
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
2:

51
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Efficient soft-che
aDepartment of Quantum Matter Phys

Ernest-Ansermet, CH-1211 Geneva, Switzerl
bLaboratory for Neutron Scattering and Im

Villigen PSI, Switzerland
cResearch Institute for Interdisciplinary Scie

8530, Japan

† Electronic supplementary information (
and crystallographic data in CIF or
https://doi.org/10.1039/d4ta05649c

Cite this: DOI: 10.1039/d4ta05649c

Received 12th August 2024
Accepted 14th November 2024

DOI: 10.1039/d4ta05649c

rsc.li/materials-a

This journal is © The Royal Society
mical synthesis of large van-der-
Waals crystals of the room-temperature
ferromagnet 1T-CrTe2†

Kai D. Röseler, a Catherine Witteveen, a Céline Besnard, a

Vladimir Pomjakushin, b Harald O. Jeschke c and Fabian O. von Rohr *a

We herein report on a fast and convenient soft-chemical synthesis approach towards large 1T-CrTe2 van-

der-Waals crystals. This compound is formed X-ray diffraction pure, with a complete conversion within just

over 2 h from flux-grown LiCrTe2 crystals using diluted acids. Due to the availability of high-quality single

crystals, we have confirmed the crystal structure for the first time by single-crystal X-ray diffraction

experiments. For the acid deintercalated 1T-CrTe2 crystals, we find long-range ferromagnetic order with

a Curie temperature of TC = 318 K. We further revealed the magnetic structure of 1T-CrTe2 using low-

temperature neutron powder diffraction experiments and determined the magnetic Hamiltonian using

density functional theory. X-ray diffraction experiments of post-annealed crystals suggest a thermal

stability of 1T-CrTe2 up to at least 100 °C. Our findings expand the synthesis methods for 1T-CrTe2
crystals, which hold promise for integrated room-temperature spintronics applications.
1 Introduction

Spintronics is an emerging research eld to provide the future
high-capacity data storage and fast data processing required in
information technology.1 Their development is accompanied by
the discovery and enhanced synthesis of van-der-Waals (vdW)
materials, thereby allowing the fabrication of spintronic devices
in the 2D limit.2–5 Advanced synthesis methods and especially
so-chemical methods have emerged as indispensable tools to
synthesize many of the most promising 2D and van-der-Waals
materials for applications.6–11

One of the most promising candidates for 2D spintronic
devices is the vdW material 1T-CrTe2. Bulk 1T-CrTe2 has been
reported to have a ferromagnetic transition temperature of
slightly above room temperature with Curie temperatures
ranging between TC = 300 K and 320 K.12–15 Moreover, 1T-CrTe2
exhibits large magnetic moments, pronounced perpendicular
anisotropy, and a spin-split band structure in its magnetic
properties.15,16 Its high Curie temperature has been reported to
be nearly retained down to the monolayer level, supported by
strong magnetic anisotropy and weak interlayer interactions.15,17
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Additionally, 1T-CrTe2 lms were reported to function as effi-
cient spin injectors when combined with other 2D materials like
topological insulators and semimetals, facilitating the explora-
tion of new spintronics properties.2,18–20 These characteristics
position 1T-CrTe2 with an exceptional prospect for applications
in room-temperature spintronics. The quality of the materials
used in these devices is the cornerstone of their further devel-
opment, which novel synthesis strategies can improve.

Apart from 1T-CrTe2 other CrxTey phases have been reported
including CrTe,21 Cr4Te5,22 Cr3Te4,23,24 Cr2Te3,25–27 Cr1+1/3Te2,28,29

Cr5Te8,30–34 Cr3Te5,35 and CrTe3.36 In contrast to 1T-CrTe2, these
phases are not vdW materials and thermodynamic products,
which can be obtained by reactions of Cr and Te in their respec-
tive ratio via solid-state synthesis. The products of these reactions
can be exemplary summarized in phase diagrams such as that by
Ipser et al. 37

In addition to this, the synthesis of the meta-stable phase 1T-
CrTe2 has also been reported using two categories of synthesis
methods: (i) bottom-up and (ii) top-down approaches. On the
one hand, (i) bottom-up syntheses of few-layered or monolayer
1T-CrTe2 have been reported by either using chemical vapor
deposition (CVD) directly from the elements onto a substrate17

or molecular beam epitaxy (MBE) from either the elements,38 or
from CrCl2 and elemental Te.18 Reported (ii) top-down
approaches for both crystals and powders, on the other hand,
start with the synthesis of the ternary KCrTe2 from the
elements, which in a second step is then deintercalated using I2
dissolved in acetonitrile.12–15

Employing other so-chemical deintercalation methods – as
demonstrated exemplarily in the synthesis of the superconductor
J. Mater. Chem. A
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2M-WS2 – can potentially improve crystallinity and enhance
exchange interactions. In the specic case of 2M-WS2, Song et al.
advanced the deintercalation techniques used for K0.5WS2 with
acids.39 Earlier, 2M-WS2 was synthesized using K2Cr2O7 and
H2SO4,40,41 or using H2 for the reduction and subsequent residual
deintercalation with I2.42 Hence, expanding the top-down so-
chemical synthesis of vdW materials can play a crucial role in
the future fabrication of high-quality quantum materials.

The growth of single crystals via so-chemical methods is
inuenced by the size and quality of the initial crystal, partic-
ularly during processes like deintercalation. A recent advance
has been the successful growth of large, high-quality LiCrTe2
crystals using a metal ux composed of Li/Te, which serves as
a solvent for Cr.43 Building on this foundation, we report the
synthesis and detailed characterization of large 1T-CrTe2 crys-
tals synthesized by so-chemical methods. We employed three
different deintercalation techniques: diluted acids, Milli-Q
water, and I2 in acetonitrile, with each being assessed for its
impact on the nal product. The acid-assisted approach
emerged as particularly effective due to its short reaction time of
just over two hours, producing large, high-quality 1T-CrTe2
crystals. This method enabled us to conrm the crystal struc-
ture from single-crystal X-ray diffraction data. The resulting acid
deintercalated crystals exhibit a ferromagnetic ordering
temperature of TC = 318 K. In contrast, deintercalation with I2/
acetonitrile, requires several days for large crystals to complete,
which is signicantly longer than the swi acid method.
Diffraction experiments of post-annealed samples further
elucidate the thermal transitions of 1T-CrTe2. Neutron diffrac-
tion experiments allowed us to solve the magnetic structure of
1T-CrTe2. Finally, we used density functional theory to establish
a magnetic Hamiltonian for 1T-CrTe2 that clearly conrms our
magnetic measurements.

2 Experimental
2.1 Synthesis

Single crystals of LiCrTe2 were synthesized as previously re-
ported from Li (granulates, Sigma-Aldrich, 99%), Cr (powder,
Alfa Aesar, 99.95%) and Te (pieces, Alfa Aesar, 99.999%) using
a metal ux method.43 For the deintercalation in aqueous
solutions either 1 MH2SO4, 2 MHCl, 2 MHNO3 or Milli-Q water
with a ratio of 10 mg LiCrTe2 per 1 ml of the respective solution
were used. The reagents were allowed to react for 30 min aer
which the solution was replaced three times with 5 ml of Milli-Q
water in intervals of 30 min. Finally, the crystals were rinsed
twice in acetonitrile (Sigma-Aldrich, $99.9%), which was then
removed under reduced pressure. The crystals were transferred
into an argon-lled glovebox. For the deintercalation using I2,
a 0.04M solution of I2 (granulates, Honeywell Fluka,$99.8%) in
dry acetonitrile (Thermo scientic, 99.9%) was used to yield
a ratio of LiCrTe2 to I2 of 1 : 1. The crystals were subsequently
washed with dry acetonitrile to remove LiI and excess I2 and
then dried under reduced pressure. All acids used were diluted
with Milli-Q water from 37% HCl (Fisher Scientic, laboratory
reagent grade), 65% HNO3 (carlo erba, for analysis) and 96%
H2SO4 (carlo erba, for analysis).
J. Mater. Chem. A
2.2 Powder X-ray diffraction (PXRD)

PXRD data were collected using a Rigaku SmartLabXE diffrac-
tometer with Cu-Ka radiation (l = 1.54187 Å) on a D/teX Ultra
250 detector in Bragg Brentano geometry in the 2q range of 5° to
80°. Capillary measurements were performed on the same
instrument in Debye–Scherrer geometry with Cu-Ka radiation.
Crystals were ground into ne powders, mixed with Apiezon N
Grease, and lled into quartz capillaries with an outer diameter
of 0.8 mm. Powder renements were conducted using the
Rietveld method in the Fullprof Suite package soware.44
2.3 Single crystal X-ray diffraction (SXRD)

Single crystal X-ray diffraction (SXRD) experiments were per-
formed under N2 cooling at 120 K on a Rigaku XtaLab Synergy-S
diffractometer using Mo Ka radiation (l = 0.71072 Å). The
experiment was performed on a small fragment which was care-
fully cut from a larger crystal using a scalpel. Pre-experiment
screenings, data collection, data reduction, and absorption
correction were performed using the program suite CrysAlisPro.45

The crystal structure was solved with the dual space method in
SHELXT.46 The least square renement of F2 was performed using
SHELXL47 within the Olex2 crystallography soware.48
2.4 Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS)

Electron images were obtained from a JEOL JSM-IT800 Scan-
ning electron microscope with an acceleration voltage of 20 kV.
Energy dispersive X-ray spectroscopy (EDS) data was collected
with an X-MaxN 80 detector from Oxford Instruments. Stoichi-
ometry calculations are based on ten points on three crystals
each.
2.5 Magnetization experiments

Magnetization vs. temperature and magnetization vs. magnetic
eld measurements were carried out in a Physical Property
Measurement System in a cryogen-free system (PPMS Dyna-
Cool) from Quantum Design equipped with the vibrating
sample magnetometer (VSM) option. The measurements were
performed in a temperature range of T= 1.8–380 K in the sweep
mode at rates of 5 K min−1 and 50 Oe s−1 in the range of−9 T to
9 T. Arrott plots were created using magnetization versus eld
data with a sweeping rate of 40 Oe s−1 between 2 T and 0 T.
2.6 Neutron powder diffraction

Neutron powder diffraction experiments were performed on the
High-Resolution Powder Diffractometer at the Swiss Spallation
Neutron Source from the Paul Scherrer Institute in Villigen,
Switzerland.49 Crushed 1T-CrTe2 deintercalated from LiCrTe2
using 1 M H2SO4 was sealed in a vanadium sample container
with a diameter of 6 mm using indium wire in a helium glo-
vebox. Diffraction data were collected at T = 1.6 K with wave-
lengths of 1.886 Å and 1.494 Å as well as at T = 323 K with
a wavelength of 1.886 Å. The patterns obtained were rened
using the Rietveld method using the Fullprof Suite package. The
This journal is © The Royal Society of Chemistry 2024
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magnetic symmetry was analyzed using ISODISTORT in the
ISOTROPY soware.50,51
2.7 Calculations

The Hamiltonian of 1T-CrTe2 was determined by density func-
tional theory-based energy mapping.52,53 We use the all electron
full potential local orbital (FPLO) code54 for all density functional
theory calculations, in combination with the generalized gradient
approximation (GGA) exchange and correlation functional.55
2.8 Post-annealing experiments

40 mg of 1T-CrTe2 synthesized by deintercalation with 1 M
H2SO4 was placed in an Al2O3 crucible and were sealed in quartz
ampules under 300 mbar of Ar. The quartz ampules were placed
for 20 h in preheated ovens at temperatures of 250 °C, 325 °C,
400 °C, and 500 °C and consequently quenched in air.
3 Results and discussion
3.1 Acid-assisted deintercalation of LiCrTe2

In Fig. 1a, the schematic of the reaction of LiCrTe2 with acids is
shown. LiCrTe2 reacts with the acid, i.e. H+ ions to result in
a redox reaction, in which H+ are reduced to H2, while the
Fig. 1 Acid-assisted synthesis of 1T-CrTe2: (a) Scheme of the deintercala
of LiCrTe2 (ref. 56) based on synchrotron data and 1T-CrTe2 based on our
in diluted 1 M H2SO4 with the respective time stamps.

This journal is © The Royal Society of Chemistry 2024
chromium is oxidized from Cr(III) to Cr(IV). The reaction can be
followed visually within minutes, as illustrated in Fig. 1b for the
case of 1 M H2SO4.

Visually, the reaction of LiCrTe2 with diluted H2SO4, HCl,
HNO3, and Milli-Q water was found to progress in a similar
fashion for all of these solutions. Upon contact, the formation
of H2 gas was observed, ending aer approximately 5 min.
When washing the crystals with Milli-Q water aer 30 min no
further formation of gas was observed except in the case of
HNO3, which then ended again within 5 min. The second
generation of gas when using HNO3 could indicate an incom-
plete deintercalation. During the deintercalation process, all
diluted acid solutions rst turned slightly purple but, aer
being transferred to a separate vial, then became clear within
approximately 24 h.

All synthesized crystals using diluted acids are attracted by
a neodymium permanent magnet once it is brought into prox-
imity at room-temperature. This is in agreement with the
previously reported room-temperature ferromagnetism for 1T-
CrTe2. The diameter of the crystals obtained was equal to or
close to the initial LiCrTe2 crystals. The size of the LiCrTe2 used
for deintercalation reached diameters up to 8 mm, which was
the diameter of the crucible used for the synthesis. However, we
visually observe more phase boundaries due to the lattice
tion reaction of LiCrTe2 with an acid and the respective cell parameters
SXRD data. (b) Images of the deintercalation process of LiCrTe2 crystals

J. Mater. Chem. A
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strains induced by the structural distortions of the LiCrTe2
crystals in the periodic changes of the deintercalated crystal
(compare, e.g., ref. 57).
Fig. 2 Comparative PXRD patterns of 1T-CrTe2 synthesized via various
deintercalation reactions: (a) PXRD patterns of 1T-CrTe2 synthesized
by deintercalation of LiCrTe2 in diluted H2SO4, HCl, HNO3, Milli-Q
water and I2 in acetonitrile. The latter pattern was obtained with
a capillary measurement instead of reflection mode, which resulted in
additional reflections marked with a star, due to Apiezon N Grease
used for dilution. A PXRDmeasurement of the Apiezon NGrease alone
in a capillary is depicted in the ESI.† (b) Rietveld refinement of 1T-CrTe2
synthesized using a 1 M solution of H2SO4.

J. Mater. Chem. A
Perpendicular to the c axis, the crystals can split during the
deintercalation. All the obtained crystals are gray with ametallic
luster. The crystals show a pronounced layered appearance due
to the underlying layered 2D crystal structure.

PXRDmeasurements of deintercalated LiCrTe2 using diluted
H2SO4, HCl, HNO3, and, for comparison, Milli-Q water and I2 in
acetonitrile (aer 14 days, see discussion below) – are depicted
in Fig. 2. These samples deintercalated using H2SO4, HCl,
HNO3, and also I2/acetonitrile show comparatively sharp peaks
in the PXRD patterns. The reections in the H2O-deintercalated
sample are wider, implying less crystallinity, and the intensities
of the (00l) reections are slightly off, and we observe Te as
a clear impurity phase, indicating the partial decomposition of
LiCrTe2 upon reaction with H2O. These ndings match the
comparative deintercalation attempts in the KWS2/2M-WS2
system, in which different so-chemical methods also yielded
products with similar purity and physical properties.39 Further
analyses have been conducted on the sample deintercalated
with H2SO4. The properties observed in thesemeasurements are
likely very similar to those crystals deintercalated with diluted
HCl and HNO3 because of the nearly identical diffraction
patterns.

The Rietveld renement, depicted in Fig. 2b was conducted
on the PXRD-pattern of the H2SO4-deintercalated sample based
on the respective SXRD crystal structure. The pattern shows no
signs of impurities and was rened with c2 = 5.7318. Our
Rietveld-rened cell parameters, namely a = 3.7875(2) Å, c =

6.10323(6) Å, are in excellent agreement with the rened SXRD
unit cell parameters discussed below. The peak positions match
the patterns and also match the PXRD patterns of all dein-
tercalation methods, hence they all yielded 1T-CrTe2 crystals.
An exemplary image of an H2SO4 deintercalated crystal is
depicted in Fig. 2b. Images of deintercalated crystals with the
other methods are depicted in the ESI.†

Overall, we show that acid-assisted deintercalation methods
of LiCrTe2 yield phase-pure 1T-CrTe2 crystals.
3.2 Deintercalation using iodine in acetonitrile

Single crystals of 1T-CrTe2 were also synthesized by the adap-
tation of the I2 in acetonitrile pathway for the deintercalation of
LiCrTe2 (compare, e.g. ref. 13). The synthesis of high quality 1T-
CrTe2 crystals by this approach was found to be feasible,
however signicantly slower and accompanied by the presence
of Te. These Te impurities are always observed aer the dein-
tercalation with I2/acetonitrile, while we do not observe it for the
acid deintercalation reaction. The PXRD pattern of ux-grown
LiCrTe2 indicates the presence of small amounts of LiTe3,
which might react with I2 to Te. The synthesis of millimeter-
sized single crystals took 14 days. Shorter reaction times led
to products that were not fully deintercalated. In Fig. 3a, we
show the PXRD patterns of crystals with an approximate size of
5 × 3 × 0.5 mm, which were deintercalated with a 0.04 M
solution of I2 in acetonitrile for 1, 4, 8 and 14 days. LiCrTe2 and
1T-CrTe2 are best identied in the patterns by the peaks at
about 13.2° 2q and 29.3° 2q for LiCrTe2 or 14.5° 2q and 30.9° 2q
for 1T-CrTe2. Aer 1 day, peaks corresponding to 1T-CrTe2 have
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 I2/acetonitrile deintercalation of LiCrTe2: (a) PXRD patterns of
LiCrTe2 and products obtained by deintercalating LiCrTe2 with
a solution of I2 in acetonitrile for 1, 4, 8, and 14 days. Stars indicate
reflections due to Apiezon N Grease used for capillary preparation and
triangles reflections due to impurities of LiTe3. A PXRD measurement
of the Apiezon N Grease alone in a capillary is depicted in the ESI.†
Next to the patterns are photographs of the crystals taken on milli-
meter-sized graph paper. (b) Plot of the molar ratios of LiCrTe2 to 1T-
CrTe2 as a function of time. The mass ratios of LiCrTe2, 1T-CrTe2, and
Te were derived from Rietveld refinements of the PXRD patterns
shown in (a) and converted to molar ratios, with Te excluded for
simplicity. The sum of molar percentages of LiCrTe2 and 1T-CrTe2 was
scaled up to 100%. Dashed lines represent a pseudo-exponential fit,
with additional fitting information provided in ESI Fig. 3.†

Table 1 Refined coordinates and assigned Wyckoff position of Cr and
Te in 1T-CrTe2 based on a SXRD measurement at 120 K

Atom Wyckoff Occ. x y z

Cr 1b 1 0 0 1/2
Te 2d 1 2/3 1/3 0.2420(3)
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much smaller intensities than those of LiCrTe2. This is also the
case aer 4 days. Aer 8 days, the intensity ratio changes, sug-
gesting more 1T-CrTe2 than LiCrTe2 is present in the crystal.
Only aer a duration of 14 days, does the PXRD pattern show no
presence of LiCrTe2 suggesting the deintercalation process to be
complete. Rietveld renements of all patterns were conducted
to estimate the ratio of LiCrTe2 and 1T-CrTe2 present in the
crystal. The molar percentages are depicted in a graph against
This journal is © The Royal Society of Chemistry 2024
deintercalation time in Fig. 3b. The PXRD experiments quantify
the percentage of LiCrTe2 from 100% to 55% aer 1 day, to 40%
aer 4 days, to 13% aer 8 days, and to 0% aer 14 days.

Upon examining the photographs of the crystals following
different deintercalation durations, one can optically observe
a dark-gray center surrounded by a light-gray outer ring (see
photographs in Fig. 3a). As the deintercalation time increases,
the light-gray region expands, correlating with the formation of
1T-CrTe2 as conrmed by the powder X-ray diffraction (PXRD)
results. Song et al. had found for the deintercalation of poly-
crystalline KCrSe2 powder using I2 in acetonitrile a linear
progression with time, and suggested a 0th order kinetics reac-
tion in agreement with the K+ diffusing towards the edges
during the deintercalation.58 The course of the molar percent-
ages of 1T-CrTe2 and LiCrTe2 observed here for millimeter sized
crystals matches instead an exponential change, which hints
towards 1st order kinetics, yet the effect of the crystal defects as
well as varying crystal sizes cannot be quantied and could have
led to this different assumption in kinetics.

Overall, it can be certainly stated that the overall time
necessary for the deintercalation of large LiCrTe2 crystals using
I2/acetonitrile is signicantly higher than for the acid-assisted
deintercalation.
3.3 Diffraction and crystal structure

For the rst time we were able to conrm the crystal structure of
1T-CrTe2, which was proposed based on X-ray powder diffrac-
tion data by Freitas et al., using SXRD experiments. SXRD could
be performed on crystals synthesized within just over 2 h using
diluted H2SO4. The best structural model is found to be in the
trigonal space group P�3m1. The unit cell parameters at 120 K
were found to be almost identical with a = b = 3.7823(3) Å, c =
6.0203(5) Å for the diluted acid deintercalation. The full crys-
tallographic data is listed in Table 2. The crystal structure is
depicted in Fig. 1a and shows the characteristic layers of the
vdW material. Since the Te atoms are arranged octahedrally
around the Cr and the Cr–Cr distances within the layers are
identical, the 1T polytype can be attributed to this structure. As
expected, the Cr–Cr interlayer distance of 6.0205(5) Å in 1T-
CrTe2 clearly decreased compared to about 6.585 Å in LiCrTe2.
The unit cell consists of two fully occupied crystallographic
sites: The 1b Wyckoff position, x = 0, y = 0, z = 1/2, is occupied
by Cr whereas Te can be found in the 2d Wyckoff position at x=
2/3, y = 1/3, z = 0.2420(3) as listed in Table 1.

The crystal structure of 1T-CrTe2 from crystals deintercalated
using diluted H2SO4 was solved with reasonable data reduction
and renement parameters with Rint = 0.0954, R1 = 0.0678, and
wRR2

= 0.1757. The model has a signicant residual electron
density of +11.08 e− Å−3. However, this is located at such close
J. Mater. Chem. A
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Table 2 Crystallographic data for single crystals of 1T-CrTe2 synthe-
sized by deintercalation of LiCrTe2 with diluted H2SO4

SXRD renement 1T-CrTe2

Formula CrTe2
CCDC collection code 2376663
Structure type CdI2
Mol. wt. (g mol−1) 307.20
Crys. syst. Trigonal
Space group P�3m1(164)
a (Å) 3.7823(3)
c (Å) 6.0203(5)
V (Å3) 74.587(13)
Z 1
Calculated density (g cm−1) 6.839
Temperature (K) 120
Diffractometer Synergy, Dualex, HyPix-Arc 150
Radiation Mo-Ka

Crystal color Gray
Crystal description Plate
Crystal size (mm3) 0.24 × 0.19 × 0.03
Linear absorption coefficient (mm−1) 22.658
Scan mode u scan
Recording range q (°) 3.264–40.432
h range −5–5
k range −6–6
l range −10–10
Nb. of measured reections 5693

Data reduction
Completeness (%) 100
Nb. of independent reections 208
Rint 0.0954
Absorption corrections Spherical
Independent reections 202
With I $ 2.0s

Renement
R1 (obs/all) (%) 0.0688/0.0694
wR2 (obs/all) (%) 0.1855/0.1858
GooF 1.335
No. of rened parameters 6
Difference Fourier residues (e− Å−3) −4.232 to +11.618

Fig. 4 Microscopic analysis of 1T-CrTe2 synthesized by dein-
tercalation of LiCrTe2 in H2SO4: EDS map of 1T-CrTe2 after exfoliation
with Scotch tape (a). SEM images of 1T-CrTe2. Yellow frames indicate
the frame of the respective image with increased magnification. (b)
Shows images with magnifications of ×50, ×1000 and ×3000 taken
perpendicular to the crystal's surface. (c) Shows a side view on a crystal
at an angle of about 45° with magnifications of ×50, ×1000 and
×3000.
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distance to the heavy Te atoms that no additional atom can be
reasonably placed in the vdW gap. Both the absence of electron
densities between the vdW layers as well as the signicant
shorter c-axis correspond to the successful deintercalation of Li.
Elevated reduction and renement parameters are most likely
the result of the signicant mosaicity. Reconstructions of the
hk0, h0k and 0kl planes of SXRD datasets on crystals dein-
tercalated with diluted acid and I2 in acetonitrile are depicted in
the ESI,† showing similar mosaicity.

Summarized PXRD analysis shows the successful synthesis
of 1T-CrTe2 using diluted acids and iodine in acetonitrile. The
previously suggested crystal structure based on powder rene-
ments has been conrmed using SXRD.
3.4 Microscopic analysis

The stoichiometric ratio of Cr to Te was studied using EDS
measurements and was found to be nearly ideal with a ratio of
J. Mater. Chem. A
Cr = 1.000 ± 0.010 to Te = 1.942 ± 0.018. In Fig. 4a, we show an
exemplary EDS map with an even distribution of Cr and Te.
Aer exfoliation with Scotch tape, the stoichiometric ratio did
not change. This stoichiometry differs signicantly from other
reported CrxTey species; EDS therefore substantiates the
successful synthesis of CrTe2. Further, EDS data together with
the absence of substantial shrinkage of the crystal sizes upon
deintercalation, indicate no signicant dissolution of Cr or Te
in 1 M H2SO4 during the short deintercalation period of 30 min.

The microstructure of a representative acid deintercalated
crystal is depicted in Fig. 4b and c. The top-view (b) shows the
surface on different scales of the 1T-CrTe2 crystal. Large areas,
i.e., single crystalline domains, can be observed. These areas are
interrupted by cracks. These are expected, and likely even
unavoidable, by so-chemical methods in vdW materials
(compare, e.g., ref. 57 and 59). The angle-view (c) highlights the
layered nature of the resulting crystal, but also emphasizes the
presence of disorder, i.e., turbostratic disorder, as the layers
have irregular spacings at the edges. This lamellar crystal
habitus matches the layered 2D crystal structure of the vdW
material. One possible explanation for the irregular spacings at
the edges is that the evolved gas leaves the interlayer space
towards the edges of the crystal into the solution, applying
a perpendicular force on the 1T-CrTe2 layers. This irregular
spacing is likely connected to the mosaicity observed in the
SXRD measurement.

Overall, the microscopic analysis conrmed the expected
stoichiometric ratio of about 1 : 2 of Cr to Te of 1T-CrTe2 and
showed the layered nature of the vdW-material.
This journal is © The Royal Society of Chemistry 2024
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3.5 Magnetic properties of 1T-CrTe2

In Fig. 5, we show themagnetic properties of 1T-CrTe2 as-prepared
using acid-assisted deintercalation from a 1 M solution of H2SO4.
The temperature-dependent magnetization in an external
magnetic eld of m0H = 2 T is shown in Fig. 5a, which reveals the
pronounced transition of 1T-CrTe2 to a ferromagnetic state above
room temperature. The transition temperatures were determined
from the derivatives dM/dT at TC = 325 K for H‖c and dM/dT at TC
= 321 K for Htc. To quantify the transition temperature of
1T-CrTe2 crystals more accurately, an Arrott plot7,60,61 is utilized, as
depicted in Fig. 5b. The Arrott plot – resulting from mean eld
theory for magnetism – corresponds to aM2 vs. H/Mmeasurement
at xed temperatures. It is the measurement procedure to (i)
provide evidence for the existence of a ferromagnetic long-range
ordered state, as well as (ii) for a precise determination of the
Curie temperature TC of a ferromagnet. The M2 vs. H/M linear
behavior that can be extended to the origin of the coordination
system for TC= 318 K corresponds to the Curie temperature. Here,
this value for the acid deintercalated 1T-CrTe2 is in agreement with
the rst derivative of the magnetization and with earlier reports of
Curie temperatures between TC = 300 K and 320 K.12–15,62
Fig. 5 Magnetic properties of H2SO4-deintercalated 1T-CrTe2: (a) tem
tercalation of LiCrTe2 in diluted H2SO4 along the easy axis (Htc) and har
The ferromagnetic transition temperature was precisely determined at
dependent magnetic moment up to 2 T between 315 K and 321 K. Field-d
(c), and easy plane, (d).

This journal is © The Royal Society of Chemistry 2024
The eld-dependent magnetization measurements are pre-
sented in Fig. 5c and d for T = 1.8 K, 300 K, 325 K, and 380 K
with the external magnetic eld parallel and perpendicular to
the c axis respectively. For the measurements with the eld
along the c axis, at T = 1.8 K we observe a clear ferromagnetic
behavior displaying a hysteresis loop. Above the Curie temper-
ature, the eld-dependent magnetization is linear, as expected
in the paramagnetic state. In this orientation of the crystal there
is no saturation of the magnetization observed up to m0H = 9 T
as this corresponds to the hard axis (see ESI†).

With the magnetic eld perpendicular to the c axis, corre-
sponding to the easy plane, no prominent hysteresis can be
observed, and the magnetization almost saturates above TC =

318 K. We estimate a saturation moment of around 2.1 mB by
extrapolation that is found above m0H = 9 T. This is in agree-
ment with the theoretical moment of Cr4+ ofz2.82 mB based on

the spin only formula m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðnþ 2Þp

with n being the number
of unpaired electrons. Saturation magnetization, as well as
direction of the hard axis, are in agreement with earlier reports
on samples of 1T-CrTe2 from KCrTe2 using I2/acetonitrile.12–15,62

The magnetic properties of 1T-CrTe2 prepared via acid-
assisted deintercalation from 1 M H2SO4 demonstrate
perature-dependent magnetization of 1T-CrTe2 synthesized by dein-
d axis (H‖c) measured from 1.8 K and 380 K at 2 T, and their derivatives.
318 K using an Arrott plot, (b), which was constructed from the field-
ependent magnetic moment between−2 T and 2 T along the hard axis,

J. Mater. Chem. A
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a transition to a ferromagnetic state above room temperature
with a Curie temperature of TC = 318 K, conrmed through
temperature-dependent magnetization, Arrott plots, and eld-
dependent magnetization measurements.
3.6 Neutron powder diffraction

In Fig. 6, we show the results of neutron powder diffraction
experiments that we have performed on nely ground 1T-CrTe2
crystals, which were synthesized using diluted 1 M H2SO4.
Experiments have been conducted both at T = 1.6 K and 323 K,
above TC = 318 K. Above the ferromagnetic transition tempera-
ture, we successfully rened the diffraction pattern using only the
nuclear component, as shown in Fig. 6a. At T = 1.6 K, the ob-
tained pattern is well described by introducing a magnetic phase
Fig. 6 Rietveld refinement of neutron diffraction patterns of H2SO4-
deintercalated 1T-CrTe2. (a) Refined pattern obtained at T = 323 K
based on two phases: a nuclear part (Nuc) on the basis of SXRD data
and the sample container made of vanadium (COD code: 1506411). (b)
Refined pattern obtained at T = 1.6 K based on three phases: a nuclear
part (Nuc) on the basis of SXRD data, a magnetic contribution (Mag)
with the space group C20/m0 and the sample contained made of
vanadium. (c) Graphical representation of the magnetic structure with
parallel orientation of the magnetic moments of Cr represented by red
arrows.

J. Mater. Chem. A
with contributions to the neutron powder pattern at the same 2q
values as the nuclear part. Based on the nuclear model, four
different magnetic space groups (MSG) can be envisioned using
ISODISTORT from the ISOTROPY soware,50,51 which are listed in
the ESI.† The highest symmetric space group P�3m01 was rejected
since it would not allow for intensity of the (00n) reections,
whereas we observed strong magnetic contributions to the (001)
reection. Considering the remaining space groups, we found the
long-rangemagnetic structure is best described inC20/m0 with the
cell parameters a= 6.5829(15) Å, b= 3.7869(17) Å, c= 6.0262(3) Å
and a = b = g = 90°. Relative to the nuclear structure, a basis
transformation with [(2, 1, 0), (0, 1, 0), (0, 0, 1)] was applied.

Fig. 6c depicts a graphical representation of the resulting
magnetic structure. It comprises two occupied atom sites with
Te located at (2/3, 0, 0.747) and Cr at (0, 0, 0.5). The single
magnetic Cr site has a magnetic moment of mCr = 1.329(14)mB,
which is comparatively low for Cr(+IV) because of the absence of
an applied eld. Renement of the magnetic moment vector
has led to two solutions which can be considered equally valid
based on the obtained value of c2. A rst solution has
a magnetic moment vector with contributions both in x-direc-
tion (mx = 1.311(14)mB) and z-direction (mz = 0.56(5)mB), was
rened with c2 = 1.89 and described in more detail in the ESI.†
A second solution has only a contribution of the magnetic
moment in the x-direction (mx = 1.329(14)mB) and was rened
with c2 = 1.92 (Table 3). The second solution with the magnetic
moments aligned in the ab-plane is the appropriate model, as it
agrees better with the observed strong anisotropy between in-
plane and out-of-plane magnetization (Fig. 5c and d), but also
agrees with our fully relativistic energy calculations of the
ferromagnetic spins as function of the quantization axis, where
the spins clearly prefer to be in the ab plane over the c axis (see
discussion below and ESI†).

The neutron powder diffraction experiments on 1T-CrTe2
crystals synthesized using diluted 1 M H2SO4 reveal that the
long-range magnetic structure at 1.6 K is best described by the
C20/m0 space group, with Cr atoms having a magnetic moment
of mCr z 1.33 mB.
3.7 Calculated magnetic couplings

We would now like to obtain additional information about 1T-
CrTe2 using DFT electronic structure calculations. The basic
idea of the energy mapping technique we use is that all the
Table 3 Comparison of refined parameters of neutron powder
diffraction data on H2SO4-deintercalated 1T-CrTe2 collected at 1.6 K
and 323 K

1.6 K 323 K

a (Å) 3.79550(12) 3.7860(3)
c (Å) 6.0262(3) 6.1213(6)
V (Å3) 75.181(5) 75.985(10)
mCr (mB) 1.329(14) —
Rp 1.40 1.69
Rwp 1.80 2.10
Rexp 1.30 1.78
c2 1.92 1.39

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Exchange interactions of 1T-CrTe2 determined by DFT
energy mapping using a DFT + U exchange correlation functional, as
function of the on-site interaction strength U. (b) Seven relevant
exchange paths for CrTe2.
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information about the way the Cr ions interact magnetically is
contained in energies of broken symmetry solutions for
different spin arrangements. In addition, if we include spin
orbit coupling, DFT energies also contain information about the
magnetic anisotropy of the material. One crucial aspect of 1T-
CrTe2 is that it is a metal. This makes magnetic interactions
potentially long-range so that our energy mapping approach has
to be extended far beyond the nearest neighbor in the Cr
triangular lattice. Given the availability of a precise crystalline
model of 1T-CrTe2, we further investigate the magnetic prop-
erties of this compound by determining the Heisenberg

Hamiltonian cH ¼ P
i\jJijSi$Sj where Si are spin operators and

Jij are Heisenberg Hamiltonian parameters. The Heisenberg
Hamiltonian parameters Jij represent the strength and nature of
the exchange interactions between the spins of the Cr ions.
These parameters are inuenced by the electronic structure and
the spatial arrangement of the atoms.

We use the well-established approach of density functional
theory (DFT) energy mapping, which has previously yielded
excellent results for the related compound LiCrTe2 (ref. 43) as
well as for other chromium magnets.63,64 The method implies
that we calculate 40 spin congurations with distinct energies
for a 3 × 2 × 2 supercell and t their GGA + U energies with the
Heisenberg Hamiltonian. This allows us to resolve the seven
exchange couplings shown in Fig. 7 for seven values of the
onsite Coulomb interaction U.

Our ndings indicate that within the triangular lattice
formed by Cr ions in the ab plane, the three exchange interac-
tions, denoted as J1, J3, and J5, are ferromagnetic (negative),
suggesting that these interactions favor parallel alignment of
neighboring spins. Additionally, the interlayer couplings J2, J4,
J6, and J7 are predominantly ferromagnetic. This dominance of
ferromagnetic interactions both within the plane and between
layers corroborates the experimentally observed ferromagnetic
order in 1T-CrTe2. Hence, our calculations conrm that the
magnetic measurements of 1T-CrTe2 reveal predominantly
ferromagnetic in-plane and interlayer exchange interactions.

Interestingly, we nd in-plane second (J3) and third neighbor
(J5) couplings to be substantial in 1T-CrTe2. Thus, the high
ordering temperature found in the 1T-CrTe2 monolayer is
probably due both to strong single ion anisotropy as well as
important longer range exchange interactions.65 Meanwhile, the
interlayer exchange in 1T-CrTe2 is not found to be small in our
calculations; this is reasonable because the interlayer Cr–Cr
distance of 6.0203 Å is small compared to alkali chromium
ditellurides, and there are reasonable Cr–Te–Te–Cr exchange
paths. Thus, from our calculations we do not nd interlayer
exchange to be weak, and we can still give valid reasons why the
monolayer displays long-range magnetic order. The details on
the DFT energy mapping are presented in the ESI.†

Our calculations conrm that 1T-CrTe2 exhibits predomi-
nantly ferromagnetic in-plane and interlayer exchange interac-
tions, with signicant second and third neighbor couplings
contributing to the high ordering temperature, and the inter-
layer exchange being substantial due to the relatively small Cr–
Cr distance and viable Cr–Te–Te–Cr exchange paths.
This journal is © The Royal Society of Chemistry 2024
3.8 Thermal decomposition

To investigate the thermal stability and decomposition of acid-
assisted deintercalated 1T-CrTe2 we post-annealed ground
powders of acid deintercalated 1T-CrTe2 crystals under Ar
atmosphere. PXRD patterns of the post-annealed samples are
depicted in Fig. 8. The temperatures investigated were inspired
by DSC and DTA experiments, which are enclosed in the ESI.†

Acid deintercalated 1T-CrTe2 was found thermally stable at
least up to 100 °C for two weeks, aer which no signicant
change of the PXRD pattern compared to the untempered
sample was observed. Tempering at 250 °C resulted in the
appearance of reections that correspond to elemental Te in
addition to 1T-CrTe2. The observation can be rationalized with
the loss of Te from 1T-CrTe2 due to its thermal degradation. In
the PXRD patterns of the samples annealed at 325 °C and 400 °C
we observe the formation of phases closely related to a Cr-rich
composition, corresponding to the thermodynamic stable
phases Cr2Te3 and Cr5Te8. The PXRD pattern can be well
explained with these structures present. These two phases differ
primarily by the amount of Cr that occupies the vdW gap of 1T-
J. Mater. Chem. A
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Fig. 8 PXRD patterns showing the thermal stability of 1T-CrTe2 after
tempering at 100 °C for two weeks, and at 250 °C, 325 °C, 400 °C, and
500 °C for 20 hours. Stars indicate an unidentified phase, potentially
resembling CrTe3, and Bragg positions of identified phases are shown
below the patterns.
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CrTe2, and can be interpreted as a Te-decient version of the 1T
phase, which is well in agreement with the observed Te loss
upon thermal treatment. Based on PXRD alone, the clear
identication of these two phases from one another is chal-
lenging due to their structural similarity. The corresponding
reections in the PXRD pattern that were annealed at 325 °C
and 400 °C shi slightly relative to each other and there is
a difference in their relative intensities, most prominently at
29.7° 2q and 30.4° 2q. Given the continuous loss of Te it is likely
that at the phase transition 1 the 1T-CrTe2 phase decomposes
into the Te-poorer Cr2Te3 phase, which at higher temperatures
decomposes into the even slightly Te-poorer Cr5Te8.

Due to the large number of (meta)-stable CrxTey with stoi-
chiometries close to 1T-CrTe2 the thermal decomposition of
bulk 1T-CrTe2 and its products is likely a highly complicated
process which should be closer investigated in the future.
Nevertheless, our observations quantify the thermal decompo-
sition of bulk 1T-CrTe2 between 100 °C and 250 °C. Henceforth,
the annealing of these acid deintercalated 1T-CrTe2 crystals for
device fabrication of any sort might be critical in order not to
decompose the phase of interest.
J. Mater. Chem. A
The post-annealing experiments reveal that 1T-CrTe2
remains stable up to 100 °C, begins to decompose with the
formation of elemental Te at 250 °C, and forms Cr-rich phases
Cr2Te3 and Cr5Te8 at higher temperatures due to thermal
degradation and Te loss.

4 Conclusions

In this work, we have expanded the top-down synthesis strate-
gies to yield large, X-ray-pure single crystals of the room-
temperature ferromagnetic vdW material 1T-CrTe2. This
includes the so-chemical deintercalation of ux-grown
LiCrTe2, which allowed the synthesis of large crystals with
diameters up to 8 mm, using diluted acids as well as a solution
of I2 in acetonitrile. We found the deintercalation of LiCrTe2
using I2 to be a slow process, i.e. for millimeter-sized crystals the
synthesis took up to 14 days, making the acid-assisted dein-
tercalation an efficient and signicantly faster alternative,
which only took just over 2 h for millimeter-sized. The quality of
these acid deintercalated crystals has been found to be high so
that we could – for the rst time – resolve the crystal structure of
1T-CrTe2 from SXRD data.

We nd for the acid deintercalated 1T-CrTe2 well-dened
magnetic properties with a ferromagnetic transition tempera-
ture of TC = 318 K. We have resolved its long-range magnetic
ferromagnetic order, using neutron diffraction, which is best
described in the magnetic space group C20/m0, with the
moments aligned in the ab-plane. Applying DFT-based energy
mapping to 1T-CrTe2, we determined a Heisenberg Hamilto-
nian with strong ferromagnetic in-plane couplings, including
substantial longer range exchange. We nd signicant inter-
layer couplings that are also predominantly ferromagnetic.
Besides, we obtain a single ion anisotropy that makes 1T-CrTe2
strongly easy plane. Our calculations can explain the high Curie
temperature of the bulk material and give clues why even the
monolayer has a high Curie temperature. Finally, our post-
annealing experiments of 1T-CrTe2 suggest a thermal transi-
tion of 1T-CrTe2 into a Cr-richer phase between 100 °C and
250 °C marking an important annealing temperature for
possible future device fabrications.

In conclusion, the so-chemical deintercalation of LiCrTe2
using diluted acids yields high-quality crystals of 1T-CrTe2
within a short deintercalation time of 2 h. Future exfoliation of
these crystals can be expected to yield few-layered or mono-
layered samples, which hold promise for the fabrication of
room-temperature spintronic devices.
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