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ABSTRACT

Multi-functional quantum materials play a crucial role in the development of
spintronics and opto-electronics, as their properties can greatly influence device
performance. For instance, in spintronics, materials such as ferromagnetic half-metals,
Giant Magnetoresistants (GMR), and magnetic semiconductors have been extensively
studied due to their ability to manipulate the spin of electrons for applications in magnetic
storage. In opto-electronics, materials such as Diluted Magnetic Semiconductors (DMS)
and non-oxide Transparent Conductors (TC) offer advantages such as tunable bandgap and
high absorption coefficients, which enable improved device performance.

For this purpose, we have experimentally investigated the compounds that have
shown theoretically interesting physical properties. In the current study, we have
synthesized, characterized, and studied some novel single crystals and polycrystalline
structures of Cr-doped ZnTe, CrTey, and etc. to explore for the future candidate quantum
materials for spintronic and opto-electronic purposes. Cr-doped ZnTe polycrystalline have
depicted transparent conductivity as well as room temperature ferromagnetism for both
polycrystalline and single crystalline structures. Also, the electrical transport properties of
these compounds enhance along with the increase of the dopant (Cr) concentrations. On
the other hand, DFT calculations have come to the conclusion of room temperature
ferromagnetic half-metallicity for Cr-doped ZnTe monocrystalline. Furthermore, CrsTes
single crystals have exhibited promising high magnetoresistance up to %10 at low external

magnetic field due to their self-intercalated van der Waals structures.
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1. INTRODUCTION

Condensed Matter and Materials Physics is a rapidly expanding field that plays a
significant role in the development of new technologies. The properties and behavior of
materials at the atomic and molecular scale determine their desirability for various
applications. By comprehending and manipulating these behaviors, scientists can fabricate
new materials with improved performance, helping technology advancements in a wide
variety of industries.

Quantum Materials is a subfield of Physics that addresses the study of materials
that depict quantum mechanical behaviors, such as semiconductivity, ferromagnetism,
optical transparency, half-metallicity, and magnetoresistance. A vast range of technology
advancement stems from promising Quantum Materials, as in electronics, data storage, and
computing. For example, semiconducting materials play the role as the foundation of many
electronic devices such as transistors, diodes, and solar cells. As another example, in the
realm of spintronics and data storage, quantum materials have the potential to develop
electronic devices by offering new ways to store, process and transfer information [1-4].

Over the past few decades, it has been revealed that materials with combinations of
the designated quantum behaviors have inevitable contributions to technology progress
such as spintronic purposes and opto-electronic devices. To point out some of the most
significant types of these multi-functioning quantum materials, magnetic semiconductors
and transparent conductors play an important role in the groundbreaking advances. In this
regard, ferromagnetic half-metals and magnetoresistance materials are of great significance

for future technology developments [5-10].



1.1. MULTI-FUNCTIONAL QUANTUM MATERIALS

For the purpose of investigating novel quantum materials, a brief review of their
concepts and previous studies is necessary. Some of these multi-functional quantum
materials are as follows.

1.1.1. Transparent Conductors (TCs). Transparent conductors are materials that
have the unique combination of being both optically transparent and electrically
conductive, making them ideal for a wide range of applications, from touch screens and
displays to solar panels [11-15]. The optical transparency of a material can be measured by
its transmittance, i.e., the ratio of incident light that passes through the material. High-
transmittance materials allow the light to pass through with little or even no scattering or
absorption, which results in good optical clarity.

One of the most commonly utilized types of transparent conductors is Transparent
Conductive Oxide (TCO), which is a class of materials that have both high transparency
and high electrical conductivity, widely used in various electronic applications such as
touch screens, displays, and solar cells. Due to its high ratio of transmission to absorption
under light, it is a great candidate as an electrode for optoelectronic devices requiring
materials with both electrical conductivity and light transmittance [16-21].

However, these TCOs also have some limitations and downsides such as fragility
to mechanical shocks and vulnerability to high temperatures [12], and also low
performance of p-type transparent conductors due to the heavy holes in the valence band
[21]. On the other hand, chalcogenide-based semiconductors, i.e., sulfides, selenides, and

tellurides (group VI compounds except for oxides) with lager band gaps are attracting more
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attentions because of their higher p-type concentrations and optical transparency for
optoelectronic applications e.g., ZnTe solar cells [23-25, 41].

1.1.2. Magnetic Semiconductors. Magnetic semiconductors are a class of
materials that have both magnetic and semiconducting properties, which makes them
highly useful for a wide range of applications in electronics and information technology.
These types of materials are typically composed of transition metal ions or rare earth
elements, doped into a semiconducting host material, such as silicon, gallium arsenide, and
zinc telluride. The magnetic properties of these compounds can be controlled by tuning the
concentration of magnetic ions or applying an external magnetic field. This makes
magnetic semiconductors promising for the applications in magnetic sensors, magnetic
memory devices, and spintronics applications, in which the control of magnetic properties
is crucial [26-30].

One of the most interesting, widely investigated types of magnetic semiconductors
is Diluted Magnetic Semiconductor (DMS), a class of materials that have both magnetic
and semiconducting properties, but with a low concentration of magnetic atoms in a
semiconducting host structure [31,32]. As shown in Figure 1.1, doping a metal with a
relatively high magnetic moment into a non-magnetic semiconductor lattice will result in
a DMS structure with ferromagnetic behavior [33,34]. This ferromagnetic property can be
measured through the M-H hysteresis loop, i.e., the tendency of a ferromagnetic material
to retain some magnetization even after the magnetic field has been removed. Furthermore,
the temperature above which a ferromagnetic material undergoes a phase transition and
loses its ferromagnetic properties is called the Curie temperature (Tc). This is an important

parameter in the study and use of ferromagnetic materials [35].
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Figure 1.1. Ferromagnetism and Diluted Magnetic Semiconductor (DMS). (a) M-H
hysteresis loop for a ferromagnetic material (b) Formation of a Diluted Magnetic
Semiconductor (DMS) via doping of a relatively high magnetic moment material into a
semiconductor host lattice. Adapted from [35], Jour. of Superconductivity and Novel
Magnetism 33, 2557 (2020).
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1.1.3. Room-Temperature Ferromagnetic Half-Metal. Room temperature
ferromagnetic materials are structures that depict a strong, permanent magnetic moment in
the absence of an external magnetic field at or near room temperature. On the other hand,
half-metals are materials that have a metallic behavior for one spin channel, and an
insulating property for the other, resulting in 100% spin polarization at the Fermi level
[36], as depicted on Figure 1.2. The combination of these two properties in a single material
has potential applications in spintronics, where the spin of the electrons is used for
information storage and processing, as well as in magnetic sensors and magnetic memory

devices.

VA

Figure 1.2. Density of states for a two-channel spin representation of a conventional half-
metallic ferromagnets. In (a) there are only spin up electrons at Er, whereas in (b), there
are only spin down electrons at Er. The spin gap is indicated by A (or Ay) and the spin-

flip excitation energy by Ast. Adapted from [36], Jour. Phys. D: Appl. Phys., 37, 988
(2004).
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1.1.4. Giant Magnetoresistant (GMR). Magnetoresistance is a fundamental
property of materials that describes the change in electrical resistance in response to an
applied magnetic field. The principle of magnetoresistance is that the magnetic field causes
a change in the electronic structure of the material, leading to a change in its resistance.
Giant magnetoresistance (GMR) is a phenomenon that describes a large change in
electrical resistance in response to a magnetic field. It is a type of magnetoresistance that
has received significant attention in recent decades due to its potential for revolutionizing
data storage technology. As exhibited in Figure 1.3, a typical GMR is made of a non-
magnetic conductive material being sandwiched between two magnetic materials, either in
ferromagnetic state (FM) or antiferromagnetic (AFM). The basic principle of GMR is that
the magnetic field causes a change in the alignment of the magnetic layers in a multi-
layered material, leading to a change in its electrical resistance [37]. In this case, an
incoming electron with one of the two spin channels (up or down) can be scattered

depending on its own spin and the magnetic layer spin polarization, shown in Figure 1.3.

@ F N F ®)
t i
¢ T T ¢
I -
$ — fR— ¢
Py P,

Figure 1.3. A simple resistor network model for GMR. (a) Parallel alignment of the two
ferromagnetic layers. (b) antiparallel alignment. Adapted from [37], Fundamentals and
Applications of Magnetic Materials by K. M. Krishnan, Oxford University Press (2016).



1.2. EXPERIMENTAL SYNTHESIS OF SINGLE CRYSTALS

Single crystal synthesis techniques are methods used to grow a homogeneous
monocrystalline from a solution or melt or solid state. The goal of single crystal synthesis
is to produce a well-defined and uniform monocrystal structure, composition, and
orientation. Single crystals have unique physical and chemical properties compared to
polycrystalline materials, which are made up of many small, randomly oriented crystals.
This makes single crystals valuable for a wide range of applications, including electronic
devices, optical materials, and catalysts.

The process of single crystal synthesis is often challenging, as it requires precise
control over temperature, pressure, composition, and other conditions to produce a single
crystal with the desired properties. There are several methods for single crystal synthesis,
including Modified Bridgman method, Solid State Reaction, and Chemical Vapor
Transport (CVT). The choice of method depends on the material being synthesized, the
desired size and shape of the crystal, and the desired purity.

1.2.1. Modified Bridgman Method. The modified Bridgman method is a crystal
growth technique used to produce high-quality single crystals from a wide range of
materials, including metals, semiconductors, and ceramics. This method involves heating
a material in a sealed container and then slowly cooling it to cause it to solidify into a single
crystal. The crystal is grown along the length of the quartz tube as it is being withdrawn,
and the temperature gradient is carefully controlled to ensure that the material solidifies in
a controlled manner, with no defects or impurities. Figure 1.4 indicates different steps of
the modified Bridgman process, during which it is necessary to keep the sample clean and

avoid mixing with any moisture.



Figure 1.4. Modified Bridgman Method Process. (a) Vacuum sealing setup using a
methane-oxygen blow torch and Argon flow. (b) Clean glove box for weighing and
grinding high-purity materials. (c) Tube furnace with an Argon line. (d) CrsTeg single
crystals grown using modified Bridgman method.
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1.2.2. Solid State Reaction. Solid-state reactions can also play a crucial role in the
crystal growth of materials. In crystal growth, atoms or ions assemble into a highly ordered
arrangement to form a single crystal. The process of crystal growth can be divided into two
main stages: nucleation and growth.

In the nucleation stage, a small number of atoms or ions come together to form a
nucleus, which serves as the seed for further crystal growth. The nucleation process is often
the rate-limiting step in crystal growth and can be influenced by various factors, including
the purity and composition of the starting materials and the conditions under which they
are mixed. In the growth stage, the nucleus grows by the addition of more atoms or ions to
the surface of the crystal. This stage can also be influenced by various factors, including

the temperature, pressure, and concentration of the reactants, as exhibited in Figure 1.5.

Figure 1.5. Solid State Reaction Process. (a) Dies set with a Yb2MoOs pellet on top ready
to vacuum seal. This sample has been pressed under 10 MPa for 15 min. (b) Yb2MoOs
pellet sealed inside a quartz tube to provide a precursor via annealing at 1100 °C for 24

hours. (c) Annealed precursor in an Alumina crucible at 1400 °C for 36 hours. (d)
Colorless polycrystalline Yb2MoOs can be seen with the size of <Ilmm. The optical
transparency of these single crystals concludes relatively large optical bandgaps of orders
of 3-4 eV.
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1.2.3. Chemical Vapor Transport (CVT). Chemical vapor transport (CVT)
crystal growth is a technique used for the growth of single crystals, where a material is
transported from a source to a growth region by a carrier gas. In CVT, the source material
is typically placed in a high-temperature zone, and a reactive gas, such as iodine, bromine,
or an organic compound, is introduced into the chamber to transport the source material to
the growth region, where the single crystal is formed.

The process of CVT crystal growth is driven by the vapor pressure difference
between the source and growth regions. The material evaporates from the source and reacts
with the carrier gas to form a volatile complex, which is then transported to the growth
region, where it condenses to form a single crystal.

CVT crystal growth has several advantages over other crystal growth methods,
including the ability to grow large, high-quality single crystals, the ability to grow single
crystals of materials that are difficult to grow by other methods, and the ability to control
the composition and doping of the single crystals.

The CVT procedure includes preparing a homogeneous precursor using modified
Bridgman method or other techniques, inserting the transport agent (like lodine chunks) on
the precursor, and then vacuum-sealing the quartz tube for annealing. lodine weight is
dependent on the size of the ampule and can be of orders of 3mg/cm? in order to provide
a sufficient amount of mobility for the precursor crystallization. As depicted in Figure 1.6,
the measured temperature profile shows the desired positions of the precursor and the
nucleation at the hot and cold zones, respectively, i.e., the peak and the trough of the

temperature profile graph.
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Figure 1.6. Chemical Vapor Transport Process. (a) 3-zone furnace. (b) A typical
temperature profile for a 3-zone furnace measured using long thermocouple rod at each
position inside the furnace, where the zones were set at 900, 600, and 850 °C. (c) CVT-

grown single crystals. As shown, the precursor has been transported and crystalized at the
colder zones using lodine as the transport agent. (d) Transparent ZnogCro2Te single
crystals grown using CVT. (e) Transparent ZnTe single crystals grown using CVT.
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1.3. CHARACTERIZATION AND MEASUREMENT
1.3.1. X-Ray Diffraction (XRD). X-ray diffraction (XRD) is a non-destructive
analytical technique used to determine the crystal structure of a material. It is based on the
interaction between X-rays and matter, and the resulting diffraction patterns, determining
the arrangement of atoms within a crystal. In XRD, a material is exposed to X-rays, which
interact with the atoms within the material, causing the X-rays to diffract in a characteristic
pattern. The diffracted X-rays are then collected and analyzed to determine the crystal
structure of the material [38]. XRD can be used to identify the crystalline phase of a
material, determine its crystal structure, and quantify the amount of each phase present. As
demonstrated in Figure 1.7, the angle between the incident and the diffracted photon is 26.
The photons reflecting from the top layer of the crystal and the next layer can interfere with
each other constructively, or destructively. The equation shown in Figure 1.7(b), i.e.,

Bragg’s diffraction relation, satisfies the constructive interference.

nA = 2d sinf

Incident light
(wavelength A)

Figure 1.7. X-Ray Diffraction (XRD). (a) A typical powder XRD machine. (b) Schematic
of Bragg’s diffraction and the formula used for XRD data refinement, where d is the
spacing between crystal layers as shown and n is an integer, adapted from [38].
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1.3.2. Physical Property Measurement System (PPMS). A Physical Property
Measurement System (PPMS) is an experimental platform used to measure various
physical properties of materials. PPMS systems are commonly used in the fields of
materials science, condensed matter physics, and nanotechnology, to study the behavior of
materials at the micro- and nanoscale.
PPMS systems typically use a combination of experimental techniques, including
magnetic, electrical, and thermal property measurements, to study the properties of
materials over a wide range of temperatures and magnetic fields. The properties that can

be measured using a PPMS system include:

Magnetic properties, such as susceptibility, magnetization, and magnetic ordering

e Electrical properties, such as conductivity, resistivity, and Hall effect

e Thermal properties, such as specific heat and thermal conductivity

e Mechanical properties, such as elastic modulus, hardness, and tensile strength

PPMS utilizes liquid nitrogen and liquid helium to obtain very low temperatures (~

2K) and simultaneously, it is capable of varying the external magnetic field applied on the
sample up to 9 T. A schematic of the sample chamber and the probe in a typical PPMS is
depicted in Figure 1.8 (a). The probe is immersed in the liquid-helium bath inside the
dewar. A sophisticated device with delicate components, the probe incorporates the basic
temperature-control hardware, the superconducting magnet, the helium-level meter, the gas
lines, the sample puck connectors, and various electrical connections. The probe is
composed of several concentric stainless-steel tubes and other important elements. Its outer

layer isolates the sample chamber from the liquid-helium bath.
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Dual impedance system

Protective Cap
(open to helium)

Figure 1.8. Physical Property Measurement System (PPMS). (a) Schematic of the sample
chamber setup and PPMS probe. (b) PPMS tank of liquid nitrogen and liquid helium
(right) and the vacuum pump (left).

1.3.3. UV-Visible Absorption Spectroscopy and Tauc Plots. UV-Visible
Absorption Spectroscopy is a technique used to determine the absorption spectra of a
substance in the ultraviolet (UV) and visible regions of the electromagnetic spectrum. The
technique is based on the measurement of the amount of light absorbed by a sample at
different wavelengths. Furthermore, this technique is utilized in some cases to measure the
transmittance and reflectance of a sample.

In UV-Visible Absorption Spectroscopy, a sample is exposed to a beam of light in
the UV or visible regions of the spectrum. Some of the light is absorbed by the sample, and
the remaining light is detected by a detector. The amount of light absorbed by the sample
is then measured as a function of wavelength, and the resulting absorption spectrum is

plotted.
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UV-Visible Absorption Spectroscopy is also advantageous for the calculation of
the optical bandgap of a material using Tauc’s relation [39] defined as

(ahv)? = A (hv — E,), (1)
where a is the absorption coefficient, 4v is the energy of the incident photon, A is the
proportionality constant, and Eq is the bandgap energy. To find Eg4 from the UV-vis. Data,
the linear extrapolation of the left side of this equation will have an x-intercept equal to the
optical bandgap. Furthermore, the power of the left side of this equation (in this case: 2)
can vary depending on the type of the electron transition. For a direct allowed transition,
an indirect allowed transition, a direct forbidden transition, and an indirect forbidden
transition, it is equal to 2, 1/2, 2/3, and 1/3, respectively.

1.3.4. Neutron Diffraction. Neutron diffraction is a powerful analytical technique
used to determine the crystal structure of materials. It is based on the interaction of neutrons
with the atomic nuclei of a sample, which results in the scattering of the neutrons. The
scattered neutrons can then be detected and used to determine the crystal structure of the
sample.

Neutron diffraction is particularly useful for the study of materials that are difficult
to study using other techniques, such as X-ray diffraction. For example, neutron diffraction
can be used to study materials that have light atoms, such as hydrogen, which are difficult
to detect using X-rays. Neutron diffraction can also be used to study materials that are
sensitive to radiation damage, such as organic materials, which can be damaged by X-rays.

In neutron diffraction, a beam of neutrons is directed at a sample, and the resulting
scattered neutrons are detected using a neutron detector. The pattern of scattered neutrons

can then be used to determine the crystal structure of the sample. The information obtained
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from neutron diffraction can be used to study the structure of materials at the atomic and

molecular level, and to understand their physical and chemical properties [40].
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Figure 1.9. Neutron Scattering. (a) A schematic representation of a 3-axis neutron
spectrometer. (b) Schematic depiction of a crystal orienting with a high symmetry
direction parallel to the incoming beam. Adapted from [40], Practical Neutron Scattering
at a Steady State Source by T. Heitmann and W. Montfrooij, Mizzou Media Press (2012).

As indicated in Figure 1.9 (a), The first axis is where the monochromator crystal is
placed on, then the sample is on the second axis, and the analyzer crystal is located on the
third axis. The purple line shows the path of the neutron that is being detected. Figure 1.9
(b) schematically depicts a crystal orienting with a high symmetry direction parallel to the
incoming beam. The different sets of lattice planes select a neutron wavelength out of a
white beam and diffract it at the corresponding Bragg angle. This figure shows neutrons
coming in (open arrows) parallel to the a-axis and being diffracted by the (110) planes
(green and green arrows), and by the (111) planes (red, red arrows).

For the purpose of magnetic study of different structures, neutron scattering can be

performed using a spin-polarized monochromatic incident neutron beam. In this case, the
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spin state of the incident neutron will interact with the spin structure of the sample and will
scatter off of the sample in different direction based upon the momentum change of the
beam. These diffracted beams of neutron can be counted in different directions on a target
screen of many detectors. For instance, a ferromagnetic structure tends to scatter most of
the incident spin-polarized beams in a specific direction, which demonstrates a robust

magnetic order in that specific plane direction.
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ABSTRACT

Polycrystalline Zn;—CrxTe samples for x = 0.00, 0.05, 0.10, 0.15, 0.18, and 0.20
were synthesized by solid-state reaction, and their physical properties were studied for the

purpose of identifying a novel non-oxide transparent diluted magnetic semiconductor
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(DMS). Their transport properties exhibit semiconducting behavior for low Cr
concentrations and become conductors for higher Cr concentrations. Ferromagnetic
behavior was observed in Cr-doped ZnTe with Curie temperature Tc increasing as Cr
concentration increases. At x = 0.20 Cr concentration, the system has Tc above room
temperature, indicating an interesting I1-VI ferromagnetic semiconductor. Furthermore,
optical transparency in the visible light range was found to be 30-85 % for different Cr
concentration concentrations. Also, according to the electrical transport measurement data
in this study, the resistivity doesn’t exhibit any significant change as the temperature
increases for x = 0.20. This consistent resistivity exhibits a possible candidacy for further

studies of the sample ZnogoCro2oTe for half-metallic ferromagnetic properties.

1. INTRODUCTION

Interesting characteristics of materials such as semiconductivity, room temperature
ferromagnetism and transparency are of great importance in technology advancement [1—
4]. In this regard, materials with combinations of the designated properties are getting
attention for the purpose of spintronics and data storage devices [5-10]. One of the ground-
breaking types of these multi-functioning materials is transparent conducting oxides
(TCOs), which are structures of optically transparent and electrically conductive material.
These structures play an important role in many electronic devices e.g., touchscreens,
liquid-crystal displays, OLEDs, and photovoltaics [11-21]. These types of oxides have a
high ratio of transmission to absorption under light, which makes them a great candidate

as electrodes for optoelectronic devices requiring materials with both electrical
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conductivity and light transmittance [19]. One of the major drawbacks with TCOs is the
low performance of p-type transparent conductors, which results from the heavy holes in
the valence band due to localized p states of oxygen [21]. Also, TCO glasses are fragile
and vulnerable to high temperatures [12]. However, large band gap semiconductors such
as chalcogenides (sulfides, selenides, and tellurides) are interesting, less investigated
materials due to their tendencies for p-type concentration and wide applications in
optoelectronic devices e.g., ZnTe solar cells [49]. The previous studies address a suite of
compounds including different combinations of Il group cations (Zn, Cd, and Hg) and VI-
group anions (S, Se, and Te), whose applications in magneto-optical devices have been
investigated [23-25]. Moreover, Cr-doped 11-VI DMS, as one of the most highlighted DMS
due to the ferromagnetic behavior reported by experiments and calculations [26-32], has
exhibited the ferromagnetic transition around room temperature for thin films [33,34]. For
this purpose, there has been a great deal of attention on the structure of Zn;—<CrxTe thin
films [35-41]. So far, there has not been any UV-Visible transparency report of Cr-doped
ZnTe single crystals or polycrystalline structures. However, the crystalline bulk structure
of Zn—«CrxTe has been claimed to have ferromagnetic characteristic at room temperature
for x = 0.05 [22,42]. Furthermore, there has been a great deal of attention on the
transparency of the oxide semiconductors as the host of DMS [43], but there has been a
lack of optical transparency in chalcogenides of DMS. Developing optically transparent
magnets at room temperature will result in a great deal of progress in different industries,
not only for electronic and magnetic devices but also for optical applications [48]. Based
on room temperature ferromagnetism as well as favorable memory effect of fabricated

devices, these structures could be a potential material for future spintronic nano-devices
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and opto- electronics. Nonetheless, by clearly showing this ferromagnetic
semiconductivity, the results of transparency probably open up an unexpected and
important new direction for optical spintronics research in DMSs. Magnetic materials in
electric devices are not optically transparent. With the synthesis of a transparent magnet,
more advanced display devices will be innovated. As an example, speed and fuel meters
and a map can be displayed directly on the front glass of a car or an airplane. In the present
work, we have investigated Zn;—<CrxTe with x = 0.00, 0.05, 0.10, 0.15, 0.18, and 0.20 for
identifying a novel non-oxide transparent DMS with the purpose of playing a role in
interdisciplinary materials science and future spintronics and opto-electronics. Transparent
Zn1—CrxTe bulks in the visible region are required in applications with optoelectronics.
Also, according to the electrical transport data in this study, the resistivity does not exhibit
any significant change as the temperature increases for x = 0.20. This flat resistivity can be
a possible candidate for further studies of the sample ZnogoCro20Te for half-metallic

ferromagnetic properties.

2. EXPERIMENTAL

Polycrystalline samples of Zn;—xCrxTe with x = 0.00, 0.05, 0.10, 0.15, 0.18, and
0.20 were synthesized using high-purity Zn (99.99%), Te (99.999%) and Cr (99.99%)
powders (Alfa Aesar). The reactant powders were stoichiometrically mixed to the desired
ratio. The mixed powders were ground using mortar and pestle for about 30 min and then
pressed into pellets (~ 2 g) for solid state reaction. Each pellet was vacuum sealed in a 10

cm diameter quartz ampoule. For the synthesis of the ZnTe sample, the quartz ampoule
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containing the ZnTe pellet was gradually heated up at the rate of 1 °C/min to 950 °C and
kept at the temperature for 24 h. The Zn;—CrxTe samples with x > 0 were heated up to
1100 °C at the same heating rate and sintered at the temperature for 24 h. After the first
sintering, the samples were slowly cooled at 1 °C /min down to room temperature. The
samples were then ground into powders and compressed into pellets and vacuum-sealed in
quartz ampoules separately for the second sintering at 950 °C (for ZnTe) and 1100 °C (for
Zn;—xCrxTe samples with x > 0) for 48 h. This resulted in polycrystalline samples ZnTe
and Cr-doped ZnTe with dark orange and black color, respectively. Crystal structure of
Zn1—CrxTe was characterized by using PANalytical X'Pert Multi-purpose Diffractometer
with Cu source of 2 = 0.15418 nm with minimum step size of 20 = 0.026°. To realize the
atomic rearrangement and dopant location in the ZnTe host lattice, Room temperature
Raman Spectra were performed by using HORIBA Jobin Yvon LabRAM ARAMIS Micro
Raman Spectrophotometer of 10 mW and A = 532 nm. Quantum Design Physical Property
Measurement System (PPMS) was used to measure the temperature dependence of
electrical resistivity and magnetic properties of the polycrystalline Zn;—<CrxTe samples in
the temperature range of 2-300 K. For resistivity measurement, the samples were cut into
1 x 1 x 4 mm?3 rectangular shape. Room temperature cured silver paste was used for the
four-probe resistivity contacts. DC magnetization measurements were performed using the
PPMS. Zero-field cooled (ZFC) magnetization measurements under an applied magnetic
field of 5 kOe were performed in the temperature range of 5-300 K. A Cr-doped sample
Zn;—<CrxTe was first cooled to 5 K from room temperature at zero applied field. Then, the
temperature dependent magnetization of the sample was measured at 5 kOe applied field

in the warming trend from 5 K to 300 K. Optical transmission of Zn;-xCrxTe was measured
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using a Varian Cary®50 UV-Vis Spectrophotometer (0.25-0.85 Im) with Dual Beam and
scan rates up to 24,000 nm/min. The transmittance was measured in the mid-infrared to
ultraviolet range (200-800 nm). For the optical transmittance measurements, each
polycrystalline Zn;—CrxTe sample (x = 0.00, 0.05, 0.10, 0.18, and 0.20) was pulverized
into powder form and suspended in ethylene glycol. The blank, in this case, is a UV
transparent cuvette (quartz), filled with the same solvent (ethylene glycol) used for
suspending the polycrystalline sample powders. First, the transmittance of ethylene glycol
was measured and set as the background, then the transmittance was measured for the
polycrystalline Zn;—CrxTe powder in the solvent. The transmittance spectra of the
polycrystalline Zn;—CrxTe samples were obtained automatically by subtracting the

measured results from the spectrum of the solvent.

3. RESULTS AND DISCUSSION

The powder x-ray diffractions of Zn;—CrxTe with x = 0.00, 0.05, 0.10, 0.15, 0.18,
and 0.20 are shown in Figure 1(a). All the main peaks are corresponding to the Zincblende
(cubic) structure. A schematic view of the Zincblende structure including a substitutional
Cr for Zn atoms is shown in Figure 1(b). Powder XRD measurements are done up to a high
2-theta angle (138°) to improve the accuracy of our lattice parameter determination. The
error bars shown are derived from the ESD given after Rietveld refinement of each pattern.
Figure 1(c) indicates the Cr concentration dependence of the lattice parameters a, b, or c,
where a = b = ¢ due to the cubic structure of the materials. These parameters were obtained

by using the Rietveld refinement method. The lattice parameters can be calculated up to 5
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or 6 decimal places in Angstrom using Rietveld refinement method [50-52]. According to
Figure 1(c), the lattice parameter shows a monotonic change along with Cr concentration,
which is due to the different effective ionic radii of Zn?* and Cr®*. Based on the structure
shown in Figure 1(b) and the coordination numbers of Zn?* and Cr®* in this lattice, the
effective ionic radii of Zn?* and Cr®" are 0.60 A (with a coordination number of IV) and
0.615 A (with a coordination number of VI), respectively [53]. Therefore, it is expected
that the lattice parameter slightly increases as the Cr concentration increases in the host
lattice. As the structures of the polycrystals are characterized by XRD, Raman
spectroscopy is the next method to confirm the substitution of Cr atoms in ZnTe lattice.
Room temperature Raman experiment was performed to determine the chemical
composition and structure of the polycrystalline Zn;—CrxTe samples. Figure 2 shows the
Raman scattering effect of the polycrystalline Zn;—CrxTe samples in the range of 100-600
cm!. The Raman spectra were registered across four different spots identified using a 100x
objective lens integrated with the Raman spectrophotometer.

The intense vibrations in the range of 120140 cm™! suggest the existence of Te-
rich phases in all the samples. The first and second order longitudinal optical phonon modes
(1LO and 2LO) corresponding to ZnTe are weakly evolved at ~ 215 and ~ 425 cm™.
Convincingly, their peak positions also appeared to be red shifted by the increase of more
concentration Cr into the host structure ZnTe. Therefore, according to Raman data and the
lattice parameters from XRD data, the substitution of Cr in ZnTe lattice in the

polycrystalline samples of Zn;—«CrxTe has been confirmed.
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Figure 1. Crystal structure characterization of polycrystalline Zn;—<CrxTe samples for x =
0.00, 0.05, 0.10, 0.15, 0.18, and 0.20. (a) Powder x-ray diffraction for Zn;—<CrxTe
(stacked with steps for easy comparison). (b) Crystal structure of Zn;—CrxTe with a, b,
and c parameters shown. (c) Lattice parameter (a, b, or ¢) vs. Cr concentration, x, for
Zn;—<CrxTe. ((b) Source: Nanoscale, 2014, 6, 14667).
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Figure 2. Raman spectra of polycrystalline Zn;—CrxTe at room temperature for x = 0.00,
0.05, 0.10, 0.18, and 0.20 (stacked with steps for easy comparison).

Figure 3 shows the resistivity of the polycrystalline Zn;—<CrxTe samples (for x =

0.00, 0.05, 0.15, 0.18, and 0.20) as a function of temperature. Undoped ZnTe has resistivity

of 2 x 105 Qcm at room temperature. Its resistivity increases with decreasing temperature

verifying that the polycrystalline Zn;—CrxTe samples with x = 0.00, 0.05 and 0.15 are

semiconductor.
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Figure 3. Temperature-dependent resistivity at zero applied magnetic field H, for
polycrystalline Zn;—<CrxTe with x = 0.00, 0.05, 0.15, 0.18, and 0.20.

Increased Cr-concentration x leads to decreased resistivity in Zn;—CrxTe. The
temperature dependent resistivities for the polycrystalline Zn;—<CrxTe samples with x =
0.18 and 0.20 shows enhanced conductivity. At room temperature, the resistivities of
Znog2Cro.18Te and ZnogoCro2oTe are smaller than the resistivity of ZnTe by 3 or 4 orders
of magnitude. As a result, Zn;—CrxTe with x = 0.18 and 0.20 are exhibiting lower
resistivities at room temperature.

Furthermore, it can be observed that the resistivity of the polycrystalline

ZnogoCro20Te is practically independent of temperature at below room temperature, which
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can probably be a possible candidate as a half-metallic ferromagnet [44] i.e., it acts as a
conductor to electrons of one spin orientation, but as an insulator or semiconductor to those
of the opposite orientation. However, the study of half-metallicity in these polycrystalline
samples is beyond the scope of this study. Further investigation about half metallicity in
this polycrystalline sample is suggested. Figure 4 shows the temperature dependence of
magnetization for the polycrystalline samples of Zn;—CrxTe with x = 0.00, 0.05, 0.10, 0.15,
0.18, and 0.20. The magnetization as a function of temperature was recorded while
warming the samples in the presence of the applied magnetic field of 5 kOe. Figure 4(a)
shows the temperature dependence of ZFC magnetization of ZnggsCroosTe at H = 5 kOe.
The plot shows ferromagnetic transition at Tc ~ 230 K. By increasing Cr concentration, its
Tc can be increased, which is shown in the inset of Figure 4(a). For the cases of x > 0.10,
Tc is close to 300 K or above as the Cr content increases. These Curie temperatures are
incredibly of interest since they are high enough for the purpose of device applications at
room temperature. There is a second transition occurred at T ~ 100 K, which is indicated
by arrows in the inset of Figure 4(a). These curves reveal that Zn;—«CrxTe structures have
non- zero magnetizations well above room temperature. The magnetization vs. magnetic
field were measured for ZnogoCro2oTe at 5 K and 300 K. The magnetization shown in
Figure 4(b) was obtained after the subtraction of diamagnetic signal of ZnTe from the
measured result. A hysteretic behavior has been observed with coercive fields of ~ 180 and
~220 Oe at T =300 and 5 K, respectively. This indicates that ferromagnetism is introduced

into the system by Cr concentration in ZnTe structure.
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Figure 4. Magnetization of polycrystalline Zn;—CrxTe for x = 0.00, 0.05, 0.10, 0.15, 0.18,
and 0.20. (a) Temperature dependence of zero-field-cooled (ZFC) magnetization for
polycrystalline Zno.9sCroosTe at H = 5 kOe. The inset shows the magnetization for
polycrystalline Zn—CrxTe. (b) Magnetic hysteresis loop for polycrystalline
ZnogoCro20Te at T =5 K (red circles) and 300 K (blue circles) after subtracting the
diamagnetic effect of ZnTe.
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The origin of the ferromagnetic behavior in Zn;—CrxTe could be due to the short-
range interaction between the 3d-orbital electrons of Cr atoms hybridized with valence p
electrons of the host anions, which can be an appropriate picture of a ferromagnetic DMS
[31]. Figure 5 (a) shows the Tauc plots [45] extracted from the UV-vis absorbance
measurements. It can be observed that the absorption bandgap in the bulk is due only to a
direct gap. According to Tauc’s explanation, the relation between Eg and absorption
coefficient, a, of a direct-bandgap semiconductor could be expressed as ahv= 3 (hv - Eg)",
where £ is a constant and /v is the incident photon energy and the exponent n is a parameter
dependent on the type of the electronic transition responsible for the absorption. The
absorption bandgap in each Zn;—<CrxTe bulk is due only to a direct gap. For the ideal direct-
bandgap semiconductor ZnTe, the value of n is 1/2. The Eg values were estimated by
extrapolating the targets in Tauc plots to intercept with the hv-axis to give the values of the
indirect optical energy gap (Eg). Figure 5(b) shows the direct bandgap, Eg, vs. Cr
concentration. The results show that the energy bandgap decreases from 2.33 eV for ZnTe
to 1.93 eV by 20% of Cr concentration. The concentration has induced a red shift of the
bandgap which is in good agreement with the previous reported data of ZnTe [46,47].
Optical transmittance of Zn;—<CrxTe were measured for evaluating their optical
transparency. The transmittance was measured in the mid-infrared to ultraviolet range
(200-800 nm). As shown in Figure 6, UV-vis—-IR spectra reveal that the optical
transmittance of the Zn;—CrxTe polycrystal depends on the Cr concentration. The undoped
sample exhibits extraordinary transmittance in the UV-vis-IR regime (250-800 nm)

without any sharp absorption features.
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Figure 5. (a) First direct Tauc plot of polycrystalline Zn;—xCrxTe with x = 0.00, 0.05,
0.10, 0.15, and 0.20. (b) Direct band gap vs. Cr content.
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Figure 6. Optical transmittance of polycrystalline structures of Zn;—xCrxTe with x = 0.00,
0.05, 0.10, 0.18, and 0.20 at room temperature.

This sample has an average visible transmittance between 85 % and 90 %. Figure
6 shows that the transparency increases from around 0-20 % at 200-300 nm to a high
uniform plateau at 300-800 nm. The direct photoexcitation of carriers within the surface
state of this bulk may give rise to high optical transmission in the short-wavelength infrared
region. These unique optical properties show that the Zn;—xCrxTe structure is a transparent
ferromagnetic conductor.

Transparency is mainly defined by free electrons, position of Fermi energy and type

of band structure in a solid. If the energy of the visible spectrum incident photon is equal
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or greater than the band gap energy, then the photon can excite an electron from the valence
band to the conduction band. Otherwise, the photon cannot interact with the valence band
electrons. Thus, the photon goes through the material without any interaction. If the
bandgap is higher than the maximum energy of the incident wave, then none of the light is
absorbed and just passes through the material. Therefore, they appear transparent. Hence,
wider band gap leads to higher transparency in the visible spectrum [54-59]. This is in
agreement with the Tauc relation, which implies that the absorption coefficient « decreases
with the enlargement of the optical band gap Eg, and also, the transmittance T lowers along
with the growth of the absorption coefficient a [55,57]. Furthermore, for smaller band gaps,
some colors will be absorbed. The transmitted light defines the visible color of the material.
According to Figure 5(b), the band gap of ZnTe is ~ 2.3 eV, which means that in the visible
range, this material absorbs blue and violet lights. Therefore, red, yellow, and partial green
parts of the visible spectrum will pass through the material with no interaction, resulting in
an orange-brown colored samples. In comparison, the pristine ZnTe is red-orange color.
The sample ZnogoCro2oTe appears in dark gray color. This can be explained based on the
band gap of this sample which is ~ 1.9 eV, (Figure 5(b)). Most of the colors are absorbed
along with most of the light intensity (~ 75 % absorption). Therefore, the sample appears

to look opaque and dark gray.

4. CONCLUSION

Polycrystalline samples of Zn;—CrxTe for x = 0.00, 0.05, 0.10, 0.15, 0.18, and 0.20

have been obtained. Their magnetic and transport properties exhibit ferromagnetic
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semiconducting behavior for x <0.15 but ferromagnetic conductivity for x =0.18 and 0.20.
The transparency has been observed at a level of 30-85 % in the visible range for different
Cr concentrations. With the synthesis of a transparent magnet, more advanced display
devices will be innovated. As an example, speed and fuel meters and a map can be
displayed directly on the front glass of a car or an airplane. The electrical transport of the
polycrystalline ZnosCro2Te provides an inspiring idea that this material could be studied
further for possible half-metallic ferromagnetism. However, the study of half-metallicity
in these polycrystalline samples is beyond the scope of this study. Further investigation

about half metallicity in this polycrystalline sample is suggested.
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ABSTRACT

Magnetic semiconductors are at the core of recent spintronics research endeavors.
Chemically doped I1-V1 diluted magnetic semiconductors, such as (Zn1.xCrx)Te, provide
promising platform in this quest. However, a detailed knowledge of the microscopic nature
of magnetic ground state is necessary for any practical application. Here, we report on the
synergistic study of (ZnixCrx)Te single crystals using elastic neutron scattering
measurements and density functional calculations. For the first time, our research unveils
the intrinsic properties of ferromagnetic state in macroscopic specimen of (ZnogCro.2)Te.
The ferromagnetism is onset at Tc ~ 290 K and remains somewhat independent to modest

change in the substitution coefficient x. We show that magnetic moments on Zn/Cr site
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develop ferromagnetic correlation in a-c plane with large, ordered moment of p = 3.08 pg.
Magnetic moment across the lattice is induced via the mediation of Te site, uncoupled to
the number of dopant carriers as inferred from the density functional calculation.
Additionally, the ab-initio calculations also reveal half-metallicity in x = 0.2 composition.
These properties are highly desirable for future spintronic applications.

Diluted magnetic semiconductors (DMS) are attractive for spintronic applications,
as the underlying ferromagnetic and electrical properties can be easily tuned by modest
chemical doping [1-3]. Previous efforts in this regard have mainly focused on the
exploration of 111-V DMS compounds, such as Mn-doped GaAs and InAs [4-8]. In these
materials, the ferromagnetic transition temperature, Curie temperature, is sufficiently far
below room temperature, which is one of the key requisites for the spintronic application.
So far, the highest detected Curie temperature in these compounds is T¢ ~ 170 K in Mn-
doped GaAs/Be-doped p-type AlGaAs heterostructures.[4] Also, both magnetic and
electrical phenomena are interlinked and directly attributed to the carrier (hole) doping of
Mn ions-holes ferromagnetically mediate between d-orbital local moments [2,8,9].
Therefore, higher doping of Mn ions, needed to enhance the ferromagnetic Curie
temperature in 11I-V DMS, would inevitably change the semiconducting property into
metallic characteristic.

In contrast to the I11-V DMS, exploration of I1-V1 diluted magnetic semiconductors
e.g. (Zn1xCrx)T where T = Se, S, Te have revealed the persistence of near room temperature
ferromagnetism.[10-12] Additionally, theoretical and experimental study of II-VI DMS
have demonstrated the uncoupled nature of magnetic and electrical phenomena.[10, 13-15]

In this case, magnetism is derived from the exchange interaction between the delocalized
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s, p band electrons and localized d-electrons of magnetic ions, not directly from the
magnetic impurity e.g. Cr [13]. A positive value of exchange interaction would indicate
ferromagnetic state of the system [1]. Experimental investigation of s, p-d exchange
interaction using magnetic circular dichroism measurements have revealed positive
exchange constant in (Zn1xCrx)Te thin film [10].

Among the many compositions of (Zn1xCrx)T, where T = Se, S, Te, tellurides are
of special importance. ZnTe is a wide band gap nonmagnetic semiconductor with energy
gap of A~ 6 eV [16]. It crystallizes in the zinc-blend cubic structure with lattice parameter
of a = 6.103A [13]. The compound manifests near room temperature ferromagnetism at
modest Cr doping in thin film specimen of (Zn1.xCrx)Te (X ~ 0.035) despite a very low
carrier density of 1.1015 cm™ [17]. More recently, study of polycrystalline (Zn1xCrx)Te
has confirmed the occurrence of high temperature ferromagnetism [18]. It was also inferred
that the DMS material at 20% Cr substitution exhibits half-metallic characteristic, which
can be used to generate the fully spin-polarized current [18]. Interestingly, similar
conclusions were drawn in the recent density functional calculations of analogous DMS
material (ZnCr)Se [19]. Although, these properties are of strong technological importance,
but the lack of fundamental understanding of the ground state magnetic configuration in
(Zn1xCrx)Te hinders practical application. We have synthesized high quality single crystal
samples of various substitution coefficients that are used to elucidate the intrinsic magnetic
properties. Details about the quality of single crystals can be found elsewhere [18].

In this article, we report on the synergistic investigation of two substitution
coefficients, x = 0.2, 0.15, using the ab initio calculation and detailed elastic neutron

scattering measurements of single crystal specimens. We find direct evidence of a long-
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range ferromagnetic order with transition temperature of T¢ = 290 K in the bulk material.
The Curie temperature does not change for a modest variation in the Cr substitution
percentage. Surprisingly, the power-law exponent of the order parameter, § = 0.46(02), in
x = 0.2 composition is larger than that typically found in ferromagnetic materials. Such a
large B value suggests inclination to the critical behavior of correlated moments. Numerical
modeling of the experimental data illustrates ferromagnetic alignment of moments in the
a-c plane with an ordered moment of p = 3.08 pg. The estimated ferromagnetic moment is
also consistent with the ab-initio density functional theory (DFT) calculations. Given the
fact that most research works have focused on the magnetic study of epitaxial thin film of
(ZnCr)Te where substrate effect and reduced dimensionality of the specimen can be
playing important roles [20, 21], this is the first time we unequivocally elucidate the
intrinsic magnetic nature of the chemically doped (Zn1-xCrx)Te.

The density functional theory calculations are carried out using a plane-wave basis
set as implemented in the QUANTUM-ESPRESSO software. [22] The simulated system,
illustrated in Figure 1a, is constructed by replacing one Zn atom with Cr atom per unit cell,
corresponding to 25% doping level. The Generalized Gradient Approximation (GGA)
along with the revised Perdew-Burke-Ernzerhof exchange-correlation functional (PBEsol)
are implemented with projector-augmented wave (PAW) pseudopotentials [23, 24]. A
well-converged kinetic energy cutoff of 80 Ry for wave function and charge density of 640
Ry are used throughout the calculation. Geometry optimization is performed by relaxing
the atomic positions via systematically changing the lattice parameter with energy and
force convergence thresholds of 0.0001 and 0.001 a. u., respectively. Brillouin zone (BZ)

integrations during the structure optimization are performed on a Monkhorst-Pack k-grid
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of 8 x 8 x 4, while a uniform dense grid of 30 x 30 x 30 is used for the construction of the
Fermi surface (FS) and the density of state (DOS) [25, 26]. The DFT+U+V approach is
adopted to account for the localization effect in the Cr 3d manifold as well as the
hybridization between Cr 3d manifold and Te 5p manifold. The on-site interaction U of Cr
3d manifold and the inter-site interaction V between Cr 3d manifold and Te 5p manifold
are determined by using a g-grid of 5 x 5 x 5 within the density functional perturbation
theory (DFPT), as implemented in the QUANTUM-ESPRESSO software [26].

The DFT calculation yields ferromagnetism in this system. The calculated moment
on Cr and Te sites are ~ 4 pyg and 0.1 pg, respectively. The ordered moment values are also
consistent with other reports. Moments are antiparallel with each other on neighboring Cr
and Te sites [27, 28]. The calculated spin-resolved density of states (DOS), presented in
Figure 1c, show that the Fermi energy passes through the spin-up DOS while there is a gap
of the spin-down DQOS, confirming the half-metallic nature of this system [27, 28]. DFT
calculation of ~ 19% doping level yields similar results, see Figure 1d. Three-hole pockets
are observed in the spin-up Fermi surface, shown in Figure 1b, which is consistent with the
p-type doping of Cr in the host ZnTe structure. Parallel surfaces are separated by (100) rlu
along the crystallographic directions.

Experimental verification of the intrinsic magnetism in (ZnosCro2)Te is obtained
from elastic neutron scattering measurements. Neutron scattering measurements were
performed on an 8 mg flux grown thin rectangular shape single crystal, of dimension 3 mm
(length) x 2mm (width) x 1.25 mm (thickness), at the thermal Triple Axis Spectrometer,

TRIAX, at the University of Missouri Research Reactor (MURR).
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Elastic measurements were performed at the fixed final energy of 14.7 meV using
PG (pyrolytic graphite) monochromator. The measurements on TRIAX employed a at
pyrolytic graphite (PG) analyzer with collimator sequence of PG filter-60'-60'-Sample-40'-
PG filter-40'. Single crystal sample was mounted at the end of the cold finger of a closed
cycle refrigerator with a base temperature of T ~ 5 K. Measurements were performed with
the crystal oriented in the (HHL) scattering plane. Here, H and L represent reciprocal lattice
units of 2n/a and 2x/c, respectively, with ¢ = a.

Single crystal allows for a detailed examination of the intensities and magnetic
scattering pattern, which reveals the nature of spin correlations that are not possible to
obtain from magnetic and thermodynamic measurements. Elastic scans were obtained
along both HH- and L-crystallographic directions, as shown schematically in Figure 2a. In
Figure 2c-d, we show representative scans at various temperatures across [-1-13] nuclear
Bragg peak along HH and L- directions. As the sample is cooled to low temperature,
scattering intensity enhancement of nuclear Bragg peak becomes apparent. Neutron
scattering data is well described by the resolution convoluted Gaussian line shape. Full
width at half maximum at representative peaks are shown in the inset of Figure 2d.

We see that the width of the peak does not change as a function of temperature.
Also, it is comparable to the resolution of the thermal triple axis spectrometer. The
additional scattering, which is arising due to magnetic correlation in the sample, indicates

the development of commensurate long range magnetic order in the system.
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Figure 1. (color online) Density functional theory calculations. (a) Chemical structure of
(Zno.75Cro.25)Te, used for the DFT calculations. (b) Density functional theory calculated
Fermi surface, viewed from the top and tilted-axes projection. Parallel surfaces in the
hole pockets are separated by wave vector, ay = (100) rlu in the reduced units of 2zn/a for
the cubic structure, also consistent with experimental finding. (c) Spin polarized density
of states in 25% Cr-substituted ZnTe, depicting half-metallic state. (d) Similar results are
obtained in DFT calculations on (Znog1Cro.19) Te.
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At low temperature, all nuclear peaks are found to manifest enhanced elastic
intensity, limited by the form factor of Cr atom. The chemical substitution of Zn by Cr
induces magnetism via the modification of the Fermi surface in (Zn1xCrx)Te, as evidenced
by the DFT calculations. In fact, recent studies have revealed that the magnetism in
(ZnCr)Te is onset at a doping percentage of as low as 5% of Cr atoms [17, 18]. Besides the
detailed experimental investigation of 20% Cr substitution level, we have also performed
neutron measurements on (ZnogsCro.1s)Te compound. Magnetic order parameter as a

function of temperature for both 15% and 20% Cr substitutions are plotted in Figure 2b.

2p
The order parameter data are fitted with the power law equation: [ o (1 —Tl) , to

[

accurately estimate the magnetic transition temperature and the critical exponents that can
provide important information about the nature of the phase transition. Fitting of
experimental data using the power law equation yields Curie temperature of Tc ~ 290 K in
both compounds.

The value of exponent beta for the substitution coefficients of x = 0.2 and 0.15 are
estimated to be 0.46(02) and 0.36(04), respectively, that suggest the three-dimensional
interaction in the ordered regime. These beta values are very close to the critical phase
transition exponent ~ 0.5. We also observe unusually linear-type trend in the order
parameter plot of both compounds, albeit more pronounced in higher substitution
coefficient of x = 0.2.

Typically, a ferromagnetic transition is accompanied by the first order phase
transition. The magnetic phase transition in (ZnCr)Te clearly departs from the conventional

trend. Perhaps, the nature of magnetic moment correlation can shed light on this.
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Figure 2. (color online) Neutron scattering measurement of (Zn1xCrx)Te, x = 0.2, 0.15.
(a) Schematic of elastic scans across the nuclear Bragg peak positions in multiple
Brillouin zones. Measurements are performed in both HH and L directions to accurately
determine the integrated intensity. (b) Magnetic order parameters of (Zn1«xCrx)Te, X =
0.2, 0.15 as a function of temperature. Magnetic order parameter is obtained by
subtracting the high temperature data, at T = 325 K, to consecutive low temperature data.
The intensity was estimated by fitting individual rocking scan at (-1-13) peak position at
different temperatures. Fitting of order parameter by power law (see text for detail) yields
Tc =290 K in both x = 0.2 and 0.15 substitution coefficients with the power law
exponent of 0.46(02) and 0.36(04), respectively. Inset shows the temperature dependence
of FWHM. (c-d) Representative scans of neutron measurements on (Zno.sCro.2)Te at
different temperatures along HH- and L- directions across (-1-13) rlu. As temperature
reduces, nuclear peak intensity increases; thus, suggesting the development of
ferromagnetic ground state. Experimental data are well described by Gaussian line shape.
In all plots, error bars represent one standard deviation.
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To understand the nature of ground state spin correlation in (ZnosCro2) Te, detailed
maps of nuclear and magnetic scattering peaks across several Brillouin zones were
obtained at two temperatures of T =325 Kand T =5 K on TRIAX spectrometer. We show
the color plot of mesh scan data at T = 5 K in Figure 3a. Stronger magnetic scattering is
observed along the [00L] direction, compared to the [HHO] positions. Since magnetic
contribution to the total intensity at structural Bragg peaks are more pronounced at low
temperature, we subtract the high temperature data to the low temperature data for
numerical modeling purposes. The numerical modeling of experimental results is
performed using the FullProf program in conjunction with the representational analysis by
SARANh program [29]. In this case, the number of symmetry-allowed magnetic structures,
possible for a particular crystallographic site, is simply the number of non-zero irreducible
representations in the magnetic representation. The best fit to experimental data is found
for a ferromagnetic configuration of magnetic moments on Zn/Cr sites that align along the
diagonal direction in the a - ¢ basal plane, defined by polar coordinates of 6 = 120° and ¢
=-2°, see Figure 4. The estimated size of ordered moment is 1 ~ 3.08 pg.

The ground state spin configuration was independently verified using the model
calculations. The simulated scattering intensities are obtained by adding up both the nuclear
scattering and the magnetic scattering contribution. For the simulation purposes, we have
used multiple lattice units of the size 10 x 10 x 10. Also, a weighted average scattering

length is used for the Zn/Cr sites. The magnetic structure factor is calculated using the

formula of Fy =Z S, ipje'?ie Vs, [30] where S, = Q x (S x Q) is the spin
j

component perpendicular tothe Q,p = (yzﬂ)g (@), (yzﬂ) =0.2695 x 1072 cm, g
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is the Lande splitting factor and was taken to be g = 2, f(Q) is the magnetic form factor and
e Wi is the Debye-Waller factor and was taken to be 1. 20% of Zn sites are randomly
substituted by Cr atoms in the lattice units for the calculation of the magnetic structure
factor.

The simulated pattern is shown in Figure 3b. Numerically simulated scattering
pattern for the spin configuration, shown in Figure 4, well describes experimental results
for the ordered moment of p ~ 3.08 ps.

Such a large, ordered moment can be arising due to the clustering of Cr ions or the
induced magnetism on Zn/Cr site, mediated by Te ions. The clustering of Cr ions would
result in the finite size effect, often reflected by the short-range order in elastic
measurements, as found in spin glass systems [31]. But this is not what we observe.
Resolution limited elastic peaks suggest the presence of long-range magnetic order in the
system. So, magnetism in Cr-doped compound is most likely associated to the induced
magnetism mediated by the orbital overlap between Zn/Cr and Te sites. Subsequently, we
expect other compositions with varying Cr percentages to manifest same or similar
magnetic structure, albeit with smaller (larger) ordered moment size at small (large) Cr
substitution. The argument of induced magnetism is also consistent with the DFT
calculations from a string of reports, including ours as discussed above. Given the fact that
20% substitution of Zn by Cr would result in the random replacement of approximately

one Zn atom by the Cr atom per unit cell, the size of ordered moment cannot be this large.
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Figure 3. (color online) Numerical modeling of experimental data. (a) Detailed color
map, depicting nuclear and magnetic scattering across several Brillouin zones, obtained
on TRAIX spectrometer at T = 5 K. The circular streaks are arising due to aluminum
powder lines from the sample holder. (b) Numerical modeling of experimental data was
independently performed using model calculations. Calculated scattering pattern for
moment configuration shown in Figure 4 describes experimental data.
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Figure 4. (color online) Ground state spin correlation and induced magnetism.
Refinement using FullProf-SARAh representational analysis suggests ferromagnetic
arrangement of magnetic moments on Zn/Cr site with polar angles of 6 = 120° and ¢ = -
2°. The large, estimated moment, arguably, arises due to the induced magnetism mediated
by orbital overlap on Te-sites, depicted by transparent circles.
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Crion in ZnTe has 3d4 electronic configuration. Therefore, even in the case of
entire unit cell being occupied by Cr ion (instead of Zn/Cr ion), the maximum ordered
moment may not be larger than 4 ps. Hence, (ZnosCro2)Te is expected to exhibit a much
smaller ordered moment than this optimum value as less than one site per unit cell, on the
average, is occupied by the Cr atom. The only explanation to this conundrum lies in the
phenomena of induced magnetism. A similar behavior arises in (GaMn)As where Mn
substitution induces large magnetic moment across the entire unit cell, even though the
parent compound GaAs is non-magnetic [2].

In summary, we have performed detailed synergistic investigation of underlying
magnetism in single crystal specimen of Cr-doped ZnTe using DFT calculation and neutron
scattering measurements. Previous study of (ZnCr)Te have mainly focused on the
epitaxially grown thin film samples of reduced dimensionality where the substrate can have
pronounced effect on physical and magnetic properties. The study of bulk crystalline
material unveils the intrinsic property of the system. Our research works reveal the
ferromagnetic nature of moment correlation along the diagonal direction in a-c plane. The
long-range ferromagnetic order is onset at high temperature of T.= 290 K. Also, the Curie
temperature does not seem to vary for a modest change in the Cr substitution percentage.
Importantly, the ordered moment on Zn/Cr site is quite large, i = 3.08 ug, despite the small
substitution coefficient in (Zno.gCro2)Te. We argue that such large, ordered moment arises
due to the induced magnetism between Zn/Cr-Te orbital overlaps and not depends on the
number of dopant carriers. The qualitative explanation as well as the size of ordered
moment are in good agreement with the DFT calculations. Further research works,

elucidating the quantitative aspect of exchange interaction in (ZnCr)Te using inelastic
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neutron scattering measurements, are highly desirable. It will require large single crystal
samples that are currently not available. DFT calculations also suggest half-metallicity in
(ZnogCro2) Te. The theoretical finding, although consistent with recent experimental report,
[18] needs further investigation via electrical transport measurements. The chemically
induced ferromagnetic property in (ZnCr)Te semiconductor can have practical implication
to the spintronics research. Finding a suitable semiconducting material with chemically
tunable ferromagnetism, which persists to room temperature or higher, is an important

research problem. (ZnCr)Te can provide a strong platform in this endeavor.
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SUPPLEMENTARY MATERIAL

DFT calculation for a lower doping level Zn;—CrxTe is carried out with the
structure illustrated in Figure Sla. Consider the computational resources available, three
Zn atoms are replaced with Cr atoms in a supercell of 2 x 2 x 1, corresponding to x ~ 0.19.
The kinetic energy cutoff as well as the charge density cutoff are set to 80 Ry and 640 Ry.
The same on-site U parameter for Cr 3d manifold and inter-site VV parameter between Cr
3d manifold and Te 5p manifold as determined for Zng75Cro2sTe are used in the
calculations. Geometry optimization is carried out following the same procedure as for
Zno.7sCro2sTe with a Monkhorst-Pack k-grid of 7 x 7 x 4. Similar to those found in
Zno.75Cro2sTe, moments of ~ 4 puB and 0.08-0.085 pB are found on the Cr sites and
neighboring Te sites of the optimized geometry, antiparallel to each other, confirming the
ferromagnetism of Zno.g1Cro.19Te. The spin resolved density of state (DOS), as is shown in
Figure S1b is also calculated for the optimized geometry with the same k-grid. The Fermi
level passes through the spin-up DOS while finds a gap in the spin-down DOS, confirming
the hall-metallic nature of ZnogiCroi9Te. Together with the DFT results calculated for
Zno.75Cro2sTe in Figure 1, clearly, ferromagnetism and half-metallic nature can be expected
for Zn;—CrxTe with x in between 0.19 and 0.25.

The magnetic structure refinement is carried out using the FullProf Suite in
conjunction with SARAh representational analysis. The magnetic contribution of the

observed peak integrated intensities is obtained as the following:

Isg—I325K
I = ==—==2 2
mag DW3ask (2)
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Figure S1. (a) Hlustration of Zno.g1Cro19Te used in the DFT calculation. (b) The
corresponding calculated spin-resolved DOS shows the Fermi level passes through the
spin-up DOS while finds a gap in the spin-down DQS, indicating Znos:1Cro19Te is half

metallic.
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where the Debye-Waller factor DWazsk is given by
DWs3y5¢ = exp (% QZ) . 3)
The isotropic thermal parameter Biso ~ 0.8 is estimated from structure refinement
with single crystal XRD data collected at room temperature. Here we have assumed that at
5K, the thermal effect on the scattering intensity becomes negligible. Integrated intensities
of the five scanned peaks indicated in Figure 2a are used as fitting observables for the
magnetic structure determination. Magnetic phase input for FullProf refinement is prepared
through SARAN representational analysis. The structural parameters are kept fixed during
the refinement, with the occupation ratio of Cr set to 0.2, and that of Zn set to 0.8 on the
Zn sites. The final refined magnetic moment of the Cr atoms is my = 2.675, my = — 0.079,

m; =—1.530 in pg with RF ~ 0.697.
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ABSTRACT

One of the most promising avenues in 2D materials research is the synthesis of
antiferromagnets employing 2D van der Waals (vdW) magnets. However, it has proven
challenging, due in part to the complicated fabrication process and undesired adsorbates as
well as the significantly deteriorated ferromagnetism at atomic layers. Here, the
engineering of the antiferromagnetic (AFM) interlayer exchange coupling between
atomically thin yet ferromagnetic CrTe: layers in an ultra-high vacuum-free 2D magnetic
crystal, CrsTes is reported. By self-introducing interstitial Cr atoms in the vdW gaps, the
emergent AFM ordering and the resultant giant magnetoresistance effect are induced. A
large negative magnetoresistance (10%) with a plateau-like feature is revealed, which is
consistent with the AFM interlayer coupling between the adjacent CrTe, main layers in a
temperature window of 30 K below the Néel temperature. Notably, the AFM state has a
relatively weak interlayer exchange coupling, allowing a switching between the interlayer
AFM and ferromagnetic states at moderate magnetic fields. This work represents a new
route to engineering low-power devices that underpin the emerging spintronic

technologies, and an ideal laboratory to study 2D magnetism.
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Self-intercalation.

1. INTRODUCTION

The development of engineered multilayers composed of magnetic and non-
magnetic materials at nanoscale paved the way for the creation of more complicated
devices. [1,2] By stacking such thin films in multilayers, one can create layered
heterostructures with properties that are fundamentally distinct from those of the
constitutive bulk materials. For instance, these multilayers enable the spin valves and
magnetic tunnel junctions to perform high-density and nonvolatile memories.[3,4] To
realize spin-polarized scattering/tunneling, one has to create an opportunity to reorient the
spin of two successive ferromagnetic (FM) layers and achieve the antiferromagnetic
(AFM) interlayer coupling, which is well explained with the Ruderman—Kittel-Kasuya—
Yosida (RKKY) model.[5] In this model, localized spins in two FM layers interact with
conduction electrons through contact exchange potential, which oscillates with the distance
between them. The magnetic coupling between adjacent magnetic layers, determined by
the exchange potential, therefore can be tuned by varying the thickness of the nonmagnetic
spacer layers. [6,7] Due to the mechanism of AFM interlayer coupling between adjacent
FM layers, memory device designs based directly on antiferromagnets have been
demonstrated. Antiferromagnets offer the benefit of being insensitive to disruptive

magnetic fields while emitting no stray fields as compared to ferromagnets. In contrast to
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bulk antiferromagnets with large exchange fields, synthetic antiferromagnets contain a
relatively low interlayer exchange coupling strength, making them ideal for studying field-
induced magnetic switching.[8] At present, synthetic antiferromagnets made of transition
metals have been achieved, nevertheless, the magnetic switching in synthetic
antiferromagnets with van der Waals (vdW) multilayers has only been seen on rare
occasions.[4,9] For this purpose, the ferromagnetism of FM layers must be maintained at
atomic scale thickness. Rich varieties of magnetic and electronic properties of 2D vdW
magnets offer new options in memory computing technologies, owing to the pronounced
perpendicular magnetic anisotropy (PMA) and long-range magnetic order in their ultrathin
limits. [10-12] Strong covalent bonds provide an in-plane stability of 2D magnets, whereas
vdW forces and the resultant relatively weak coupling enable the interlayer spin re-
orientations. One example is the 2D magnetic semiconductor chromium tribromide
(CrBr3) with different types of stacking orders, enabling realization of either AFM or FM
phases.[13] Isostructural with CrBrs, Crls-based spin-filter magnetic tunnel junctions
demonstrate an extremely large magnetoresistance (MR), with the benefit of intrinsic AFM
interlayer coupling.[4] Meanwhile, antisymmetric MR has been observed in
FesGeTez/graphite/ FesGeTe, vdW heterostructures, resulting from the spin momentum
locking at the interface.[14] Utilizing the vdW gap as the spacer layer, spin valves have
been realized in FesGeTe> homojunctions with a relatively low giant magnetoresistance
(GMR) ratio,[15] which could be originated from the interfacial contamination during the
device fabrication. In spite of the exciting progress in vdW heterostructure devices, the
limitation of complicated fabrication process and interface damages occur inevitably, and

the intrinsic tuning of magnetic interlayer coupling in vdW magnets remains elusive. To
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achieve the AFM interlayer exchange coupling in vdW multilayers, a promising candidate
is the self-intercalated 2D magnet or quasi-2D magnet, CrsTes. The CrsTeg single crystals
can be regarded as a stack of alternating CrTez and Cr intercalated layers, as shown in
Figure 1a. Within the FM host layer, CrTe, is composed of Te—Cr—Te sandwich layers
stacking along c-axis, and Cr atoms are covalently bonded by six nearest-neighboring Te
atoms with octahedral coordination. By intercalating Cr atoms into the vdW gap, the
CrTe—Cr—CrTe; stacking is formed, which is supposed to alter the FM exchange coupling
of the CrTe>—CrTe». Tuning of magnetic interlayer coupling in 2D vdW magnets has so far
only been observed by the exfoliation of atomic layers, the electrostatic doping, as well as
the substitution of atoms on chromium trihalides with a relatively low Curie temperature
(TC).[10,16,17] Recently, room-temperature ferromagnetism has been demonstrated in 2D
ferromagnet CrTe; in the form of both bulk and exfoliated thin flakes.[18] Notably, the FM
ordering is well preserved in CrTe, epitaxial thin films with thickness down to
monolayer.[19] By means of the self-doping, CrsTeg has been reported as a weak itinerant
ferromagnet with a strong PMA.[20,21] Moreover, its TC can be well manipulated by
intercalating more Cr atoms due to the competition of AFM and FM coupling.[22] In this
work, we demonstrate the engineering of an AFM phase associated with AFM interlayer
exchange coupling in the CrsTes vdW magnetic crystal, which functions as a self-

assembled quasi-2D spin valve.

2. RESULTS AND DISCUSSION

Self-intercalated CrsTeg single crystals were synthesized using self-flux method
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(see Experimental Section). As exhibited in Figure l1a, cross-sectional scanning
transmission electron microscopy (STEM) high-angle annular dark-field (HAADF) images
indicate the layered trigonal crystal structure.[23] The quasi-2D layered feature is also
verified by atomic force microscopy characterization on exfoliated few-layer CrsTeg flakes
(Figure S1, Supporting Information). The microscopic topography taken from the surface
of few-layer CrsTeg flakes shows atomically flat terraces, demonstrating the layered
structure of CrsTes. The high degree of crystallinity of CrsTesg is confirmed by the selected
area electron diffraction (SAED) pattern (Figure S2, Supporting Information), which could
be indexed according to a trigonal crystal structure with lattice parameters of a = 7.92 A,
and ¢ = 5.98 A. The reduced c of CrsTeg relative to that of non-intercalated CrTez (6.10 A)
suggests an increase of the coupling along c¢ direction, and the significant bonding of the
intercalated atoms as well. Thus, it is rather interesting to investigate the interlayer
magnetic coupling, as the c-axis lattice constant is reduced by ~ 2% after inserting Cr atoms
between adjacent CrTe> layers. Parental CrTe, has a 2D character, where vdW-type
interlayer exchange coupling stabilizes a FM ground state.[24] The excess Cr atoms sit
interstitially between CrTe; host layers and serve multiple functions, specifically, donating
charge to the main layers to create new electronic order and modifying the bonding of the
compound as well as the interlayer exchange coupling.

To verify the local electronic correlation and magnetic ground state of CrsTes,
[25,26] a typical pair of X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD) spectra at Cr L3 edge was obtained at 5 K under a magnetic field of
2 T (Figure 1b). XAS exhibits remarkable multiple-peak features, which are separated by

1.3 eV at spin— orbit core levels.



63

€ 9 158 K
9
E -5
S
-10
L 1 1 1 1 1 ]
-1.0 -05 0.0 0.5 1.0
d g v D
i y
¥ Fe LR 2
. - * + -
L * ? * f T
Transition-metal 2D vdW GMR
based GMR structure structure
e 70 T T T
b [CoICu]Gﬂ® .
thet
1.2 R 652 antifeyr:'lomea;net55=
— O 000
—_ - © 2D magnets
3 08 c - [Fe/Crly ko
8 XMCD 30 1
Q S T =
S 04 X 10| &5 :
4 S
2 [Co/Rul,, @
5 0.0 St i
2 : MnBi,Te,
» ;‘gr san Fe;GeTe, ¥
04 1 1 el x C| 1 1 |
565 575 585 595 0.0 0.5 1.0 1.5 2.0
E (eV) HoHs (T)

Figure 1. Crystal structure, magnetic structure, and MR of CrsTes. a) Crystal structure
showing bilayer CrTez with Cr atoms intercalated between the vdW gap. Spheres
represent Te (yellow) and Cr (cyan) atoms with arrows representing interlayer magnetic
exchange couplings. HAADF images from top view and side view show a trigonal lattice
structure. Top panel: photo of CrsTeg single crystals. b) A typical pair of XAS for
opposite circular polarizations and XMCD spectrum obtained with a magnetic field of
2 T at5 K. ¢) MR curve as a function of magnetic field at 158 K. d) Schematic
illustration of the transition-metal based GMR structure and the 2D vdW GMR structure.
e) Plot of the MR ratio versus the saturation magnetic field (Hs), covering classic
synthetic antiferromagnets ([Co/Cu]eo (ref. [30]), [Fe/Cr]zo (ref. [7]), [Co/Ru]2o (ref. [7]))
and 2D magnets (MnBisTe7 (ref. [31]), FesGeTe> (ref. [32]), CrTe, (ref. [23]), CrsTes
(this work)).
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The spectral line shape resembles that of pure CrTe; thin layers,[19] suggesting that

Cr3* cations predominate in CrsTes. The sizable XMCD spectrum, obtained by taking the
difference of XAS, manifests the intrinsic FM ground state. There is a good agreement
between CrsTeg and CrTez in both XAS and XMCD spectral line shapes, indicating that
the ferromagnetism of CrsTes mainly originate from CrTez main layers. Furthermore,
effects of self-intercalation on the magneto-transport properties were investigated
(Figure 1c). Remarkably, a plateau-like feature and a large negative MR with magnitude
exceeding ~ 10% (0.5 T) at 158 K are observed, suggesting a distinct spin configuration in
this plateau region. The high- and low-MR state could be interpreted in a manner
qualitatively similar to the case of the “turn off” and “turn on” state, respectively, in a
standard GMR spin valve device. Considering the low resistance along both in-plane and
out-of-plane direction (Figure S3, Supporting Information), the possibility of a tunnel
magnetoresistance effect could be ruled out.[4] When sweeping magnetic field,
magnetization directions of the adjacent CrTe. host layers can have either a parallel or
antiparallel alignment configuration due to the existence of the intercalated layers,
providing evidence of the GMR effect and the resultant spin valve in CrsTeg. Figure 1d
presents schematics of the transition-metal based GMR structure and 2D vdW GMR
structure, where the antiparallel and parallel spin alignment give rise to high (R«) and low
(Rr) resistance, respectively. In the case of conventional synthetic GMR devices composed
of transition metals and alloys, electrons travel through the entire ferromagnet/metal
multilayer structures, and both bulk and interfacial spin scattering are involved.[27-29] In
contrast, due to the fact that the thickness of the CrsTes GMR structure (millimeters) is

much larger than the electron mean free path (tens of nanometers), the electrons are not
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able to pass through the entire structure to experience bulk spin scattering. Thus, the spin
scattering only occurs at the interface between CrTe> main layers and the vdW gap, which
could be viewed as current channels and the spacer layer, respectively. By satisfying the
condition of mean free path larger than the thickness of the spacer layer combined with
adjacent CrTe layers, electrons are able to travel through both CrTe; layers and the space
layer to experience interfacial spin scattering. For comparison, we made a plot of the MR
ratio versus the magnetic field for classic synthetic antiferromagnets and 2D magnets
(Figure 1e). The CrsTeg single crystal, as a synthetic vdW antiferromagnet, possesses a
comparable MR ratio with that of conventional synthetic antiferromagnet such as
[Co/Cu]eo, [30] [Co/Ru]20, and [Fe/Cr]20, [7] but requires a lower saturation magnetic field.
In addition, among 2D magnets including MnBisTe7, [31] FesGeTey, [32] and CrTey, [23]
CrsTeg shows a pronounced intrinsic GMR ratio as observed in this work. The emergent
antiparallel spin configuration in self-intercalated CrsTes indicates the existence of extra
magnetic states, apart from the FM phase in CrTez. [18] The magnetic order was revealed
by monitoring the temperature and field dependent magnetization. Figure 2a shows the
temperature dependent magnetization (M-T) curves with an applied magnetic field
perpendicular to the sample surface.

The magnetization shows a general trend of decreasing with the increase of
temperature, demonstrating a FM behavior with a Tc of =150 K. Above Tc, a cusp-like
feature is observed in the M-T curve, exhibiting a typical AFM property with a Néel
temperature (Tn) of 180 K. As the magnetic field increases, T shifts to lower temperature,

and disappears when the field exceeds 0.5 T (inset of Figure 2a).
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Figure 2. Demonstration of emergent AFM phase. a) Temperature dependence of the out-
of-plane magnetic moment with the magnetic field ranging from 0.05 to 6 T. Samples
were cooled down to 15 K without magnetic field and data was collected in the warming-
up cycle. The platform-like feature and Curie-like behavior indicate that the 2D FM
ordering within layers develops first. Besides, cusp-like features near 180 K (top inset)
suggest development of the AFM ordering. b) Out-of-plane and in-plane magnetic
hysteresis loops at 10 K, suggesting a strong PMA. ¢) Hysteresis loops at indicated
temperatures with magnetic field along c-axis. The magnetization switching behavior at
representative magnetic fields are schematically shown as insets. d, e) Temperature-
dependent y” and ¢’ of AC susceptibility measured along out-of-plane direction. Phase
boundaries of Tc and Tn determined from the susceptibility are illustrated by red squares
and blue triangles.
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In addition to M—T curves, the magnetic hysteresis loops also indicate the FM

nature when the temperature is below Tc. As shown in Figure 2b, the out-of-plane magnetic
moment increases linearly and saturates at a relatively low magnetic field (below 0.3 T).
The saturated magnetic moment (Ms) per Cr atom and coercive field is determined to be
2.3 ugand 0.01 T at 10 K, respectively. An itinerant nature appears to be the reason of the
discrepancy from the Ms = 3 us expected under an ionic model. In contrast, the in-plane
magnetization does not saturate even with a strong magnetic field of 5 T (Figure S7,
Supporting Information). This demonstrates a strong PMA, which is related to the strong
overlap of Cr—Cr 3d,2= and Cr 3d-Te 5p-orbitals along the perpendicular direction.
Remarkably, when the temperature is above Tc, a plateau feature appears in the hysteresis
loops at low field region (Figure 2c), indicative of an AFM coupling with almost vanishing
magnetic moment. This plateau feature is also a signature of magnetic anisotropy, echoing
the PMA discussed above. Further increasing the field, the AFM order is suppressed, and
a spin-flip transition occurs. The AFM phase is preserved at a higher field with elevated
temperature, and disappears with temperature above Tn. Because of the weak quasi-vdW
interlayer exchange coupling, the magnetic properties can be easily modified by applying
a low magnetic field or varying the temperature. To further investigate the magnetic states,
we measured the temperature-dependent AC susceptibility under different out-of-plane
fields. The real part () and imaginary part (’”) of magnetic susceptibility under magnetic
field ranging from 0 to 0.5 T with a step of 0.05T are presented in Figure 2d, e,
respectively. ¢’ exhibits an extra peak (marked by blue triangles) beside the FM peak (red
squares), while only a FM peak shows up in y’’ within the identical temperature scope. The

prominent y’ and absent ¢’ of the anomaly in the magnetization curve is another evidence



68
of an AFM character. The intriguing AFM ordering makes CrsTes promising for
engineering spin valve devices. Accordingly, electrical properties under magnetic field
along the easy axis at various temperatures were assessed systematically (Figure 3a). The
temperature dependent longitudinal resistance, R, decreases upon cooling (Figure 3b),
indicating a typical metallic behavior. It is consistent with the band structure measured by
angle-resolved photoemission spectroscopy (ARPES) where the Fermi level is located in
the valence band (Figure S10, Supporting Information). As shown in Figure 3c, the
magnitude of MR curves below Tc is = 0.6% at 0.5 T, comparable with that of CrTe> thin
flakes.[23] Notably, a sharp peak, corresponding to a large negative MR, appears at a low
field when the temperature is close to Tc. With continuously increasing temperature, this
peak becomes broad, and a plateau appears, which is a signature of a magnetic phase
transition.[33] It is in good agreement with the emergent AFM phase shown in previous
magnetization measurements. The antiparallel alignment of the magnetization in the AFM
phase produces an appreciable increase of the resistance, consistent with the phenomenon
observed in spin valves.[1,2] In the plateau region with AFM ordering, electrons suffer a
high scattering ratio and the conductivity is suppressed.[2,31] Increasing the field, the
resistance drops sharply during the process from AFM phase to FM phase, among which
the transmitting electrons with the same spin direction as CrTe; layers can pass freely.

Further increasing the field, there is another slope change in the MR curves at high
fields (for example, at 155 K and 0.28 T in Figure 3d, at 160 K and 0.38 T in Figure 3e),
which is due to the saturation of magnetization.[34] Consistent with pure CrTe, compound,
the ground state of CrsTeg is FM,[24] whereas the self-intercalation gives rise to the AFM

phase at elevated temperatures.
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Figure 3. AFM interlayer exchange coupling in CrsTeg spin valves. a) Schematic diagram
of transport measurements. b) Temperature dependent longitudinal resistance and its
differential, dR/dT, exhibiting a kink at Tc = 150 K. c) Longitudinal resistance versus

out-of-plane magnetic field. There is a rapid increasement of MR once entering into the
AFM state. With further increasing temperature, the MR decreases and vanishes above
Tn. d) Comparison of field dependent MR (yellow line) and magnetic moment M (orange
line) at 155 K, demonstrating the slope change at higher field due to the saturated
magnetization. The MR ratio is defined as [p(H)—p(0)]/p(0). e) Slope change of field
dependent MR (light green line) and magnetic moment M (green line) at 160 K,
suggesting a phase transition.
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Now we address the possible origins of this magnetic transition. The first
mechanism that could lead to the observed AFM behavior is the formation of spin glass.
In order to verify this possibility, frequency-dependent AC susceptibility was measured
along c-axis (Figure S9, Supporting Information). The peak position of susceptibility
curves (=180 K) is independent of frequency, different from the frequency-dependent one
found in spin glasses.[35] In addition, a helical AFM state could result in such a
phenomenon as well.[36] The in-plane easy axis is usually a common feature of helical
AFM states, contradictory to the observation of strong PMA in CrsTes. As a result, the
potential of a helical AFM state could be ruled out. Another possible mechanism
responsible for the AFM phase is the antiparallel interlayer coupling between adjacent
CrTe. layers. Trace back to the source, the exchange interaction mechanisms of both
intralayer and interlayer play a vital role in the magnetic ordering. AFM direct exchange
interaction through tog orbitals and the FM Cr—Te—Cr super exchange interaction contribute
to the magnetic coupling of intralayer. On the other hand, directional hybridization between
Cr 3d-orbitals and Te 5p-orbitals gives rise to the interlayer super exchange coupling,
which depends on the bond angles and bond distances of Cr-Te-Te-Cr path.[37] In
addition, coupling through intercalated Cr is also worthy of consideration. According to
previous reports, the lattice constant of CrTe; bulk along c-axis is 6.10 A. [38] Strikingly,
the vertical distance between CrTe; main layers dropped to 5.98 A with interlayer Cr
doping (Figure S2, Supporting Information). Notably, the distance between two nearest-
neighbor Cr atoms plays an important role in determining the magnetic states. It has been
theoretically predicted that the magnetic properties of CrSiTes and CrGeTes can be

manipulated by modifying atomic distance under moderate strain.[39,40] Based on the
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RKKY model, the interlayer magnetic coupling energy oscillates as a function of the
nonmagnetic layer thickness in synthetic AFM multilayers.[7,41] Considering the
temperature dependence of lattice constant included in Figure S13 (Supporting
Information), the interlayer distance in a temperature window of 150-180 K may favor the
antiparallel alignment among CrTez main layers. Similarly, the oscillatory behavior of the
interlayer exchange interaction versus the interlayer separation has also been revealed in
the vdW (Fe1-xCox)4GeTe, magnets.[42] Besides, the variation of carrier density (n) can
also be responsible for the AFM phase. The temperature dependence of n, GMR ratio and
the AFM interlayer coupling strength (Jarm) are summarized in Figure 4a. There is an
apparent increase of n once entering the AFM phase, while it drops from the peak value of
1.09 x 1023 cm™ at 160 K to 1.07 x 1022 cm > at the AFM phase boundary. In the itinerant
CrsTeg system, the local spins and itinerant electrons are entangled with each other, which
governs the spin dynamics.[43] The emergent AFM spin configuration is expected to also
depend on the abrupt increase of n, while the exact exchange mechanism between
conduction electrons and local spins remains to be investigated. Actually, the coupling
between the magnetism and carriers is not limited to CrTe, compounds, but also applicable
to magnetic topological insulators Mn(Bi1 xSbx)4Te7 with magnetic phase transitions
induced by a charge carrier engineering.[44]
A notable observation in Figure 4a is that there is a rapid increase of the MR ratio
once entering into the AFM state. With further increasing temperature, the GMR
magnitude decreases and vanishes above the Tn, which presumably arises from two main

contributions. The first one is the increased spin fluctuation at high temperature. [45,46]
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Figure 4. Temperature and magnetic field dependent magnetization reversal. a)
Temperature dependence of the n, the GMR ratio and the Jarm. b) Compiled magnetic
field-temperature phase diagram. The green, purple, and pink symbols represent the
critical points extracted from M-T curves, AC susceptibility, and electrical transport,
respectively.

The other contribution comes from the reduced mean free path of electrons due to
temperature dependent magnon scattering, phonon scattering and interfacial scattering.
Despite GMR is related to the AFM coupling, Jarm (Jarm = poHex Mstem, where tew is the
FM unit thickness and poHex represents the exchange field) shows an increasing trend with
the increased temperature first, then reaches a peak of 66 pJ m~ at 175 K, and finally
reduces sharply near the Tn (Figure 4a), which is different from the temperature response
of GMR ratio. Jarm is governed by contributions from the spacer layers, magnetic layers,

and the interfaces. Near the Tc, the interlayer exchange coupling involves the transition

from the FM mode to the AFM one at a higher temperature, resulting in an enhancement
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of Jarm. With further increasing temperature, the softening of the Fermi edge, complex
reflection coefficients at the interface as well as collective excitations within the magnetic
layers make the coupling mechanism less effective.[47] The quantified Jarm is one or two
orders of magnitude lower than those of typical synthetic antiferromagnets composed of
transition metals such as Fe/Cr (1.02 x 104 uJ m~2), Co/Ru (4.83 x 103 uJ m2), and Co/Cu
multilayers (2.21 x 103 uJ m™2).[48] This weak Jarm in CrsTeg resolves the conundrum of
how to obtain changes in magnetic order with a moderate field, a behavior typically
associated with weak magnetic interactions. Based on the magnetization, susceptibility,
and transport measurements, we plot the field-temperature phase diagram in Figure 4b.
With the emergent AFM interlayer coupling, CrsTeg can be regarded as a magnetic order
competing system. Below Tc, main layers are ferromagnetically stacked along both
interlayer and intralayer direction, resulting in a negligible MR. In the temperature range
between Tc and Tn, the FM ordering within each CrTe; layer remains, while the interlayer
coupling between adjacent CrTez layers turns into AFM, bringing about the intrinsic GMR
effect. A merger of TC and TN curves at high fields is clearly seen in the phase diagram,
which is due to the enforced alignment of Cr magnetic moment by the Zeeman field.[49]
Above TN, the compound becomes paramagnetic, and the MR vanishes. The presence of
self-intercalation tunes the interlayer magnetic coupling between CrTe, main layers, and
thereby gives rise to the rich magnetic phase diagram. Apart from switching the interlayer
coupling with an applied magnetic field, it is also possible to achieve analogous effects

through varying temperature near the phase transition point.
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3. CONCLUSIONS

In summary, we demonstrate an effective strategy to realize AFM interlayer
exchange coupling through atomic-scale self-intercalation in crystal lattice. In particular,
the antiparallel spins between adjacent CrTe; layers give rise to a pronounced GMR ratio
and synthetic AFM phase in CrsTeg 2D magnetic crystals, without requiring complex
fabrication of multilayer structures. This technique could be extended to a broad class of
2D magnets to create potentially new mechanisms and properties. The experimental
platform provides a hitherto unexplored but appealing approach to obtain the AFM
interlayer exchange coupling, offering a new horizon in designing desired magnetic phases

and engineering functional structures for 2D magnet-based spintronics.

4. EXPERIMENTAL SECTION

Growth of CrsTes Single Crystals: High-quality CrsTesg single crystals were synthesized
using self-flux method with high-purity elemental Cr (99.99%) and Te (99.999%) materials
(from Alfa Aesar). A mixture of Cr and Te with an optimized molar ratio equivalent to 1:6
was sealed in evacuated quartz ampoules. Then it was heated up to 1050 °C and maintained
for 1 day to allow sufficient homogenization, followed by slow cooling to 700 °C for a
period of 1 week. Once the furnace reached 700 °C, the excess flux was removed from the
crystals by centrifugation. It needs to be mentioned here that the growth method and
parameters are different from those of CrTez [23] and Cri2Te2 single crystals [50]

previously reported. The thicknesses of the CrsTeg bulk sample for magnetic and transport
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measurements is 0.692 mm. CrsTes bulk can be well preserved in ambient conditions for
at least one month as its pristine ones. Structural and Magnetic Characterization: The
crystal structure was examined by a high-resolution single crystal X-ray diffractometer
(Bruker D8 Discover). The incident X-ray is from Cu-Ko emission and has a wavelength
of 1.5418 A. The scan mode is 0-20. The magnetization and susceptibility measurements
were performed using a Quantum Design superconducting quantum interference device
(SQUID) magnetometer with a base temperature 2 K and magnetic field up to 7 T. The
magneto-transport devices were confined to the Hall-bar geometry using the standard four-
point probe method with room temperature cured silver paste as contacts. The MR
measurements were performed on a Quantum Design Physical Property Measurement
System (PPMS) with a base temperature 2 K and magnetic field up to 9 T. X-Ray
Absorption Spectroscopy and X-Ray Magnetic Circular Dichroism: XAS and XMCD
measurements at the Cr L3 absorption edges in total-electron yield (TEY) mode were
performed at beamline 110 at Diamond Light Source, U.K. Oppositely circular polarized
X-rays with 100% polarization were used to resolve XMCD signals in normal incidence.
The light-helicity was switched in a magnetic field of 2 T, which was applied at 90° with
respect to the film plane and in parallel with the incident beam. The dichroic spectrum was

+

obtained by taking the difference of XAS spectra, i.e., 6 — o . Angle-Resolved
Photoemission: After being cleaved in the load lock, the sample was transferred into the
ARPES measurement chamber. ARPES measurements were performed with a SPECS

PHOIBOS 150 hemisphere analyzer at 100 K with an energy resolution of 40 meV. A

SPECS UVS 300 helium discharge lamp (He Ia = 21.2 eV) is used as the light source.
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Supporting Information is available from the Wiley Online Library or from the

author.
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SUPPORTING MATERIALS

6 nm

Figure S1. Atomic force microscopy characterization on exfoliated few-layer CrsTesg
flakes. a) Optical image of typical CrsTeg thin flakes. The white box highlights the region
for the atomic force microscopy measurement. b) Topography image of the selected thin

flakes. c) Topography line profile taken along the red line in (b).
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An optical image of exfoliated few-layer CrsTes flakes is exhibited in Figure Sla.
Regions of different thicknesses are clearly resolved by the optical contrast. The layer
identification is corroborated by direct topography measurements with an atomic force
microscope. The microscopic topography taken from the surface of few-layer CrsTes flakes
shows atomically flat terraces (Figure S1b). A Line profile extracted from the topography
image exhibits the step heights between adjacent layers (Figure S1c). The measured step
heights are 6 nm and 8 nm, corresponding to about 10 layers and 13 layers, respectively.

Therefore, it is proved that CrsTeg is a quasi-2D layered material.
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Figure S2. Elemental and structural characterization. a) Crystal structure of CrsTeg, which
can be considered as few Cr atoms intercalated between CrTe; layers. Cyan and yellow
spheres correspond to Cr and Te atoms, respectively. b) XRD 2 6-w scan, from which
only (00I) peaks are detected. It indicates that the plate-shaped surface is parallel to the
ab plane. The lattice constant (c = 5.98 A) from XRD is identical with the STEM result.
c,d) Energy dispersive spectroscopy (EDS) spectra give a consistent Cr:Te ratio of 5:8. e-
h) HAADF image and SAED pattern from top view (e,g) and side view (f,h), showing the
highly ordered structure with lattice parameters of a = 7.92 A, and ¢ = 5.98 A. Note that
Cr has a smaller atomic number than Te, leading to a lower intensity contribution.™ The
combination of XRD scan and TEM image confirms the single- crystalline CrsTes.



82

a b os -

o8l cip CPP
o Qo
E o4l T g S04t
m c .,__| CC

{r-»
0.0 1 1 1 0.0 1 1 ] 1 1 ] 1 ] 1
50 100 150 200 250 50 100 150 200 250 9 -6 -3 0 3 6 9
T (K) T (K) HoH (T)

Figure S3. Temperature and field dependent resistance. a,b) Temperature dependence of
current in-plane (CIP) resistance and current perpendicular-plane (CPP) resistance at zero
field, showing a metallic and semiconducting behavior, respectively. The corresponding
dR/dT exhibits a kink at Tc ~ 150 K. c) MR at high magnetic field, from which the slope
change close to the transition temperature can be identified. CrsTeg in the FM phase
exhibits a weak negative MR (for example, ~1.5% at 1 T at 148 K) at temperature below
150 K, and shows no sign of saturation up to 9 T.

For the out-of-plane M-T curves, the magnetization drops nearly vertically at ~150
K. On the contrary, for the in-plane M-T curves, an abrupt increase in magnetization is
observed at the same temperature. Compared with the out- of-plane one, the absolute value
of in-plane magnetization change is much smaller. It suggests a small portion of the
magnetic moment flipping from the c-axis to the ab-plane at the critical temperature. As
temperature increases, the thermal fluctuation weakens the out-of-plane anisotropy, which
leads to the disordered arrangement of the magnetic moment. Therefore, the out-of-plane
magnetization decreases. When the magnetic field is applied along in-plane direction, a
small portion of the disordered magnetic moments rearrange in the ab-plane and the in-
plane magnetization increases accordingly.

To investigate the possibility of another magnetic phase form interstitial Cr atoms,
we have conducted magnetic field and temperature dependent XAS and XMCD

measurements at the Cr L3 absorption edges.
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Figure S4. In-plane magnetic response. Temperature dependence of the magnetic moment
with magnetic field ranging from 0.05 T to 6 T along in-plane direction. The in- plane
magnetic moment is significantly smaller than the out-of-plane value. This suggests the
existence of a uniaxial magnetic anisotropy, which is essential for the formation of 2D
FM phase.l>4 Apart from the FM order, the slow decrease of the magnetization below Tc
is related to the canted AFM structure along the in-plane direction.[®! The canted AFM
order is suppressed by the increasing external magnetic field.[®!
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Figure S5. Temperature dependence of the out-of-plane (a) and in-plane (b) magnetic
moment with field ranging from 0.05 T t0 0.2 T.

As presented in Figure S6, the multiple- peak feature of XAS and XMCD resembles
that of pure CrTe; thin layers and is related to the Cr®* (d®) configuration with half-filled
tog states. It demonstrates that the intrinsic ferromagnetism of CrsTes comes from Cr3* ions,
rather than other valence states. The XMCD measurements were repeated at elevated
temperatures, and the dichroism was observable up to 200 K (Figure S6a). The multiple-
peak feature of XMCD spectra remain unchanged with the rising temperature, despite the
decreased intensity. Furthermore, the magnetic field dependent XMCD spectra were also
revealed (Figure S6b). The XMCD line shape is invariable with the magnetic field ranging
from 1 to 14 T. The consistent magnetic behavior under various magnetic fields and
temperatures suggests that interstitial Cr atoms do not contribute to another magnetic

phase.
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Figure S6. Magnetic field and temperature dependent XMCD characterization of CrsTes.
a) Typical pairs of XAS and XMCD spectra of CrsTeg from 5 K to 300 K at a magnetic
field of 2 T and the integrals at 5 K, where the dichroism at Cr Lz edge can be traced to

200 K. b) Typical pairs of XAS and XMCD spectrafrom 1 T to 14 T at 5 K and the
integrals at 14 T. XMCD spectra at different temperatures and magnetic fields are offset
for clarify.

The AC magnetic susceptibility can be used as an indicator of magnetic phase
transitions, and it can be written as

Xac = X —ix", (4)

where »’ and y” are the real and imaginary components of AC magnetic susceptibility,

respectively. Figure S8 presents the temperature-dependent contour map of the AC

susceptibility. If a peak exists in y and »” at the same location in the map, it is in a

ferromagnetic phase. Therefore, the red line indicates the Tc of the FM phase. On the other

hand, if a peak is present in 3/ but absent in 7, the system is in an AFM phase.
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Figure S7. Out-pf-plane and in-plane magnetic characterization. a,b) Hysteresis loops at
indicated temperatures with magnetic field along ¢ axis (a) and ab plane (b), presenting a
strong PMA. The heterostructures and spin configurations at representative magnetic
fields are schematically shown as insets.

As shown in Figure S8, the blue line corresponds to an AFM phase transition. Since
the applied field suppresses the AFM ordering, the transition temperature Tn decreases as
the field increases. In the 5’ contours, one can see two sharp peaks (red and blue), which
correspond to the phase transitions at Tc and Tn, and a dome between 100 K and 150 K.
We note that, the peak of the dome decreases in amplitude and shifts to lower temperature
as the field increases. It is called Hopkinson maximum,[d which arises from processes
associated with coherent rotation of magnetic moments and motions of domain walls.

Interestingly, there is another kink feature in the out-of-plane M-T curves at a
relatively low temperature (below 70 K), below which the magnetization decreases as the
temperature falls at low fields (for example, 0.05 T). On the contrary, it changes into an

upturn at relatively high fields (> 0.3 T). To rule out possibility of spin-glass, we did
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frequency dependent AC susceptibility measurements. Figure S9 shows the y’ as a function
of temperature under a magnetic field of 0.2 T with different frequencies. There are three
kinks locating at around 66 K, 159 K and 180 K, all of which are frequency independent.
It illustrates a long-range magnetic order rather than a spin-glass behavior with short range
Similar kinks were observed in the two-step magnetic ordering transitions in other vdwW
type FM materials, such as FesGeTey,®! which might be attributed from the formation of
magnetic domains. Theoretical calculations and magnetic force microscopy (MFM)
characterizations are needed to clarify the origin of this low-temperature kink in the future.

In this work we will focus on the emergent AFM phase above the Tc.
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Figure S8. Phase diagram from AC magnetic susceptibility. a,b) Contour plots of ¥ (a)
and »”’ (b) measured at a frequency of 100 HZ. The phase boundaries determined from
the susceptibility are illustrated by the symbols and dashed lines.

According to the band dispersions along M-T'-K direction of freshly cleaved
CrsTes, the electronic structure shows a metallic behavior with Te 5p bands crossing the

Fermi level. Therefore, itinerant magnetic interactions also contribute to the magnetization
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due to the interplay of conduction electrons, and its long-range nature can make the

exchange coupling complicated.

a o T b T 1
0-20 ! ! ! 100 HZ
1 0.8 1 1
| | | 500 HZ
! : | —5-1000 HZ
0.151 \ 0.6 \ | —o—5000 HZ
I 1
1 1 1
= o010f | ; :
1
I I I
1 1
0.05 ' : :
1 1 1
I I I
I I |
O_DD I 1 I 0_0 II I II I
50 60 70 80 150 160 170 180 190 200
T(K) T(K)

Figure S9. Frequency dependent AC susceptibility. a,b) ¥’ focusing on low temperature
(@) and high temperature region (b), including Tc and T, at magnetic field of 0.2 T with
frequencies from 100 HZ to 5000 HZ. #’ is frequency independent over the entire
frequency range, despite the increased magnitudes.

Figure S10. Band structure by ARPES characterization. a) Plots of valence-band
dispersion along high symmetry direction M-I'-K. b) ARPES-intensity mapping at Fermi
level. The hexagonal Brillouin zone (yellow dashed lines) and high-symmetry points
(green dots) are marked.
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In addition, there are significant similarities between CrsTeg and CrTe; thin layers

in the band dispersions, including hole-like valence bands at I" point as well as electron

pockets at M and K point.[¥! It indicates that the electronic structure of CrsTeg is dominated

by CrTe;y layers, which is also confirmed by XMCD characterizations.
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Figure S11. The definition of Hex, Hs and GMR ratio. a,b) Field dependent MR and

HoHex

(1ofm)y w

magnetic moment at 155 K (a) and 160 K (b). The Hs is defined as the crossing of the
extensions (dash lines) to the linear parts of the curves. The GMR ratio is extracted from
the corresponding MR value at Hs. The Hex is defined as the mid-point between the end

of the low-field plateau and the Hs.
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Figure S12. Additional two CrsTes GMR devices. a,b) MR at temperature between 145 K
and 180 K from two additional CrsTeg devices. Lines are shifted for clarity. We observe
similar GMR effect in AFM phase region. The largest GMR value for sample (a) and (b)

15 9.2% at 0.33 T and 9.5% at 0.35 T, respectively.
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Figure S13. Temperature dependent diffraction peak of CrsTeg single crystal. a) A mono
shift to higher angle as temperature decreases. b) A linear relationship between
temperature and lattice constant calculated from diffraction peaks, suggesting that the
magnetic phase transition cannot be attributed to the structural transition.
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SECTION

2. CONCLUSIONS

Multi-functional quantum materials are inevitable components for the technology
advancement of spintronics and opto-electronics since their physical behaviors enhance the
performance of modern devices. Ferromagnetic half-metals, Giant Magnetoresistants
(GMR), non-oxide Transparent Conductors (TC), and Diluted Magnetic Semiconductors
(DMS), are some of the most exemplary types of these multi-functional quantum materials
that have been extensively investigated due to their interesting physical properties.

For this purpose, Zn;—xCrxTe polycrystalline samples with x = 0.00, 0.05, 0.10,
0.15, 0.18, and 0.20 have been synthesized and studied. The magnetic and transport
properties measurements have revealed ferromagnetic semiconducting behavior for x <
0.15 but ferromagnetic conductivity for x = 0.18 and 0.20. Also, a level of 30-85 % optical
transmittance has been observed in the visible range for different level of Cr dopants. The
electrical transport inspired the further study of the polycrystalline or monocrystalline
ZnogCro2Te for possible half-metallic ferromagnetism for the next research.

Further investigation about half metallicity in the monocrystalline ZnogCrooTe
sample is carried out on the synergistic investigation of using ab-initio density functional
calculations and neutron scattering measurements to elucidate the ground state magnetism.
The results reveal important properties of (Zn1-xCrx)Te diluted magnetic semiconductors:
first, long-range near room temperature (Tc ~ 290 K) ferromagnetism has been exhibited.

The Cr concentration in the sample i.e., x = 0.2 and 0.15, does not influence the Curie
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temperature for (ZnixCrx)Te single crystals. Also, the ferromagnetic alignment of
moments on Zn/Cr sites along the diagonal direction in the a-c plane best describe the
ground state ferromagnetic property. Moreover, the system depicts large, ordered moment,
~ 3.08 uB, which is possibly due to the induced magnetism between Zn/Cr and Te sites
because of the orbital overlap, which is consistent with the DFT calculations. Furthermore,
half-metallic behavior has been shown with the ab-initio calculations of (ZnosCro2)Te.
Finally, a critical tendency to ferromagnetic ordering transition has been indicated,
stemmed from the estimation of power law exponent of order parameter. Therefore, the
results not only reveal the intrinsic magnetic properties of (Zn1-xCrx)Te, independent of the
substrate effect, but also inspire new ideas into the microscopic nature of magnetic ground
state.

The synthesis and physical study of CrsTegsingle crystals demonstrated an effective
strategy to realize AFM interlayer exchange coupling through atomic-scale self-
intercalation in crystal lattice. The antiparallel spins between adjacent CrTe> layers result
ina GMR ratio and synthetic AFM phase in CrsTeg 2D magnetic crystals, without requiring
complex fabrication of heterostructures, which could be generalized to a wide range of 2D
magnets to create potentially new mechanisms and properties. The experimental platform
obtains the AFM interlayer exchange coupling, which give rise to new insights for

fabricating 2D magnetic structures useful for spintronic purposes.
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