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Cr-Cr distance and magnetism in the phase diagram of triangular lattice antiferromagnets:
A systematic comparative study
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In this study, we investigate the influence of Cr-Cr distances on the magnetic properties of triangular lattice
antiferromagnets through the lens of the recently synthesized Cr compounds LiCrSe,, LiCrTe,, and NaCrTe,.
Our comprehensive analysis integrates existing magnetic structure data and new insights from muon spin rotation
measurements, revealing a striking mutual influence between strongly correlated electrons and structural degrees
of freedom in systems possessing very different magnetic properties despite having the same crystal symmetry. In
particular, we delineate how Cr-Cr distances specifically dictate the magnetic behaviors of the triangular lattice

antiferromagnets LiCrSe,, LiCrTe,, and NaCrTe,. By crafting phase diagrams based on these distances, we
establish a clear correlation between the structural parameters and the magnetic ground states of these materials
together with a wide variety of trivalent Cr triangular lattice layered magnets. Our analysis uncovers a transition
range for in-plane and out-of-plane Cr-Cr distances that demarcates distinct magnetic behaviors, highlighting
the nuanced role of lattice geometry in the spin-lattice interaction and electron correlation dynamics.

DOI: 10.1103/PhysRevMaterials.8.084403

I. INTRODUCTION

An intimate connection exists between the quantum me-
chanical state of a crystalline solid and the spatial arrangement
of its atoms. This is due to the influence that an electric field
of given symmetry has on an atom that is placed into a crys-
talline environment, which causes a characteristic grouping of
the electron density according to the symmetry axes of the
crystal [1]. In this regard, it could be said that the physics
of solids stems from the geometry of their lattices [2—4]. A
beautiful example of this concept is found in nature in the
form of low-dimensional [5-7] as well as geometrically frus-
trated magnets [8—10]. In these systems, the mutual influence
between strongly correlated electrons and structural degrees
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of freedom is tangible, since the crystal structure of the lattice
may force unconventional magnetic ground states in certain
cases, and conflicting magnetic couplings may force structural
distortions of the crystal lattice in others (i.e., magnetoelastic
coupling) [11-21].

In the systems explored in this study, magnetic frustration
arises from the triangular lattice arrangement of magnetic
ions, leading to complex ground states. This complexity
stems from the geometric challenge of satisfying all an-
tiferromagnetic exchange interactions simultaneously on a
two-dimensional plane. However, it is crucial to recognize
that the specific manifestation of this frustration, such as the
development of a 120° ordered state in cases with spins larger
than S = %, is contingent upon the spin magnitude and the
lattice’s dimensional properties [22]. Such conflicting inter-
actions often lead these systems to possess exotic physical
properties such as unconventional superconductivity [23], or-
bital ordering [24,25], anomalous critical behaviors [26], rare
metastable spin states [27], and even attractive technological
properties [28]. In this context, a widely studied class of
geometrically frustrated Heisenberg spin systems with S = 3/2
is represented by chromium antiferromagnets [29] of the type
ACrX, (A = monovalent atom, X = chalcogen element) with
a triangular lattice (Cr-TLA). Among the currently available
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FIG. 1. Room-temperature crystal structure for the isostructural
LiCrSe,, LiCrTe,, NaCrTe,. The two different directions emphasize
(a) the CrX¢ layers along the ¢ axis, and (b) the triangular Cr lattice
in the ab-plane.

Cr-TLA, chromium oxides and sulfides (X = O, S) are the
most investigated, while the isostructural chromium selenides
and tellurides (X = Se, Te) are not so common. This is mostly
attributed to the fact that samples of the latter specimens are
difficult to synthesize, as they are extremely sensitive to air
and moisture and are prone to develop magnetic impurities
[30]. Nevertheless, reports on selenide TLAs show that these
materials can also offer a wide range of varied magnetic
structures and unexpected physical properties [31]. Therefore,
the very recent synthesis of Li and Na intercalated Cr com-
pounds LiCrSe,, LiCrTe,, and NaCrTe, [30,32] provided an
entirely new playground for investigations of spin-lattice cou-
pling effects in condensed matter [33]. LiCrSe,, LiCrTe,, and
NaCrTe; are all isostructural and crystallize in a trigonal crys-
tal system with space group P3m1. The unit cell presents a
hexagonal geometry in which Cr** ions occupy the corners
of the ab-plane triangular lattice (Fig. 1). The Cr atoms, in
octahedral coordination with the chalcogen atoms, form layers
of edge sharing tilted CrX ¢ octahedra stacked along the ¢ axis
and separated by Na or Li atoms.

The magnetic properties of these systems have been in-
vestigated with bulk characterization methods. All of them
undergo an antiferromagnetic (AFM) transition and, while
LiCrSe, shows evidence of magnetoelastic coupling, indi-
cating a strong interaction between its magnetic properties
and lattice structure, no structural transitions were observed
in LiCrTe, and NaCrTe,. From the estimated values of their
Curie-Weiss temperature (®), which reflects the strength of
magnetic interactions between ions [34], it was suggested that

LiCrSe, has a complex magnetic structure due to the competi-
tion between nearest neighbor and further neighbor magnetic
interactions, LiCrTe, is expected to possess a helical spin
structure, and NaCrTe, should be an A-type antiferromagnet
with ferromagnetic (FM) layers [30]. Recent neutron diffrac-
tion studies disclosed the magnetic structures of LiCrSe,
and LiCrTe, [35,36]; here, LiCrSe, was found to possess
a complex spin structure with an incommensurate magnetic
structure and superstructure. Here, an up-up-down-down ar-
rangement of the spins in the ab-plane is accompanied by a
modulation of the Cr spin axial vector in both direction and
modulus, resulting in a periodic suppression of the Cr mo-
ment along the up-up-down-down chains. LiCrTe,, instead,
was found to possess a simple A-type FM in-plane magnetic
structure. The discrepancy between the helimagnetisms con-
jectured by Kobayashi and co-workers [30], and the results
of the neutron diffraction study [36], is probably due to the
presence of FM impurities in this material, which affected
the magnetic susceptibility measurements, making it difficult
to reliably estimate the value of ®. The magnetic structure
of NaCrTe, has not been reported yet. In this work, a com-
parative study of the three samples, carried out with muon
spin rotation (1 SR), is presented, and the detailed magnetic
properties of NaCrTe, are reported. The comparison of the
three samples highlights the relevance of the Cr-Cr distance in
the crystal lattice (which is a purely geometrical variable) for
the determination of the magnetic ground state in structurally
equivalent compounds. Indeed, depending on the Cr-Cr dis-
tance, the extent of the overlap between the 3d Cr orbitals and
the p orbitals of the intermediate chalcogen element between
CrX¢ octahedra will change, giving rise to diverse electronic
states. The Cr-Cr distance as a modulating parameter for
magnetic properties is also discussed in a broader perspective,
by comparing LiCrSe;, LiCrTe,, and NaCrTe, with several
other trivalent Cr compounds with a triangular lattice. We
delineate a comprehensive phase diagram that highlights the
pivotal role of both in-plane and out-of-plane Cr-Cr distances
in determining the magnetic properties of these materials, and
we define ranges for such distances that demarcate distinct
magnetic behaviors.

In our exploration of the magnetic properties of LiCrSe,,
LiCrTe,, and NaCrTe,, the u*SR data presented here serve
as a critical foundation, providing context and support to our
comparative analysis and setting the stage for a deeper under-
standing of the materials’ intrinsic magnetic characteristics,
integrating empirical data with insights derived from previous
studies.

This approach underscores the role of this work as a per-
spective paper, synthesizing existing knowledge on magnetic
structures with new considerations on the phase behavior of
triangular lattice antiferromagnets.

II. EXPERIMENTAL SETUP

All the polycrystalline samples of LiCrSe, LiCrTe,
NaCrTe, were prepared by direct reaction of the Li, Cr, Se,
and Te elements. For further details on the sample prepara-
tion, refer to [30]. The u™SR spectra have been acquired, as
a function of temperature, at the multipurpose muon beam-
line M20 at Canada’s particle accelerator center TRIUMFE.

084403-2



CR-CR DISTANCE AND MAGNETISM IN THE PHASE ...

PHYSICAL REVIEW MATERIALS 8, 084403 (2024)

Approximately 200 mg of a powder sample for each speci-
men was packed in a 1x1 cm? aluminum-coated Mylar tape
(0.05 mm thickness) in order to reduce the background sig-
nal. This envelope was attached to a low background sample
holder inserted in a helium exchange gas cryostat (tempera-
ture range: 2-300 K). Due to high sensitivity of the sample
to air and moisture, the sample mounting for all the measure-
ments was carried out in a He atmosphere glove-box.

All images involving crystal structure were made with the
VESTA software [37], the parameter fitting has been per-
formed with the software Igorpro [38], and the u*SR data
were fitted using the software package musrfit [39].

III. RESULTS AND DISCUSSION

The utSR technique is a powerful experimental method
used in condensed-matter physics to study the microscopic
properties of materials [40]. Being particularly sensitive to
small magnetic fields and local magnetic fluctuations, ™SR
can probe the spatial distribution of magnetic moments at the
atomic level as well as ion diffusion in solids [41-46]. In
a typical bulk u™SR experiment, aimed at measuring long-
range magnetic ordering [47], spin-polarized antimuons "
implanted in the sample act as microscopic magnetometers
[48]. Here, the characteristic large gyromagnetic ratio of the
wr oy, = 851.616[MSL{3d], makes this particle probe extremely
sensitive to the presence of magnetic fields, which will cause
the u™ spin to precess accordingly (Larmor precession) and,
therefore, deviate from their initial polarization direction.
The collection of the muon signal occurs through the detec-
tion of positrons, produced as the result of the radioactive
muon decay process. The decay positrons are preferentially
emitted along the direction of the muon spin and detected
in a forward and a backward detector. The signal resulting
from the muon spin depolarization, induced locally by long-
range magnetic ordering, will have an oscillatory character,
whose frequency w is directly linked to the sample’s internal
magnetic field intensity distribution (B) through the propor-
tionality relation @ = y, B [40]. The temperature-dependent
1SR measurements for the present study were carried out
in weak transverse field (WTF) and zero field (ZF) configu-
rations. In the following subsection, the experimental results
with the related data analysis for the wTF configuration are
presented, while the second subsection shows the results and
analysis for the ZF configuration.

A. wTF-1* SR results

In the wTF geometry, a magnetic field of weak intensity
is applied transversally to the initial direction of the u™ spin
polarization. This causes the u™ spin to precess orthogo-
nally to the external field’s direction. In this configuration,
1T SR time spectra have been acquired in a temperature range
in the near surroundings of the magnetic phase transitions
for the three samples. The modulus of the applied transverse
field is several orders of magnitude smaller than the inter-
nal field developed at the muon sites by the magnetically
ordered sample (in our case, it was set to wTF = 30 G). In
the high-temperature paramagnetic phase, all the implanted
muons will precess according to the uniformly distributed

externally applied field, resulting in a signal with very regular
oscillations, characterized by a single frequency related to the
wTF [Figs. 2(b)-2(d)]. As the temperature decreases, the sys-
tem enters the AFM phase and develops an internal field that
is no longer uniformly distributed across all the muon sites,
thereby reducing the amplitude of the oscillation in the spectra
due to an increase in the overall u* spin depolarization rate.
After the transition, when the entire sample is magnetically
ordered, the wTF related oscillations are no longer visible
[Figs. 2(b)-2(d)] as the muon signal is dominated by high-
frequency oscillations in the early time domain, associated
with the internal field developed by the aligned electronic
spins in the sample. The fit function chosen for the wTF
spectra of all the samples is the following:

Ao Prr(t) = ATtk cos <27TUTFI + %) . 6(_XTFZ)

+AIF7imp . e(_)\IF—impZ). (D

Here Ag and Prg(?) are the total asymmetry and the total muon
spin polarization function, respectively, Atp is the asym-
metry of the transverse-field-related signal, and the second
term Appimp is the asymmetry of a component accounting
for an exponential term given by a combination of com-
ponents of the internal field parallel to the original muon
spin polarization direction, and contributions from magnetic
impurities. This exponential term is characterized by a slow
relaxation for LiCrSe, and LiCrTe,, and a fast relaxation for
the high-temperature muon signal of NaCrTe,, likely due to
the presence of a notable amount of ferromagnetic impurities
in this material. It should be mentioned that an additional
oscillating component should be included in this model to
account for the low-temperature magnetically ordered volume
fraction. However, the wTF data were acquired with low
statistics due to experimental time constraints. Our intention
was to use the TF data to merely identify the magnetic tran-
sition temperature and estimate the extent of the magnetically
ordered volume fractions while prioritizing ZF measurements
for longer acquisition time. Therefore, due to the low statis-
tical quality of the high-frequency signal in the short time
domain of the TF data, it was not possible to reliably fit the
additional oscillating component. The asymmetry function is
given by the normalized difference between the number of
positrons emitted in the forward and backwards detectors, and
it gives a direct clue for the presence of different magnetic
volume fractions in the sample. The frequency of the Larmor
precession is given by 2w vy, ¢ is the relative phase of the os-
cillating signal, and Atr and Atp.imp are the depolarization rates
for the respective polarization components. Following the
temperature evolution of the parameter At [Figs. 2(a)-2(c)],
it is possible to extrapolate the magnetic transition tempera-
ture Ty as the middle point of a sigmoid fit [Fig. 2(d)].

For LiCrSe,, the asymmetry of the wTF is fully recovered
in the high-temperature paramagnetic phase and completely
suppressed in the AFM phase [Figs. 2(a) and 2(d)], as ex-
pected in a fully ordered sample (Atg = 0.203 £ 0.002 and
Atpimp = 0.013 £ 0.001 above Ty; Atg = 0.002 & 0.001 and
Atp.imp = 0.084 £ 0.001 below Ty). For LiCrTe,, Atf is not
completely suppressed at low temperature, with a large resid-
ual low-frequency oscillating component [Figs. 2(c) and 2(d)]
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FIG. 2. (a)-(c) Long time domain weak transverse field ;1" SR spectra across the transition temperature for the three samples. The spectra
are overlapped for clarity of display of the signal oscillations around 0 asymmetry. (d) Comparison between the temperature dependence of the
wTF asymmetries for LiCrSe,, NaCrTe,, and LiCrTe,, where the solid lines are fits to sigmoid curves. (e)—(g) Depolarization rates of the wTF
signal for the three samples as a function of temperature. The black dashed lines mark the transition temperatures estimated from the sigmoid

fit of the wTF asymmetries.

(Atp = 0.197 £0.002 and Ajp.jmp = 0.016 £ 0.004 above Ty;
Arp = 0.042 £0.002 and Ajg.imp = 0.039 £0.001 below Ty).
This implies that the magnetic ordering does not involve
the whole sample, but in a certain volume fraction, param-
agnetism persists also below 7y. This residual asymmetry
may be attributed to several factors, including environmen-
tal sensitivity of LiCrTe, to air and moisture, which could
cause slight degradation of the material despite careful sample
preparation and handling. A few fractions of a percent in the
asymmetry in the paramagnetic phase might be lost due to
slight misalignment of the sample with respect to the detectors
(possibly due to an uneven distribution of the powder in the
sample holder). Additionally, the abundant sample packing,
necessary for protecting the air-sensitive sample, may also
contribute to a nonmagnetic background signal, especially if
the sample is not evenly distributed in the holder. The com-
bination of these factors is consistent with the nonmagnetic
volume fraction observed. For NaCrTe,, Atp is not completely
suppressed at low temperature and not fully recovered above
the transition [Figs. 2(b) and 2(d)] (At = 0.164 £ 0.002 and
Atr.imp = 0.032 £ 0.005 above Ty; Atr = 0.088 £0.002 and
Ajfimp = 0.021 £0.002 below Ty). The noncomplete sup-
pression of Ay below Ty in the AFM phase can be explained
by applying the same rationale as used for LiCrTe,. However,
NaCrTe, has a higher reactivity to air and moisture with re-
spect to its Li-intercalated sister compound, leading to a larger
fraction of partially degraded material, resulting in a larger
residual nonmagnetic background. The missing asymmetry
fraction above Ty is due to a rapid relaxation in the very short
time domain of the wTF signal. This is consistent with the
presence of fluctuating magnetic fields associated with FM
impurities, which can induce rapid muon depolarization even

if the impurities themselves are not magnetically ordered. The
synthesis of CrTe, compounds intercalated with alkali-metal
ions such as LiCrTe, and NaCrTe; is indeed prone to develop
impurities with Cr and Te ferromagnetic complexes such as
CrTe, CrsTeg, CryTes, and CrsTeg [49], as also mentioned
in Ref. [30]. Nonetheless, due to the high sensitivity of the
muons to local magnetic environments, the u SR technique is
uniquely capable of distinguishing discrete magnetic volume
fractions, enabling precise investigation of the relevant por-
tions of the sample. A typical muon signal from magnetically
ordered polycrystalline samples consists of a 1/3 plus 2/3
component attributed to local fields parallel (nonoscillating)
and perpendicular (oscillating) to the initial muon spin po-
larization direction, respectively [50]. In our case, since the
frequency of the low-temperature oscillating component is
too high compared to the time resolution of our wTF mea-
surements, the 2/3-term is actually lost and we are left only
with the 1/3-term nonoscillating in the magnetic phase. In
the low-temperature wTF data, the asymmetry of the residual
components that are not involved in the magnetic ordering is
around 0.08, which is about 1/3 of the total asymmetry ~0.22
for both LiCrSe, and LiCrTe,. This asymmetry is slightly
larger for the NaCrTe, sample, which has a larger nonmag-
netic volume fraction contributing to this term in addition to
the statistical distribution of the internal magnetic fields in a
powder sample as perceived in the low statistics wTF data.
From the sigmoid fit to the temperature dependence of their
wTF asymmetry, the transition temperature was estimated for
all the samples as Tn.Licrse, = (29.11 £ 0.06) K, TN-NacrTe, =
(95.58 £ 0.21)K, and Tn.Licrre, = (124.84 £ 0.15) K. The
temperature dependence of the depolarization rate Arg for
LiCrTe, and NaCrTe, [Figs. 2(e)-2(g)] shows a critical
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cusplike anomaly corresponding with the transition temper-
atures, indicating a typical AFM transition. The large error
bars that affect the values of Atg for LiCrTe, below Ty
[Fig. 2(g)] can be primarily attributed to the reduced volume
fraction of the nonmagnetic components within the sample.
As the nonmagnetic portion diminishes, the muon spins inter-
act predominantly with the more complex and dynamically
active magnetic environments. This interaction complicates
the relaxation dynamics, making the data more challenging
to fit accurately and thereby increasing the uncertainty in the
derived parameters.

The anomaly for the depolarization rate of LiCrSe; instead
is not as pronounced and does not show the cusplike shape.
This is consistent with the occurrence of a first-order transi-
tion, characterized by an abrupt change in the order parameter.
The A value above Ty primarily reflects the nature of the
magnetic fluctuations in the system. Therefore, a first-order
transition might not produce the gradual, cusplike feature in
the temperature dependence of A associated with second-order
transitions, where critical fluctuations play a more significant
role. This behavioral deviation is a qualitative symptom of
the deep difference between the magnetic ground states of
LiCrSe, and the two tellurides.

B. ZF-1.* SR results

A ZF ptSR experiment has been carried out in order
to observe the evolution of the spontaneous internal mag-
netic field distribution in the three samples. The resulting
ZF spectra at base temperature in the short time domain are
displayed in Figs. 3(a)-3(c) with their best-fit curves (black
continuous line). The wt SR time spectra are flanked by plots
displaying the real part of their corresponding Fourier trans-
forms (frequency dependence). The time dependence of the
muon spin polarization for the three samples is described by a
combination of exponentially relaxing oscillating functions.
For LiCrSe,, a combination of two spherical Bessel (Bes)
functions j, was chosen as a fitting function as it was the
only solution that allowed the fitting curve to capture well the
features of the muon signal in both the time and frequency
domain [Fig. 3(a)]:

Ao Pzr(t) = ABest jo (27T VBest? + nf;?) el et

b
+ ABestO (27’[ VBes2! + _;pggﬂ) . 6(_)”3“2[)

+Ag - e 4 Aggyy - ), )

Here, Apes; and Ageyy are the asymmetries of the oscillating
term in the muon signal, and Ag is the asymmetry of a slowly
relaxing exponential term, reflecting the nonmagnetically or-
dered volume fractions encountered by the muons. This term
was previously labeled as background [35] as it does not
originate from the primary long-range-ordered regions of the
sample. However, in this comparative study, including the new
data from NaCrTe,, a different interpretation emerges. Given
that a similar signal is present across all CrX, compounds,
which are characterized by analogous crystal structures, it
is likely that the signal is inherent to the crystal structure,
specifically the muon site. While an additional exponential

0.25 . £ .
ZF-LiCrSe, 0.08 :4 ZF-LiCrSe,
02 3
2 & 0.04F
£ 0.15] 3 F
E L & 3
Z 3 0F
0 | o E 2K
0.05 ~004p
| | | | | -0.08E 1 | I | |
005 01 015 02 025 03 10 20 30 40 50
Time (us) Frequency (MHz)
() 0 05é ZF-NaCrTe,
0-25 t ZF-NaCrTe, o

|
o

! I | | I
15 20 25 30 35

02 :
\ —0.05;

0.15F N A
g 516

01

Asymmetry

Real Fourier

T oo
015 02 025 03

Il
0.05 0.1

Time (us) —0.14 1 I I | I | | I
10 20 30 40 50 60 70 80
(c) Frequency (MHz)
0.25 -
F ZF-LiCrTe, El ZF-LiCrTe,
L 0.1
0.2~ F
f P E 2K
20.15 5 0F
g -
£ L3 F
) 0.1 A &
0.05F E
[ -0.2
0 1 | | | 1 Lol | | | | | | | | |
005 01 015 02 025 03 10 20 30 40 50
Time (us) Frequency (MHz)

FIG. 3. (a)-(c) Early time domain SR spectra in zero field for
the three samples along with their respective Fourier transform. The
solid lines are fits to the function 2 for LiCrSe,, 3 for LiCrTe,, and 4
for NaCrTe,. The spectra in (b) are shifted to be represented side to
side in the same plot.

component is typically not expected in compounds exhibiting
long-range magnetic order, if a muon site is situated close
to a magnetic ion, such as Cr, slow fluctuations and short-
range correlations could transform the signal at this site from
oscillatory to exponential. In LiCrSe, at base temperature,
As = (0.0225 £ 0.0006) and As = (0.59 £ 0.03) s, A
is the asymmetry of a tail term, due to the positrons emitted in
a direction parallel to the initial u* spin polarization direction.
In the case of LiCrSe; at base temperature, Ay = (0.0756 +
0.0006) and A = (0.0000 & 0.0009) ps~!. This term is due
to the components of the internal field that are parallel to the
initial direction of the muon spin polarization. Due to the ran-
dom orientation of the lattice in polycrystalline samples, the
tail term is commonly found when measuring powders. The
frequency of the Larmor precession is given by 2w vges, ¢ is
the relative phase of the oscillating signals, and Apes, Aqil, and
As are the depolarization rates for the respective polarization
components. The Bessel function is usually a signature of the
fact that an incommensurate spin density wave is established
in the investigated material [51,52]. The choice of two distinct
Bessel functions for LiCrSe, could imply that the magnetic
ordering in this sample consists of two incommensurate spin
density waves with two distinct g-vectors. This interpretation
is consistent with the neutron diffraction analysis [35], which
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found a complex up-up-down-down arrangement for the Cr**
spins in LiCrSe,, with modulation of the spin axial vector
over an incommensurate magnetic structure (main) and su-
perstructure (secondary) with g-vectors: gmain = (0.045, ~ j—‘,
~ %) and Gsecondary = [0.7249(5), —0.0885(3), —0.1292(9)].
For LiCrTe,, a fit function with a single oscillating cosine
component with asymmetry Aap; provided a good match with
both the muon signal and its Fourier transform [Fig. 3(c)]:

A Pzr(t) = AaF cOS <2T[UAFlt + ngA(;:l ) . e(*AAFﬂ)

+ As - e(*/\sl) + Al - e(*)»muf)_ 3)

The definition of the terms in Eq. (3) is analogous to
the previously mentioned Eq. (2). In LiCrTe, at base
temperature, As = (0.0229 4+ 0.0008) and Xig = (0.53 +
0.05) us™!, while Ag = (0.0793 & 0.0008) and Auyy =
(0.0000 % 0.0009) us~!. Here the internal magnetic field dis-
tribution is characterized by a single well-defined frequency at
the muon sites. The single cosine function is consistent with
the occurrence of a long-range collinear spin ordering, com-
mensurate to the periodicity of the crystal lattice, developed
in the crystal with the involvement of a single magnetic muon
site. This interpretation is consistent with neutron diffraction
measurements [36], which identified the magnetic structure
of LiCrTe, as collinear antiferromagnetic, with ferromagnetic
arrangement of the Cr moments in the ab-plane, and antifer-
romagnetic coupling of the planes along the ¢ axis.

NaCrTe, presents an oscillating signal with four distinct
frequencies below 7' = 50 K [Fig. 3(b)]. Among such fre-
quencies, a dominant one equal to 23 MHz survives up to
the AFM transition temperature 7Ty = 96 K, with a profile for
the signal and its Fourier transform above 50 K reminiscent
of the profile observed in LiCrTe,. On the other hand, the
remaining three frequencies are all abruptly suppressed be-
tween base temperature and 40 K. This behavior is consistent
with the occurrence of a magnetic transition in this tempera-
ture range. From bulk characterization methods, NaCrTe, did
not manifest evidence of additional magnetic or temperature-
dependent structural transitions below Ty = 96 K; however,
magnetic susceptibility measurements were performed under
high magnetic fields, thereby masking any potential addi-
tional magnetic transitions that could only be observed under
zero-field. In fact, the system shows field-induced changes in
magnetization [53]. These changes suggest that the magnetic
structure is susceptible to external magnetic fields, which can
stabilize or induce different magnetic phases. In high-field
susceptibility measurements, these field-induced phases can
overshadow subtle transitions that occur at zero-field. Con-
cerning the known high-temperature magnetic transition, the
large positive measured value of the Curie-Weiss tempera-
ture in NaCrTe, (® =~ 140K) implies the presence of large
intralayer ferromagnetic-like interactions in its paramagnetic
state above the Néel temperature. Since NaCrTe, also displays
a typical antiferromagnetic behavior in its magnetic suscepti-
bility, it was suggested that its magnetic ground state could be
identified with an A-type antiferromagnet [30], a hypothesis
supported also by theoretical calculations [54].

A fit function with four oscillating cosine functions below
T = 50 K and a single oscillating cosine component above

T = 50 K provided a good match with both the muon signal
and its Fourier transform of NaCrTe, [Fig. 3(b)]:

T
Ao Pzp(t) = AaF cos <27TVAFII + %) AL

+ Aar2 cos <27rvAF2t + %) . o(harat)

T
+ Aar3 cOS <27r VARt + %) o —hart)

+AAF4 cOoS <2ﬂUAF4t + %) . e(*}LAFﬂ)

+ Ag - e(—)»sl) + Agir - e(—)»muf). 4)

Here at base temperature, Ag = (0.0345 £ 0.0008) and
rs = (0.62 £ 0.04) us~!, while Ay = (0.0826 £ 0.0007)
and Agi = (0.0000 & 0.0009) us~'. Aap; is the asymme-
try of the high-temperature magnetic phase in NaCrTe,,
while Aapz, Aars, Aars are related to the low-temperature
phase. The values of these parameters are the following:
above 50 K, Aap; = (0.052 £ 0.004), while at base temper-
ature, Aap; = (0.0064 £+ 0.0012), App, = (0.022 £ 0.004),
Aapz = (0.0093 £ 0.0013), and Aars = (0.0062 £+ 0.0011).
The magnetic structure in NaCrTe, has not been estimated
directly from neutron diffraction data. However, due to the
striking similarity between the muon signals of NaCrTe,
above T = 50 K and LiCrTe, [Fig. 3(b)], and consistent
with the indications of the bulk magnetic measurements [30],
we speculate that the high-temperature magnetic structure in
NaCrTe; is also constituted by antiferromagnetically coupled
ferromagnetic layers, in qualitative agreement with the mag-
netic structure found in LiCrTe,.

Figure 4 displays the temperature-dependent evolution of
the u*SR frequencies for the three samples (a)—(c) with the
Fourier transforms of the corresponding muon signals (d)—(f).
In the latter, we observe several numerical artifacts that are
not related to the main frequency components. These artifacts
arise primarily from the discrete nature of the Fourier trans-
form. Such plots reflect the order parameter of the magnetic
phase transition, which, for LiCrSe,, has a clear first-order
character (while strong magnetoelastic coupling is present,
suggesting significant interactions between magnetic and
lattice degrees of freedom), while for LiCrTe, and the high-
temperature transition in NaCrTe,, the temperature-dependent
trend of the order parameter is continuous, indicating a
second-order transition. The critical behavior of the latter
two systems can be extrapolated by fitting the temperature
dependence of the 4™ SR frequencies to the mean-field theory

power law:
B
f(x)=fo-<C-(1—%> ) 5)

The value of the critical exponents was found to be
Bricrte, = 0.364 £0.027 and Bnacrte, = 0.359 £0.015, sug-
gesting that the two materials belong to the three-dimensional
(3D) Heisenberg antiferromagnets universality class [55],
consistent with the suggested magnetic structures. The
temperature dependence of the main frequency of the low-
temperature magnetic phase in NaCrTe; is fitted to a sigmoid
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FIG. 4. (a)—(c) Temperature dependence of the muon spin precession frequency for LiCrSe,, NaCrTe,, and LiCrTe,, respectively. The
continuous black lines are fitting curves to Eq. (5) (for LiCrTe, and the main phase of NaCrTe,) and to a sigmoid function (for the impurity
phase of NaCrTe,). (d)—(f) Temperature dependence of the fitted Fourier transforms of the muon signals for the three samples.

due to the first-order nature of this transition. The fit provided
the magnetic transition temperature for this phase,
(50.8 £ 0.1)K.

IV. DISCUSSION

The results of the u* SR analysis for LiCrSe,, LiCrTe,, and
NaCrTe, are summarized and compared in Table I.

The transition from a single high-temperature frequency to
multiple lower temperature frequencies in NaCrTe, indicates
a significant alteration in its magnetic or crystal structure
as the temperature decreases. Since no clear temperature-
dependent structural transitions were observed in this material
at 50 K, this abrupt change in frequencies does not seem to in-
volve magnetoelastic coupling (as in the case of LiCrSe;) but
it might suggest a complex magnetic transition. An increase in
muon spin precession frequency (from the high-temperature
main frequency ~20 MHz to the low-temperature main fre-
quency 50 MHz) suggests a stronger local magnetic field at

TABLE I. Room-temperature in-plane Cr-Cr distances, magnetic
transition temperature, critical exponent, and nature of the magnetic
ordering for the three samples.

Sample dercr (A) Ty (K) B Mag. struc.
LiCrSe, 3.65059(1) 29.11(6) SDW
LiCrTe, 3.950355(3) 124.84(15)  0.364(27) C-AFM
NaCrTe, 4.01930 [30] 95.58(21)  0.359(15) C-AFM

the muon sites. This can occur due to an enhancement of
the magnetic moments or spin reorientation due to increased
structural order forming at lower temperatures. The presence
of multiple frequencies implies the coexistence of different
magnetic environments or domains, each contributing to a
distinct local field, which u*SR is sensitive enough to de-
tect. Such transitions could therefore be driven by changes
in the magnetic order parameter, possibly due to enhanced
magnetic moments or alterations in the electronic structure
influencing the magnetic exchange interactions, which, how-
ever, does not involve a complete restructuring of the lattice
geometry. The difference in the nature of the magnetic tran-
sitions, first order at low temperatures and second order at
high temperatures, reveals intriguing aspects of the magnetic
behavior of NaCrTe,. First—order transitions are character-
ized by a discontinuous change in the order parameter and
often involve latent heat, indicating a more abrupt transfor-
mation in the magnetic structure. In contrast, second-order
transitions show a continuous change in the order parame-
ter, typically without latent heat, suggesting a smoother and
more gradual reorganization of magnetic moments. To the
best of our knowledge, no temperaturedependent structural
transitions have been observed in NaCrTe,, which implies that
these purely magnetic transitions are driven solely by changes
in the magnetic interactions and order parameters. The high-
temperature second-order transition likely corresponds to the
establishment of long-range antiferromagnetic order, consis-
tent with the mean-field behavior observed in such material.
This transition aligns with the expected behavior from the
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Goodenough-Kanamori-Anderson (GKA) rules, where su-
perexchange interactions stabilize a predictable AFM order as
the system cools through Ty. The low-temperature first-order
transition, on the other hand, suggests a more complex recon-
figuration of the magnetic structure. This could involve a spin
reorientation or the formation of a new magnetic phase with
different symmetry or magnetic anisotropy. Such behavior
might be linked to subtle changes in the balance of magnetic
interactions or the emergence of competing magnetic orders
that become energetically favorable at lower temperatures,
in correspondence with the thermal contraction of the crys-
tal lattice. This transition could also reflect the influence of
magnetic frustration or the presence of multiple magnetic
sublattices that reconfigure as the temperature decreases. The
sensitivity of the u*SR technique allows us to detect these
subtle changes; however, further investigations using high res-
olution complementary techniques such as neutron diffraction
would be needed to elucidate the low-temperature magnetic
transition in NaCrTe,, and clarify its impact on the mate-
rial’s overall magnetic behavior. When comparing NaCrTe,
with LiCrTe; and LiCrSe,, several similarities and differences
emerge that contribute to a broader understanding of trian-
gular lattice antiferromagnets. All three compounds display
unique magnetic behaviors influenced by their specific Cr-Cr
distances and crystal structures. For instance, LiCrTe, and
NaCrTe, exhibit critical exponents (8) of 0.364 and 0.359,
respectively, consistent with the 3D Heisenberg antiferromag-
net universality class, whereas LiCrSe, displays a spin density
wave (SDW) magnetic structure with strong magnetoelastic
coupling. The stark difference in the magnetic structures and
critical behavior of LiCrSe,, compared to the two tellurides,
exemplifies the influence that the interplay between geometri-
cal degrees of freedom and specific orbital occupation of the
chromium and chalcogen ions has on the magnetic ground
state of triangular lattice Cr chalcogenides. This interplay
results in a wide range of magnetic behaviors among materials
with similar layered crystal structures [56]. In these types
of systems, the magnetic ion Cr** is found to occupy the
in-plane corners of a hexagonal cell (thereby creating the
triangular lattice), while being in octahedral coordination with
a chalcogen atom X = O, S, Se, Te. Here, the edge-sharing
CrX¢ octahedra are tilted in such a way that nearest-neighbor
Cr ions are always connected through the bond Cr-X-Cr which
forms an angle of ~ 90°. It is known that for trivalent Cr

ions, an atomic arrangement of the type Cr-anion-Cr ~ 90°,
favors FM superexchange coupling between the half-filled #,,
orbital of one Cr ion and the empty e, orbital of the other one,
mediated by the p orbital of the anion [57-59]. On the other
hand, if nearest-neighbor Cr ions are close enough to achieve
an overlap between their half-filled #,, orbitals, an AFM direct
exchange coupling would be favored.

The primary distinction among various triangular lattice Cr
magnets lies in the intraplane and interplane Cr-Cr distances
dcr.cr, Which correlate directly with the atomic radius of the
chalcogen ligands within the CrXg octahedra and the mono-
valent atoms positioned between CrXg layers, respectively.
This correlation strongly suggests that dc,.c; serves as the key
modulating parameter influencing the diverse magnetic prop-
erties observed across these systems. This feature of ternary

chromium chalcogenides was observed already in the 1980s
by Rosenberg and co-workers [60], who identified in-plane
d(Cr-Cr) = 3.6 A as the cutoff Cr-Cr distance below which
in-plane AFM coupling would be dominant and above which
in-plane FM coupling would be dominant.

Several triangular lattice Cr compounds have been syn-
thesized since then, and in our exploration of the magnetic
properties of LiCrSe,, LiCrTe;, and NaCrTe,, we find it in-
structive to consider the characteristics of such compounds.
These materials share the same triangular lattice structure but
exhibit distinct magnetic behaviors due to differences in their
intraplane and interplane Cr-Cr distances, which are influ-
enced by the atomic radius of their chalcogen ligands and
the monovalent atoms between CrX¢ layers. By comparing
these differences, we gain insight into how subtle variations in
lattice geometry can significantly impact magnetic properties.
Specifically, the variations in Cr-Cr distances across these
systems offer a compelling perspective on the modulating
of magnetic interactions, shedding light on the mechanisms
that may underlie the diverse magnetic behaviors observed
in our compounds. This comparison not only enriches our
understanding of the structural factors influencing magnetism
in triangular lattice Cr magnets, but it also underscores the
potential of d(Cr-Cr) as a critical parameter for modulating
magnetic properties, as evidenced by the magnetic ground
states and transitions in our study, illustrated in Fig. 5. These
phase diagrams display the magnetic transition temperatures
of a wide range of triangular lattice Cr chalcogenides as a
function of their room-temperature Cr-Cr distances, and they
exemplify the role of dc;.c; in the determination of their mag-
netic ground states. References [18-20,31,56,60-65] were
consulted to place in the plot samples other than LiCrSe,,
LiCrTe,, and NaCrTe,.

As clearly seen, for in-plane dcy.cr < 3.47 A, the magnetic
ground state of the reported triangular Cr compounds is con-
sistently AFM-120°, which is characterized by a magnetic
structure in which the orientation of neighboring Cr spins
form 120° angles between each other. For in-plane dcy.cr >
3.69 A, the magnetic ground state of the reported triangular
Cr compounds is consistently FM in-plane, which is char-
acterizaed by FM layers with out-of-plane AFM couplings.
For the intermediate, 3.47 A < in-plane dcr.cr < 3.69 A, the
magnetic ground state is dominated by a competition between
nearest neighbor (NN) AFM and FM couplings, which leads
to a weakening of the NN magnetic interaction in favor of
the further neighbor (NNN) interactions, which can become
relevant in these conditions. Due to the high degeneracy of
the magnetic ordering on the triangular lattice, many different
possible ground states are realized in this narrow in-plane
dcrcr region. The balance between spin and lattice energy
here is stabilized by means of the out-of-plane Cr-Cr distance
[Fig. 5(b)] or reached through subtle structural differences
between one system and another. The dominant species in the
intermediate in-plane dc;.c; region are sulfides and selenides,
while oxides and tellurides are only found outside this region.

TICrSe, and TICrS, possess a rombohedral crystal struc-
ture with space group R3m (No. 160) in which nonequivalent
CrX, planes are stacked along a large ¢ axis (*22 A) with
the largest value of out-of-plane dcr.cr [Fig. 5(b)]. In these
conditions, a fully FM ordering is realized with a relatively

084403-8



CR-CR DISTANCE AND MAGNETISM IN THE PHASE ...

PHYSICAL REVIEW MATERIALS 8, 084403 (2024)

@ ‘ .
F | m FMin-plane } Hcrte,
120 | a AFM 120° !
— E | x Helical }
é [ | @ AFM double stripes ERE
c 100f FM } NaCrTe,
o s o Ticrs, | =
= E AFM 120 = I
@ 8ok FM in-plane
© E Helical!
= 8 AFM double gtripes
LiCro, Magnetoelastic
9 GOFE 4 |
°© F LiCrS,, Sucrse;
= E ! X AgCrSe,
% E AUCISO | ors : KCrSe,
= 40 4 CuCrs; Dot Na<.:rSe. .
E cucro, KCrSg *  FM in-plane
F AA LiCrSe,
20F AgCro, NaCrS, X !
B b b e e b e
2.8 3.0 32 .34 3.6 3.8 4.0 4.2
- In-plane dg,.c, (A)
(b) g -
3 TICrSe,
I .
100F
3 g Ticrs
~= f Helieal g~
= F
O 8o}
-~ L
2 FM
e I
© E
— F
= 60 E CuCrSe,
0 F x AgCrSe,
-— = X
GC) F OAuCrS,
E AgCTS,
% 40} cugss, agr Kars,
= M,
LiCrSe, NS
20F x
L | ! | |
6.5 7.0 7.5

Out-of-plane dg,.¢, (A)
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temperature in-plane Cr-Cr distances for several triangular lattice
ternary Cr compounds. The colored areas delimit areas in the
plot characterized by different magnetic ground states. The ma-
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(b) Phase diagram for the out-of-plane Cr-Cr distances for the com-
pounds in the intermediate in-plane dcy.c.

high T¢. CuCrSe, and CuCrS, with rombohedral crystal struc-
ture (space group R3m No. 160) and NaCrS, with space group
R3m (No. 166) have nonequivalent CrS¢ layers stacked along
a relatively large ¢ axis, which is, however, shorter with re-
spect to the aforementioned FM systems (¢ = 19 A). In these
conditions, an incommensurate helical spin ordering is real-
ized due to the competition between weak in-plane FM and
AFM couplings in the presence of very strong out-of-plane
superexchange coupling. Interestingly, CuCrS, undergoes a
structural transition towards a monoclinic symmetry to stabi-
lize this magnetic structure with the shortening of the ¢ axis.
In the transient out-of-plane dc;.c, region between FM and
helimagnetic ground states, each system presents a unique
behavior with two, three, or four magnetic exchange cou-
plings involved in the determination of their magnetic ground
states. KCrS, has space group R3m (No. 166) with long
¢ axis (21 A) and nonequivalent CrS¢ layers. In these
conditions, FM superexchange is dominant within the plane
while a weak AFM superexchange is established out-of-plane,

resulting in a commensurate magnetic structure with AFM
coupled FM layers. AgCrS, and AuCrS, have space groups
R3m (No. 160) and R3m (No. 166), respectively, with long
¢ axis (21 A) and nonequivalent CrSq layers. A very pecu-
liar AFM double stripes ordering is realized in AgCrS, and
AuCrS,, where the Cr spins are aligned in FM double stripes
with an up-up-down-down arrangement. Just like in the case
of CuCrS,, this ground state is achieved through mangetoelas-
tic coupling, with an energetically beneficial first-order lattice
distortion from the rombohedral crystal system to monoclinic,
which creates nonequivalent NN and NNN Cr-Cr distances
where four NN and NNN FM and AFM exchange couplings
can be systematically stabilized. Differently from CuCrS,,
the propagation vectors of the magnetic structure in AgCrS,
and AuCrS, are commensurate with the unit cell. Since the
in-plane Cr-Cr distances of AgCrS,, AuCrS;, and CuCrS,
are very close to each other [Fig. 5(a)], the discriminant for
the realization of an IC-helical spin density wave or C-AFM
double stripes is the out-of-plane dc;.cr [Fig. 5(b)]. LiCrSe;
is located between the sulfides and the selenides in the phase
diagram with the in-plane dcr.c; [Fig. 5(a)] and at the low-
est end of the out-of-plane dc;.cr phase diagram [Fig. 5(b)].
Having a trigonal crystal symmetry with a primitive Bravais
lattice (space group P3m1 No. 164), short ¢ axis (= 6 A),
and equivalent CrSe¢ planes, LiCrSe; constitutes a unicum
in this landscape of rombohedral systems with long unit
cells and nonequivalent Cr layers. The structural uniqueness
of LiCrSe, is reflected in its magnetic ground state, which
captures a broad spectrum of magnetic properties and lattice
dynamics that are usually individually observed across a range
of related compounds. Specifically, the magnetic structure of
LiCrSe, consists of in-plane up-up-down-down spin double
chains, like in the AFM double stripes ordering. Here in-
commensurate modulation of the Cr spin axial vector in both
direction and modulus creates a spin density wave ordering,
like in helimagnetic compounds. The Cr planes are antiferro-
magnetically coupled along the out-of-plane direction, like in
FM in-plane systems. This magnetic ground state is achieved
through a structural transition from a trigonal to monoclinic
crystal system, and an additional secondary incommensurate
magnetic structure, similar to the main one, has been identi-
fied, possibly due to the presence of itinerant moments.

V. CONCLUSIONS

The structural and magnetic properties of the three recently
synthesized polycrystalline triangular lattice antiferromangets
LiCrSe,, LiCrTe,, and NaCrTe, have been compared, and
the magnetic properties of NaCrTe,, investigated with ™SR,
have been reported. In qualitative agreement with LiCrTe, and
consistently with the results of preliminary bulk characteriza-
tion measurements, the magnetic structure of NaCrTe, was
suggested to be FM in-plane, with the Cr spins ferromag-
netically coupled in the ab-plane and antiferromagnetically
coupled along the ¢ axis. This is consistent with the critical
behavior outlined from our u*SR study, which would place
NaCrTe; in the 3D Heisenberg antiferromagnet universality
class (critical exponent 8 = 0.359 £0.015) with magnetic
transition temperature Ty = (95.58 £+ 0.21)K. Moreover, an
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additional magnetic transition below 50 K, not previously
detected by bulk magnetic susceptibility measurements, was
observed in this material. Here the muon precession signal
splits into four distinct frequencies (23, 28, 43, and 54 MHz).
This behavior suggests significant changes in the magnetic
structure as the temperature decreases. The dominant fre-
quency at 23 MHz persists up to the AFM transition temper-
ature, indicating a stable AFM order at higher temperatures.
The abrupt suppression of the other three frequencies between
base temperature and 40 K suggests a second magnetic tran-
sition, possibly involving spin reorientation or the emergence
of multiple magnetic domains. This research provided an op-
portunity to explore the intricate link between structure and
magnetic properties within the context of triangular lattice Cr
chalcogenides. By outlining a phase diagram, we were able
to systematically compare how different in-plane and out-of-
plane Cr-Cr distances influence the magnetic ground states
across various systems. This comparison yielded significant
insights: for oxides, the smaller in-plane Cr-Cr distances fos-
ter direct AFM exchange among nearest neighbors, whereas
in tellurides, the larger in-plane distances favor FM superex-
change interactions. The chalcogenides with sulfur and sele-
nium occupy a fascinating middle ground, where the specific
Cr-Cr distances lead to unique orbital overlaps. These over-
laps generate a rich tapestry of magnetic ground states, emerg-
ing from the dynamic competition between nearest neighbor
and further neighbor FM and AFM exchange couplings. The
extent of the transient regions for in-plane and out-of-plane
Cr-Cr distances in which competing magnetic exchange inter-
actions realize such varied magnetic ground states in triangu-
lar lattice Cr** compounds is suggested as 3.47 A < in-plane
dercr < 3.69A and 7.1 A < out-of-plane der.cr < 7.5 A.

All the data in this work are available from the corre-
sponding authors upon request, and they are also publicly
available upon request from the repositories of the respective
large-scale facilities where the data were collected.
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