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Layered chromium tellurides are model systems for studying low-dimensional

magnetism in van der Waals materials. We report the synthesis and characteri-

zation of K1 – xCrTe2 single crystals (𝒙 ≈ 0.3), which crystallize in the Cm space

group with trigonal prismatic K+ coordination, unlike the octahedral environ-

ments of more stoichiometric ACrX2 compounds. Magnetization measurements

show a sharp ferromagnetic transition at 𝑻C = 117 K and in-plane magnetic

anisotropy, supported by density functional theory. Neutron diffraction reveals

ferromagnetic alignment of Cr spins within and between layers. This contrasts
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with the out-of-plane A-type antiferromagnetism in LiCrTe2 and NaCrTe2, but

resembles CrTe2. These differences likely arise from changes in interlayer spacing,

Cr oxidation state, or stacking. AC susceptibility and 𝝁SR indicate short-range

order above 𝑻C and dynamic behavior below. Overall, K1 – xCrTe2 provides a tun-

able platform for studying spin orientation and dimensionality in two-dimensional

magnets.

Introduction

Alkali-metal intercalated transition-metal dichalcogenides have long been studied for energy storage

applications, but they also exhibit a rich variety of correlated electronic and magnetic phenomena.

A prototypical example is NaxCoO2, originally developed in the 1980s as a solid-state cathode

for sodium–ion batteries. (1) Beyond its electrochemical relevance, NaxCoO2 has been found to

display exceptional thermoelectric performance, (2,3) complex vacancy-driven charge and magnetic

orderings, (4–7) and even superconductivity in its hydrated form at 𝑥 ≈ 0.3, (8, 9) providing a rich

system for exploring how ionic ordering and electronic correlations govern emergent phases in

low-dimensional delafossite-type materials.

The structurally related, partially intercalated chromium dichalcogenides AxCrX2 (A = mono-

valent cation, X = dichalcogenide) form a family of layered materials where magnetic CrIII/CrIV

ions occupy a triangular lattice, offering a fertile platform for exploring geometric frustration and

competing exchange interactions in high-spin systems. In this regard, they share several concep-

tual similarities with the well-studied NaxCoO2 system, including tunable cation content, charge

ordering phenomena, and the emergence of complex magnetic ground states from a triangular net

structure. (10–12) A𝑥CrX2 compounds provide a versatile platform where magnetic interactions can

be systematically tuned through variations in cation size and cation occupancy. (13–18) Notably,

recent studies have uncovered long-range magnetic order in undulated, incommensurately modu-

lated K1−𝑥CrSe2 (𝑥 ≈ 0.13), with an enhanced Néel temperature compared to its fully intercalated

parent compound, as well as demonstrated stoichiometry and phase control by deliberate alteration

of parameters of the synthesis protocol. (19,20)

The magnetic ground states across the A𝑥CrX2 series result from a balance between competing
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exchange interactions, which can be well-described by the Goodenough-Kanamori-Anderson rules

(GKA). In these layered systems, the high-spin Cr3+ ions (3𝑑3) occupy a triangular lattice and

interact through both the (i) direct Cr–Cr antiferromagnetic exchange, which dominates at short

distances, and the (ii) Cr–X–Cr superexchange, which becomes ferromagnetic when the bond angle

is getting close to 90◦. (21) The relative strengths of these interactions are highly sensitive to

structural parameters such as bond angles and TM bond lengths, interlayer spacing, and local

distortions. As a result, the ACrX2 series hosts a broad range of magnetic ground states from a

120◦ spin structure (LiCrS2), to a helical incommensurate structure (LiCrSe2, NaCrS2) up to an

out-of-plane A-type AFM order (LiCrTe2, NaCrTe2) (18, 22, 23), while deintercalated CrTe2 is

a ferromagnet with in-plane spin orientation. (24, 25) Combined with the ability to grow large,

high-quality single crystals via mixed A/X flux synthesis, (23) this family provides a platform to

investigate how crystal structure and dimensionality govern magnetic interactions in triangular-

lattice low-dimensional materials.

Here, we present the synthesis and a detailed characterization of the physical properties of

K1 – xCrTe2. Although KCrTe2 has previously been used as a precursor for the oxidative deinterca-

lation route to ferromagnetic CrTe2 (24, 25), its intrinsic structural and magnetic properties have

remained vastly unexplored probably due to the encounter of numerous challenges in the deter-

mination of the crystal structure. (26) Using a mixed K/Te flux method, we obtained high-quality

single crystals of K1 – xCrTe2, enabling a detailed structural and magnetic analysis by combining

temperature-dependent single crystal X-ray diffraction (SXRD) measurements, density functional

theory (DFT) calculations, neutron scattering, static and dynamic magnetization measurements

as well as muon spin spectroscopy (𝜇SR). Our measurements reveal that K1 – xCrTe2 undergoes

magnetic ordering below 𝑇C ≈ 117 K, with an in-plane spin orientation similar to that of deinter-

calated CrTe2. This magnetic anisotropy contrasts with the out-of-plane easy axes observed in Li-

and Na-based ACrTe2 analogs, suggesting that this compound lies near a crossover regime in the

series’ magnetic phase diagram. A comparison of the structural parameters taken by SXRD and the

magnetic properties of the members of this series is given in Table 1 (and Table S2 in the SM). The

values for K1 – xCrTe2 are highlighted in blue, which shows two different in-plane Cr–Cr distances

(𝑑intra) and two different Cr–Te–Cr angles (𝛼). Our findings demonstrate that K1 – xCrTe2 serves as

a bridge between A-type antiferromagnetic and ferromagnetic ordering, offering new insight into
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how intercalated alkali content, structural modulation, and exchange geometry collectively govern

magnetism in triangular-lattice chromium tellurides.

Table 1: Comparison of the ACrTe2 series. Structural parameters are taken from SXRD mea-

surements at the respective temperatures. 𝑑intra is the intralayer and 𝑑𝑖𝑛𝑡𝑒𝑟 the interlayer Cr–Cr

distance while 𝛼 is the Cr–Te–Cr angle. Data from CrTe2 originates from reference (25). In blue is

highlighted the compound object of this communication.
T (K) 𝑑intra (Å) 𝛼 𝑑𝑖𝑛𝑡𝑒𝑟 (Å) Magnetic structure 𝑇T (K)

CrTe2 120 3.7823 89.77° 6.0203 in-plane FM 318

LiCrTe2 90 3.9673(1) 92.854(8)° 6.5876(1) out-of-plane AFM 148

NaCrTe2 100 3.9979(1) 93.404(7)° 7.3735(2) out-of-plane AFM 110

K0.64(4)CrTe2 100 3.9466(3) 92.3(2)° 8.3714(7) in-plane FM 117

3.9112(2) 91.6(2)°

Results

Crystal growth and structural characterization of K1 – xCrTe2

Single crystals of K1 – xCrTe2 were grown using a K/Te flux, (see the Materials and Methods section

of the Supplementary Materials (SM) for the detailed procedure). (27) This method was adapted

from the previously reported synthesis of large LiCrTe2 single crystals. (23) After centrifugation at

high temperature, crystals with dimensions up to 6 mm x 6 x mm x 0.5 mm and a silvery metallic

luster were extracted. The crystals were found to be extremely sensitive to air. Energy dispersive

X-ray spectroscopy (EDX) done on crystals of different batches resulted in variations of the K

content between 0.66(11) and 0.78(5) per Cr atom (details of the EDX results can be found in Table

S1 of the SM). By means of single-crystal X-ray diffraction, the crystal structure of K1 – xCrTe2

could be solved in the monoclinic Cm space group with lattice parameters (100 K) of a = 6.7539(4)

Å, b = 3.9466(3) Å, c = 8.6549(7) Å and 𝛽 = 104.705(8)° with a cell-volume of 223.14(3) Å3 and

a refined potassium content of 0.64(4) K per Cr, in line with the variations observed in EDX. The

crystallographic data is listed in Table S2 in the SM.
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In Fig. 1 (a) we show the top (along c∗) and side view (along b) of the crystal structure of

K1 – xCrTe2, which consists of CrTe2 layers intercalated by K cations. The Cr atoms form a triangular

lattice within the CrTe2 layers and are located at the center of octahedra, which are slightly trigonally

distorted and composed of tellurium ions. The in-plane d𝐶𝑟−𝐶𝑟 distances are not equilateral, as is

shown by the triangle in Fig. 1 (a). While 𝑑1𝐶𝑟−𝐶𝑟 (green) is equal to the b lattice parameter,

𝑑2𝐶𝑟−𝐶𝑟 (pink) is slightly smaller (3.9466(4) Å vs 3.9112(2) Å at 100 K). This is also impacting

the Cr–Te–Cr angles. Along the <010> directions the angles are slightly higher (𝛼1 = 92.3(2) and

92.4(2)°) than along the <110> directions (𝛼2 = 91.2(2) and 91.6(2)°). The ABCABC layer stacking

is shared with rhombohedral KCrS2 and pseudo-rhombohedral KCrSe2. While in stoichiometric

ACrX2 compounds with A = Li, Na, K the alkali cations are coordinated octahedrally, in K1 – xCrTe2,

the K cations exhibit a trigonal prismatic environment. (12, 19, 22, 28–31) A similar coordination

was reported for the likewise under-stoichiometric compounds Na∼0.6CrSe2, K0.6−0.8CrSe2 and

𝛽–Na0.67CoO2, while in the incommensurately modulated Na∼0.78CrO2, both coordinations as well

as intermediate forms are observed. (32, 33) This different coordination environment has been

denoted as ”type I” for the trigonal prismatic, and ”type II” for the octahedral coordination in the

past. (34–36)

Our temperature-dependent SXRD measurements of K1 – xCrTe2 reveal a striking anisotropy in

thermal expansion between 90 and 280 K as shown in Fig. 1 (b). In layered magnetic materials,

thermal expansion behavior often provides insight into underlying spin–lattice interactions and

electronic instabilities. Negative thermal expansion (NTE), in particular, has been linked to spin

fluctuations in several van der Waals magnets. While c expands monotonically, the in-plane lattice

parameters (a and b) contract upon warming up to ∼ 150 K, which we will denote here tentatively as

the temperature where magnetic short-range order ends (T𝑆𝑅), with a thermal expansion coefficient

of 𝛼a,b (80-150 K) = −1.97 × 10−5 K−1. Such behavior resembles other vdW magnets like CrSBr

or LiCrTe2, where continuous in-plane NTE is closely tied to magnetic order. (28,37) Our neutron

powder diffraction (NPD) refinements over the same temperature range show no evidence of a

structural phase transition, confirming that the lattice symmetry remains intact throughout.

In K1 – xCrTe2, the in-plane NTE terminates around 150 K – above the magnetic ordering

temperature 𝑇C = 117 K – and coincides with the onset of dynamic magnetic fluctuations observed

in AC susceptibility (see the discussion below). This decoupling of NTE from long-range magnetic
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a = 6.7539(5) Å b = 3.9466(4) Å c = 8.6549(7) Å
β = 104.71°

T = 100 K

d1Cr–Cr> d
2
Cr–Cr
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SG Cm (No. 8)

C

K1–xCrTe2

V
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c

a

SG Cm
K1–xCrTe2

Figure 1: Crystal structure of K1 – xCrTe2. (a) Schematic representation of the crystal structure in

a projection on the (001) plane (left) and along the [010] axis (right). K cations are drawn purple,

Cr atoms blue and Te atoms yellow. The triangular lattice is not equilateral, with b being shorter.

(b) Temperature dependence of lattice parameters a, b, c and the cell volume V determined from

SXRD measurements in a temperature range between 90 K and 280 K normalized to 280 K.

order, yet alignment with emergent spin dynamics, suggests that local spin–lattice interactions may

play a key role in driving structural anomalies in the absence of a phase transition.

Density functional theory calculations

We investigate the magnetic interactions in K1 – xCrTe2 using density functional theory calculations

with the full potential local orbital basis (38) and a generalized gradient approximation exchange

correlation functional (39). We deal with the strong electronic correlations on the Cr 3𝑑 orbitals

using a DFT+U correction (40). We deal with the potassium deficiency in the stoichiometry

K0.64CrTe2 by applying the virtual crystal approximation (VCA) (41) which allows us to tune

the nuclear charge of the alkali site between potassium and argon. This approach simulates a

perfectly random distribution of reduced positive charge in the alkali layer. Applying VCA in

magnetic materials with partial occupations has yielded very good results in Lu2Mo2O5N2 (42) or
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Y-kapellasite (43), for example. We determine the parameters of the Heisenberg Hamiltonian

𝐻 =
∑︁
𝑖< 𝑗

𝐽𝑖 𝑗 S𝑖 · S 𝑗 , (1)

where S𝑖 are 𝑆 = 3/2 spins for Cr3+. For this purpose, we apply the DFT energy mapping technique

that has yielded excellent results for various Cr based magnets (44–47) and in particular also for

layered Cr tellurides (23,25). We focus on the K0.64CrTe2 structure with Cm space group described

above. We create a 16-fold supercell of the average structure with 16 inequivalent Cr spins that

allows us to extract the values of the first nine exchange interactions shown in Fig. 2 (b) except for

𝐽8. This allows us to assess both the in-plane (𝐽1 to 𝐽6) and the interlayer (𝐽7 to 𝐽9) interactions. The

DFT+U calculations have two parameters, the Hund’s rule coupling which we fix to a literature

value of 𝐽H = 0.72 eV (48) and the on-site interaction 𝑈 which we vary. The calculated exchange

couplings are shown in Fig. 2 (a) for seven values of 𝑈. The two nearest-neighbor couplings

constituting the anisotropic triangular lattice of K0.64CrTe2 are strongly ferromagnetic. Second and

third neighbors in the plane are much smaller and antiferromagnetic, somewhat destabilizing the

ferromagnetic layers. The two interlayer couplings 𝐽7 and 𝐽9 are small and ferromagnetic. Resolving

the most likely also small interlayer coupling 𝐽8 would require calculations for larger supercells

and therefore much larger computational effort. We also performed fully relativistic calculations of

the ferromagnetic state with different quantization axes in order to extract the single ion anisotropy.

We find c to be the hard axis. In space group Cm, a and b directions are inequivalent, and there is

a weak preference for the moments to point along b.

We now proceed to show that the calculated Hamiltonian parameters lead to the correct ground

state by performing classical Monte Carlo simulations. For two values of the on-site interaction

strength𝑈, we find the magnetization curves shown in Fig. 2 (c). The ground state is ferromagnetic

in agreement with experiment. The calculated ordering temperatures are below the experimental

values. However, in layered magnets like K1 – xCrTe2, it is well known that due to Mermin-Wagner

physics, the ordering temperature has a logarithmic dependence on both interlayer coupling and

single ion anisotropy (49). As these are both small quantities, it is a hard problem to predict the

exact ordering temperature of such a layered ferromagnet, but our results qualitatively reproduce

the observed experimental behavior.
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(a) (b) (c)

Figure 2: Calculation results for the Heisenberg Hamiltonian of K0.64CrTe2. (a) Eight exchange

interactions as function of the on-site interaction strength 𝑈 from the DFT energy mapping result.

(b) Geometry of relevant in-plane and interlayer exchange paths. (c) Magnetization curves for

K0.64CrTe2 calculated with classical Monte Carlo, plotted relative to the saturation magnetization

𝑀sat. The two chosen sets of Heisenberg Hamiltonian parameters yield ferromagnetic transition

temperatures of 𝑇C = 83 K and 𝑇C = 91 K, respectively.

Neutron Powder Diffraction

Temperature-dependent NPD revealed a ferromagnetic ground state with an in-plane easy axis for

K1 – xCrTe2. Fig. 3(a) shows Rietveld refinements of the NPD patterns collected at 150 K and 1.8

K. Both patterns are well fitted by the non-centrosymmetric monoclinic space group Cm, with no

evidence of a structural phase transition across the Curie temperature. This supports the structural

solution obtained from single-crystal X-ray diffraction and confirms that the observed negative

thermal expansion arises without symmetry breaking.

The lattice response is strongly anisotropic. Upon cooling from 150 K to 1.8 K, the out-of-plane

c lattice parameter contracts, while in-plane a and b lattice parameters expand. This anisotropy

leads to a shortening of Cr–Te, K–Te, and Te–Te distances along the stacking direction, and an

increase in in-plane Cr–Cr separations. These findings are in agreement with the thermal expansion

behavior observed in SXRD and highlight a pronounced coupling between lattice parameters and

magnetism.

In the base temperature diffraction pattern at 1.8 K we observe additional scattering intensity at

nuclear positions, consistent with a ferromagnetic structure characterized by a propagation vector

q = (0, 0, 0). Magnetic symmetry analysis yields two equally probable irreducible representations
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Figure 3: Long-range magnetic order of K1 – xCrTe2. (a) Rietveld refinement of the NPD data

taken at 150 K and 1.8 K. In gray are the observed and in red the calculated intensities. The Bragg

reflections are shown for the structural and magnetic phase, as well as for a secondary phase which

belongs to vanadium from the sample container. The difference plot is drawn in blue. (b) The two

possible solutions for the magnetic structure, showing the spins to lie in-plane.

— Cm and Cm’ — each supporting in-plane alignment of the CrIII/CrIV moments along either a or

b with no distinct inclination (Fig. 3(b)). The refined ordered moment reaches 2.73 𝜇𝐵 per Cr at

1.8 K, in excellent agreement with the saturation magnetization obtained from DC measurements,

and consistent with the expected value for 𝑥 ≈ 0.3.

Static and Dynamic magnetization measurements

Direction-dependent magnetization measurements reveal a ferromagnetic ground state in K1 – xCrTe2

with strong in-plane magnetic anisotropy. Isothermal 𝑀 (𝐻) curves as shown in Fig. 4(a) show

clear saturation for H ∥ ab at ∼1 T, reaching a moment of 2.69 𝜇𝐵/Cr, consistent with a mixed

Cr3+/Cr4+ state for 𝑥 = 0.3. In contrast, no saturation is observed up to 9 T for H ⊥ ab, confirming

the easy axis to lie in-plane. The absence of hysteresis points to soft ferromagnetism, reminiscent

of ambient pressure CrSiTe3 (50).

Temperature-dependent susceptibility 𝜒mol(𝑇) as shown in Fig. 4(b) shows ferromagnetic

ordering, with a positive Curie–Weiss temperature of ΘCW ≈ 160 K indicating dominant ferro-
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Magnetic Properties of K1–xCrTe2
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Figure 4: DC and AC magnetization of the K1 – xCrTe2 single crystals in both orientations: H ∥

ab (orange) and H ⊥ ab (pink). (a) Field-dependent magnetic moment for both orientations taken

at 1.8 K with a saturation of the moment at ≈ 1 T for H ∥ ab (dashed line). (b) Left axis: FC molar

susceptibility for both orientations at 𝜇0𝐻 = 0.01 T. Right axis: the inverse susceptibility of both

orientations taken at 𝜇0𝐻 = 0.1 T showing Θ𝐶𝑊 ≈ 160 K. (c, e) T-dependent molar susceptibility

for both orientations at 𝜇0𝐻 = 2 mT. (d,f) T-dependent real (left axis) and imaginary component

(right axis) of the AC susceptibility for both orientations. The shaded regions indicate the critical

temperatures (T𝑆𝑅 = 150 K, TC = 117 K, T∗ ≈ 50 K) where the phase transitions occur.

10



magnetic interactions as predicted by the GKA rules. The transition to a long-range magnetically

ordered state at 𝑇C = 117 was determined by the first derivative of the temperature-dependent

molar magnetic susceptibility taken at low fields, see Figs. 4(c, d) and Fig. S1. Deviations from

Curie–Weiss behavior below ∼250 K, including a slope change in 𝜒−1(𝑇) for H ⊥ ab between

125–150 K, suggest significant short-range correlations already above the ordering temperature.

This, combined with the anisotropic lattice response, non-equilateral triangular geometry and the

calculated AFM couplings J5 and J6, could lead to possible magnetic frustration or slow spin

dynamics. These signatures suggest a complex interplay between lattice geometry and magnetic

interactions, motivating a closer look at the system’s dynamic response near the transition.

To probe the nature of spin dynamics in K1−xCrTe2, we performed AC magnetic susceptibility

measurements 𝜒(𝜔) ≡ 𝑑𝑀/𝑑𝐻 = 𝜒′ + 𝑖𝜒′′, for both in-plane and out-of-plane orientations, as

shown in Figs. 4(d, f). The left axis depicts the real part and the right axis the imaginary part of

the AC susceptibility.

Three regions are distinguished: (i) The first starting at ≈ 𝑇 𝑆𝑅 = 150 K – in line with the

observation of the negative thermal expansion of the unit cell parameter a and b of the T-dependent

SXRD measurements (see Fig. 1 (b)) – until we reach our𝑇C at 117 K. There, a peak only observable

in the AC susceptibility (Figs. 4 (d, f)) emerges that shows no frequency-dependent temperature

shift. The real (128 K) and imaginary (124 K) parts do not have the same maximum temperature in

both orientations. (ii) The second appears below the 𝑇C of 117 K up to 𝑇∗ with a stronger frequency

dependence. (iii) The third lies below 𝑇∗ ≈ 50 K, where the real part of the susceptibility becomes

frequency-independent again.

From Fig. 4, we can be reassured that the irreversibility from the ZFC and FC curves from

our 𝑀(𝑇) measurements is not originating from a spin-glass behavior, as we do not observe any

frequency dependence in the AC susceptibility. Looking at only the AC susceptibility, a clear

difference is seen depending on the orientation of the crystal to the applied AC field. For the H ∥

ab orientation: (i) The unusual peak in the AC susceptibility around 130 K is more pronounced.

(ii) The imaginary part (see inset) has a higher susceptibility above ≈ 124 K for higher frequencies

that switches to a lower susceptibility below it and shows an additional shoulder at 130 K. The real

part always shows higher susceptibility for the lower frequencies. (iii) Below T∗ the system shows

a negligible dissipation. For the H ⊥ ab orientation: (i) The unusual peak in the AC susceptibility
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around 130 K is less pronounced. (ii) The imaginary part always has a higher AC susceptibility

for higher frequencies and vice versa, and (iii) The imaginary part increases with decreasing

temperature below TC and for increasing magnetic field frequencies.

The anomaly reflected by the unusual peak in the AC susceptibility above 𝑇C has previously

been observed for a different 2D magnetic system, i.e. VI3, and was ascribed to surface layers

that are suffering from lattice defects or iodine deficiency mimicking intralayer tensile strains. (51)

Considering that our ZFC and FC measurements merge above the 𝑇C of 117 K (see Fig. 4 (c, e)

and the mobility of the K cation, a similar scenario of tensile strain could likely be possible in this

K-deficient system.

Muon spin spectroscopy

To gain further microscopic insight into the magnetic order and spin dynamics, we performed 𝜇SR

measurements on K1 – xCrTe2 single crystals. In order to determine the magnetically ordered vol-

ume fraction, we used in a first step weak transverse field (wTF)-𝜇SR measurements in an applied

magnetic field of 5 mT, oriented perpendicular to the initial muon spin polarization. In this config-

uration, the amplitude of the oscillatory signal directly reflects the paramagnetic volume fraction

of the sample. As shown in Fig. 5(a), the oscillation amplitude exhibits a sharp decrease below ≈

112 K, indicating the onset of magnetic order. From this reduction, we estimate that approximately

85% of the sample volume becomes magnetically ordered. The residual oscillatory signal persist-

ing below the magnetic transition temperature suggests that a paramagnetic contribution remains

down to the lowest temperatures. This residual component likely originates from a combination

of background signal and intrinsic sample inhomogeneities, such as defects and/or paramagnetic

impurities. Similar behavior has been reported previously in related compounds, including LiCrTe2

and NaCrTe2. (52)

In a second step, in order to get additional details about the magnetic state, such as internal field

strength and the depolarization rates, zero field (ZF)-𝜇SR data were recorded in the normal and

magnetically ordered states and are shown in Figs. 5(b) and (c), respectively. In the temperature

range from 200 K down to 115 K, the 𝜇SR signal exhibits a pronounced relaxation that cannot

be adequately described by a single exponential decay. Instead, the spectra are well captured by a
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Figure 5: 𝜇SR measurements on K1 – xCrTe2 single crystals. (a) Temperature dependence of

the wTF asymmetry and the resulting transition temperature. Inset: wTF spectra in the long time

domain above and bellow the transition temperature of K1 – xCrTe2. (b) ZF-𝜇SR spectra above and

(c) below the magnetic ordering temperature. Lines show the fitting to Eq. 2 and 3 respectively,

see the text for details. (d) Temperature dependence of the internal field (𝐵𝜇). The line shows

the fitting to a power law with a critical exponent of 𝛽= 0.38(1). (e) Temperature dependence of

the initial asymmetry. The shaded regions indicate the critical temperatures from magnetization

measurements (T𝑆𝑅 = 150 K, TC = 117 K, T∗ ≈ 50 K). (f) Temperature dependence of the muon

spin relaxation rates 𝜆𝑝𝑚 (blue circles), 𝜆𝐿 (filled purple circles, left axis) and 𝜆𝑇 (open purple

circles, right axis).

13



stretched-exponential relaxation function with a stretching exponent 𝛽 ≃ 0.85(5) according to Eq.

2, suggesting a distribution of local magnetic environments and/or fluctuation rates, consistent with

spatially inhomogeneous or short-range magnetic correlations:

𝐴(𝑡) = 𝐴0 · 𝑒𝑥𝑝
[
− (𝜆𝑃𝑀 · 𝑡)𝛽] (2)

where 𝑡 is the time after muon implantation, 𝐴(𝑡) is the time-dependent asymmetry and 𝐴0

is the initial asymmetry. The substantial paramagnetic relaxation rate (𝜆𝑃𝑀) indicates precursor

magnetic correlations developing in this regime (see Fig. 5(f)). Upon cooling below 115 K, the

ZF-𝜇SR spectra develop well-resolved oscillations, as exemplified in Fig. 5(c), which are a hallmark

of static long-range magnetic order. The presence of a single cosine precession demonstrates that

the muon ensemble experiences a well-defined internal magnetic field consistent with a collinear

ferromagnetic state, and thus supports the collinear ferromagnetic state determined from the NPD

refinement. The ZF-𝜇SR data can be fitted with a Lorentzian damped internal field function:

𝐴ZF(𝑡) = 𝐴0
[
𝑓 osc · cos

(
𝛾𝜇𝐵int · 𝑡 + 𝜙

)
· exp (−𝜆𝑇 · 𝑡) + (1 − 𝑓osc) · exp (−𝜆𝐿 · 𝑡)

]
(3)

where 𝑓osc is the oscillating fraction that arises from the component of muon-spins inside

the sample that are perpendicular to the internal magnetic field 𝐵int, 𝜙 is a phase offset and

𝛾𝜇/(2𝜋) = 135.5 MHz/T is the gyromagnetic ratio of the muon. The depolarization rates below

the ordering temperature 𝜆𝑇 and 𝜆𝐿 characterize the damping of the oscillating and non-oscillating

part of the 𝜇SR signal respectively, and are plotted in Fig. 5(f). The damping𝜆𝑇 arises predominantly

due to a distribution of magnetic fields at the muon site, caused by static disorder. The longitudinal

relaxation rate 𝜆𝐿 reflects relaxation due to dynamic fluctuations.

The temperature evolution of the fit parameters are shown in Figs. 5(d-f), and are typical for

the onset of a second order phase transition below 𝑇C = 112.4(5) K. The temperature dependence

of the oscillatory fraction is shown in Fig. S3 of the SM. The magnetically ordered fraction sharply

increases below 𝑇C. The internal field 𝐵𝑖𝑛𝑡 , calculated from the muon precession frequency 𝜔 as

𝐵𝑖𝑛𝑡 = 𝜔/𝛾𝜇, can be considered as an order parameter in close relation to the internal magnetization.

As shown in Fig. 5(d), the internal field gradually increases below 𝑇C reaching a saturation of 410

mT at base temperature.

The temperature dependence of 𝐵𝑖𝑛𝑡 follows indeed a power law behavior of the form 𝑀 ∝

(𝑇C −𝑇)𝛽. We obtain from this fitting a critical exponent of 𝛽 = 0.38(1) below TC (𝜇SR) = 112.4(5)
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K. The obtained critical temperature agrees with the TC derived from the wTF-𝜇SR spectra, and is

in qualitative agreement with DC magnetization, where TC = 117 K was obtained. The determined

critical exponent suggests a 3D Heisenberg universality class for K1 – xCrTe2, as already observed

for the related LiCrTe2 and NaCrTe2. (28,52)

The temperature dependence of the static and dynamic relaxation rates is shown in Fig. 5(f).

The transverse depolarization rate 𝜆𝑇 approximately 70 times larger than the longitudinal (dynamic)

relaxation rate 𝜆𝐿 , implying that the former is dominated by static contributions. Upon cooling, 𝜆𝐿
increases and reaches a pronounced maximum at 112 K, indicative of a slowing down of magnetic

fluctuations as the system approaches the magnetic transition. With further cooling, 𝜆𝐿 decreases

and eventually saturates below 50 K, signaling the freezing of spin dynamics and the establishment

of a quasi-static or static magnetically ordered state. A large static depolarization rate with a

finite dynamic component at base temperature indicates a predominantly static magnetic state with

residual slow spin dynamics.

Regarding the total initial asymmetry, we observe a continuous decrease of the initial asymmetry

from approximately 0.20 to 0.18 upon cooling from 112 K to 50 K, below which it saturates (see

Fig. 5 (e)). This gradual loss of asymmetry signifies that a fraction of the sample experiences strong

and broadly distributed internal magnetic fields, leading to muon-spin depolarization on timescales

too fast to be detected. Such behavior is characteristic of disordered or spatially inhomogeneous

magnetism, with the missing asymmetry corresponding to approximately 15% of the sample volume

residing in a highly disordered magnetic state.

Overall, the 𝜇SR response reveals a predominantly homogeneous magnetically ordered state,

which constitutes the major fraction of the sample, coexisting with a highly disordered magnetic

component that occupies approximately 15% of the volume, as inferred from the missing initial

asymmetry. In addition, a finite dynamic relaxation rate persists down to the lowest measured

temperatures, indicating the presence of residual slow spin dynamics in the system. At present,

it is not possible to unambiguously determine whether these residual spin fluctuations originate

from the dominant ordered fraction or from the minority disordered component or from non-

magnetic sample regions and background. One possible scenario is that the major ordered phase

is fully static, while the minor disordered fraction retains slow, fluctuating magnetic moments.

Alternatively, weak dynamics could be intrinsic to the ordered state itself, for example, due to low-
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energy collective excitations or domain-wall motion. However, the similar temperature evolution

of the dynamic relaxation rate 𝜆𝐿 and the loss of initial asymmetry provide an important constraint.

Both quantities exhibit closely correlated temperature dependences across the magnetic transition,

strongly suggesting a common microscopic origin. This correlation makes it most likely that the

observed residual slow spin dynamics is associated primarily with the disordered and non-magnetic

background fractions, rather than with the homogeneous ordered state.

Discussion

With the combination of different used experimental techniques, we find K1 – xCrTe2 (with x ≈ 0.3)

single crystals to exhibit a magnetic long-range order at a Curie temperature of 𝑇C = 117 K. The

NPD data confirms that the system has the easy axis in-plane, which goes hand in hand with the

results of the DFT calculations and the observations from DC magnetometry. That the layers couple

ferromagnetically and the spins lie in-plane is in contrast to the other intercalated members of the

family A𝑥CrTe2 with A = Li, Na, which display A-type AFM with the easy axis perpendicular to the

respective planes. While all the members of this family have FM in-plane interactions in-line with

the GKA rules, it is interesting to note that crystals of CrTe2 and the here presented K1 – xCrTe2

have their easy axis in-plane. (25) DFT calculations reveal that not all in-plane interactions for

K0.64CrTe2 are ferromagnetic, in contrast to the calculations done on CrTe2. (25) This could be a

result of contributions of additional exchange paths via alkali orbitals or due to longer intralayer

distances because of the K-intercalation, see Table 1, emphasizing that this compound lies near

a crossover regime in the AxCrX2 series’ magnetic phase diagram. The interlayer coupling of the

intercalated members is already small due to the 2D nature of the crystal structure, and is further

reduced with the size of the intercalants. As such, we can expect a different mechanism behind the

experimental observation of the orientation of the spin for CrTe2, which exhibits a strong interlayer

coupling, and K1 – xCrTe2. (25)

In summary, we have successfully synthesized and characterized a member of the alkali-metal

intercalated CrTe2 series as large single crystals using a K/Te self-flux. K1 – xCrTe2 crystallizes

in the Cm monoclinic space group with a non equilateral triangular lattice. The deficiency of

the intercalants results in the alkali metal being coordinated trigonal prismatically rather than
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octahedrally, which is defined as ”type I” 𝐴𝑀𝑋2. NPD data reveals the spins to lie in-plane along

either a or b. This is in line with our magnetization measurements, where K1 – xCrTe2 undergoes

a transition towards ferromagnetic long-range order below 𝑇C = 117 K with a saturation of 2.7 𝜇𝐵
at a field of 1 T when measured parallel to the plane. Fitting of the temperature dependence of the

internal magnetic field derived from the ZF-𝜇SR to the power law 𝑀 ∝ (𝑇C − 𝑇)𝛽 results in the

critical exponent 𝛽 ≈ 0.38(1), close to the predicted critical exponent of 0.337 of the 3D Heisenberg

class. Our dynamic susceptibility measurements show no spin-glass behavior but an unusual peak

above 𝑇C that could originate from surface defects as observed in other 2D magnetic systems.
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F. O. von Rohr, Synthesis and anisotropic magnetic properties of LiCrTe2 single crystals with

a triangular-lattice antiferromagnetic structure. J. Phys. Mater. 6, 035001 (2023).

24. D. C. Freitas, R. Weht, A. Sulpice, G. Remenyi, P. Strobel, F. Gay, J. Marcus, M. Núñez-
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Materials and Methods

Synthesis

Single crystals of K1–xCrTe2 (x ≈ 0.3) were prepared using a mixed K/Te self-flux. Potassium

(block, Sigma Aldrich, 99%), chromium (powder, Alfa Aesar, 99.99%), and tellurium (pieces, Alfa

Aesar, 99.999%) were used as received and placed in the molar ratios 6:1:8 (total mass 1.9 g) in an

alumina Canfield crucible set consisting of a bottom and top crucible separated by a frit-disc. (53)

All handling of educts and reaction products was done in an argon-filled glovebox. This assembly

was subsequently sealed in a quartz ampule under dynamic vacuum after having been purged three

times with Argon. The ampules were then heated in a muffle furnace (heating rate 30 °C/h) to

1000 °C, and slowly cooled to 550 °C over four days (96h). The ampules were then immediately

centrifuged to separate the crystals from the flux, resulting in large single crystals of up to 6 mm x

6 x mm x 0.5 mm and a silvery metallic luster. It should be noted that the quartz ampule walls tend

to crack on the surface after centrifugation.

Energy dispersive X-ray spectroscopy

The composition of the as-grown crystals from three different batches was analyzed using energy

dispersive X-ray spectroscopy (EDX) on a JEOL JSM-7600F scanning electron microscope (SEM)

with an accelerating voltage of 15 kV equipped with an Oxford Instruments X-Max 80 detector.

The crystals were prepared onto the sample holders in the glovebox by covering them with kapton

foil and securing the foil with kapton tape. The tape and foil were removed right before the transfer

into the chamber. Details on the resulting composition of three different synthesized batches are

collated in Tab. S1

Single crystal X-ray diffraction

The crystal structure of of K1–xCrTe2 was solved by SXRD on a Rigaku Supernova diffractome-

ter using Mo-K𝛼 radiation at 100 K. Unit-cell indexation, integration, and spherical absorption

correction were performed with CrysalisPro (54). Small crystal pieces were cut using a scalpel

in the glovebox and mixed with paraffin oil before being picked under an optical microscope and

subsequently measured under the cold nitrogen gas flow. Details of the crystal structure determi-
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Table S1: Composition of various crystals determined by SEM-EDS.
spots Cr:Te ratio K-content 𝜎 (K)

Batch 1

site 1 3 1.935 0.664 0.11

Batch 2

site 1 4 1.931 0.749 0.06

Batch 3

site 1 9 2.039 0.785 0.05

nation can be found in Tab. S1 Temperature-dependent SXRD measurements were performed on a

different crystal but from the same batch in a range of 90—280 K. For the redeterminations of the

crystal structures of self-flux grown LiCrTe2 and NaCrTe2, a similar procedure with measurement

temperatures close to 100 K was followed.

Magnetization measurements

The temperature-dependent and field-dependent direct current (DC) magnetization was measured

in a Physical Property Measurement System (Quantum Design PPMS DynaCool) equipped with

a 9 T magnet with the vibrating sample magnetometer (VSM) option. The temperature-dependent

alternating current (AC) magnetization was measured on the same Quantum Design PPMS Dyna-

Cool with the AC measurement system (ACMS) option, for both orientations and using a 10 Oe

AC drive across a range of four frequencies. Zero field cooled (ZFC) magnetic moment data was

collected upon cooling without field and measuring while heating, while field cooled (FC) data was

collected upon cooling in the applied field and measuring while heating at the given field strengths.

Crystals from two different batches were measured, showing the same response. Sample preparation

and mounting were done in the glovebox. Crystals were coated in N-apiezon grease and inserted in

a Kapton envelope made from Kapton foil and Kapton tape which were subsequently mounted on

the sample holder to avoid decomposition. The data was not corrected for the demagnetizing factor.
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Table S2: Details on crystal structure determination and refinement.

Refined Chemical formula K0.64(4)CrTe2 LiCrTe2 NaCrTe2
Molar mass (g*mol−1) 332.31 314.14 330.19
𝜌calc. (g*cm−3) 4.946 5.904 5.521
Temperature (K) 100 90 100
Space group Cm 𝑃3̄𝑚 𝑃3̄𝑚
Space group no. 8 164 164
a (Å) 6.7539(4) 3.96730(10) 3.99790(10)
b (Å) 3.9466(3)
c (Å) 8.6549(7) 6.58760(10) 7.3735(2)
𝛽 (°) 104.705(8)
V (Å3) 223.14(3) 89.794(5) 102.063(6)
Z 2 1 1
Crystal color black black grey
Crystal shape block plate bar
Crystal size (mm3) 0.27×0.18×0.11 0.25×0.11×0.02 0.18×0.04×0.02
Absorption correction spherical
𝜇 (mm–1) 23.96 18.82 16.67
Diffractometer Oxford Diffraction SuperNova
Radiation; 𝜆 (Å) MoK𝛼; 0.71073
Reflections used 5709 6662 8085
𝜃min – 𝜃max (°) 4.870 – 29.129 3.092 – 34.118 2.762 – 34.853
h range –9 to 9 –6 to 6 –6 to 6
k range –5 to 5 –6 to 6 –6 to 6
l range –11 to 11 –10 to 10 –11 to 11
Rint 0.066 0.083 0.067
R𝜎 0.025 0.015 0.014
Independent refl. 688 175 207
Observed refl. (I < 3𝜎(I)) 666 171 202
R1 (I < 3𝜎(I)); (%) 3.62 2.71 1.73
wR2all (%) 11.51 6.99 4.52
Goodness of fit 1.152 1.137 1.174
Maximal difference peaks (e–Å–3) –1.44; 2.56 –1.69; 2.90 –1.15; 0.98
CCDC deposition code 2543556 2543557 2543558
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Neutron powder diffraction experiments

This work is based on experiments performed at the Swiss spallation neutron source SINQ, Paul

Scherrer Institute (PSI), Villigen, Switzerland. Neutron diffraction patterns were obtained on the

High-Resolution Powder Diffractometer at the SINQ from PSI. (55) Data were collected at T =

1.8 K and 150 K with a neutron wavelength of 1.886 Å for magnetic structure refinements and

structural refinements (150 K) respectively and analyzed by the Rietveld method using the Fullprof

Suite package. (56) The magnetic symmetry analysis was done using ISODISTORT from the

ISOTROPY software and BasIreps from the Fullprof suite. (57) The peak shape was modeled

using a Thompson–Cox–Hastings pseudo-Voigt function with axial divergence asymmetry (as

implemented in Fullprof with Npr = 7). Around 380 mg Single crystals were finely powderized in

an argon filled glovebox using an agate mortar. The powder was then transferred to a vanadium

sample container of 6 mm diameter and 100 mm length and sealed with an indium ring under helium

atmosphere. The secondary phase observed in the pattern belongs to vanadium from the vanadium

container. The SXRD data for K0.64CrTe2listed in table S2 was used as a starting model. The

atomic coordinates and potassium content were kept at fixed values. Table S3 shows the structural

parameters obtained from Rietveld refinements of the NPD data (𝜆 = 1.886 Å) at T = 150 K and T

= 1.8 K for K0.64CrTe2, together with the agreement factors for both temperatures and solutions.
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Table S3: Refined parameters obtained from NPD with the spacegroup Cm (no. 8).
150 K 1.8 K a 1.8 K b

a (Å) 6.7425(8) 6.7525(5) 6.7611(4)
b (Å) 3.9348(5) 3.9436(3) 3.9377(2)
c (Å) 8.6757(10) 8.6367(6) 8.6432(5)

V (Å 3) 222.750(48) 222.558(30) 222.67(2)
𝛽 (°) 104.594(11) 104.611(8) 104.611(6)

Atom Site; Wyckoff pos
K (0.84390, 0, 1

2 ); 2a
occ. 0.64 0.64 0.64

Biso (Å 3) 3.76(58) 2.66(37) 2.51(38)
Cr (0, 0, 0); 2a

occ. 1 1 1
Biso (Å 3) 1.13(16) 1.09(12) 1.19(13)

Te1 (0.39517, 0, 0.18341); 2a
occ. 1 1 1

Biso (Å 3) 1.25(54) 0.97(43) 1.52(38)
Te2 (0.60676, 0, 0.81808); 2a

occ. 1 1 1
Biso (Å 3) 1.45(54) 0.41(38) 1.82143
𝜇𝐶𝑟 - 2.74(2) 2.72(3)

𝑅𝐵(𝑐𝑟𝑦𝑠𝑡) (%) 7.76 11.4 10.1
𝑅𝐵(𝑚𝑎𝑔) (%) - 7.35 6.46

𝜒2 2.09 4.04 4.53
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Muon spin spectroscopy

This work is based on experiments performed at the Swiss Muon Source S𝜇S, Paul Scherrer

Institute, Villigen, Switzerland. Zero field (ZF) and weak transverse field (wTF) 𝜇SR experiments

were carried out at the 𝜋M3 beam line (low background GPS instrument), using an intense beam

(𝑝𝜇 = 29 MeV/c) of positive muons. (58) An envelope of aluminum foil was made in which several

crystals were stacked, all inside a helium glovebox. There, the envelope was wrapped in kapton

tape for air tight insulation and secured on the copper sample holder with mylar tape. Subsequently,

it was mounted in a helium gas-flow cryostat. The temperature was varied between 5 and 200

K. All measurements were performed with the initial muon spin direction rotated 6° away from

the beam direction. For wTF-𝜇SR experiments the sample was aligned such that beam direction

corresponded to the c-axis of the crystals. On the other hand, for ZF-𝜇SR measurements, the c-axis

was rotated 45° away from the beam, such that the muon spin precession was sensitive to both

in-plane and out-of-plane local field components.
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Table S4: Exchange couplings of K0.64CrTe2 calculated by DFT energy mapping. The Hund’s

rule coupling was fixed at 𝐽H = 0.72 eV (48).
𝑈 (eV) 𝐽1 (K) 𝐽2 (K) 𝐽3 (K) 𝐽4 (K) 𝐽5 (K) 𝐽6 (K) 𝐽7 (K) 𝐽9 (K) 𝜃CW (K)

1.5 –33.7(9) –43.7(1.0) 4.9(1.0) 4.8(5) 13.0(5) 11.9(1.0) –4.6(5) –3.1(4) 173

1.75 –36.3(8) –45.9(9) 4.2(9) 4.1(5) 12.2(5) 11.4(9) –4.1(5) –2.9(4) 201

2 –38.8(7) –48.0(8) 3.5(8) 3.3(4) 11.6(4) 11.0(8) –3.6(4) –2.8(3) 226

2.25 –41.2(7) –50.1(7) 2.8(7) 2.6(4) 11.0(4) 10.6(7) –3.2(4) –2.7(3) 251

2.5 –43.6(6) –52.1(7) 2.1(7) 1.9(4) 10.6(4) 10.3(7) –2.8(4) –2.5(3) 274

2.75 –45.9(5) –54.0(6) 1.6(6) 1.3(3) 10.3(3) 10.2(6) –2.4(3) –2.3(2) 295

3 –48.1(5) –55.9(5) 1.2(5) 0.6(3) 10.2(3) 10.2(5) –1.9(3) –2.2(2) 314

Supplementary note 1: DFT results

In Tables S4 and S5, we provide the detailed results of the DFT energy mapping calculations. In

Table S4, exchange interactions are given for 𝑆 = 3/2 and without double counting of bonds. The

given errors are statistical errors of the fit. From energy differences between 𝑥, 𝑦 and 𝑧 quantization

axes in fully relativistic DFT+U calculations, we extract the parameters of the anisotropy term

𝐻aniso = 𝐾𝑥𝑆
2
𝑥 + 𝐾𝑧𝑆2

𝑧 , (S1)

where the length of 𝑆𝑥 and 𝑆𝑧 is taken to be 3/2. The results are listed in Table S5.

Supplementary note 2: Magnetization measurements

The transition temperature was determined with the first derivative on the FC and ZFC data taken

with an external field of 2 mT and resulted in a T𝑐 of 116.85 K for both orientations, as can be seen

in Fig. S1. The ZFC and FC data only merge shortly before 150 K. The insets show a zoom of the

indicated regions marked as dashed circles.
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Table S5: Single ion anisotropies of K0.64CrTe2 calculated calculated using fully relativistic

DFT+U calculations. The Hund’s rule coupling was fixed at 𝐽H = 0.72 eV (48).
𝑈 (eV) 𝐾𝑥 (K) 𝐾𝑧 (K)

1.5 0.27 4.43

1.75 0.27 4.34

2 0.27 4.29

2.25 0.27 4.31

2.5 0.27 4.38

2.75 0.27 4.48

3 0.27 4.61

Tc = 117 K Tc = 117 K
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Figure S1: ZFC and FC DC magnetization and its derivative of the K1−xCrTe2 single crystal

of both orientations at an applied field of 2 mT. (a) H ∥ ab (orange) and (b) H ⊥ ab (pink).
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Figure S2: Evolution of the (001) reflection with temperature.

Supplementary note 3: NPD experiments

Figure S2 shows the evolution of the intensity of the (001) reflection with temperature. At 130 K

and 150 K, the intensity remains the same, indicating no starting magnetic long-range order.
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Supplementary note 4: 𝜇SR experiments
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