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Nami Matsubara', Chiu Tang®, Takeshi Matsukawa’, Akinori Hoshikawa@® ’, Akihiro Koda®?,

Kazuyoshi Yoshimura'®, Izumi Umegaki'!, Yasmine Sassa®, Fabian O. von Rohr@® 3, Vladimir Pomjakushin'?,

Jess H. Brewer'>' Jun Sugiyama'® & Martin Mansson® '™

LiCrSe, 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, LiCrSe, was found to undergo a first order structural transition from
a trigonal crystal system (P3m1) to a monoclinic one (C2/m) at T, = 30 K. Such restructuring
of the lattice is accompanied by a magnetic transition at Ty =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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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
stabilized!. Some prominent representative cases of 2D-TLA are
found amid transition metal oxides (TMO), such as NaCoO,2~7
or Li/Na/KCrO,3%°. 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 states!?-12, unconventional
superconductivity!>14, rare magnetic ground states!>~17, and
distinctive spin-lattice dynamics'®-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 ACrX,, 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 smorgasbord of complex magnetic
ground states!®21-27 and attractive technological properties (e.g.
multiferroicity)?8-30. 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 research!®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.
§=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 LiCrSe,, via Li intercalation in CrSe, by
Kobayashi et al. 343>, 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 LiCrSe,, 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 circuitry39-38. The room-temperature
crystal structure of LiCrSe, was identified as trigonal by syn-
chrotron X-ray diffraction, with space group P3ml. Here, the

I n periodic crystalline lattices containing magnetic atoms, long-

Cr3* ions create 2DTL layers, stacked along the c axis, by the
connection of edge-sharing CrSes octahedra in the ab-plane®.
Indications of a first-order structural transition towards a lower
symmetry crystal system were observed around T = 30 K with in-
house X-ray diffraction3’; here it is suggested that such transi-
tion leads to a low temperature monoclinic structure. From bulk
magnetic characterization methods, LiCrSe, was found to
undergo a first order-like magnetic transition, with an AFM
character, also around Ty =30 K, which is a hint of magnetoe-
lastic coupling. This behavior is similar to the one observed in the
magnetoelastic TLA-Cr sulfides AuCrS, and AgCrS,2>2°. How-
ever, remarkable qualitative differences in the structural distor-
tions and magnetic properties between LiCrSe, and the sulfides,
indicate that LiCrSe, would select a different magnetic ground
state with respect to the one realized in AuCrS, and AgCrS,.
Indeed, the small negative value of the LiCrSe, Curie-Weiss
temperature @ = —28 K and the small frustration index f =

'Tg ~ 1 estimated in reference3>

. , 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 LiCrSe,,
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 LiCrSe, by
means of neutron diffraction (ND), synchrotron X-ray diffraction
(XRD) and muon spin rotation (u*SR). Our observations con-
firm the conjectures of Kobayashi and coworkers®®, 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 y*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 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,
wIF = 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 ySR experimental technique refer to ref. 40).

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

TT
Ay Pyp(t) = Aqp cos (2m/TFt + K%) celTh) A e
1)

were A is the initial asymmetry at time zero, Prg(t) is the muon
spin polarization function, Aty is the oscillating asymmetry while
Ay is the asymmetry of a slow relaxing exponential term due to
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Fig. 1 Results of the 4 "SR analysis for LiCrSe,. a Weak transverse field (WTF) utSR 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 Ty =29.11+0.06 K. ¢, d Zero-field (ZF) u*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
parameters extracted from Eq. (2) for the two oscillating components of the signal (green and red filled circles) plus the slow tail component (blue filled
circles). The error bars in the plot represent the confidence intervals of the reported values.

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 Ay~ 0.08 ~
0.22/3 where the total asymmetry is equal to 0.22). Further, vy is
the muon spin precession frequency having the phase ¢ (which in
this case has a value of = 12° in the entire temperature range), and
finally Ay and A,y are the depolarization rates for the respective
polarization components. wTF pTSR 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
(Arg(T)), allow us to estimate the magnetic transition tempera-
ture of LiCrSe,. The result is shown in Fig. 1b where Arg(T) is
fitted to a sigmoid function. Such a curve is commonly used in
the uTSR related research to follow the temperature dependence
of magnetic transitions in magnetically ordered systems. Here the
transition temperature Ty 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 characterizations3>. 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 ytSR studies of the related LiCrTe,
compound?!, we do not seem to have any clear missing
asymmetry fraction above Ty, i.e. absence of any evident FM
impurities in the current LiCrSe, 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 yTSR time spectrum at base temperature (T =2
K) in LiCrSe, 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. le]. After
testing several combinations of different oscillatory functions, the
best fit to the data was achieved with a combination of two
spherical Bessel functions jo:

. T —
AO PZF(t) :ABeSSIJO <2ﬂVBesslt + ?;&(;sl) : e( Hacr?)
T s
+ ABessljU (27-”/Besszt + —¢BCSSZ> . e(_A““’ZtJ (2)

180
+ A - et Agg - (st |

Here A, is the initial asymmetry, Prg(t) is the muon spin polarization
function, Apess; and Ape, are the asymmetries of the oscillating part
of the signal, Apg is a small background component possibly coming
from muons stopping in the sample holder, and Agy is the
asymmetry of the tail component. The frequency of the Larmor
precession is given by 27m- vpe, and ¢ is the relative phase of
the oscillating signals. Here ¢ = 0 for both the Bessel functions in the
entire temperature range. Finally, ApesoApg, and Ay =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 Kin
a large frequency range in Fig. le, 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
(1) as well as oscillation frequencies (Vpess) it is clear that an abrupt,
first-order like, transition occurs for Ty = 30 K. In more detail, the
depolarization rate, and especially A, display a very typical and
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Fig. 2 2D color maps showing the temperature evolution of the NPD data for LiCrSe,. a-d The nuclear Bragg peak splitting in different Q ranges below
T, ~ 30 K indicates the structural phase transition from P3m1to C2/m. e, f Magnetic Bragg peaks, plotted together with some (non splitted) nuclear peaks,
appear below Ty~ 30 K. Please note the nonlinear temperature scale (y-axis), having a higher density of points in proximity of the transition, and that
Ts = Tn. The Miller indices of the reflections in the high-temperature structure are reported in red for clarity of display.

strong increase just below Ty, indicating the onset of spin
dynamics/fluctuations as the magnetic phase transition approaches.
The trend for Ape; is similar, however, the absolute values are
much smaller. Here it is also important to emphasize that
Apessz = 12 - Apegs1, 1€ the oscillating component Bess2 has more
than an order of magnitude larger volume fraction with respect to
Bessl. What such differences mean is hard to rigorously deduce
using the yTSR data alone. Nevertheless, it indicates that the two
oscillating components originate from muons experiencing two
rather different local magnetic environments*2-44, 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 Ty, with a slow downturn of both
Vess1 aNd Vpegs1. This is then abruptly interrupted at Ty =30 K
which, we know from previous studies®”, coincides with a structural
phase transition at T

The presence of large non-zero phases (¢) for cosine functions
and replacement with a damped j, Bessel is commonly used in the
¢ 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 g — vectors*>=47. The presence of
two distinct Bessel functions with two frequencies of similar value
in LiCrSe, 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 refinement from X-ray and neutron powder dif-
fraction. The high- and low-temperature crystal structure of

LiCrSe,, 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 LiCrSe, phase plus a small Li,Se non-mangetic impurity
phase (the Li,Se impurity weight fraction in the diffraction pattern
is 1.5%, consistently with the y*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
Ty in the low Q-range, while disregarded for large Q due to
the magnetic form factor*® (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 P3m1 space group (no. 164),
with lattice parameters a = b = 3.65425(3) A, c=6.28911(4) A,
a=B=90°,y=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 T = Ty), 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. 3 Results of the XRD and NPD structural investigation of LiCrSe,. a, b X-ray diffraction patterns (red circles) with the corresponding calculated
patterns (black continuous line) resulting from structural refinement at room and base temperature. ¢-f Neutron diffraction patterns (high-Q detector bank
BS) with the corresponding calculated patterns resulting from structural refinement at room and base temperature. The peak splitting is clearly visible in
the close-up plot in (f). g Graphic representation of the crystal structure in polycrystalline LiCrSe, at 300 K and 2 K oriented along the ¢ axis for clear
visualization of the ab-plane. h Temperature dependence of the lattice parameters a = b (orange filled circles), ¢ (blue filled circles) in LiCrSe,. The y-axis of
the lattice parameter c is plotted on the right for clarity of display. The values of the lattice parameters below the transition (where a and b are represented
with red and green filled circles respectively) are reported in the hexagonal setting for correct comparison with the higher temperature values. The dashed
lines are guides to the eye. The error bars in the plot represent the confidence intervals of the reported values.

Under the light of these observations, and from a group/subgroup
relationship argument, the most probable final space group for
such a structural transition would be the monoclinic C2/m (no.
12). This is because C2/m is the only monoclinic maximal
subgroup of the parent space group P3m1 with a single step in its
symmetry reduction path (see Birnighausen tree for P3ml from
the Bilbao Crystallographic Server®®). Indeed, Rietveld refinement
of the low-temperature diffraction pattern with C2/m provided a
good agreement with the experimental data, as it was able to
correctly index all the additional new peaks [Fig. 3b, d, f].
Nevertheless, in light of the first-order nature of the structural
transition, the possibility that the group subgroup relationship
might not hold in this particular case must be considered. Several
other monoclinic space groups were tested with a trial an error
approach; among them Cm (no. 8) provided the best matching
between the calculated and the observed pattern, which was
however comparable to C2/m. The fact that the loss of the 2-fold
symmetry axis from C2/m to Cm did not improve the refinement,
made C2/m a more reasonable choice. This space group was also
suggested from previous in-house XRD measurements>?, and we
have now confirmed such suggestion with high-resolution
experimental methods. The base temperature (T =2 K) crystal
structure was therefore modeled with the monoclinic C2/m space
iroup, with lattice parameters a = 6.32904(8) A, b = 3.64287(5)

,€=6.25345(7) A, a =y = 90°, and 8 = 90.08(13)° (see also the
crystallographic information file provided as Supplementary
Data 1-3). Here the Cr3t ions occupy the vertices of a unit

cell, which is nearly rectangular in the ab-plane, with one
additional Cr atom in the central point of coordinates (0.5, 0.5, z)
[see Fig. 3g]. The detailed result of the refinement is displayed in
Fig. 3(e, f), with a plot of the observed and calculated diffraction
patterns at high and low temperature, in the high-resolution
high-Q BS detector bank. It is important to emphasize that in this
bank (and Q-range) any potential low-temperature magnetic peak
is virtually invisible, and does not interfere with the structural
refinement. The complementary XRD patterns are also shown
[Fig. 3a, b], and the structural refinement for XRD/NPD
measurements is fully consistent, further allowing us to effectively
discern between nuclear and magnetic contributions. It should
also be noted that refinement of fractional occupancies did not
improve the goodness of the fit, which allows us to conclude that
the LiCrSe, sample has a stoichiometric composition very close to
the ideal one.

The temperature evolution of the lattice parameters, resulting
from the structural refinement, is displayed in Fig. 3h. Table 1
further summarizes the refined structural parameter along with
the Bragg agreement R factors, whose low values highlight the
goodness of the refinement model. Since the Cr atoms sit at the
vertices of the unit cell, the evolution of the lattice parameters
reflects directly the evolution of the in-plane Cr-Cr distances.
This is a factor of major importance in the determination of the
magnetic structure for 2D-TLAs*?. On cooling, the size of the
crystallographic axes is reduced, due to thermal contraction,
down to the magnetic transition temperature Ty. As seen in
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Table 1 Structural parameters.
300 K 2K
Space Group P3m1 C2/m
aA 3.65425(3) 6.32904(8)
bA 3.65425(3) 3.64287(5)
cA 6.28911(4) 6.25345(7)
a 90° 90°
p 90° 90.0762(13)°
v 120° 90°
Li (x y, 2) 0,0, 00D
Cr(x,y, 2 0, 0,0 (0, 0, 0)
Se (x,y, 2) (4,2 0.226(1) (0.667(3), 0, 0.773(1)
B, (A% 1.98(9) 0.85(7)
Bc (A2) 0.63(5) 0.23(3)
Bse (A2) 0.39(1) 0.018(7)
RB(nuc) (%) 4.2 4.5
Lattice parameters, atomic positions, isotropic thermal displacement parameters and Bragg R
factors from refinement of neutron powder diffraction data on polycrystalline LiCrSe.,

Fig. 3h, the contraction of the c-axis occurs at a much higher rate
with respect to the a- and b-axes, which is phenomenologically
compatible with the 2D-TLA nature of the compound. At
Tx = T; the first-order structural transition is clearly visible as a
sharp change in the temperature dependence of the axes, with the
major effect observed in the ab-plane. The synchronized nuclear
and magnetic phase transition appearing at T=30 K indicated a
strong spin-lattice coupling. Here, the ordering of the Cr
magnetic moments seems to be the driving mechanism for such a
modification of the crystal lattice, aimed at stabilizing the
competing coupling mechanisms simultaneously established
among them. To further clarify such synergic effect, a detailed
understanding of the spin structure is required. A dedicated
discussion around the structural evolution of the system in
concomitance with the evolution of the magnetic structure will be
presented in the next subsection.

Magnetic refinement from neutron powder diffraction. Several
temperature-dependent magnetic Bragg peaks appear below 30 K,
as clearly seen in Fig. 2e, f. These peaks are assumed to be
magnetic. Such transition is presented in higher detail in Fig. 4a,
b, which displays a comparison between NPD patterns (inter-
mediate-Q SE — 90° and low-Q LA35 — 35° detector banks)
acquired at T=35 K (just above Ty) and at base temperature
(T=2 K). The square root of the integrated intensity of the large
magnetic peak in the lower Q-region (Q=0.66 A1) is also
plotted as a function of temperature [see Fig. 4c]. The latter
quantity reflects the order parameter of the magnetic transition
which, as clearly seen from the plot in Fig. 4c, has a first-order
character. The fit of the plot to a sigmoid function [solid line in
Fig. 4c], well follows the sharp profile of the data and provides the
magnetic transition temperature Ty = 29.94 + 0.09 K (defined as
the midpoint of the sigmoid curve). The inset of Fig. 4c shows the
normalized integrated intensities of the large magnetic peak
together with the two neighboring small satellites, which all
clearly manifest the same temperature-dependent behavior.
Nevertheless, as discussed further below, these peaks do not
belong to the same magnetic phase. Here a distinction is neces-
sary between a main and a secondary magnetic phase. In the
immediate following, we will describe the main magnetic phase.

The magnetic propagation vector qu,i, was determined by a
very extensive trial and error procedure with the software
K-Search. As expected from our y SR data, it was found to be
incommensurate: quain = (0.045, ~ 7, ~ %), see also Table 2 for

the exact values. Such propagation vector can successfully index
the high-intensity magnetic peak and most of the lower intensity
ones as well. The origin of the remaining un-indexed weak peaks
[e.g. at Q = 0.74 A—1, orange arrow in Fig. 4a] will be discussed in
the next section.

The Rietveld Method was used to refine the LiCrSe, magnetic
(qmain) phase. This phase includes a single magnetic Cr atom in
the crystallographic site Cr(0 0 0). To ensure an accurate
estimation of the Cr magnetic moment pc,, the scale factor and
structural parameters were constrained to match their counter-
parts in the nuclear LiCrSe, phase. The software Baslreps
provided only one possible irreducible representation of the
propagation vector group Gy for quain, compatible with the space
group C2/m (IRrep T';), consisting of three basis vectors BsV, with
no imaginary components, parallel to the main crystallographic
axes:

e BsV(1): Re (1 00),
e BsV(2):Re (010),
e BsV(3): Re (00 1).

The refinement of the coefficients of the basis vectors C1, C2
and C3, representing here the weights of the basis vectors in the
decomposition of the projections of the spin axial vector along the
main crystallographic axes’!, provided a large component along
the a direction and a negligibly small component along the b
direction [Fig. 5a-g].

Using IRrep I'; in the magnetic structure refinement [shown in
Fig. 5a—d], it was possible to capture the temperature-dependent
magnetic peaks of the diffraction pattern indexed by the g-vector
Qmain- The resulting magnetic structure presents a very large
magnetic unit cell, with AFM coupled layers stacked along the c-
axis with a peculiar “breathing” arrangement of the moments
within the ab-plane [Fig. 5e-g]. Such arrangement of the spins
resembles a spin-density wave-like structure, but without angular
modulation of the Cr spin axial vector and with a very long
periodicity. The intra-layer orientation of the Cr moments along
the b-axis is reminiscent of an alternate up-up-down-down
sequence [see dashed magenta ellipses in Fig. 5g], built up by
double FM-coupled Cr spin chains running along the a-axis. This
peculiar arrangement of the Cr moments is very similar to what
was found for AuCrS,%2. However, in this case the orientation of
the spins in the FM-coupled chains undergoes a change of
direction, accompanied by a size modulation of the magnetic
moment while moving along the a-axis [see plot (e) and bottom
of panel (g) in Fig. 5]. As a result, a periodic suppression of the
magnetic moment appears along the chain. The modulation
interval between two consecutive spin flips along the a-axis is 11
unit cells. Figure 5e, f displays the calculated value of the Cr
moment fc, as a function of the atomic coordinate xc,. This is
obtained as the modulus of the refined spin axial vector expressed
in units of Bohr magneton. The periodic “breathing" feature of
the magnetic moment modulation is clearly visible. The simple
22-cell periodicity displayed in Fig. 5 is referred to a single one-
dimensional Cr chain running along the a-axis for clarity of
display. Given the incommensurate three-dimensional propaga-
tion vector of this magnetic structure, no simple periodicity for
the orientation of the Cr spins can be identified in three
dimensions.

The highest value for yc, in the chain is 2.25(3)up, lower than
the value previously estimated from bulk magnetic measure-
ments = 4 pg>°, which is closer to the ideal spin-only value 3/, =
2,/8(S+ 1) = 3.87 up for an isolated Cr3* ion in the spin state
S =3/2. This discrepancy is likely due to the differences between
the two investigation methods. For a transition metal element in a
covalently bonded system, a lower value of its magnetic moment
with respect to the ideal value is expected, due to the competition
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Fig. 4 Temperature dependence of the magnetic features in the NPD raw data for LiCrSe,. Neutron diffraction patterns at T=35 K (blue open circles)
and T=2 K (red open circles) acquired using the (a) low-Q LA35 and (b) intermediate-Q SE detector banks, respectively. The appearance of magnetic
Bragg peaks below Ty~ 30 K is evidenced by the magenta arrows (orange arrow indicates the strongest among the peaks left un-indexed by the main
magnetic phase). ¢ Square root of the integrated intensity of the strongest magnetic peak at Q= 0.66 A~ (red filled circles), visible in the low-Q LA35
Bank. The continuous line is a fit to a sigmoid function for precise determination of the magnetic transition temperature. The inset shows the Q = 0.66 A~
normalized integrated intensity together with the other two lowest Q magnetic peaks for comparison, Q = 0.74 A~ (green filled circles) and Q = 0.79 A~
(gray filled circles). The error bars in the plot represent the confidence intervals of the reported values.

Table 2 Main Magnetic Phase parameters.

Space Group: cl

a, (A) 75.9486(1)

b, (A) 14.57148(2)

em () 12.50691(2)

fon 90°

P 90.0762(13)°

Ym 90°

Magnetic atom Cr

Wyckoff site 2a

Qrain 0.0453(1), 0.2508(2), 0.5009(4)
RB(mug) (%) 2.91

uer (up) 2.25(3)

Magnetic refinement parameters and agreement factors for the neutron powder diffraction data
from LiCrSe, at T=2 K.

between covalency and magnetism>2. This reduction would occur
at low temperature, where the system is in the ordered state. On
the other hand, effective moments at high temperature, in the
paramagnetic region, are not necessarily reduced®?, hence the
value estimated in reference3®. Further, when geometric frustra-
tion is present, the appearance of staggered magnetic moments
and a following reduction of yc, is very common?3-22:26:54-56,
Therefore, frustration might also be a contributor to the low-
temperature reduction of the effective Cr moment in LiCrSe,. As
also mentioned above, the frustration index in LiCrSe, was also
estimated in reference3” as f = ‘T%' ~ 1. Such value would imply

the absence of frustration in this system. However, in the
presence of simultaneously co-existing FM and AFM intralayer
interactions such as in this case, the Weiss temperature does not
directly reflect the magnitude of antiferromagnetic interactions,
which may lead to an underestimation of the frustration index.
Such behavior was recently observed also in AgCrSe,”’, a
compound that manifests in many aspects a phenomenology

similar to LiCrSe,. Therefore, in agreement with systems
analogous to LiCrSe,??, the value pc, = 2.25(3)up estimated by
NPD in the current work can be considered reliable, and
consistent with a S = 3/2 spin system scenario. The resulting
parameters obtained from the refinement of the magnetic unit
cell for the LiCrSe, magnetic phase are reported in Table 2. The
very good agreement between the observed profiles and the
calculated models can be clearly seen in Fig. 5(a-d). The goodness
of the model is confirmed by the low value of the reliability R-
factor for the magnetic phase, also reported in Table 2, not
exceeding a few percent. All the values reported in Tables 1 and 2
are obtained from the global, simultaneous Rietveld refinement of
diffraction patterns from the 3 detector banks BS, SE and LA35
covering the high-, intermediate-, and low-Q regions respectively.
Although in powder diffraction studies possible ambiguities in the
indexing of the magnetic peaks can eventuate, the analysis
method used here (ie, extremely high-resolution high-Q
diffraction patterns are refined in a global routine together with
the low-Q diffraction patterns, where the peaks from the
magnetic structures can be clearly detected) ensures the reliability
of our solution.

High-temperature properties. Concerning the high-temperature
structural and dynamic properties of LiCrSe,, the refined iso-
tropic thermal displacement parameters B, up to 400 K are
shown in Fig. 6a. Here, the structural transition at Ty =30 K is
clearly visible. It can be seen that B;,, for all atoms actually deviate
from the general trend already above the transition. The first
detectable temperature point where the refined Debye-Waller
factors for all the atoms in the lattice abruptly move away from
their trend at higher temperatures is regarded as the temperature
point indicating the onset of a structural instability (si): T =45
K. This would also explain the broad transition found in the wTF
p TSR data [Fig. 1(b)], just above the first-order downturn. It is
also clear that the Li atoms undergo the largest thermal dis-
placement (cf. Cr and Se). At high temperature Bj; display an
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Fig. 5 NPD results for the Main Magnetic Phase in LiCrSe,. Overview and close-up neutron diffraction pattern measured at T =2 K (red circles) with the
corresponding calculated pattern resulting from magnetic refinement (black continuous line) using the (a, b) low-Q LA35 and (¢, d) intermediate-Q SE,
detector banks, respectively. e Value of the spin only Cr moment and (f) the components of the axial spin vector C1 (left y-axis red filled circles) and C2
(right y-axis gray filled circles). Both plotted along the a-axis as a function of the xc, atomic coordinate. g Graphic representation of the main magnetic
structure in polycrystalline LiCrSe, oriented along the main axes of the unit cell (4 cells in the ac-plane, 12 cells in the ab-plane, and finally 22 cells along the
a-axis at the very bottom). The up-up-down-down arrangement of the spins along the b-axis is highlighted by the dashed magenta ellipses. See also
Table 2 for refined parameters. The error bars in the plot represent the confidence intervals of the reported values.

almost linear temperature dependence, however, below approxi-
mately 180 K a clear deviation from this trend appears. If we
consider the similarity of LiCrSe, with several other well-known
layered TMO compounds (e.g. LiCo0,8), and their utilization in
rechargeable batteries®®, we should consider the possibility of, and
effects from, Li-ion dynamics. In fact, our team has developed
and pioneered an experimental method to investigate ion
dynamics by pTSR. A detailed description of the method and
selected examples can be found in refs. ©0-62, Briefly, the muon
spin is so sensitive to internal fields that it is capable of even
probing static and dynamic changes in the nuclear moment.
When implanted in these compounds in their higher temperature
paramagnetic (PM) phase, the muon will mainly ‘feel’ the nuclear
moment of the alkali metal (here Li), measured in both ZF and
applied magnetic field parallel to the initial direction of the muon
spin polarization (LE-y + *TSR). If the Li-ion is static, only a static
nuclear field distribution (A) is probed. However, if Li-ion
dynamics sets in, an additional field fluctuation rate (v) compo-
nent will be present. In the simplest interpretation, v would
translate into a Li-ion hopping rate that can be directly probed as
a function of, e.g. temperature. In fact, our team recently con-
ducted initial test measurements (still to be completed) of Li-ion
dynamics in LiCrSe, at the instrument S1 in J-PARC (see the
Methods section for further experimental details) and v(T) was
successfully extracted at a few selected temperatures. As shown in
Fig. 6(b), v(T) displays a clear exponential trend, typical for a
thermally activated diffusion process, where the exponential curve
starts to move away from its horizontal asymptote around Tp, =
180 K. This means that the Li-ions are fully mobile at least down
to Tp = 180 K, which would indicate the possibility for Li order to
appear during cool-down of the sample. This would also explain

the change of trend found for By; at Tp. In fact, a smaller kink is
also visible in Bs., which is reasonable considering that the Se sits
next to the Li layers in the LiCrSe, structure [see inset of Fig. 6b].
Interestingly, this behavior is different with respect to the one
observed in the directly related compound LiCrO,, which was
proven to be electrochemically inactive up to 480 K, despite its
striking structural similarity with LiCrSe,. Therefore, the diffu-
sion properties of this material could provide a hint on how to
increment the Li-ion mobility in layered structures.

Discussion

The low-temperature incommensurate magnetic order, with
itinerant frustration of the Cr moment®3%4, found in LiCrSe, is
rather peculiar. While the inter-planar magnetic ordering along
the c-axis can be explained with an AFM coupling mediated by
super-exchange interactions through the path Cr-Se-Se-Cr, to
explain the complex intra-planar magnetic structure the coex-
istence of competing magnetic interactions must be considered.
In ternary chromium chalcogenide compounds, the magnetic
interactions between two neighboring Cr3* ions can be of two
types, as for the Goodenough-Kanamori-Anderson rules®>-67.
Either a FM super-exchange interaction is established, by hybri-
dization of the p orbitals of an anion with the d orbitals of the Cr
ions (specifically with the half-filled #,, orbital of one Cr ion and
the empty e, orbital of the other one) forming a 90° bond of the
type Cr-Anion-Cr; or an AFM direct exchange interaction is
established between the half-filled #,, orbitals of two adjacent
Cr3* ions. In the FM coupling, the Cr-Cr distance d(Cr-Cr) is
unimportant as long as the angle in the bond Cr-Anion-Cr is
close to 90°. On the other hand, for the AFM coupling, d(Cr-Cr)
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Fig. 6 High temperature properties of LiCrSe, investigated with NPD and
LF-u SR analysis. a Temperature dependence of the isotropic Debye-
Waller factors B, for the Li (red filled circles), Cr (violet filled circles), and
Se (yellow filled circles) atoms from NPD data. b Temperature dependence
of the Li-ion hopping rate (v;) from utSR measurements. Inset in (b)
shows the layered structure where Li-ions diffuse (hop) from site to site
above Tp ~ 180 K. T; ~ 45 K indicates the onset of the structural instability.
Solid and dashed lines are guides to the eye. The error bars in the plots
represent the confidence intervals of the reported values.

has a major relevance. Rosenberg and coworkers identified a
cutoff nearest neighbor (NN) Cr-Cr distance of =3.6 A in the Cr
layers of ternary chromium chalcogenides, for one mechanism to
be dominant over the other50. In particular, for d(Cr-Cr) < 3.6 A
the AFM interaction would be preferred, while for d(Cr-Cr) > 3.6
A the FM interaction would be preferred. In LiCrSe, a dramatic
structural change is observed, in concomitance to the magnetic
transition at Ty, leading to a modification of the Cr-Cr distances
and of the angles Cr —Se — Cr, which are summarized in
Table 3. In the trigonal phase just above the magnetic transition,
the distance NN-d(Cr— Cr)a p is very close to the critical value
3.6 A and the angle Cr — Se—Cris very close to 90°. In these
conditions, the AFM and FM couplings are equally likely to be
established between NN Cr3* ions. As a consequence, the system
is subjected to a geometrical frustration, which is removed
through the energetically beneficial structural transition. This

Table 3 Atomic distances and angles.

35K 2K
Space Group P3mi C2/m
NN-c;(Cr—Cr)q_p (A) 3.65059(1) 3.64287(6)
NN-do(Cr—Cr)a_p (A) - 3.65128(4)
NNN-di(Cr—Cr),_p (A) 6.32301(1) 6.31449(7)
NNN-d>(Cr—Cr)q_p (A) - 6.32905(9)
d(Cr—Cn. (A) 6.25113(1) 6.25345(8)
Cr—Se—Cn 91.8863(1)° 91.66(5)°
Cr—Se—Cr, 91.8863(1)° 91.92(3)°

NN and NNN Cr-Cr distances and Cr-Se-Cr bonding angles just above and below the magnetic
transition in LiCrSe,.

results in two non-equivalent NN and two non-equivalent next
nearest neighbor (NNN) Cr3* distances, d;(Cr—Cr),_, and
d,(Cr—Cr),_p. In the low-temperature monoclinic phase small
distortions of the lattice occur, indeed both the NN distances are
still very close to the critical value 3.6 A (see Table 3), and the
angles Cr — Se — Cr are still very close to 90°. Nevertheless, as
usually happens in frustration-driven structural transitions, this
distortion is enough to lift the degeneracy of the magnetic ground
state. Here, a strong competition between AFM and FM inter-
actions is established, which leads to an overall weakening of the
exchange mechanism between NN Cr3* ions. At this point, the
NNN Cr3* interactions must come into play to stabilize the
magnetic structure. The alignment of the Cr moments, resulting
from our magnetic refinement [Fig. 5], and the aforementioned
structural considerations on the Cr bonds, are consistent with the
presence of both in-plane FM and AFM interactions simulta-
neously established across NN (J;) and NNN (J,) Cr bonds. Based
on these assumptions, a potential arrangement of the magnetic
couplings in this system is proposed in Supplementary Fig. 1. In
addition, exchange interaction established among further than
NNN Cr ions might be relevant in the determination of the
ground state of LiCrSe,. Indeed, it was found that in delafossite
structures with S as chalcogenide ligand (e.g., AuCrS, and
AgCrS;), the NNN exchange interaction J, is typically compar-
able with the 3rd neighbor AFM exchange interaction J58. Such
mechanism of super-super-exchange, realized via two p-orbitals
of the S ligands, seems to drive the magnetic transition and
determine the magnetic ground state in these materials®®. The
third neighbor interaction was recently found to be relevant also
for the determination of the magnetic ground state in the trian-
gular Cr-oxide PdCrO,%. The p-orbitals of the Se element have a
a larger spatial extension with respect to the ones in S and O.
Therefore, in qualitative agreement with the aforementioned
systems®36%, J; could be expected to be even larger than ], in
LiCrSe,. However, first principles calculations would be needed to
ultimately ascertain the roles of J;, J, and J; in the determination
of the magnetic order on this material.

The resulting magnetic structure presents ferromagnetic dou-
ble chains running along the a-axis, which are AFM coupled
along the b-axis, similarly to AuCrS, and AgCrS,?>%°. The only
difference is that for LiCrSe, the orientation of the Cr moment
along the chains overturns periodically with a consequent mod-
ulation of its modulus. The possible coexistence of alternating
AFM-FM interactions between NN Cr3T atoms might be
responsible for this peculiar behavior. The proposed magnetic
structure is consistent with the observation that magnetic corre-
lations in compounds similar to LiCrSe, display significant fur-
ther neighbor interactions involving Cr-Cr distances of 6-7
A22.26_ Additionally, our results are in very good agreement with
the findings of Kobayashi etal. 3>, who observed an AFM
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Fig. 7 NPD results for the secondary magnetic phase in LiCrSe,. Measured neutron diffraction pattern at T=2 K (red circles) with the corresponding
calculated pattern (black continuous line) resulting from magnetic refinement for the two detector banks (a) low-Q LA35 and (b) intermediate-Q SE,
respectively. Both the main (magenta) and secondary (orange) magnetic phases are characterized by vertical tick bars of different color. ¢ Pictorial
representation of the spin structure for the secondary magnetic structure. See also Supplementary Table 1 for the values of the refined parameters.

character of the signal in magnetic susceptibility measurements.
This suggested that further neighbor exchange interactions in
LiCrSe; are in fact stronger than the nearest neighbor ones and of
utmost importance in the determination of the magnetic ground
state of LiCrSe,. In reference® it was also hypothesized that
LiCrSe; is likely to possess a magnetic ground state different from
other triangular lattice Cr chalcogenides with a similar structure
and behavior?122.26, The results of our work confirm this con-
jecture and provide a qualitative explanation for the difference
between LiCrSe, and the other systems: in AuCrS, and AgCrS,
and CuCrS, the in-plane Cr-Cr distances are always 3-4% dif-
ferent from the critical value found by Rosenberg. On the other
hand, for LiCrSe, the in-plane Cr-Cr distances are just =1%
different from the critical value 3.6 A. The Cr-Anion-Cr angles
are very close to 90° in all cases. Therefore, in LiCrSe, distinctive
geometric conditions are realized, which lead to a configuration
of the overlapping electronic orbitals that might allow the con-
flictual coexistence of FM and AFM exchange interactions over
the same crystallographic sites, making this material unique in the
2D-TLA family. Future modeling efforts would be needed to
systematically understand the complex spin interactions and
order in LiCrSe,. The detailed information presented in this work,
concerning the atomic/spin arrangement across the transition,
will most likely be a valuable input for such modeling efforts.
Going back to the un-indexed weak Bragg peaks found in the
low-temperature C2/m phase, it is important to emphasize that
we clearly do not believe that these peaks are from an impurity
phase. This is because there is no trace of magnetic impurities in
the room temperature diffraction patterns, there is no sign of
phase separation in the wTF p1SR data, and the additional peaks
appear exactly at the same structural/magnetic transition tem-
perature of the LiCrSe, main phase (Ty= Ty =30 K). In our
refinement efforts, a huge number of different magnetic propa-
gation vectors in combination with different crystal structures
and super-cells, including higher-order harmonics of the parent
cell, were attempted for the purpose of simultaneous indexing of
all the peaks in the diffraction pattern. Attempts of indexing the
magnetic peaks with a single 2g structure have been made and,

although the peak position could be retrieved in the refinement,
the intensity of the calculated magnetic peaks could not match the
intensity of the measured peaks. In order to identify a possible
lower than C2/m symmetry for the nuclear structure, many
attempts of indexing the nuclear peaks together with the small
satellites have been made. Such attempts provided no solution.
Attempts to refine the small satellites alone as an independent
nuclear structure could not provide any solution either.

Therefore, these efforts did not produce any outcome and, even
if the C2/m nuclear structure combined with magnetic propaga-
tion vector qu,in gives a very nice result, a few weak Bragg peaks
were still left un-indexed [e.g. Q = 0.74 A~1 being the strongest
un-indexed peak, see Fig. 4a and Fig. 5b]. Considering the
coinciding structural and magnetic phase transition occuring at
T=30 K, it is indeed challenging to identify whether new Bragg
peaks appearing at low temperature have nuclear or magnetic
origin. In this work, we therefore combined NPD with synchro-
tron XRD experiments in order to improve the identification
process. Indeed, the low-temperature peak at Q = 0.74 A~1 is not
visible in the T=11 K XRD data. This fact, together with the ZF
p TSR results indicating the presence of two slightly different
magnetic phases, and with the low-Q position and temperature-
dependent behavior of the satellites in the ND pattern, seems to
point toward a magnetic nature for these peaks. For this reason,
we decided to try to index the few weak remaining low-
temperature satellites with a secondary magnetic phase. Con-
sidering the fact that the ZF asymmetry of the the first Bessel
component, Ap.;, was so much smaller than Ap.,, it seems
reasonable to assume that the weak un-indexed magnetic Bragg
peaks could be associated with Apegg;.

To deduce the possible secondary magnetic phase (consistent
with the presence of a magnetic supercell) we utilized a similar
procedure as for the identification of the main magnetic structure.
The refinement [Fig. 7a, b], carried out with a global routine
taking into account all the detector banks, successfully provided a
good match for both position and intensity of most of the min-
ority satellites [orange tick-marks in Fig. 7a, b]. The resulting
secondary  magnetic  structure, characterized by an
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incommensurate propagation Vvector Qeecondary = (0.7249(5),
—0.0885(3), —0.1292(9)), appears similar yet complementary to
the main structure, although in this case the spin axial vector
forms a canting angle of about 20° with the c-axis. Here the
canted modulated FM chains run along the c-axis while the up-
up-down-down arrangement of the Cr spins develops along the
a-axis [Fig. 7c]. A more detailed description of this refinement
can be found in the Supplementary Information.

A magnetic nature for the minority satellites would be con-
sistent with the results of the ZF y*SR, also considering the ratio
between the two phases. Moreover, the clear canting angle found
in the secondary magnetic phase is suggestive of the presence of
asymmetric magnetic couplings, possibly due to the presence of
Dzyaloshinskii-Moriya interaction (DMI). This would be con-
sistent with a recent theoretical work3®, which indeed predicts the
occurrence of large DMI in LiCrSe,. However, the reliability R-
factor for the refinement of the secondary magnetic phase has a

secondary

rather large value (Rg,, ) = 25.7%), implying a relatively poor
agreement between the experimental data and the calculated
model for this phase. The large value for the R-factor, although it
could simply be due to the scarcity and weak intensity of the
refined satellites, makes this interpretation for the nature of the
minority satellites not fully unambiguous. Therefore, another
option might be that the small un-indexed low-temperature
Bragg peaks are in fact not magnetic but have nuclear origin
related to charge ordering. Indeed, we could consider the
appearance of a superstructure induced by e.g. Li(-vacancy)
ordering. In principle such superstructure peaks should be visible
also in the XRD, however, if they are indeed originating from the
light Li atoms (low Z) the peaks might be difficult to discern (or
even invisible) for X-rays. Possible indications of the validity of
this option could be found in the high-temperature properties of
LiCrSe, [Fig. 6].

The dynamic phenomenology manifested by LiCrSe, is remi-
niscent of the behavior of the rather well-known and strongly
related Na,CoO, (NCO) compound?-®. From very extensive
studies of NCO it has been shown that Na-ions (vacancies) can
order in many different types of configurations’0~72. It was also
clearly shown that the Na-ion are in fact mobile even below room
temperature and that the dynamics allow the Na-ions to arrange
themselves in different patterns at lower temperatures>’74, Even
in the case of NCO with the heavier Na-ions, it was not
straightforward to identify the superstructure ordering. Several of
the successful studies were performed using neutron scattering
and, in more or less all cases, the superstructures could only be
identified using single crystalline samples rather than powder. It
was also in single crystals where the most recent study of the in-
plane as well as out-of-plane Na ordering was studied, this time
using XRD”>. Therefore, in qualitative agreement with NCO, it is
not improbable that the small satellites found in NPD on LiCrSe,
could be nuclear superstructures and still not visible in the XRD
pattern. However, NCO and LiCrSe, present some differences: in
NCO there are two Na sites and neither of them is fully occupied,
while in LiCrSe, there is only one Li site, which results fully
occupied from our refinement (i.e. no vacancies). On the other
hand, the refined magnetic (main) phase has a very long peri-
odicity (large unit cell), which would fit well with a Li-vacancy
order based on very few existing vacancies that we did not discern
in our refinement. It is of course possible to have Li order without
vacancies, e.g. in the form of a charge-density-wave (CDW), but
future more detailed studies of Li-ion ordering and dynamics in
LiCrSe, coupled to the magnetic properties would be needed to
clarify this aspect.

Finally, we speculate about the electronic origins of the mag-
netic peaks and the very unusual spin arrangement realized in

LiCrSe,. The spin density modulation along the FM chains and
the incommensurate positions of the magnetic peaks might be
originated by a combination of localized and itinerant moments,
with a phenomenology similar to both the Na,CoO, compound’®
as well as the intermetallic material ErPd,Si,. The latter in fact
also manifests two distinct incommensurate spin states’’. Look-
ing at the size of the magnetic peaks belonging to the two
structures, it can be argued that the moments for q,,;, have
mostly a localized character, while Qsecondary are mainly itinerant.
Although being consistent with the experimental observations,
single crystal magnetic field-dependent studies would be neces-
sary to confirm or deny such hypothesis. On the other hand, the
comparison with NCO actually opens up an even more inter-
esting possibility. Considering that both LiCrSe, and NCO have
their magnetic ions sitting on the triangular (frustrated) lattice
with competing magnetic interactions, the spins are highly sus-
ceptible to any additional perturbation. In the case of NCO it was
clearly shown that the Na-ion ordering actually creates a periodic
coulomb potential (charge) landscape that is able to tune the
electronic states and magnetic properties within the TMO
layers’®. It has even been proved that, by controlling the cooling
rate of the sample, thereby gaining control of dynamics and
vacancy order, different magnetic ground states could be achieved
for the NCO compound®7>. Further, by electrochemical cycling
of NCO inside a battery cell (i.e. changing the Na content x for
Na,Co0,), very detailed studies could be performed on the
nuclear structure’® as well as how this strongly affects the mag-
netic phase diagram®7°. The conditions for such phenomenology
could in fact be verified also for LiCrSe,. We could imagine that if
Li-ions organize themselves in an ordered pattern, their periodic
potential could affect the spin order within the triangular lattice
Cr planes. Such effect could be the origin for the peculiar main
magnetic phase (quain) firmly established in LiCrSe,, as well as for
the potential secondary magnetic cell (qsecondary)-

In summary, we discuss a few possible scenarios attempting to
explain the un-indexed Bragg peaks found in our NPD data. Here
it is important to underline that, although neutron powder dif-
fraction is a powerful technique for studying crystal and magnetic
structures, it does have some limitations, especially when dealing
with complex systems. NPD provides average structural infor-
mation from a polycrystalline sample, but not detailed informa-
tion about single crystal domains or orientation-dependent
properties. In complex systems, there may be significant peak
overlap in the diffraction pattern, making it difficult to assign
individual reflections to specific structural or magnetic compo-
nents. Indeed, neutron powder diffraction typically has lower
resolution compared to single crystal diffraction techniques,
which can limit the precise determination of complex structural
features. Symmetry-equivalent reflections will have the same d-
spacing, therefore, especially in case of coexistence of multiple
phases, the resulting powder diffraction pattern can be challen-
ging to interpret accurately. This difficulty applies also to the
determination of complex magnetic structures involving multiple
magnetic substructures. Background signals and sample absorp-
tion can also interfere with weak diffraction peaks, especially in
magnetic systems with low scattering strength.

These limitations can be mitigated in several ways, such as the
ones adopted in this work. High-resolution TOF powder dif-
fraction instruments and carefully optimized experimental con-
ditions can help reduce peak overlap, resolve fine structural
details, and capture the system’s behavior in a broad Q-range at
all relevant conditions. Additionally, by combining data from
multiple techniques like synchrotron X-ray diffraction and muon
spin rotation, peak assignment can be improved leading to an
enhanced accuracy of the solution. The analysis of the secondary
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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 LiCrSe, 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 LiCrTe, has been
very recently successfully achieved®?, to the best of our knowledge
no large enough LiCrSe, single crystals are presently available.

Conclusions

The magnetic and crystal structure of the triangular anti-
ferromanget LiCrSe, 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 LiCrSe,. As a result, a structural transition
from trigonal P3m1 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 qyuain = (0.045, ~ 1, ~ 1) 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 AuCrS, and AgCrS, which also
manifest strong magnetoelastic coupling. However, the seemingly
unprecedented geometric conditions realized in LiCrSe, 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 LiCrSe, 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 LiCrSe, was prepared by direct reaction of the Li,
Cr, and Se elements. The sample preparation is described in
higher detail in reference®.

Bulk "SR Experiment. The temperature-dependent bulk-yTSR
spectra have been acquired at the multi purpose muon beam-line
M20 of Canada’s particle accelerator center TRIUMF. ~ 200 mg
of LiCrSe, in powder was packed in a 1 x 1 cm? 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-utSR experiment. The high-temperature LF-y SR data were
obtained using the surface muon beamline S1 at the high-intensity
proton accelerator facility J-PARC, in Japan. The LiCrSe, 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 ym) 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. >°.

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 iIMATERIAS8), 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
Ad/d = 0.16% and covers a d-range from 0.181 A up to 5.09 A. The
90-degree detector bank (SE) has a resolution Ad/d = 0.5% and
covers a d-range from 0.255 A up to 7.2 A. The low angle bank
(LA35), ideal for the detection of low Q-range magnetic Bragg peaks,
has a d-range from 0.25 A up to 40 A.

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
LiCrSe, samples.

Softwares. The crystal and magnetic structure determination was
carried out with the help of the Bilbao crystallographic server82:83,
and the FullProf software suite3* was employed for the data
refinement. All images involving crystal structure were made with
the VESTA software3?, the parameter plots and fitting are pro-
duced with the software Igorpro®¢ and the u*SR data were fitted
using the software package musrfit’.

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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