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show evidence of vdW “superstructures” in individual Cr,sTe,

nanoplates exhibiting magnetic behaviors distinct from bulk

chromium tellurides. Among 26,332 possible configurations, we unambiguously identified the Cr-intercalated structure as 3-fold
symmetry broken Cr,Te, segmented by vdW gaps. Moreover, a twisted Cr-intercalated layered structure is observed. The
spontaneous formation of twisted vdW “superstructures” not only provides insight into the diverse magnetic properties of
intercalated vdW magnets but may also add complementary building blocks to vdW-based spintronics.
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an der Waals (vdW) magnets (Cr,Ge,Tes' and Crly”) room temperature,”””*® which is significantly higher than that

have recently emerged as a fascinating magnetic material of the previously studied ternary chromium tellurides
system to explore intrinsic magnetism and emergent Cr,X,Te, (X = Si, Ge).l’14’37_44 Furthermore, a colossal
phenomena in the two-dimensional (2D) limit.>~® In anomalous Hall conductivity was recently observed in 1T-
comparison to the atomicallg thin magnetic films extensively CrTe, with simultaneously large anomalous Hall angles and
studied in the 1980—90s,”'" 2D vdW magnets are advanta- electrical conductivities distinct from other anomalous Hall
geous as they can be readily stacked into 2D heterostructures' materials, making it an excellent candidate for spintronics
and their magnetic properties can be sensitively tuned by applications.33’45 By intercalating Cr atoms into the vdW gap
external stimuli including electric field,"*™'* strain," electro- between the CrTe, layers, as shown in Figure la, different
static doping,16 and so forth. Indeed, the ability to finely stack, chromium telluride compounds Cr,;Te, (0 < § < 1) are
control, and engineer the magnetism of these 2D vdW created. These different Cr) ;Te, phases have a broad range of
materials layer by layer facilitates the development of novel magnetic ordering temperatures and novel magnetic
magnetoelectric and spintronic devices, such as vertical field phases.32’34’35’46_56 For example, CrTe (or Cr,Te,) thin films

effect transistors,””"* tunneling-based memory, logic, and spin-
filtering devices.'”~**

While many efforts have been focused on studying transition
metal trihalides (e.g., Crl,), >3 they have often been
shown to be unstable and degrade within minutes in air and/or
when exposed to light,31 requiring either in situ measurements
in an oxygen-free environment or encapsulation between
protective layers to prevent deterioration.””' Conversely,
transition metal telluride compounds are expected to be
relatively more stable in ambient conditions. Among various
vdW magnetic tellurides, the binary chromium telluride 1T-
CrTe, has a ferromagnetic ordering temperature T, above

have been reported to exhibit the topological Hall effect, noted
as strong evidence of a magnetic skyrmion phase.”” Similar
topological spin textures have also been reported in Cr,Te; (or
Cr, 3;Te,) thin films embedded with bismuth nanosheets.”®
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Figure 1. (a) The crystal structure of Cr,Te, (CrTe,), Cr;,sTe, (CrsTeg), Cr,33Te, (Cr,Te;), Cr, sTe, (Cr;Te,), and Cr,Te, (CrTe); showing the
difference between structures with the increase of intercalated Cr in the vdW gap between the CrTe, layers, from left to right. (b) An optical image
of a representative area of the chromium telluride nanoplates. (c) Histogram showing the range of thicknesses of nanoplates studied during the
magnetization measurements. (d) M—T curves of the sample showing a T, of ~284 K with the T, of some known bulk chromium telluride

compounds denoted along the horizontal axis.*>***%¥%3=7 (¢) M—

(blue) to the c-axis at T = 4 K.

H curves of the sample with the field aligned perpendicular (red) and parallel

Another interesting phenomenon reported in the CrTe,-
based system is an anomalous thickness-dependent T, which
increases with decreasing thickness. 3990 For example, Cr,Te;
(or Cry 35Te,) in the bulk limit has a T, of 160—180 K, whereas
ultrathin nanoflakes (7.1 nm) have been reported to form
ferromagnetic order at ~280 K. This thickness dependence is
in strong contradiction to expectations based on the Mermin—
Wagner—Hohenberg (MWH) theorem, which indicates that
thermal fluctuations increase as dimensionality is reduced from
3D to 2D, therefore reducing the stability of the magnetic
ordermg and consequently lowering the ordering temper-
ature.”” It is worth mentioning, however, there are
discrepancies in the literature regarding the magnetic proper-
ties of the same respective compounds. Indeed, varied T,
values were reported in the same compounds of similar
thickness (e.g, T. = 210 K>’ versus 300 K** for ~9 nm thick
CrTe,), and in contrast to the anomalous thickness depend-
ence previously discussed, other studies (i.e, 1T-CrTe,,
Cr;Te,, and CrTe) suggested the absence of**>°7**~%* or
an opposite thickness dependence where the T, decreases with
decreasing thickness.*” Since magnetism in bulk Cry,sTe, is
strongly dependent on the composition,**”*>>37%7 the
varied and sometimes contrasting magnetic properties of
nanoplates and thin films may result from precisely how the
excess Cr atoms are intercalated in the vdW gap; therefore, it is
essential to correlate the magnetic phases with the details of
Cr-intercalation to understand the intrinsic magnetism in this
newly emerged vdW magnet family.

In this work, we report on a ferromagnetic phase with a T, of
~284 K in Cr;sTe, nanoplates across a wide range of
thicknesses from hundreds of nanometers down to 7 nm. An
iterative method was developed, combining systematic trans-
mission electron microscopy (TEM) measurements and
simulations, to unambiguously determine the Cr-intercalation
among 26,332 different possibilities. The Cr-intercalated
structure identified in this process corresponds to a monoclinic
Cr, sTe, structure of space group C2/m which is segmented by
vdW gaps, forming a vdW “superstructure”. We also observed a
twisted structure in the nanoplates, where the Cr-intercalated

layers are rotated by 120 degrees relative to one another. The
vdW “superstructure” and twisting lead to magnetic properties
in contrast to their bulk counterparts, which can be well
understood based on the MWH theorem.

A single-step CVD growth, using CrCl; and Te as precursors
(see experimental details in the Supporting Information),
produces chromium telluride nanoplates of varied thickness
down to 7 nm (Figure 1b,c). Magnetization measurements
suggest a ferromagnetic Cr,sTe, phase with a magnetic
ordering temperature T. ~ 284 K, in addition to the Cr,Te;
(ie, 8 = 0.33) phase with a T, ~ 170—177 K as observed
previously.”” As shown in Figure 1d, the temperature
dependent magnetization measurement was performed with
an applied field oriented both parallel (H//c) and
perpendicular (H.Llc) to the c-axis for field-cooling (FC) and
zero-field-cooling (ZFC). The T. of 284 K, determined from

%, is different from the reported T values of any known bulk

Cr;,5Te, compounds, as denoted along the horizontal axis in
Figure 1d where the thicker lines indicate a range of reported
T. values for the respective compounds.*>*>%*%~% 1t is worth
mentioning that ultrathin nanoplates (~5—7 nm) grown by a
similar CVD process, exhibit a magnetic transmon at ~280 K
and were believed to be Cr,Te; (or Cr,;;Te,).” Given that
bulk Cr,Te; has a T, of 160—180 K, the enhanced ordering
temperature in these ultrathin nanoplates was attributed to the
reconstruction of structure.’® This is, however, not the case in
our nanoplates as the majority of them are in the range of 10—
70 nm thick (Figure 1lc), as characterized by atomic force
microscopy. The magnetization measurements as a function of
applied magnetic field (Figure le and Figure S1) show a rapid
increase in the initial magnetization when the field is applied
parallel to the c-axis compared to when the field is applied
perpendicular to the c-axis, implying there is perpendicular
magnetic anisotropy with the easy axis along the c-axis, which
is common for many chromium tellurides.*”*”** Compared to
Cr,Te; which has a strong perpendicular magnetic anisotropy
with an easy c-axis,"”*" the perpendicular magnetic anisotropy
on our nanoplates is relatively weak. Collectively, this
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Figure 2. (a) MOKE hysteresis loops after background subtraction, (b) the AFM height profile with the corresponding AFM image in the inset,
and (c) the coercive field of the Kerr rotation (blue) and amplitude as a function of temperature (red) on the same chromium telluride nanoplate.
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Figure 3. (a) Schematic figure of the [001] zone axis (black arrow) and the three (102) zone axes (colored arrows), (b) SAED pattern along the
[001] zone axis, and (c) SAED patterns along three (102) zone axes, where extra diffraction spots are observed in one of the three zone axes. The
extra spots are at the half of the diffraction vectors that are normal to the shortest diffraction vector along the (102) zone axis (one example is
shown in a yellow circle). (d) The algorithm used to identify the structure of the chromium telluride nanoplates. (e) The side and (f) top views of
the Cr, ;Te, unit cell showing the positions of the vacancy sites. (g) HRTEM image of a nanoplate along the c-axis.

demonstrates that the nanoplates studied here are indeed a
different phase of chromium telluride than Cr,Te;. We note
that there is a hysteresis loop at low fields along with a
nonhysteretic and gradually increasing magnetization at higher
fields in the H1c loop; this is likely due to the nanoplates being
randomly oriented in the in-plane direction where the
measured M—H curve is the sum of individual curves of all

nanoplates with the magnetic field applied along different in-

9519

plane crystallographic axes, as described in the Supporting
Information.

To demonstrate the intrinsic ferromagnetism and obtain the
magnetic ordering temperatures of single nanoplates, we
carried out magneto-optic Kerr effect (MOKE) measurements
on some individual nanoplates at various temperatures
between 4 and 300 K. The Kerr rotation was measured in
the out-of-plane direction (i.e, along the c-axis) with the
magnetic field applied out-of-plane, as well. The magnetic field
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Figure 4. SAED patterns taken along three (102) zone axes where extra diffraction spots are observed in (a) two of the three axes and (c) in all
three of the axes, indicated by the yellow circles, with the respective twisted structures shown in (b) and (d), respectively.

was swept between —600 Oe and +600 Oe. Figure 2a shows
the magnetic field dependence of Kerr rotation taken on a 24.2
nm thick nanoplate (Figure 2b), in which magnetic hysteresis
was observed from 4 to 280 K and disappeared by 290 K. The
T. is therefore determined to be 285 + § K, which is consistent
with bulk measurements. The Kerr rotation amplitude and
coercive field extracted from the magnetic hysteresis loops are
plotted as a function of temperature in Figure 2c. It is worth
noting that the Kerr rotation amplitude and coercive field are
underestimated at low temperatures (e.g,, ~100 K or below)
due to the small sweeping field range which results in a
measurement of minor loop in this temperature range. The
same MOKE studies were performed on several other
nanoplates of slightly different thicknesses (18.5 to 24.7 nm).
As shown in Figure S8, we do not observe a systematic change
in T, as a function of thickness in this range.

Having demonstrated the intrinsic ferromagnetism in our
nanoplates, we now turn to a systematic study of the Cr-
intercalated crystal structure. As we have discussed in our
previous work,* the c-lattice constants of various Cr-
intercalated chromium tellurides vary only slightly between
compounds, making it challenging to distinguish the different
phases by standard X-ray diffraction characterization of d-
spacing along the out-of-plane c-axis when the nanoplates are
lying flat on the substrate. We therefore carried out selected
area electron diffraction (SAED) characterizations along
different zone axes to gain both in-plane and out-of-plane
structural information. As various intercalated phases can form
during a CVD grow’th,@’59 the SAED characterizations were
taken on nine individual nanoplates from the same sample in
which the magnetization measurements were performed to
ensure the correlation of the structure and magnetism. It is
worth noting that the nanoplates are sensitive to the electron
beam (Figure S2 in the Supporting Information); thus a lower
voltage (80 kV) was used during the SAED measurements to
avoid damaging the nanoplates. As shown in Figure 3a, the

9520

SAED patterns were taken along the [001] zone axis (denoted
by a black arrow) and three adjacent (102) axes (colored
arrows) which contain both in-plane and out-of-plane
components. The diffraction pattern in the [001] zone axis
(Figure 3b) can be indexed to CrTe, as well as various Cr-
intercalated phases including CrTe (Figure S4) which contains
the maximum amount of Cr atoms intercalated in the vdW
gap. While two of the [102] diffraction patterns (Figure 3c(i)-
(i1)) can also be assigned to the CrTe, structure (Figure SS),
the third contains extra diffraction spots labeled by the circles
in Figure 3c(iii). The extra diffraction spots were not due to
electron-beam-induced damage as we performed SAED using a
low voltage along three (102) axes and consequently repeated
the measurement of the first [102] axis at the same tilt angle to
confirm the SAED patterns remained unchanged (Figure S3).
The observed extra diffraction spots are therefore intrinsic and
likely associated with the Cr-intercalation in the vdW gap of
the CrTe,, which breaks the 3-fold lattice symmetry. We note
that the observed SAED patterns measured along three of the
(102) zone axes and the [001] axis were measured across the
entirety of the nanoplate as well as in different regions of the
nanoplate and are consistent with one another (Figure S6),
indicating that the intercalated Cr atoms are ordered
throughout the nanoplates. The high crystalline quality of
the nanoplate is further confirmed by the high-resolution TEM
(HRTEM) image in Figure 3g, which shows clear hexagonal
lattice fringes.

To unambiguously determine how the Cr atoms are
intercalated in the vdW gap, we developed an iterative method
to search for the Cr-intercalated structure which matches the
four observed SAED patterns. The extra diffraction spots in the
[102] diffraction pattern (Figure 3c(iii)) exist at half of the
reciprocal lattice vector of CrTe,, indicating the Cr-
intercalation sites double the period of the original CrTe,
lattice. Furthermore, the structure of various Cr-intercalated
CrTe, can also be described as Cr-vacated CrTe in which Cr

https://doi.org/10.1021/acs.nanolett.1c02940
Nano Lett. 2021, 21, 9517-9525
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Figure S. Side view of the fully occupied chromium layers (dark blue) and the self-intercalated chromium (light blue) vacancy layers showing
orientations of magnetic moments. (a) Ground state configuration for coupled Cr, Te, structure. (b) Decoupled Cr, sTe, superstructure with a
vacant vdW gap. The dashed paths indicate the magnetic fluctuations that spoil the antiferromagnetic order in (a).

atoms have been partially removed from the vdW gap between
CrTe, layers. Given that the vacancy sites are not limited to
the gap between the CrTe, layers, Cr-vacated CrTe contains
more possible lattice configurations than the Cr-intercalated
CrTe,; therefore to be more complementary, we used CrTe,
instead of CrTe,, as a basis from which we generated Cr-
vacated structures and respective diffraction patterns for
comparison with the experimental data. The iterative algorithm
we used to achieve this is described in Figure 3d. Since the unit
cells of CrTe and CrTe, are nearly the same size and are
doubled by the Cr-intercalation (or vacancy), we first
constructed a 2 X 2 X 2 supercell of CrTe consisting of 16
Cr atoms and 16 Te atoms. Next, we implemented a Python
code to systematically remove n (n = 1, 2..7) Cr atoms at
different positions from this super cell and consequently
simulated all possible structures and respective diffraction
patterns using the diffsims package from the pyxem open-
source project.”® Finally, we compared the simulated
diffraction patterns to our experimental SAED data by indexing
all of the diffraction spots that we observed and using them as
inputs to be matched with the simulations in the iterative
program, as described in the Supporting Information, from
which the correct structure was determined.

Among 26,332 simulated structural phases, the only phase to
match all of the diffraction patterns measured along the [001]
and (102) zone axes (Figure 3b and c) is monoclinic Cr, ;Te,
of space group C2/m in which the 3-fold symmetry is broken.
As shown in Figure 3e, the vdW gap between two CrTe, layers
is half filled with intercalated Cr atoms, where every second
gap has oppositely occupied sites, resulting in a Cr;sTe,
composition. As shown in the top view of the Cr;sTe,
structure (Figure 3f), the unoccupied sites (i.e., vacancies)
are distributed in the vdW gap along one of the three [100]
directions, denoted as vacancy directions. The extra diffraction
spots will appear along the [102] zone axis which has a finite
component in this [100] vacancy direction.

Furthermore, we observed extra diffraction spots in the
SAED patterns along two and/or all three of the (102) axes, as
shown in Figures 4a,c, respectively. Of the 26,332 possible Cr-
intercalated structures generated with the iterative method,
none produced SAED patterns matching these observations.
However, these exact SAED patterns can be generated by a
twisted structure composed of the previously discussed
Cr,sTe, layers when they are rotated by 120 degrees with
respect to each other. For example, if the vacancies are
distributed along the [100] direction in the bottom layers and
along the [010] direction in the top layers (Figure 4b), then
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the extra diffraction spots will appear in the diffraction patterns
of both the [102] and [012] axes, as shown in Figure 4a.
Similarly, in the case of a nanoplate which has a twisted
structure with vacancies along all three (100) directions
(Figure 4d), extra diffraction spots will appear in all three
(102) axes as observed in Figure 4c. We note that while it is
possible the Cr, Te, layers segregate and form domains along
the out-of-plane direction, we have confirmed that there exists
a twisting between Cr, ;Te, (either individual Cr,;Te, layers
or Cr;sTe, domains) given that the extra spots we observe
along two or three of the (102) zone axes do not match with
any one of the nontwisted chromium telluride structures.
The stoichiometric ratio of the Cr; ;Te, phase is calculated
to be Cr/Te = 0.75. Surprisingly, X-ray energy-dispersive
spectroscopy (XEDS), performed on the nanoplates where the
SAED was taken, shows a Cr/Te ratio of ~0.59—0.68 (Figure
S7), which is even lower than the ratio of ~0.70—0.72
measured on a Cr,Te; control sample. While XEDS is a
semiquantitative characterization method, a direct comparison
of the nanoplates in this work and the control sample suggests
that in addition to the Cr, Te, phase the former may contain
layers which are filled with fewer atoms in the vdW gap,
resulting in a lower Cr/Te ratio than Cr,Te; (ie.,, Cryg;Teys).
The possible compositions satisfying this criterion in a 2 X 2 X
2 supercell are CrgTes CroTe 4 and CrgTe s The diffraction
patterns produced by these layers must not contain any
additional diffraction spots beyond what we observed (Figure
3b,c). As discussed earlier, the CrgTe;s (i.e, CrTe,) has a
completely unoccupied vdW gap and produces diffraction
patterns which agree with our observed patterns where extra
spots are absent. Using our iterative algorithm, we further ruled
out the other possibilities, i.e., CrjgTe ;s and CryTe,, with the
removal of 6 and 7 Cr atoms from the CrTe supercell,
respectively. The above analysis therefore suggests that the
Cr;sTe, is possibly segmented into layers, with completely
empty vdW gaps separating them. This satisfies both the
observed diffraction patterns and the measured Cr/Te ratio.
While direct imaging of the vdW gap using atomic-
resolution STEM is challenging due to the high sensitivity of
the sample to the e-beam, the observation of twisted Cr, ;Te,
layers supports the above segmentation scenario. Indeed, our
density functional theory (DFT) calculation shows that the
energy of the twisted Cr;sTe, system is lowered by the
formation of the vdW gap between the twisted layers. In this
calculation, we first modeled the twisted structure comprised
of two 2 X 2 X 4 Cr;sTe, supercells with different vacancy
directions, creating two Cr, ;Te,—Cr, sTe, twist interfaces. A
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second structure was then constructed by inserting a vdW gap
between the two twisted Cr, Te, supercells. The excess energy
of the twisted Cr, ;Te,—Cr, sTe, interface is 59.1 mJ/m?; with
a vdW gap, the excess energy was lowered to 17.4 mJ/m? Our
DFT calculation therefore suggests that the twisted structure
with a vdW gap is more energetically favorable. This result can
be understood phenomenologically. In brief, the Cr,sTe,
structures with vacancies along any of the three (100) vacancy
directions are crystallographically equivalent with respect to
the completely unoccupied vdW gap. Therefore, once a vdW
gap is formed on top of the bottom Cr ;Te, layer, the
orientation of the Cr;;Te, layer above the gap is not
constrained by the bottom Cr,Te,; in other words, the
vacancy directions of the two Cr, Te, layers are decoupled by
the vdW gap. For this reason, the Cr,;Te, layers in an
individual nanoplate could have the same vacancy direction or
be twisted by 120° «consistent with our experimental
observation of the three cases.

The segmentation of Cr sTe, by vdW gaps, which we call a
vdW “superstructure”, can result in magnetic properties that
are distinct from bulk Cr;sTe, as shown in Figure 1d. The
latter supports two magnetic transitions: one at 310 K
associated with the easy axis ferromagnetism along the c-axis,
and a second at 80 K associated with antiferromagnetism with
a staggered magnetization developing between magnetic
moments in the dilute and dense Cr layers which lie largely
in the a—b plane (Figure 5a).”**° A simple model that captures
this physics involves Heisenberg ferromagnetic couplings
among spins within a plane and antiferromagnetic ones across
planes,*>*" as well as an easy-axis anisotropy in the dense
layers and easy-plane anisotropy in the dilute planes. In mean-
field theory, the ground state magnetic ordering involves
canted spins with two broken symmetries: one Ising-like,
representing ferromagnetic order along the c-axis, and one XY-
like, involving the in-plane ordering of the staggered
magnetization. The latter is characterized by a broken
continuous U(1) symmetry, and therefore is much more
susceptible to thermal fluctuations than the former, with a
phase transition expected to fall in the three-dimensional XY
universality class. The easy-axis anisotropy supports the broken
Z, symmetry of the ferromagnetic state to a higher temperature
and thermally disorders via a transition in the three-
dimensional Ising universality class. The presence of
completely empty vdW gaps breaks up the magnetic system
into a stack of essentially two-dimensional Cr; Te, layers.
Because of the Mermin—Wagner theorem,”” thermal fluctua-
tions eliminate U(1) long-range ordering at any nonvanishing
temperature so that the low-temperature phase transition seen
in bulk Cr, ;Te, systems is eliminated. (Note that this assumes
perfect XY spin isotropy with gapless spin waves. The model
however accommodates some anisotropy provided the
resulting gap is well below experimental temperatures.)
Moreover, due to the generally stronger effects of thermal
fluctuations in lower dimensions, as well as the reduced
number of Heisenberg bonds interconnecting the magnetic
moments in the system as a whole, one expects the
ferromagnetic ordering temperature to be reduced relative to
bulk Cr, ;Te, (Figure Sb). The twisting further suppresses the
couplings between the Cr; Te, layers and therefore the
magnetic ordering temperatures.

In summary, we have demonstrated the structural twisting
and segmentation in self-intercalated Cr),sTe, nanoplates
using a newly developed iterative method which combines
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systematic electron diffraction measurements and structural
simulations. Among 26,332 possible structural configurations,
we unambiguously identified the Cr-intercalated structure as 3-
fold symmetry broken Cr, sTe, layers which are segmented by
vdW gaps. Moreover, a twisted structure is observed where the
Cr,sTe, layers are rotated by 120°. The segmentation and
twisting lead to a slight reduction of the ferromagnetic
transition temperature and destroys the antiferromagnetic
order at a finite temperature, whereas the perpendicular
ferromagnetism is preserved. Given the contrasting magnetic
properties reported in the chromium telluride family, our work
highlights the importance of precisely pinpointing the
intercalated structures to correctly attribute the intrinsic
magnetism in this newly emerged vdW magnet with room-
temperature ferromagnetism. The iterative method developed
in this work offers a more streamlined approach to character-
izing the self-intercalation in 2D vdW materials without the
need for atomically resolved cross-sectional TEM studies,
which is especially useful when the sample is sensitive to an e-
beam, such as this case. The spontaneous formation of a vdW
superstructure not only provides insight into the diverse and
engineerable magnetic properties of intercalated vdW magnets
but may also add complementary building blocks to vdW-
based spintronics.
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