the high-, intermediate-, and low-Q regions, respectively.
The atomic positions, the cell parameters, and the basis vectors of
the magnetic moment were refined as common parameters among
the 3 data files. The calculated NPD/XRD pattern consists of a
majority LiCrSe2 phase plus a small Li2Se non-mangetic impurity
phase (the Li2Se impurity weight fraction in the diffraction pattern
is 1.5%, consistently with the μ+SR data). For the XRD an addi-
tional Al phase is included to account for the sample holder/
capillary. Further, for NPD the magnetic phase is present below
TN in the low Q-range, while disregarded for large Q due to
the magnetic form factor48 (by means of the command MDLIM
in FullProf).

The room temperature crystal structure [see Fig. 3g] was found
to be well modeled by the trigonal P�3m1 space group (no. 164),
with lattice parameters a = b = 3.65425(3) �, c = 6.28911(4) �,
α = β = 90�, γ = 120�, in which Cr3+ ions occupy the vertices of
the hexagonal unit cell, hereby creating the 2D-TLA. Below
T � 30 K (corresponding to both the structural and magnetic
transition temperatures Ts = TN), the diffraction pattern under-
goes a dramatic change, as clearly displayed in Fig. 2. Several
nuclear Bragg peaks split into double peaks [Fig. 2(a–d] and, at
the same time, the magnetic Bragg peaks appear [Fig. 2e, f].
Concerning the structural change, the increased number of Bragg
reflections in the diffraction pattern, due to the peak splitting, is
suggestive of a symmetry loss in the system, possibly owing to the
disappearance of the 3-fold symmetry axis of the high-
temperature parent space group. Moreover, no clear super-
lattice reflection peaks seem to appear in the experimental data.
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Fig. 2 2D color maps showing the temperature evolution of the NPD data for LiCrSe2. a–d The nuclear Bragg peak splitting in different Q ranges below
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phases can be conducted separately, which allows to disentangle
their respective contributions to the diffraction pattern. Also in
this case, the combination of neutron powder diffraction with
other characterization techniques aids in resolving phase
separation issues. Using high-quality samples can also sig-
nificantly improve the reliability and accuracy of the structural
determination and help overcome some of the challenges asso-
ciated with this technique. A high-quality sample with a well-
defined crystallinity, homogeneity and purity ensures a better
signal-to-noise ratio, a more reliable average representation of the
entire sample, as well as sharper and well resolved diffraction
peaks in the pattern, facilitating peak assignment.

For these reasons, despite the inherent limitations of NPD, our
solution for the magnetic phase in LiCrSe2 is overall a reasonably
good representation of the magnetic ordering in this material.
The uncertainty about the nature of the minority satellites can be
removed by complementing the powder diffraction data with
single crystal diffraction data, which can help resolve possible
structural and magnetic ambiguities in the powder pattern.

In this regard, to ultimately discern if the additional satellites
are of nuclear or magnetic origin, single crystal polarized neutron
diffraction would be the optimal approach. However, although
single crystal synthesis of the related compound LiCrTe2 has been
very recently successfully achieved80, to the best of our knowledge
no large enough LiCrSe2 single crystals are presently available.

Conclusions
The magnetic and crystal structure of the triangular anti-
ferromanget LiCrSe2 has been solved at high and low temperature
by means of neutron diffraction, synchrotron X-ray diffraction
and muon spin rotation experimental techniques. The unique
arrangement of the Cr atoms in this material is consistent with
the simultaneous presence of competing nearest-neighbor ferro-
magnetic and antiferromagnetic exchange couplings over the
same crystallographic sites, with a predominance of the next
nearest neighbor interactions in the determination of the mag-
netic ground state in LiCrSe2. As a result, a structural transition
from trigonal P�3m1 to monoclinic C2/m crystal system induced
by a strong magnetoelastic coupling occurs, accompanied by the
formation of two up-up-down-down magnetic structures (a main
one and a secondary one) with itinerant modulation of the Cr
spin axial vector, in direction and modulus, and incommensurate
q − vectors qmain = (0.045, � 1

4 ;� 1
2) and qsecondary = (0.7249(5),

−0.0885(3), −0.1292(9)). Such arrangement of the Cr spins is
reminiscent of the magnetic ordering established in the Cr sulfide
triangular antiferromagnets AuCrS2 and AgCrS2 which also
manifest strong magnetoelastic coupling. However, the seemingly
unprecedented geometric conditions realized in LiCrSe2 provide
access to a unique combination of the competing magnetic
mechanisms, resulting in a much more complex magnetic ground
state in which the magnetic moment is periodically suppressed
and changes direction. This peculiar behavior might be originated
from a dual itinerant/localized nature of the electrons in this
system. From the results of this work LiCrSe2 was proven to be an
extremely fascinating study case, which lends itself to very pro-
mising future single crystal investigations, and constitutes an
important step forward in understanding the spin-lattice rela-
tionship in strongly correlated spin systems.

Methods
Polycrystalline LiCrSe2 was prepared by direct reaction of the Li,
Cr, and Se elements. The sample preparation is described in
higher detail in reference35.

Bulk μ+SR Experiment. The temperature-dependent bulk-μ+SR
spectra have been acquired at the multi purpose muon beam-line
M20 of Canada’s particle accelerator center TRIUMF. ~ 200 mg
of LiCrSe2 in powder was packed in a 1 × 1 cm2 area Aluminum-
coated Mylar tape (0.05 mm thickness), in order to reduce the
background signal. This envelope was attached to a low back-
ground sample holder inserted in a helium exchange gas cryostat
(temperature range: 2 K to 300 K).

LF-μ+SR experiment. The high-temperature LF-μ+SR data were
obtained using the surface muon beamline S1 at the high-intensity
proton accelerator facility J-PARC, in Japan. The LiCrSe2 powder
was pressed into a pellet introduced into hermetically sealed non-
magnetic titanium cells. The surface of the pellet facing the muon
beam was covered using a very thin (50 μm) titanium window. By
using a closed-cycle refrigerator (CCR), data were collected in
the temperature range T = 50− 375 K. A more detailed
description of the sample cell and experimental setup can be
found in ref. 56.

Synchrotron XRD experiment. The XRD measurements were
collected at the instrument I11 of the Diamond Light Source in
Didcot (UK). The sample was mounted by filling and sealing an Al
capillary with internal diameter 0.7 mm, which was in turn attached
to a phoenix cryostat, with a 10� sample rocking stage, which allows
measurements in a temperature range from 11 K to 300 K.

Neutron diffraction experiment. The time-of-flight (ToF) neutron
diffraction measurements were performed at the powder dif-
fractometer iMATERIA81, at J-PARC, in Japan. The powder samples
(~500 mg) were mounted into cylindrical vanadium cells with dia-
meters and 5 mm and sealed with an aluminum cap, aluminum
screws and indium wire. The cell was mounted on a closed cycle
refrigerator to reach temperatures between 2 K and 300 K. iMA-
TERIA allows for the simultaneous adoption of different detector
banks for wide d-range (Q-range) coverage. The backscattering bank
(BS), suitable for detailed structural characterization, has a resolution
Δd/d = 0.16% and covers a d-range from 0.181 � up to 5.09 �. The
90-degree detector bank (SE) has a resolution Δd/d = 0.5% and
covers a d-range from 0.255 � up to 7.2 �. The low angle bank
(LA35), ideal for the detection of low Q-range magnetic Bragg peaks,
has a d-range from 0.25 � up to 40 �.

The sample preparations for all the measurements were carried
out in a controlled environment using Ar and/or He glove-boxes,
to avoid degradation of the highly air- and moisture-sensitive
LiCrSe2 samples.

Softwares. The crystal and magnetic structure determination was
carried out with the help of the Bilbao crystallographic server82,83,
and the FullProf software suite84 was employed for the data
refinement. All images involving crystal structure were made with
the VESTA software85, the parameter plots and fitting are pro-
duced with the software Igorpro86 and the μ+SR data were fitted
using the software package musr�t87.

Data availability
All the data of this work are available from the corresponding authors on request. The
data are also publicly available on request from the repositories of the respective large-
scale facilities where the experiments were performed upon providing the experimental
beam time proposal number (see acknowledgements).
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