Chapter 3

Study on hole impurity triggered magnetism in Fe
doped (Te)1-xSbx bulk alloys

3.1 Introduction

The past studies on dilute magnetic semiconductors mainly focused on
evaluating oxide-based, I1-1V group and Il1-V group of semiconductors under
different conditions of sample preparation. In addition, investigations on the type
of dopant material to be added was also on the spotlight which would help
enhance the Curie temperature Tc of the materials beyond room temperature.
Elemental semiconductors, on the other hand like Si, Ge, Se, Te, etc. having lower
band gap values, have not received much attention in terms of investigating their

likelihood to function as a potential dilute magnetic semiconductor.

Tellurium is one such elemental semiconductor that, till recently, has been
widely explored to understand their optical, thermoelectric, and biological
applications [1]. In the past, studies on elemental Germanium to probe its
applicability as a dilute magnetic semiconductor was undertaken [2-5]. Tellurium
is a metalloid and tellurides (salts of Te? that are formed with elements belonging
to group IA, A and lanthanides) are the most stable compounds of tellurium.
Trigonal Te having space group P3;21 is found to undergo a transition under
shear strain to a topological insulator phase [6]. Tellurium's comparatively large
atomic mass and complex crystal structure, when compared to semiconductors of
group 1V and I11-V that are well studied, should result in a substantially lower
lattice thermal conductivity [7]. Tellurium has a band gap of ~ 0.32 eV which
makes it suitable as photoconductors, field effect transistors, cooling devices, etc.
[8-11]. Ultrathin Te nanowire films exhibit reversibly switched photoelectric

characteristics in their mesostructures and the number of mesostructured
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nanowire monolayers as well as the light intensity influences the photocurrent
[8]. In bulk tellurium, as a result of circular polarized light, photogalvanic effect
was found to be induced [12]. Ultrathin trigonal tellurium (t-Te) produced
through high-yield solution-processing was introduced as a novel piezoelectric
nanomaterial. Only the strain created in its radial direction, wherein it has an
asymmetric crystal structure, could activate it piezoelectrically [13]. It has been
found that tellurium in nanoscale form exhibits special physical characteristics
with relation to their band gaps and their potential utility for treating bacterial
illnesses [14, 15]. In p-type Te bulk samples that were investigated in the mid-
infrared spectral range, tellurium vacancies in them presented a hole density level
to exceed 10* cm [16]. Tellurium thin films were found to have exceptional
nonlinear optical absorption properties and in the visible range, it could be a
viable optical modulator [17]. Currently, work on 2-dimensional tellurium has
gained momentum to accelerate development of next-generation electronic and
optoelectronic devices by making use of optimized growth techniques [18, 19].
Elemental tellurium, having semiconducting nature, was found to have a figure
of merit zT of around 1.0 and it has bridged the high-performance gap between
300 K and 700 K for elemental thermoelectrics [20]. On application of 4 GPa
hydrostatic pressure, a structural phase transition from the trigonal to Te I
structure was seen, accompanied with a decrease in resistivity. The Te Il phase
exhibits metallic characteristics, whereas the semiconducting feature is present
up until the phase change [21]. The Te band's non-centrosymmetric crystal
structure and robust spin-orbit interaction has reignited interest in its topological
character [22, 23]. A changeover in topological phase of elemental semiconductor
from being a semiconductor to being a Weyl semimetal has been observed as an
effect of pressure [24]. Tellurium Weyl semiconductor thin flakes was seen to
exhibit a negative magnetoresistance in a parallel magnetic field over a broad
temperature range [25]. However, quantum linear magnetoresistance has also

been observed under pulsed magnetic field measurement up to 57 T in high-
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mobility elemental tellurium [26]. In silicon doped tellurium, which is a non-
oxide and non-nitride based semiconductor, room temperature ferromagnetism
was demonstrated which was a first of its kind [27]. Magnetization has also been
observed in elemental tellurium which has been induced due to current that

contributes to spin-splitting of the bulk band [28].

In the present chapter, for the enhancement of magnetic properties of
elemental semiconductor tellurium, it is doped with dilute quantity of Fe which
acts as a hole dopant. The amount of magnetic ion Fe is kept at 0.05 for
developing a dilute magnetic semiconductor so that no Fe clusters or undesirable
magnetic phases are formed that might result in magnetization. Additionally,
there were studies on hole doping that aids in an indirect exchange mechanism
between the magnetic ions that feeds ferromagnetism in the system [29]. Hence
to see the effect of hole doping, substitution of Sh, a group V element, is made
into tellurium which releases further holes into the system. By utilizing various
characterization methodologies, as detailed in the following sections, their

properties are studied.

3.2 Experimental Procedure

To prepare bulk powder samples of Fegos(Te)1xSbx where x =0, 0.01, 0.03
and 0.05, desired quantities of Te, Fe and Sb (Alfa Aesar, 99.999% pure) are
measured and transferred to quartz ampoules. These ampoules were vacuum-
sealed in a rotary pump under the pressure of >107° Torr. The sealed ampoules
were heated repeatedly using an oxy-butane flame to attain the appropriate
temperatures for the melting of the powders. After all the powder samples
blended in well, the temperature of the ampoules was brought down by
immediately dropping them in a container filled with icy water. This prompted

the formation of solidified ingots which were grinded and then studied.

Structural aspects of the sample were studied using Bruker D8 Advance X-
ray Diffractometer (XRD) having CuK, radiation of wavelength 1.5406 A in the
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range of 20° to 70°. Using Fourier Transform Infrared Spectroscopy (Shimazdu
FTIR — 8400 S), band gap values were calculated. Using Quantum Design's
Physical Property Measurement System (PPMS), measurements of temperature
and magnetic field dependent electrical resistivity and magnetic resistivity were
made. Magnetic measurements including DC and AC were carried our using
Quantum design make Superconducting Quantum Interface Device — Vibrating
Sample Magnetometer (SQUID-VSM) magnetometer equipped with Pulse Tube
Cooler in the temperature range 10 K — 300 K and magnetic field range of up to
7T.

3.3 Results and Discussion

3.3.1 Structural Studies

Structural characterization of Fegs(Te)1-xShx bulk alloys is done using X-
ray Diffractometer (XRD) and the diffraction patterns are shown in Fig. 3.1. The
peaks observed in the diffraction pattern are positioned at the (hkl) plane values
of (100), (101), (102), (110), (111), (003), (201), (202), (113), (211) and (114).
These peaks are found to exactly correspond to that of elemental Tellurium which
has a hexagonal structure with space group P3,21 (JCPDF 36-1452). No presence
of any secondary phases is found in the samples. The Te matrix has incorporation
of Fe and Sh, which is validated by a minor shift in peak positions while
maintaining the crystal structure. Using the XRD data and plane spacing equation
for the hexagonal structure, the lattice parameters of the samples are calculated
[30]. We can also estimate crystallite size (D) values from the Scherrer’s formula
which considers the crystallite size to be solely responsible for broadening of

peaks.
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Figure 3.1: XRD diffraction pattern of Feo.os(T€)1-«<Shx bulk alloys for x = 0, 0.01, 0.03 and 0.05.

There can also be factors other than crystallite size that could be
responsible for peak broadening. The process of doping can give rise to strain and
defects in the lattice which can also contribute to the broadening of peaks, and
this is explained using Williamson — Hall (W-H) plot and Size — Strain plot (SSP)
[31]. They are expressed by the equations 3.1 and 3.2 respectively. These
analyzing techniques consider peak broadening to be the combined effect of size

and strain induced effects.

B.cosO = O'z—l + 4¢.sinf (3.1)

kA 2
(dnkr- Brki- cos8)* = 7 (disi- Buy- cosB) + gj (3.2)

Here L denotes the crystallite size, 8the Bragg’s angle, A the wavelength of the
XRD source i.e. CuK,, g represents full width at half maximum (FWHM) of the
corresponding peaks, € the strain in the lattice and dny the distance between the
adjoining planes. In SSP technique, the XRD profile is considered to be
composed of Lorentzian and Gaussian function wherein the size broadened
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profile is depicted as Lorentzian function and the strain broadened profile as
Gaussian function. Additionally, reflections occurring at higher angles are given
less importance in SSP method due to less precision. Figure 3.2 and Fig. 3.3
illustrates the plot of W-H and SSP analysis respectively. From the slope and
intercept of (4.sinB vs B.cosB), the value of lattice strain and crystallite size can
be inferred whereas the slope and intercept of (dh?.Prk.C0SO) VS (dhii.Prki.C0S0)?
plot gives the crystallite size and strain values respectively. The values of the
above parameters are listed out in Table 3.1. The smaller values of crystallite size
obtained from Scherrer’s equation is because of the disparity in how the particle
size distribution is averaged. From the broadening analysis, a good correlation
between the values of crystallite size obtained from W-H plot and SSP plot can
be seen. Also, lattice strain from SSP plot is greater than that from W-H plot as
SSP method takes into consideration the peak shape difference which is not the

case in W-H method.
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Figure 3.2: Plot of Williamson-Hall analysis of Feo.os(Te)1..«Shy bulk alloys. Linear fit to the data is
represented by the red line.
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Table 3.1: Structural parameters of Feo.os(Te)1-xSbx calculated from XRD data.

From XRD Crystallite Size (nm) Lattice Strain

Samples
a(A) | c(A) | Scherrer | W-H | SSP | W-H | SSP
Feoos(Te) 4457 | 5928 | 34.279 | 47.977 51.164 | 0.0013 | 0.0122

Feo.0s(Te)o.9oShoo1 | 4.493 | 5.979 | 36.246 | 54.803 | 55.684  0.0015 | 0.0118

Feo.os(T€)o.o7Sboos | 4.493 | 5.944 | 30.341 | 41.513 | 45.312 0.0014 | 0.0135

Feo.os(T€)o.osShoos | 4.488 | 5.974 | 31.667 | 44.017 | 50.975 0.0014 | 0.0136
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Figure 3.3: Size-Strain plot with linear fit to the points of Fegos(Te)1xSbx sSamples as indicated by red
line.

3.3.2 FTIR Studies

In Fig. 3.4, FTIR spectra of Fegos(Te)1-xSby (X = 0, 0.01, 0.03 and 0.05)
bulk samples are presented. The range of wavenumber in which the

measurements were carried out for recording the spectra is from 500 — 3500 cm-
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. The signature bands of Tellurium are marked in the figure as inferred from
literature [32]. In the present study, since Te is doped with dilute quantity of Fe,
the effects of doping with Fe leads to the formation of two vibrational peaks
between 2800 cm™and 3000 cm™. Furthermore, two additional bands, one at 850
cm™and the other at 980 cm are also observed on the substitution of Sb into the
system. These bands could have their origins from the bond formation between
Te and Sh.

3436 cm™ 2975 cm™’
2380 cm”

Transmittance (a.u.)

667 cm™

3500 | 3OI00 | 25I00 | 20I00 | 15I00 | 10I00 500
Wavenumber (cm™)

Figure 3.4: FTIR spectra of Feoos(Te)1xSby bulk alloys for x = 0, 0.01, 0.03 and 0.05 marked with
signature peaks of Tellurium.

The peak information from the FTIR spectra is also used for deducing the band
gap of those semiconductors whose band gap value falls in the IR region. This is

accomplished using the formula given below.
(ahv) = A(hv — Ey)" (3.3)

where o, A and Eydenotes co-efficient of absorption, a constant and band gap of
the corresponding sample respectively. Since the spectra is recorded in the
transmittance mode, the value of constant A is derived from the transmittance

intensity.
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In order to derive the band gap values, linear region of the plot (aAv)%/2vls
photon energy (Av) is projected onto the X-axis by extrapolating it. Since
tellurium has direct band gap energy, the value of n is assumed to be %2 and the
plots are shown in Fig. 3.5. From the literature survey, the band gap of bulk
tellurium is found to be ~0.32 eV [33]. However, doping with Fe reduces the
value to 0.20 eV. A band level formation within the band gap of Te due to doping
of Fe = 0.05 could be the reason for such a dramatic decrease. With introduction
of Sb into the system, the band gap value is seen to remain almost same within
the experimental error ~ 0.21 eV for x = 0.01 sample. Further increase in the
concentration of Sb also has no effect on the band gap for x = 0.03 and x = 0.05
samples. Thus, although Sb brings in holes into the system the effect of holes
does not result in any change in the band gap values of Te. The values of band
gap and the corresponding values of error obtained from the linear fit of the plot
are listed in Table 3.2,
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Figure 3.5: Plots of (ahv)®vs. energy ho to find band gap of Feo.os(Te)1xSbx bulk alloys.
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Table 3.2: Band gap values of Feo.os(Te)1xSbx samples along with the corresponding error.

Direct Band Gap
Samples
eV
Feoos(Te) 0.20 + 0.02
Feo.05(T€)0.99Sh0.01 0.21 £ 0.02
Feo.0s(T€)o.97Sbo.03 0.22 + 0.02
Feo.05(T€)o.95S00.05 0.22 +0.02

3.3.3 Electrical Studies
Using Physical Property Measurement System (PPMS), the resistivity

measurement as a function of temperature was performed in the range 2 K — 300
K. Initial data is collected in zero field, only to later subject the samples to
external magnetic fields of 5 T and 8 T and see whether this would result in any
difference in the resistivity values. The plots shown in Fig. 3.6(a-d) show a
similar trend even in the presence of magnetic field.

Tellurium, despite being an elemental semiconductor, also behaves as a
semi-metallic, i.e. it comprises features of both, a metal as well as a
semiconductor [34]. On analysing the resistivity data of the samples, a negative
trend of temperature coefficient of resistivity (TCR) is observed. Thus, the
samples can be termed as semiconducting and even application of magnetic field
does not bring any change in its property. Localization effects of charge carriers
Is what seems to be the cause this semiconducting behaviour to occur [35]. The
low temperature resistivity curve of samples x =0, 0.01 and 0.03 shows an upturn
in the value below 25 K. This sharp rise demonstrates the presence of an
insulating state in these samples. On the other hand, such a behaviour is absent in
x =0.05 sample which is purely semiconducting in nature. In this sample, a rapid

decrease in the resistivity value is also observed in comparison to the other three
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samples, as the hole concentration is found to enhance due to increase in the
concentration of Sh. A similar tendency of decrease in electrical resistivity with

the rise in dopant concentration is also noted in the literature [36].
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Figure 3.6(a): DC electrical resistivity of Feoos(Te)1-«Sby bulk alloy for x = 0 at OT, 5T and 8T.
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Figure 3.6(b): DC electrical resistivity of Feoos(Te)1-Shx bulk alloy for x = 0.01 at OT, 5T and 8T.
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Figure 3.6(c): DC electrical resistivity of Feoos(Te)1xSby bulk alloy for x = 0.03 at OT, 5T and 8T.
Magnified view of the plot is shown in the inset.
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Figure 3.6(d): DC electrical resistivity of Feoos(Te)1«Sbxbulk alloy for x = 0.05 at OT, 5T and 8T.
Magnified view of the plot is shown in the inset.

Temperature coefficient of resistance alone cannot be counted as the

primary distinguishing criteria to determine the conduction regime. The plot of
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reduced activation energy which is defined below is also employed to validate

the semiconducting nature of the samples [37, 38].
W=-[dInp(T)/dInT] (3.4)

The W-T plots as seen in Fig. 3.7(a-d) shows a decreasing trend with increasing
temperature corresponding to negative value of the slope which thereby confirms

a semiconducting conduction regime of the samples.

W = - d In(p)/d In(T)
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Figure 3.7(a): W-T plot of reduced activation energy for x = 0 sample.
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Figure 3.7(b): W-T plot of reduced activation energy for x = 0.01 sample.
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Figure 3.7(c): W-T plot of reduced activation energy for x = 0.03 sample.
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Figure 3.7(d): W-T plot of reduced activation energy for x = 0.05 sample.
Using different models like small polaron hopping (SPH) model, thermal
activation energy model, variable range hopping (VRH) model, the transport

properties of the prepared samples with varying concentrations of Sh at x = 0,

0.01, 0.03 and 0.05 have been explained on the basis of which model is the best

55



fit to the resistivity data. In the high temperature region, SPH model is found to
be dominant as initiation of hopping of small polarons, which are deeply trapped
electrons, to their neighbouring sites can be achieved merely through thermal

energy. The model is represented by the equation as given below [39].
p =poTexp(E./ksT) (3.5)

where po is residual resistivity, E, is activation energy, kg is Boltzmann constant.
SPH model came across as an absolute fit to explain the conductivity mechanism
in the high temperature region. From the plots of In (p/T) v/s T shown in Fig.
3.8(a-d), a linear fit is made to the linear region in the high temperature range of
255 K — 300 K and from the slope of the fit, activation energy E, values are

obtained that would initiate the hopping conduction.
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Figure 3.8(a): Fitting of SPH model in the high temperature region from 255 K — 300 K of x =
0 sample.
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Figure 3.8(c): Fitting of SPH model in the high temperature region from 255 K — 300 K of x =

0.03 sample.
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Figure 3.8(d): Fitting of SPH model in the high temperature region from 255 K — 300 K of x =
0.05 sample.
Table 3.3: Values of Activation energy (Ea) in the high temperature region from SPH model
fitting.
Eavalues (meV)
Samples Applied Magnetic Field
0T 5T 8T
Feo.os(Te) 66.78 66.11 65.67
Feo.05(T€)0.99Sbo.01 66.65 65.97 65.30
Feo.05(T€)0.97Sbo.03 77.38 76.71 76.40
Feo.05(T€)o.95Sbo.0s 62.61 61.87 61.39

Table 3.3 provides the values of E, which undergoes a decreasing trend for
the samples as the magnetic field is increased. Delocalization of charge carriers
causes strong charge transfer at high temperatures which is responsible for this
decrease in E, values [40]. The value of activation energy E, is seen to be

maximum for x = 0.03 dropping again for x = 0.05. It seems that there is an
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optimum concentration of hole (x = 0.03) where the polarons are assumed to be
deeply trapped in states that are localized in the forbidden band. As a result, more
amount of energy is required for the hopping mechanism to commence and

participate in the conduction process.

The temperature dependent resistivity of the samples cannot only be
explained by the SPH model in the whole range of temperature. The competence
of both 2-D and 3-D VRH model to accurately address the transport mechanism
at lower temperatures is put to the test. Unlike in SPH model, thermal energy is
not sufficient to activate the hopping process in VRH mechanism. As a result, the
electrons look out for a site having lower energy difference thereby initiating the
hopping process. Because the hopping range can vary, it is referred to as variable
range hopping [41, 42]. As 2-D VRH model is found incompatible in fitting the

data points, it is shelved. The expression below represents 3-D VRH model.

p(T) = po exp(To/T)** (3.6)

where poand Tpindicate Mott parameters. T, can be evaluated using the formula
3
EKBUSN(EF) where N(Ef) corresponds to the density of states having energy

equivalent to Fermi energy. The validity of VRH model can be confirmed by
plotting In(p) v/s 1/TY4. A linear fit to the data shows that VRH model holds valid
in two regions of the plot; one from 150 K — 255 K and other in the range 2 K —
25 K for x =0, 0.01 and 0.03 samples as seen in Fig. 3.9(a-c) and 3.10(a-c). This
Is not the case with x = 0.05 sample where VRH model is found to be active only
in the range 145 K — 195 K. At lower range of temperatures in x = 0.05 sample,
it can be assumed that the transport property is not just limited to VRH
mechanism but there could also be some other mechanism involved. Hence the
VRH model can’t be fitted in the low temperature ranges. The plot is shown in
Fig. 3.10(d). The value of slope of the linear fit corresponds to the value of Mott’s

temperature To which in turn corresponds to average energy required for charge
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carriers to hop to their neighbouring site. From Table 3.4, T, values are seen to
decrease with increasing magnetic field. Such a decreasing trend is suggestive of
an increase in the density of states N(Ef) at the Fermi level thereby enhancing the

hopping of charge carriers.
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Figure 3.10(a): Fitting of VRH model in the temperature region 2 K — 25 K of x = 0 sample.
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Figure 3.10(b): Fitting of VRH model in the temperature region 2 K — 25 K of x = 0.01
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Figure 3.10(c): Fitting of VRH model in the temperature region 2 K — 25 K of x = 0.03
sample.
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Figure 3.10(d): Fitting of VRH model in the temperature region 145 K — 195 K of x = 0.05
sample.

Table 3.4: Values of Mott’s temperature (To) in the corresponding temperature ranges.

Applied | To(K) x 105 (150 K — 255 To (K) x 10 To(K) (2 K - 25 K)
Magnetic K) (145 K-195
Field K)
Xx=0| x=0.01 | x=0.03 x =0.05 x=0 | x=0.01 | x=0.03
oT 1.863 | 1.376 4.401 6.032 7.163 | 6.521 15.556
ol 1.843 | 1.281 4.238 4497 6.819 | 5.817 15.276
8T 1.826 | 1.077 4193 4.141 6.439 | 5.566 14.909

3.3.4 Magnetotransport Studies

Magnetoresistance refers to change in the resistance of a material with
respect to magnetic field. A magnetic material may experience localized spin
fluctuations as a result of the application of a magnetic field. These fluctuations

in localized spins lead to magnetic scattering, which in turn causes
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magnetoresistance [43]. For a particular value of temperature, MR% can be

evaluated using the equation-

o PHT)-p0OT)
M (R)% o 100 (3.7)

p(H, T) and p(0, T) are resistivity values at magnetic field of H and zero

respectively at a given temperature T. The measurement of the samples were
carried out at a range of temperatures 5, 10, 15, 25, 50 and 100 K using Physical
Property Measurement System (PPMS). The MR curves are displayed in Fig.
3.11(a-d). A negative trend of MR% is observed at low temperatures from 5 K —
50 K and the curve crosses over to the positive side at 100 K. In order to examine
the dc magnetoresistivity, forward interference model and wave shrinkage model

are typically employed.
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Figure 3.11(a): Magnetoresistance plot of Fegos(Te)1«Shx bulk alloy for x = 0 sample.
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Figure 3.11(b): Magnetoresistance plot of Fegos(Te)1xSbx bulk alloy for x = 0.01 sample.
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Figure 3.11(c): Magnetoresistance plot of Fegos(Te)1«Shy bulk alloy for x = 0.03 sample.
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Figure 3.11(d): Magnetoresistance plot of Fegos(Te)1xShy bulk alloy for x = 0.05 sample.

In forward interference model, there could be various path for electrons to
hop from one site to another. The neighbouring sites are separated by a distance
equal to optimum hopping distance. There is an interference among all these
different paths between the hopping sites that causes the electrons to localize.
Presence of magnetic field suppresses the destructive interference term which in
turn leads to a decrease in the resistance, thereby enhancing the hopping
mechanism. This mechanism seems to be the reason for the negative MR that is
observed in x = 0, 0.01 and 0.03 samples from 5 K — 50 K [44]. On the other
hand, in wave shrinkage model, a contraction in the wave function of localized
electrons as well as that of the neighbouring site takes place. This reduces the
overlap between these two wave functions which in turn reduces the hopping
probability. The localization length decreases thereby increasing the resistance
leading to a positive MR [45]. Positive MR is observed for x = 0, 0.01 and 0.03

samples as the temperature is increased to 100 K. However, in the case of x =
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0.05 sample, MR% is positive at all temperatures suggesting an increased

localization.

3.3.5 Magnetic Studies
DC magnetization study of Fegos(Te);-xSbyx samples (x = 0, 0.01, 0.03 and

0.05) are performed using super conducting quantum interface device — vibrating
sample magnetometer (SQUID-VSM) system for temperatures ranging from 10
K — 300 K. Measurements of magnetic moment v/s temperature (M-T) are made
in both field cooling (FC) and zero field cooling (ZFC) settings. The samples are
initially cooled in ZFC condition till 10 K followed by an application of an
external magnetic field of 100 Oe while heating the samples till 300 K. However,
in FC condition, cooling of sample already takes place in the presence of magnetic
field of 100 Oe till 10 K. And once again, the sample is heated till 300 K in the
presence of this magnetic field alongside noting the magnetic moment variation
with temperature. The plots are represented by ZFC-FC curves as shown in Fig.
3.12(a-d).
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Figure 3.12(a): Magnetization vs Temperature plot under ZFC-FC condition for x = 0 sample.
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Figure 3.12(b): Magnetization vs Temperature plot under ZFC-FC condition for x = 0.01
sample.
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Figure 3.12(c): Magnetization vs Temperature plot under ZFC-FC condition for x = 0.03
sample.
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Figure 3.12(d): Magnetization vs Temperature plot under ZFC-FC condition for x = 0.05
sample.

The plot of x = 0 sample shows an overlap between both ZFC and FC
curves at all values of temperature suggesting that only a single magnetic phase
exists in the sample which corresponds to paramagnetism. It is known that pure
Te is diamagnetic in nature [46]. Thus, doping with Fe brings about a change in
its magnetic ordering i.e. from diamagnetism to paramagnetism. x =0.01 and 0.03
samples are also seen to exhibit paramagnetism at higher temperatures, but they
are conspicuous by the absence of overlapping between the curves at lower values
of temperature. The ZFC and FC curves of x = 0.01 sample is seen to undergo a
sharp upward trend with decreasing temperature whereas those of x = 0.03 sample
reveal a rising magnetization below 150 K. The samples thus seem to have a
tendency of ferromagnetic ordering. There is also an inflection point observed in
the ZFC curve of x = 0.03 sample around 100 K that suggests an
antiferromagnetic ordering. From the ZFC and FC curves of x = 0.05 sample,
there is no signature of paramagnetic property. A cusp that is present in both ZFC
and FC curve corresponds to an antiferromagnetic phase of Fe-Sb [47]. In
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addition, a large bifurcation is also observed between the ZFC and FC curves
below the inflection point. Although, FC curve is found to be saturated at a
constant value which is expected for a ferromagnetic transition, ZFC curve
undergoes a considerable decrease in magnetization. There can be an occurrence
of freezing of spins at such low values of temperature.

As paramagnetic ordering can only be seen from the ZFC-FC curves of x
=0, 0.01 and 0.03 samples and not in x = 0.05 sample, further exploration of its
magnetic properties is carried out by plotting inverse susceptibility data as a
function of temperature. However, Curie’s law is unable to perfectly fit the  (T)
data of x = 0 sample thereby making use of Curie-Weiss law which is defined as
v = C/ (T - 8) where C denotes Curie constant and 6 denotes Curie — Weiss
temperature. From Fig. 3.13(a), the entire curve is seen to follow Curie-Weiss
law except at for the deviation at low temperature. From the fit, the values of
parameters deduced are C = 1.27 x 10 and 8 = -65.98 and this negative value of
0 is what recognizes presence of an emerging antiferromagnetic property in the
sample. Further, in both x = 0.01 and 0.03 samples, the y (T) plot as seen in Fig.
3.13(b) and (c) shows a linearity only in the high temperature region where on
fitting with Curie-Weiss law, the value of 0 obtained is -269.88 and -470.56
respectively. The Curie-Weiss law is observed to be violated below 140 K of x =
0.03 sample, as shown by a change in the slope of the inverse susceptibility curve.
This points towards the presence of ferromagnetic order having short range in the

system [48].
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Figure 3.13(a): Inverse Susceptibility plot fitted using Curie and Curie-Weiss law as shown by
red line for x = 0 sample.
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Figure 3.13(b): Inverse Susceptibility plot fitted using Curie-Weiss law (red line) for x = 0.01
sample.
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Figure 3.13(c): Inverse Susceptibility plot fitted using Curie-Weiss law (red line) for x = 0.03
sample.

Magnetic hysteresis measurements are also performed to further
investigate the magnetic characteristics of the samples at temperatures 100 K and
300 K up to an external magnetic field of 8 T. The M-H curve of x = 0 sample as
seen in Fig. 3.14(a) shows only paramagnetic ordering at both values of
temperature. The magnetization curve is then fitted using the Langevin function
which is important in the theory of paramagnetism and is expressed as

M(H) = WL(%) with L (x) = coth(x) — 1/x (3.8)

B

N, 4 uo Keand T represent the density of magnetic cluster, average value of
magnetic moment per cluster, permeability of vacuum, Boltzmann constant and

absolute temperature respectively.
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represents fitting using Langevin function.
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represents fitting using modified Langevin function.



——100K || * 100K (c)

e 300K

Langevin fitting
~5600 6 50'00

Magnetic Field (Oe)

e
o
I
o

N s
Magnetic Moment (emu/g)
s °
b= °
5 8

s
°
g

— 300K

0.00 /

-0.02 4

Magnetic Moment (emu/g)

Magnetic Moment (emul/g)
o) o) =) o o o o
= 3 88 8 & s @

-5&00 l') 50’00
Magnetic Field (Oe)
T T T T T

I 2 I > I < I P < I I
-80000-60000-40000-20000 0O 20000 40000 60000 80000

Magnetic Field (Oe)
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represents fitting using Langevin function.

However, in the M-H curves of x = 0.01 and 0.03 sample as seen in Fig.
3.14(b) and (c), a small hysteresis loop can be observed which is an indication of
a weak ferromagnetic behaviour having a small domain size. The hysteresis curve
is smaller in case of x = 0.01 sample having a coercivity value of 238 Oe at 100
K and135 Oe at 300 K whereas for x = 0.03 sample, it is enhanced, and the values
are 605 Oe at 100 K and 220 Oe at 300 K. Another feature observed in the M(H)
curve is presence of a linear behaviour at higher field values which depicts that
the paramagnetic or antiferromagnetic feature still exists in these samples in
addition to weak ferromagnetism. The M-H curves could not be fitted perfectly
using the Langevin function defined above. Therefore, a modified Langevin

function described below is adopted that is found to give a perfect fit to the curve.

M(H) = nyL(”lj“TH )+ H (3.9)

B

An additional term yH has been introduced into the Langevin equation in order
to approximate linear magnetization responses as a function of applied field.
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Modified Langevin function is mainly applicable for weakly ferromagnetic
samples that have super-paramagnetic domains. Nonetheless the same function
was found to not fit the M-H curve at 300 K of x = 0.03 sample but otherwise
was best fitted using the Langevin function. The values of parameters that the fit
yielded for x = 0.03 sample are p = 5.54 x 102 ygand n = 1.65 x 10%Y/g for 100 K
and p=7.72 x 1023 pgand n = 2.21 x 10%/g for 300 K. An increase in the value
of n obtained from the fitting at 300 K implies a reduction in the domain size.
Therefore, with the substitution of Sb into the system, an improvement in
the magnetic ordering is witnessed because of magnetic phase transition that has
taken place. Sb that acts as a hole impurity in Te has led to an increase in the
number of holes and this increase created a disparity in the amount of ‘up’ and
‘down’ spins thus aiding the system in giving rise to signals of weak

ferromagnetism [49].
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Figure 3.14(d): M-H plot of Feoos(Te)1xShxbulk alloy for x = 0.05 at 100 K and 300 K.

On further increasing the concentration of Sb to x = 0.05, the M-H curve

does not show any saturation at both temperatures as seen in Fig. 3.14(d). There
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IS however a presence of hysteresis albeit the value of coercivity which is
extremely small as compared to that of x = 0.03 sample i.e. 136 Oe at 100 K and
45 Oe at 300 K. Since the coercivity value undergoes suppression at room
temperature, this accounts to presence of antiferromagnetic features in the
sample. The presence of antiferromagnetic ordering is also evident from the

inflection point in ZFC-FC curve of the sample.
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