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We report an anionic solid solution process that induces frustrated magnetic structures within
two-dimensional transition metal chalcogenides, which leads to huge negative magnetoresistance effects.
Ultrathin nanosheets of TiTe,_,I, solid solutions, which are a new class of inorganic two-dimensional
magnetic material, exhibit negative magnetoresistance with a value of up to —85%, due to the spin-
dependent scattering effects of local Ti** 3d! moments that are antiferromagnetically coupled. Moreover,
TiTe,_,I, serials show unique transport behaviors with continuous evolution from metallic to semi-
conducting states. We anticipate that anionic doping will be a powerful tool for optimizing the intrinsic
physical properties of two-dimensional transition metal chalcogenide system.
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The giant magnetoresistance (GMR) effect, which is a
significant change in electrical resistance under an external
magnetic field, has revolutionized the sensitivity of magnetic
read heads, allowing for dramatic miniaturization of elec-
tronics over the past few decades [1,2]. Given the rapid pace
at which this field is advancing [3,4], finding nonartificial
low-dimensional building blocks with even better intrinsic
magnetoresistance (MR) is essential for the sustainability of
this burgeoning technology. Because of the planar confined
electronic structures and analogous dimensionality of GMR
films, two-dimensional nanomaterials, such as graphene, and
other inorganic layered materials have been utilized based on
their magnetotransport properties for many intriguing spin-
tronic applications [5-9]. Promising room temperature MR
effects have been realized in graphene nanoribbons [6].
However, the measured MR in graphene decays rapidly as
the ribbon width increases. In addition, graphene itself is
nonmagnetic, and the MR effect is attributed to the marginal
edge effect of the complexly processed nanoribbons [8,9]. In
this regard, inorganic layered nanomaterials, which provide a
variety of optional elements and structures in their lattice
frameworks, hold great promise for regulating intrinsic
magnetoelectric properties [10—13]. Among these materials,
layered transition metal chalcogenides (TMCs) offer a
variety of transition metal atom coordinations and oxidation
states that exhibit exotic two-dimensional characteristics,
such as half-metallic magnetism [11], superconductivity
[12], and charge density waves [13]. Therefore, developing
two-dimensional nanomaterials for next-generation spin-
tronics can benefit from magnetoelectric modulation in
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two-dimensional TMCs that extends beyond the graphene
paradigm.

Despite recent progress in TMCs, there are still substantial
challenges involved in integrating electronic and magnetic
properties in two-dimensional sandwich structures to meet
various technological requirements. Magnetic doping is the
conventional method for modulating magnetic behavior.
However, employing magnetic cation doping in layered
TMC materials is not desirable from a structural standpoint.
As in layered sandwich structures, the negatively charged
chalcogen elements are exposed on the outer surfaces [14].
When doping with positive magnetic cations, they tend to
gather in the interlayer space due to the electrostatic
attraction between the doped cations and the surface
chalcogen anions, thereby forming intercalated compounds
that are very difficult to exfoliate to the two-dimensional
nanomaterials [15,16].

Anionic doping provides a new and intriguing platform
for regulating the properties of TMCs. By active control and
manipulation of the charge and spin degrees of the transition
metal within the framework of the two-dimensional struc-
ture, anionic doping can regulate the transport and magnetic
properties, thereby providing materials with unique spin-
related effects. Titanium ditelluride (TiTe,), which is a
typical layered TMC material, is composed of triangularly
packed layers of the transition metal Ti sandwiched between
two Te layers [17]. Because of the perfect size compatibility
between iodine (I, 2.20 A) and tellurium (Te?~, 2.21 A)
[18], I can be easily introduced into the anionic Te”~ site of
the TiTe, lattice to form a TiTe,_,I, anionic solid solution
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system. On the one hand, the electronegativity of I (2.66) is
higher than that of Te (2.12) [19], causing more electrons to
localize for energy band regulation by tuning the doping
content. On the other hand, the anion substitution induces
considerable Ti** formation with the unpaired 3d' electron
configuration providing new opportunities to introduce
intrinsic magnetic behavior. Therefore, anionic doping offers
the exciting potential to regulate the band structure and tune
the magnetic properties of two-dimensional TMC materials.

In this Letter, we experimentally demonstrate that an
anionic solid solution method can induce a magnetic
response and band gap within two-dimensional TMCs,
leading to huge negative MR effects. An excess iodine-
molecular transport reaction afforded an unprecedentedly
large 1/Te ratio of 1:1, forming a TiTe,_,I, anion solid
solution system. As expected, our halide-doped TMC
material exhibited intrinsic negative MR as high as
—85% (5 T, 10 K), which is even superior to the initial
GMR Fe/Cr multilayer superlattice of about —20% (5 T,
10 K) [20], representing a huge intrinsic MR effect in
two-dimensional TMCs.

Pristine TiTe,_ I, crystals were obtained using the
iodine vapor transport method and were characterized
using the XRD, Raman spectroscopy, and XPS, which
provided the evidence that iodine was successfully doped
into TiTe, forming the TiTe,_,I, single crystal solid
solution. Density functional theory (DFT) calculations
based on Becke’s three-parameter Lee-Yang-Parr func-
tional (B3LYP) level were performed to understand the
synthesis process. These calculations confirmed that TiTel
can be synthesized and that it was thermodynamically
stable. (The detailed preparation and characterization of
bulk TiTe,_,I, single crystals are described in Figs. S1
and S2 of the Supplemental Material [21-28].) The serial
characterizations confirmed that the ingredient I and
Te atoms were randomly located in the intralayer lattice
sites forming TiTe,_,I, solid solutions.

Ultrathin TiTe,_,I, nanosheets were obtained using
standard mechanical peeling and transferring processes
[29,30]. Polarizing microscopy was used to isolate the
as-exfoliated ultrathin sheets. Figs. 1(a) and 1(b) show
high-resolution XPS spectra for the Ti 2p and I 3d regions
of the TiTel ultrathin nanosheet. The peaks at 456.3 and
462.2 eV can be attributed to the doublet peaks of Ti**.
The obvious doublet peaks at 618.6 and 630.1 eV can be
assigned to I". The XPS results demonstrate that iodine was
successfully doped into TiTe, with well-controlled valent
states for Ti. The thickness of the nanosheet was quanti-
tatively evaluated using tapping-mode atomic force micros-
copy. A representative AFM image [Fig. 1(c)] shows that
the thickness of the exfoliated nanosheet is ~7.8 nm, which
indicates that the nanosheet is composed of approximately
12 Te(I)-Ti-Te(I) sandwich layers. Figures 1(d) and 1(e)
show HRTEM images and a schematic diagram of TiTel
viewed down the [001] zone axis. The patterns clearly
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FIG. 1 (color online). (a),(b) High-resolution XPS spectra of the
Ti 2p and I 3d regions of the TiTel nanosheet. (c) Tapping-mode
AFM image of the exfoliated TiTel nanosheet. (d) HRTEM image
of TiTel viewed down the [001] zone axis. (¢) Schematic diagram
of 1T-TiTel crystal structure.

demonstrate that the hexagonal crystals with Ti ions are
triangularly arranged in an isostructural configuration with
pristine 1T-TiTe,. Together, these results demonstrate that
the iodine was localized in the lattice sites of the intralayer
sites of the Te-Ti-Te crystal to form a 1T-TiTel structure.

A large amount of iodine substitution allows valence
engineering of the titanium from Ti** to Ti** with unpaired
electrons, which offers a source for inducing the intrinsic
magnetic properties in the two-dimensional structure.
Temperature-dependent magnetizations were fitted to the
Curie-Weiss (C-W) law: y = C/(T — ), where C is the
Curie constant, as shown in Figs. 2(a) and 2(b). The high-
temperature data were well fitted by the C-W law, indicating
their paramagnetic (PM) behaviors. However, there were
clear downward deviations in the inverse magnetization from
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FIG. 2 (color online). (a),(b) The temperature-dependent mag-
netizations and inverse magnetizations for TiTes sl , and TiTel,
respectively. The solid lines represent the C-W fitting lines.
(c) Field-dependent magnetizations at 10 K for TiTe,,
TiTe; )15, and TiTel. The inset shows an enlarged view of
the low magnetic field region. (d) Schematic representation of
three AFM-coupled spins on triangular lattice forming frustrated
configuration.
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the C-W law at temperature lower than about 80 K,
indicating the onset of the magnetic correlation. The
Weiss temperature () was obtained from fitting the high-
temperature PM regime with the C-W law. The large
negative 6 (TiTes,1 /»: —357 K, TiTel: —516 K) indicated
antiferromagnetic (AFM) coupling between the neighboring
spins. Figure 2(c) shows the magnetic field-dependent
magnetization at 10 K, from which we can observe that
the magnetization of TiTel shows hysteresis under low fields
[as shown in the inset of Fig. 2(c)], whereas it is linear and
nonsaturated under high fields. The nonsaturated character
indicates an AFM ground state in iodine-doped system.
Similar high-field nonsaturated, low-field hysteresis loops
have been reported for the antiferromagnetic coupling of
hexagonal and triangular structures, such as manganite
RMnO; (R = Ho, Tb, Dy, Y, etc.) [31] and ferrites [32],
where geometrical frustration induced spiral or canted
antiferromagnetic ordering was account for the nonsaturated
hysteresis loop [33,34]. Considering the triangular topologi-
cal configuration and antiferromagnetic coupling of the
nearest-neighboring Ti** ions, as schematically shown in
Fig. 2(d), we proposed that the magnetic state for TiTel is
geometrically frustrated antiferromagnetism at 10 K (see
more analysis in Fig. S3 of the Supplemental Material [21]).
Antiferromagnetic coupling of Ti** ions has also been
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FIG. 3 (color online).

observed in LaTiO5; and Pr TiOs; this observation supports
the antiferromagnetic exchange interaction between the
magnetic Ti** ions in TiTel [35].

The Ti** ions with 34! unpaired electrons are located in
the intralayer lattice, which is the pathway for the current
carriers that are responsible for conductivity. Thus, the
scattering effect between the local magnetic moment and
the carrier electrons plays a prominent role in the magnetic-
transport behavior. The magnetic-transport properties of the
ultrathin nanosheets were investigated using standard four
probe transport measurements in a commercial apparatus
(Quantum Design, PPMS). The direction of the applied
magnetic field was perpendicular to the sample surface,
and the dc resistivity was measured between 10 and 300 K
under an applied field of up to 5 T. Figure 3(a) shows the
temperature dependence of the resistivity for a pristine
TiTe, ultrathin nanosheet under different magnetic fields.
Similar to the results reported for metallic bulk TiTe,, the
nanosheet counterpart had a positive temperature coeffi-
cient of resistivity, which can be attributed to a moderate
electron-phonon interaction in the usual quasiparticle gas
model [36]. The ordinary positive MR effect of 2% under
an external magnetic field originated from the electron
cyclotron orbital effect due to the Lorentz force. Figure 3(b)
shows the temperature and magnetic field dependences of
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Magnetotransport behavior of a few-layer (FL) thick TiTe,_,I, nanosheet. (a)—(c) The temperature-dependent

resistivity under various magnetic fields for TiTe,, TiTes/,l; /,, and TiTel. Insets: Magnetic field dependence of the MR for samples at

10 and 300 K. The MR was calculated by MR% = [R(H) —
TiTel optimized structures.

R(0)]/R(0). (d) DOS diagram of the monolayer TiTe,, TiTes,1; , and
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the resistivity for a TiTe;,1;/, ultrathin nanosheet. After
doping with iodine, the sample followed a completely
different tendency from the metallic behavior of pristine
TiTe, (i.e., the resistance increased as the temperature
decreased). However, the magnitude of the increase was
not strongly dependent on temperature [37]. Thus, the
phenomenon was considerably different from typical semi-
conducting behavior in which the resistivity exponentially
increases as the temperature decreases. As shown in
Fig. 3(c), as the iodine doping content was further increased,
the resistivity of the TiTel ultrathin nanosheet rapidly
increased with decreasing temperature, indicating a gap
opening in this newly synthetized two-dimensional material.
In particular, DFT-calculated DOS of the optimized mono-
layers of TiTe,, TiTe3;1;/5, and TiTel [presented in
Fig. 3(d)] clearly show that with an increase in the ratio of
I/Te, TiTe,_,I, series undergo transitions from metal to half-
metal to semiconducting states. The DOS near the Fermi
energy level was primarily contributed by the Ti d states.

Furthermore, the resistivity of the ultrathin TiTel nano-
sheet was greatly suppressed under an external magnetic
field, and the value of MR for the TiTel ultrathin nanosheet
reached as high as —85% (5 T, 10 K), inset of Fig. 3(c),
representing the first huge MR effect among the TMC
materials. The MR value was even larger than that of the first
reported GMR material, the Fe/Cr/Fe structure (—20% at
5 T, 10 K), which is the core component of the most famous
commercial data reader [20]. Considering the theoretical
limit for a negative MR of —100%, our TiTel with MR value
of —85% represents a very large negative MR effect.

For solids with magnetic coupling, the magnetic-transport
behaviors are strongly related to the spin arrangements under
an external magnetic field [38]. An antiferromagnetic
coupling that can induce spin-dependent scattering or
tunneling effects should lead to MR behavior. For example,
in perovskite CaMnO;_s and La,NiMnOg, antiferromag-
netic domain scattering effects and external field-tunable
spin arrangements produced their large negative MR [39.40].
In our TiTel sample, the transport data can be divided into
two regions according to the magnetic C-W fitting: in a high-
temperature PM region, p — T obeyed the Arrhenius law and
the value of MR was relatively small. However, in the low-
temperature region, where the unpaired spins had antiferro-
magnetic order, the p — T data departed from the thermally
activated model and the MR increased rapidly with decreas-
ing temperature [shown in Fig. 4(a)]. This result suggests
that antiferromagnetic coupling of spins in TiTel directly
influences the conduction of the carriers. Moreover, the
magnetism analysis confirmed the existence of frustrated
antiferromagnetic states in the TiTel. Thus, the intrinsically
frustrated antiferromagnetism acted as a spin-dependent
scattering barrier, resulting in the MR effect.

Considering the frustrated antiferromagnetic coupling of
the Ti** moments and the band gap opening, we hypoth-
esized that the huge MR of the TiTel ultrathin nanosheet
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FIG. 4 (color online). Mechanism for the negative MR effect.
(a) (top to bottom) Temperature-dependent inverse susceptibility
(1/y), fitted resistivity (p), and MR for the TiTel. Here, the
resistivity data were fitted using the thermally activated model:
p = poexp(E/kgT), where E is the activation energy, p, and kg
are constants. (b) Schematic diagram of the spin-dependent
scattering between the conducting electrons and the local Ti**
magnetic moment in the ultrathin TiTel.

was due to spin-dependent scattering of the conducting
electrons on the local magnetic moments. During the
conduction process, the conducting electrons move collec-
tively throughout the layers in the direction of the electric
field to form the electric current. According to the two-
current model of magnetic materials, the conduction occurs
in parallel through two spin channels (spin-up and spin-
down conducting electrons) with magnetic scattered inten-
sity exerted upon the conducting electrons depending on
the relative orientations between spins and the local
magnetic moments. Scattering is weakest when they are
parallel and strongest when they are antiparallel [41-43].
In the TiTel nanosheets, the local Ti** magnetic moments,
which are antiferromagnetically coupled, act as strong
scattering centers for both spin-up and spin-down electrons
without magnetic field, as illustrated in the upper portion
of Fig. 4(b). However, after applying a magnetic field,
the local Ti*T magnetic moments arrange parallel to the
external magnetic field direction decreasing the scattering
probability of one of the spin channel electrons as illus-
trated in the bottom portion of Fig. 4(b). The consequence
of alignment of the Ti** magnetic moment is a reduction in
the equivalent all-in resistivity by short circuiting, which is
consistent with the observed negative MR effect. Of note,
the similar MR effect was also observed in much thicker
TiTel samples, as described in Fig. S4 of the Supplemental
Material [21], further supporting that negative MR effects
observed in the TiTel samples were mainly depended on
iodine-doping induced magnetic behavior of Ti** moment
and the energy gap opening, independent of thickness to
some extent.

In summary, anionic doping was utilized to achieve
frustrated magnetic structures in TMCs. TiTe,_,I, anion
solid solutions simultaneously achieved band gap openings
and intrinsic magnetic responses in the two-dimensional
materials. These new TiTel ultrathin nanosheets provide
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huge MR effects of up to 85%, representing the first intrinsic
negative MR effect for TMC materials. Furthermore, the new
anion-doped TiTe,_,I, solid solutions exhibited successive
electronic phase transitions from metal to semiconducting
states through tuning the iodine content, which provides the
possibility of producing custom-designed building blocks
with a variety of energy gaps in two-dimensional materials.
Thus, anionic doping is a powerful tool for engineering the
intrinsic properties of two-dimensional confined systems.
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