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TaCo,Te,: An Air-Stable, High Mobility Van der Waals

Material with Probable Magnetic Order

Ratnadwip Singha, Fang Yuan, Guangming Cheng, Tyger H. Salters, Yuzki M. Oey,
Graciela V. Villalpando, Milena Jovanovic, Nan Yao, and Leslie M. Schoop*

Van der Waals (vdW) materials are an indispensable part of functional device
technology due to their versatile physical properties and ease of exfoliating
to the low-dimensional limit. Among all the compounds investigated so

far, the search for magnetic vdW materials has intensified in recent years,
fueled by the realization of magnetism in 2D. However, metallic magnetic
vdW systems are still uncommon. In addition, they rarely host high-mobility
charge carriers, which is an essential requirement for high-speed electronic
applications. Another shortcoming of 2D magnets is that they are highly air
sensitive. Using chemical reasoning, TaCo,Te; is introduced as an air-stable,
high-mobility, magnetic vdW material. It has a layered structure, which con-
sists of Peierls distorted Co chains and a large vdW gap between the layers. It
is found that the bulk crystals can be easily exfoliated and the obtained thin
flakes are robust to ambient conditions after 4 months of monitoring using
an optical microscope. Signatures of canted antiferromagntic behavior are
also observed at low-temperature. TaCo,Te, shows a metallic character and a
large, nonsaturating, anisotropic magnetoresistance. Furthermore, the Hall
data and quantum oscillation measurements reveal the presence of both

compounds? with different experimen-
tally verified functionalities ranging from
superconductivity®# and metallic or semi-
conducting transport,>® to optical proper-
ties”®l and magnetism.”! Such assembled
structures offer capabilities to manipu-
late the properties of different layers, for
example, the proximity effect often leads to
new quantum states at the interfaces.l'>!1]

Out of all the vdW systems studied so
far, magnetic vdW compounds have been
of particular interest due to the discovery
of the long-sought 2D magnetism and
its high tunability.?-2% 2D magnets have
various technological applications, particu-
larly in magnetic tunnel junctions.?'?? In
spite of such intense demand, the exam-
ples of true magnetic vdW materials (i.e.,
exfoliable down to few atomic layers)
are rather limited. Moreover, almost all
of them show either semiconducting or

electron- and hole-type carriers and their high mobility.

1. Introduction

Van der Waals (vdW) materials are the important building
blocks of low-dimensional device technology as they provide
the flexibility of designing a large number of unique hetero-
structures by stacking 2D atomic layers.ll. These layers can
be chosen from an expansive catalogue of predicted vdW
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insulating electronic transport properties.

Exceptions include metallic ferromagnets

Fe;GeTe,,”?! Fe,GeTe,* and antiferro-
magnets RTe; (R = rare earth).>28] Among these, GdTe; has
been highlighted for its high-mobility charge carriers that can
play an important role in ultrafast, low-power electronics.?’!
The only comparable high-mobility vdW systems are nonmag-
netic graphite®” and black phosphorus, both of which have
demonstrated their versatility in device fabrication.’273¢] Of
course, graphite has shown many more interesting features
especially generated by the Moiré pattern in twisted multi-
layer graphene,*”38 including a novel ferromagnetic state
in twisted bilayer graphene.®” With intrinsic magnetism as
another controllable parameter, GdTe; is a prime material can-
didate for spintronics applications*”! or creating twisted mul-
tilayer devices with magnetic order and metallic conductivity.
However, one major limitation of this compound (and also the
RTe; family in general) is its robustness, as the exfoliated GdTe;
flakes degrade quickly after a brief exposure to air.*’! This intro-
duces additional complexities during handling such as inert
atmosphere exfoliation and encapsulation, as well as hinders
its wide-scale use. An air-stable, high-mobility, magnetic vdW
compound is therefore highly desired.

To design such a material, it helps to first understand the
other high-mobility vdW magnet, GdTes. Its structure contains
Te square-nets that are susceptible to a Peierls distortion, which
results in the formation of a charge density wave (CDW). The
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square-net motif has previously been linked to high electronic
mobility, as it contains delocalized, hypervalent bonds.!! Elec-
tron delocalization is often in competition with a Peierls dis-
tortion or a CDW, the distortion (partially) localizes these.
Nonetheless, the partial delocalization can remain after the dis-
tortion, which is why the presence of a Peierls instability can
be a good indicator for high mobility charge carriers (42 Black
phosphorus, for example has a distorted structure,*! whereas
in graphene such distortion is prevented by the delocalized
electrons.! Using this chemical intuition, we searched for a
layered material that exhibits a Peierls distortion in addition to
magnetic species. TaCo,Te, had been reported in a distorted lay-
ered structure and contains Co, thus fulfilling all the chemical
requirements. We here show that it indeed features magnetism,
high mobility, and can be exfoliated. Optical microscopy images
show that the exfoliated flakes are stable in air for months.

2. Results and Discussions

2.1. Crystal Structure and Exfoliation of the Bulk Sample

The scanning electron microscope (SEM) image of a TaCo,Te,
single crystal is shown in Figure S1, Supporting Information.
The energy dispersive X-ray spectroscopy (EDX) analysis on
different regions of the crystal reveals almost ideal stoichiom-
etry (Figure S2, Supporting Information). Single crystal X-ray
diffraction (SCXRD) confirms the previously reported struc-
ture.™ Figure 1a displays a typical indexed precession diffrac-
tion image. All the parameters related to the structural solution
are summarized in Tables S1-S3 Supporting Information. The
corresponding structure is presented in Figure 1b. TaCo,Te,
crystallizes in a layered orthorhombic structure with spacegroup
Pmcn (62). The structure consists of quintuple layers that are
stacked along the crystallographic c-axis and only held together
by weak vdW forces (Figure 1b). Each quintuple layer consists of
a puckered square-net layer of Ta atoms (Figure 1c) in the center,
sandwiched by square-net layers of Co dimers, which again are
sandwiched by Te layers. The Co dimers are tilted alternately
with respect to the Ta square-net (Figure 1c). The Te atoms
occupy the spaces in between the Ta and Co square-nets. The

(a)

Figure 1. Crystal structure of TaCo,Te,.

structure is distorted in respect to similar compounds such as
TaNi,Te,;!*! the distortion becomes apparent if viewed along the
a-axis. When the Ta atoms are ignored for a moment, one can
see that the quintuple layer contains a pair of cobalt-tellurium
zigzag chains, where the Co—Co distance alternates within every
chain (Figure 1d). This Peierls distortion appears due to the
structural instability in the quasi 1D zigzag chains. Peierls dis-
tortions often lead to the formation of a CDW in a material.*/
In TaCo,Te,, however, we have not observed any indications of a
higher symmetry structure in SCXRD experiments up to 390 K.

While the vdW gap in the crystal structure suggests that
exfoliation of this material should be possible, in reality, exfo-
liation often can be hindered by defects that occupy the gap.[*®!
In addition, while TaCo,Te, is listed in the ICSD, it does not
appear as an exfoliable material in the 2D materials database,!?!
where materials were screened computationally for their exfo-
liation capability. To elucidate whether the vdW gap is large and
free of defects, we studied the crystals with atomic-resolution
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). In Figure 2a, the HAADF-STEM
image of a TaCo,Te, crystal viewed along the a-axis clearly
demonstrates the large vdW gap between the layers. Using
the images, we could calculate the vdW gap to be =0.314 nm.
This value is higher than that for graphite and h-BN, as well as
for the extensively studied transition metal dichalcogenides.’!
Thus, it should be possible to exfoliate the TaCo,Te, crystals
down to very thin flakes or even monolayers. Remarkably, the
atomic-resolution elemental mapping, shown in Figure 2b,
directly visualizes the Peierls distortion along the Co chains.
The inset of Figure 2b shows an enlarged view with the con-
secutive Co atoms highlighted by white points. We determined
that the distance changes from =2.82 to =4.02 A between alter-
nate Co—Co atomic pairs within a chain. These values are in
agreement with the X-ray diffraction data [2.552(4) and 4.019(4)
A]. The obtained selected area electron diffraction pattern in
Figure 2c matches well with the simulated pattern from the
reported crystal structure and confirms the high crystalline
quality of the grown TaCo,Te, samples.

To investigate the viability of using TaCo,Te, in low-dimen-
sional devices, we exfoliated the single crystals mechanically
using Scotch Tape and transferred the flakes on a silicon wafer.

a) Indexed precession single crystal X-ray diffraction image along the [0k/] direction of a TaCo,Te, single crystal.

b) The solved crystal structure. c) Each layer consists of two interpenetrating square-nets of Ta atoms and Co dimers in the ab-plane. d) The distorted
Co chains along the a-axis. The black arrows illustrate the changing distance between two consecutive Co atoms within a chain.
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Figure 2. Atomic scale imaging and mechanical exfoliation of TaCo,Te, single crystals. a) Extreme high-resolution, high-angle annular dark-field scan-
ning transmission electron microscopy image of a crystal along the a-axis, showing the van der Waals gap between the layers. b) Elemental mapping of
the image. The inset shows an enlarged view where subsequent Co atoms are highlighted by white points to emphasize the Peierls-distorted structure.
c) Selected area electron diffraction pattern along the [100] axis. A typical TaCo,Te, thin flake d) immediately after exfoliation and e) after exposure to
air for 4 months. f) Atomic force microscopy image of the thin flake (left panel) and the obtained height profile (right panel).

In Figure 2d an optical image of a typical thin flake is high-
lighted by the white box. This thin flake looks visually unaf-
fected under the optical microscope after exposure to air for
at least 4 months (Figure 2e). Nevertheless, we cannot exclude
the possibility of microstructural changes due to mild air sensi-
tivity. This is in stark contrast to GdTe;, where fast degradation
can be observed under the optical microscope.l””) The demon-
strated air stability is remarkable for the sheets, especially for a
telluride, as these tend to be very air sensitive.?%>!l Therefore,
TaCo,Te, is an ideal material for device fabrication. In order
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to determine the thickness of the flake, we performed atomic
force microscopy (AFM), as shown in Figure 2f (left panel). The
thinnest part of the flake is =10 nm (Figure 2f: right panel).
This thickness corresponds to about 11 layers.

2.2. Magnetic Properties of the Bulk Single Crystals
Next, we study the magnetic properties of the TaCo,Te, crystals.

The temperature (T) dependence of the magnetic susceptibility
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Figure 3. Magnetic properties of the TaCo,Te, crystals. a) Temperature
dependence of the magnetic susceptibility () under ZFC and FC con-
ditions with the field applied along the c-axis. b) % (T) under ZFC with
magnetic field applied perpendicular to the c-axis. The inset shows the
inverse magnetic susceptibility (1/) plotted as a function of temperature.
c) Magnetic field (H) dependence of the magnetization (M). d) M(H)
curves at 1.8 K for magnetic field applied along the c-axis and along the
ab-plane.

(x) is shown in Figure 3a in both zero-field-cooled (ZFC) and
FC conditions with the field applied along the c-axis. The
experimental data reveal a rather unusual behavior, where
%(T) decreases monotonically from room temperature fol-
lowed by a sharp increase below =14 K without any significant
bifurcation between ZFC and FC curves. A similar behavior
is observed when the field is applied along the ab-plane
(Figure 3b). However, the susceptibility is noticeably higher
for Hlc-axis. The unusual temperature dependence of y per-
sists up to 400 K (Figure S3a, Supporting Information). This
results in a 1/y(T)-plot that is drastically different from that
what would be expected for Curie-Weiss behavior (Figure 3b:
inset). While we could not identify a clear susceptibility peak
corresponding to long-range magnetic ordering down to 1.8 K,
the unusual x versus T curve might suggest that magnetic order
or fluctuations exist at room temperature. Another interpreta-
tion could be the Pauli paramagnetism of the metallic state of
TaCo,Te,. However, we note that in the case of Pauli paramag-
netism, the susceptibility should be temperature independent,
while in TaCo,Te, it gradually increases with temperature. To
further rule out Pauli paramagnetism, we compare TaCo,Te,
to two oxides in which similar magnetic properties have been
reported: i) the fractional valence state iridate La;Ir;04,°? and
i) the 4d transition metal oxide RuO,.’3l Both materials are
antiferromagnetic at room temperature, with Néel temperatures
(Ty) well above 300 K (500-900 K). Unlike TaCo,Te,, La;Ir;Oy;
has a spin-orbit interaction induced Mott insulating state. In
this material, strong geometrical frustration prevents long-
range magnetic ordering, making it a potential candidate for
observing the spin-liquid state.’? This frustrated structure and
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competing magnetic exchange interactions within the lattice
also lead to non-Curie-Weiss paramagnetism at high tempera-
ture.’Z On the other hand, RuO, might be the better candidate
for comparison, as it is metallic in nature and has negligible
correlation effects.’>’l The short range antiferromagnetism in
RuO, originates from a Fermi surface instability.”® A similar
scenario could play out in TaCo,Te,, as it is Peierls distorted
which implies a nesting in the Fermi surface. It is additionally
possible that TaCo,Te, might start to follow the Curie-Weiss
law well above the room temperature. If indeed TaCo,Te, has
a frustrated magnetic structure, which is not unexpected given
the complex arrangement of the Co atoms in each layer, or if it
features an instability of the nested Fermi surface, it would be
interesting to probe the magnetism with changing layer num-
bers and in the monolayer.

The other feature of interest in the y(T) plot is the sharp
increase at low temperature. In the case of Laslr;Oy, this
increase in y at low temperature has been proposed to result
from isolated Ir ions due to unavoidable defects in the grown
crystals. To explore this possibility, in Figure S3b, Supporting
Information, we have compared the relative susceptibility
curves [x(T)/x(T = 300 K)] for two TaCo,Te, crystals from dif-
ferent growth batches. It is evident that the nature and inten-
sity of this enhancement in x(T) is almost identical for these
two samples. As the concentration and distribution of structural
defects and impurities should be random across different sam-
ples from different batches, they cannot produce similar effects
in the experimental results. Therefore, this low-temperature
enhancement must be an intrinsic property of TaCo,Te,. The
magnetic field (H) dependence of the magnetization (M) in
Figure 3c shows a canted antiferromagnetic behavior at 1.8 K
without any signature of saturation up to 7 T. The nature of the
M(H) curve remains similar when the field is applied along the
ab-plane (Figure 3d). We also observe a clear magnetocrystalline
anisotropy between these two crystallographic directions. A sim-
ilar magnetization behavior for both crystallographic directions
as well as the absence of a clear magnetic easy axis further con-
firms a canted magnetic structure instead of a simple antiferro-
magnetic spin arrangement between the layers along the c-axis.
On the other hand, the M(H) curve resembles either an antifer-
romagnet or paramagnet at room temperature (Figure 3c).

In order to better understand the nature of the magnetism in
TaCo,Te,, we have performed noncollinear spin-polarized den-
sity functional theory calculations, where spin-orbit coupling
(SOC) was accounted for (Figure S4, Supporting Information).
Without the exact knowledge of the spin structure, a simple
picture where Co spins are either parallel (up) or antiparallel
(down) to the c-axis is assumed. Starting from different possible
spin arrangements (either ferromagnetic or antiferromagnetic)
of the consecutive Co layers, the magnetic structures are theo-
retically optimized to obtain the minimum energy solutions.
It is found that an antiferromagnetic arrangement yields the
most stable ground state with an estimated total energy (Eq)
lower than that obtained from the calculation without spin-
polarization. Note that calculations without spin-polarization
will also lead a magnetic structure due to SOC, thus within the
framework of density functional theory, a nonmagnetic solution
does not exist. The lowest energy magnetic structure consists
of canted ferromagnetic layers that are antiferromagnetically

© 2021 Wiley-VCH GmbH
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aligned to each other. The energy difference to other magnetic ~ properties of bulk TaCo,Te, crystals. Figure 4a displays the
structures is =100 meV which is comparable to the energy dif-  temperature dependent resistivity (p,,) with the current along
ference between various magnetic states of other materials, the g-axis; a metallic character is observed throughout the
for example in MnBi,Te,.’4 Hence, the theoretical results also  measured temperature range, that is, it decreases monotoni-
suggest that TaCo,Te, is an antiferromagnet. It is interesting cally from room temperature. The residual resistivity ratio
to note that all possible magnetic configurations converge toa  [RRR=p,,(300 K)/p,,(2 K)] is =17, pointing to decent crystal
canted spin structure without a distinct easy axis of magnetiza-  quality. In the low-temperature region below 25 K, p,, fol-
tion, which further validates our conclusion of a canted anti-  lows a T*-behavior (Figure 4a: inset), which is distinct from a
ferromagnetic state in this material. Nonetheless, additional  quadratic temperature dependence expected from Fermi liquid
experimental studies are required to validate the theoretical theory (pure electron—electron scattering), or a T°-dependence
prediction. We know that in vdW materials, anisotropic intra-  expected for the electron-phonon scattering.”> We note that
layer and interlayer magnetic interactions can lead to distinct ~ T*dependence could originate from interband electron-
magnetic states in single or few layers as compared to the  phonon scattering.l>>°l
bulk crystal, which was recently demonstrated for Crl; using Upon applying a magnetic field along the c-axis, a large, non-
magneto-optical Kerr effect experiments."”! Our spin-polarized P (HoH) = pec(0) o1 %] is
calculations on a monolayer TaCo,Te, indicate that the most Pux(0)
stable magnetic configuration of a monolayer is ferromagnetic ~ observed (Figure 4b). At 2 Kand 9 T, the MR reaches =263% and
(Figure S5, Supporting Information). Therefore, a monolayer ~ decreases with increasing temperature. The origin of such large
TaCo,Te, has a potential to be an air-stable room-temperature ~ MR is much debated, especially in the context of topological sem-
metallic ferromagnet. Studies on the monolayer, as well as  imetals. However, one possible explanation is provided by the
layer-dependent magnetism, should be the logical next step  semiclassical electron theory for a material with compensated
to unleash the full potential of this material for functional —density of the electron- and hole-type carriers.’>! In this sce-
device applications. nario, the MR should show a quadratic magnetic field depend-
ence. In TaCo,Te,, the MR follows a H'*-type relation, which is
close but not identical to the expected H?-dependence for a fully-
2.3. Electronic Transport Properties compensated system. We also measured the directional depend-
ence of this MR by rotating the magnetic field in the be-plane
Having established TaCo,Te, as an air-stable, antiferromagnetic, ~ While keeping the current direction along the a-axis (Figure 4c:
exfoliable material, we now turn to the electronic transport  schematic). This measurement configuration ensures that the
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) 200 b) 300 F———————————— (¢ %
@ (b) . 2K - 5K ) 300 120 60
« 10K « 20K 200
—~ 150 - 30K = 50K 150 [ 30
E 200} + 100K e« 200K 1 ool [ ST~
= « 300K Q v—t;av‘“
G & ~ 180 0
2100 < , o \nr /) )
N % 100 Hl c-axis = 1007 "//A‘?'
200108, 330
50 v c
3001 240 30— % oM
270 L T n
0 0 q#
9 6 -3 0 3 6 9 ; 1
ﬂOH (T) Y—I1—
(d) T T T T (f) 2.5 T T T
° O-XX
I \ e o 20
— xy ‘n
5 Two-band fiting |
G L | T 15
E ~ 5
X 2K \ »_ 1.0
QU o
o 3 05 N
-10 e T °
1 1 1 1 1 1 1 1 1 1 oo 1 1 I
9 6 -3 0 3 6 9 0 3 6 9 100 200 300
u,H (T) HH (T) T(K)

Figure 4. Electronic transport properties of TaCo,Te, single crystals. a) Temperature (T) dependence of the resistivity (p,) with the current along
the g-axis. The inset shows the p,, «<T*type behavior in the low-temperature region. b) Magnetoresistance (MR) at different temperatures with the
magnetic field applied along the c-axis. c) Directional dependence of the MR at 2 K, when the magnetic field is rotated within the be-plane. Schematic
illustrating the experimental configuration. d) Magnetic field dependence of the Hall resistivity (p,,) at different temperatures. e) Simultaneous fitting
of the longitudinal conductivity (o,,) and Hall conductivity (o,,) using the two-band model. f) Temperature dependence of the mobility for electron- (i)
and hole-type () carriers. The lines are guide to the eye.
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current is always perpendicular to the applied magnetic field
direction and there is no contribution of the changing Lorentz
force in the directional dependence of the MR. The twofold sym-
metric pattern of the polar plot in Figure 4c reveals the highly
anisotropic nature of the Fermi surface, which is expected given
the quasi-2D character of the TaCo,Te, crystals. Furthermore,
several additional weak kinks are observed at angles 17°, 32°, 47°,
and 63° (and symmetrically in all of the four quadrants), indi-
cating a complex structure of the Fermi surface.

To gain insight into the nature of the charge carriers, Hall
effect measurements were performed. Figure 4d shows the
Hall resistivity (p,,) as a function of the magnetic field at dif-
ferent temperatures. The nonlinear field dependence of the
Pyx(H) curves confirms the presence of multiple Fermi pockets
in TaCo,Te,. It is important to note that in magnetic materials,
the suppression of spin fluctuations with magnetic field plays
an important role in the electronic transport properties. It also
results in a negative MR. However, the effect of spin scattering
is most prominent near the magnetic transition temperature
and washes out as we move above or below this ordering tem-
perature. For TaCo,Te,, as Ty seems to be very high, the con-
tribution of spin scattering in transport properties should be
negligible within the measured temperature range (2-300 K).
Hence, to analyze the Hall data, we used the conventional two-
band model, which takes into account the contributions from
both electron and hole-type carriers,’]

i, ol ]
G. = - et H (1)
N [1+(ﬂhﬂoH)2 1+ (o Hy |1
n nl,
O-xx=6|: wln ; H 2] (2)
T+ (ko H)™ - T+ (HcptoH)
Pyx -

where 6,=— " and Gxle)ZPT are Hall conductivity

e T P e+ P
and longitudinal conductivity, respectively. n;, (1) and W, (W)

are hole (electron) density and mobility, respectively. Using
the Equations (1) and (2), the 6,,(H) and ©,,(H) curves are
fitted simultaneously for different temperatures. In Figure 4e,
one such fitting is shown for a representative temperature.
From the extracted fitting parameters, we find the electron
and hole density to be 1.442(9) x 10%° and 1.202(6) x 10?° cm™3,
respectively. These values reveal that TaCo,Te, is a nearly-
compensated semimetal, which is consistent with the nature
of the MR curves as already discussed. At 2 K, the obtained
electron and hole mobilities are 1.553(9) x 10 and 2.293(11) x
10® cm? V1 s7}, respectively. Although these values are one
order of magnitude smaller than the highest quality GdTe,
crystals,?’l they are still very high and comparable to several
topological semimetals.’®>°1 In Table 1, we have compared the
carrier mobility for TaCo,Te, with that for different magnetic
layered compounds. It is evident that this compound is a rare
air-stable, magnetic vdW system which also hosts high-mobility
charge carriers. As Figure 4f illustrates, the mobility for both
types of carriers decreases with increasing temperature.

As the TaCo,Te, crystals are cooled below 2 K, we observe
prominent Shubnikov—de Haas (SdH) quantum oscillations in
the MR for magnetic field along the c-axis. The appearance of
the SAH oscillations also suggests a long mean free path and
hence high mobility of the charge carriers. After subtracting a
smooth background from the experimental data, the extracted
oscillatory part (Ap,,) of the resistivity is plotted as a func-
tion of the inverse magnetic field in Figure 5 for two different
temperatures. The corresponding fast Fourier transform spec-
trum (shown in the inset) reveals three oscillation frequencies
(F), 55, 154, and 208 T, thus further confirming the presence
of multiple Fermi pockets in TaCo,Te,. From these quantum
oscillation frequencies, we can calculate the extremum cross-
sectional area (Ap) of the Fermi surface perpendicular to
the magnetic field direction by using the Onsager relation,
F = (0g/2m?) A, where ¢ is the magnetic flux quantum. The
obtained cross-sectional areas are 5.24 x 1073, 14.68 x 107, and
19.82 x 107> A2, respectively.

Table 1. Comparison of the carrier mobility in bulk single crystals of metallic, magnetic layered compounds. We have also listed the magnetic state

and whether it is an air-stable vdW material.

Material Magnetic state vdW? Air-stable? Mobility Reference
[em?Vv-1sT)
GdTe; Antiferromagnetic Yes No 23500-61200 [27]
NdTe; Antiferromagnetic Yes No 60000 [28]
EuMnBi, Antiferromagnetic No Unknown 14000 [60]
TbTe; Antiferromagnetic Yes No 2000-8000 [61]
YbMnSb, Antiferromagnetic No Yes 1310-6538 [62]
TaCo,Te, Canted antiferromagnetic Yes Yes 1553-2293 This work
BaMnSb, Antiferromagnetic No Unknown 1300 [63]
BaFe,As, Antiferromagnetic No Yes 1130 [64]
Sty _,Mn; _;Sb, Ferromagnetic No No 570 [65]
CaMnBi, Antiferromagnetic No Unknown 488 [66]
SrMnBi, Antiferromagnetic No No 250 [67]
Co;3Sn,S, Ferromagnetic No Yes =100 [68]
Fe;GeTe, Ferromagnetic Yes Yes =2.8 [23]
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3. Outlook and Conclusions

We demonstrate that chemical principles can be used to find
2D materials with rare combination of physical properties. Our
strategy, based on the presence of a structural distortion in com-
bination with a layered structure and the presence of typically
magnetic elements, has proven fruitful for finding a new, air-
stable, high-mobility magnetic vdW material. It is worth noting
that our chemical reasoning led us to a 2D material that was
overlooked in extended computational searches, as TaCo,Te,
does not appear in the 2D materials database.!l The results of
our band structure calculations (Figure S6a, Supporting Infor-
mation) for bulk TaCo,Te, reveal that the Fermi surface of this
material is very complex as a large number of bands reside at
the Fermi energy. Thus this material might have been consid-
ered unappealing due to the messy band structure. The steep
nature of the bands, however, could give an indication of the
high-mobility carriers. Our theoretical calculations further pre-
dict that the metallic character of TaCo,Te, persists down to the
monolayer limit (Figure S6b, Supporting Information).

To conclude, we showed that the single-crystalline vdW com-
pound TaCo,Te, is a great candidate for 2D device fabrication.
This material has large vdW gap and hence the bulk crystals
can easily be exfoliated to few layers. Moreover, the thin flakes
are robust in air for at least 4 months as observed in optical
microscopy. Magnetization measurements show canted antifer-
romagnetic behavior at low temperature with possible magnetic
frustration. TaCo,Te, is metallic and shows a large, nonsatu-
rating, anisotropic MR, which possibly originates from the
nearly compensated electron and hole density in this material.
Hall effect measurements reveal high mobility for both types of
charge carriers. We have observed quantum oscillations in the
MR data, which also confirm the presence of multiple Fermi
pockets. Thus, TaCo,Te, is a rare magnetic vdW compound,
which offers a range of unique functionalities highly desired
for low-dimensional device technology.

4. Experimental Section

Single Crystal Growth and Determination of the Stoichiometry: Single
crystals of TaCo,Te, were grown with chemical vapor transport using
iodine as transport agent. First, the polycrystalline powder was prepared
in a solid state reaction. Elemental Ta (Sigma-Aldrich 99.99%), Co
(Sigma-Aldrich 99.9%), Te (Sigma-Aldrich 99.999%) were mixed in
molar ratio and sealed in a evacuated quartz tube, which was then
heated to 900 °C for 3 days. Next, the resulting powder was mixed with
iodine (Sigma-Aldrich 99.99%) and sealed in another quartz tube under
vacuum. The tube was placed in a gradient furnace for 7 days keeping
the hotter end with the powder at 950 °C and the other end of the tube
at 850 °C. After cooling down, plate-like crystals were mechanically
extracted from the colder end of the quartz tube. The stoichiometry of
the grown crystals was checked using EDX in a Verios 460 SEM operating
at 15 kV and equipped with an Oxford EDX detector.

X-Ray Diffraction Measurements: The SCXRD measurements were
performed using a Bruker D8 VENTURE diffractometer fitted with a
PHOTON Il CPAD detector and graphite-monochromatized Mo-K,,
radiation source. Raw data were corrected for background, polarization,
Lorentz factors, and multiscan absorption. Structure refinements were
performed using the OLEX2 software package.

Scanning/Transmission Electron Microscopy: TEM thin lamella for
microstructure characterization were prepared by focused ion beam
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Figure 5. SdH quantum oscillations in the TaCo,Te, crystals. The inset
shows the corresponding fast Fourier transform spectrum.

cutting via a FEI Helios NanoLab 600 dual beam system (FIB/SEM).
Conventional TEM imaging, atomic resolution HAADF-STEM imaging,
and atomic-level EDX mapping were performed on a double Cs-corrected
FEI Titan Cubed Themis 300 scanning/transmission electron microscope
equipped with an X-FEG source operated at 300 kV and Super-X EDX
system. The microscope was equipped with a Gatan Quantum SE/963
P post-column energy filter for energy filtered TEM. The high-resolution
STEM images were processed using the Gatan Microscopy Suite (GMS
3.4.3) software. The electron diffraction simulations were performed
using the CrystalMaker and SingleCrystal software package.

AFM: The AFM of the thin flakes was performed using a Bruker
NanoMan AFM. The raw data were processed by Gwyddion
software package.

Electronic Transport and Magnetization Measurements: The electronic
transport measurements of the TaCo,Te, crystals were done in a
physical property measurement system (Quantum Design) using the
ac-transport option. Electrical contacts were attached on the crystals in
four-probe configuration using gold wires and silver paste. For achieving
sample temperatures lower than 1.8 K, a dilution refrigerator insert was
used. The magnetization data were collected in a SQUID-VSM MPMS3
(Quantum Design).

Band Structure Calculations: Band structure calculations were carried
out using VASP 5.4.4. software.l®’%1 Geometry of bulk TaCo,Te, was
taken from the crystallographic data, while a monolayer was created
by increasing the distance between layers from 3.8782 to 24.2748 A.
Geometries were not relaxed. Band structures were calculated using
the strongly constrained and appropriately normed semilocal density
functional” for exchange and correlation, and Ta_pv, Te, and Co
projector augmented wave potentials.’273 I'-centered 8 x 8 x 3 and 7 x 7
Monkhorst—Pack meshes were used to obtain wave-functions of the
bulk compound and the monolayer, respectively. To capture magnetic
properties, noncollinear calculations were performed with spin-
polarization and SOC,73 where the spin quantization axis was chosen to
be orthogonal to layers (parallel to the c-axis).
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