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Abstract. Gadolinium-doped bismuth telluride (GBT), ferric-doped bismuth telluride (FBT) and chromium-doped
bismuth telluride (CBT) nanocrystals have been synthesized using colloidal hot-injection method with same doping ratio.
Field-oriented uniaxial anisotropic ferromagnetic properties for all the samples were analysed from the squareness ratio
(Mr/Ms), K1 (magnetocrystalline anisotropic constant), K1v (shape anisotropic constant), Keff (effective anisotropy constant) and magnetic energy using vibration sample magnetometer. The magneto-impedance (MI) spectral ratio (DZ/Z0)%
has been influenced by rotational magnetization, as well as domain wall motion with respect to applied magnetic field.
The results have proven that the GBT thin film sample exhibits the maximum MI effect. Our results may shed light on the
simple method of synthesis and development of the effective MI materials based on rare-earth/transition-doped bismuth
telluride for the realization of magnetic sensor applications in future.

Keywords.

1.

Magneto-impedance; ferromagnetic particles; bismuth telluride; magnetic material.

Introduction

BSTS (bismuth-antimony-tellurium-selenium) materials (TIs)
have been generating enormous interest among researchers in
the past few years [1–5]. For realizing spin-based devices,
magnetic doping of BSTS is crucial, which requires dopant
atoms to be present in the host system and not just on its surfaces
[6–8]. Doping magnetic elements like transition 3d or rare-earth
4f atoms substituted in-situ chalcogens atom breaks the timereversal symmetry, which leads to occurrence of unique phenomena in BSTS, while the spin-polarization generated by them
induce magnetism [9–11]. Bismuth telluride (BT) is the
important member in the BSTS family (Bi2Te3, Bi2Se3, Sb2Te3,
Sb2Se3). Doping BT with varying percentages of Cr can be used
to dominate various magnetic phenomena, while varying concentrations of Fe controls magnetic phases of the material
[12,13]. Also, Fe-doped BT reveals unique structures that has
temperature-dependent properties [14]. Fe-doped BT shows
increased electrical and magnetic properties [15]. Influence of
exchange correlation potential on structural and magnetic
properties of Gd-doped BT is being studied immensely [10].
Recent literature survey has seen an increasing trend of
various protocols and techniques for the synthesis of transition/rare-earth metal-doped BT [3]. Some of these prominent
techniques include chemical vapour deposition [16],

Bridgman [17–19], solvothermal synthesis [20], molecular
beam epitaxy [21–30], standard solid-state reaction method
[23,31,32], solution phase route [33] and wet chemical synthesis [34,35]. To our knowledge, we have not come across
any reported literature about the synthesis of transition/rareearth-doped BT using colloidal hot-injection method.
Therefore, in this article, we have synthesized undoped and
FexBi2–xTe3 (x = 1), CrxBi2–xTe3 (x = 1) and GdxBi2–xTe3
(x = 1) powders using colloidal hot-injection method and
made thin films using spin coating method. Structural properties of the various powders have been studied using X-ray
diffractometer (XRD), while morphology and magnetic
properties of the different thin films have been analysed using
scanning electron microscopy (SEM), vibrating sample
magnetometer and magneto-impedance (MI), respectively.

2.

Experimental

Bismuth(III) acetate (99.99%), tellurium (99.8%), iron(III)
nitrate (98%), chromium(III) nitrate (non-hydrated) (97%),
gadolium(III) oxide (99.99%), tricytylphosphine (TOP)
(97%) and oleic acid were purchased from Sigma-Aldrich.
The schematic representation of the synthesis process is
shown in figure 1a–e.
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Figure 1.

2.1
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Schematic illustration of the colloidal hot-injection method synthesis procedure.

Synthesis of undoped Bi2Te3 nanoparticles

Bi2Te3 nanopowders were prepared according to the
method reported by An et al [36]. In a typical procedure, 2
mmol of bismuth(III) acetate was dissolved in 20 ml oleic
acid at 40°C for 30 min under vacuum to obtain a transparent solution in a beaker sealed with a spiral tube surrounded by continuous water flow. The apparatus is as
shown in figure 1a. The solution was further heated to
150°C under a N2 atmosphere. A Te-TOP solution (10 mol
Te in 2 ml TOP) was swiftly injected into the flask while
maintaining the final temperature. The transparent solution
changes to black immediately after injection of the Te-TOP
source. After reaction is complete (about 1 min), the solution was cooled to room temperature by placing the flask in
a water bath. The sample is centrifuged to 10,000 rpm for
30 min (figure 1b). The black precipitate so obtained is
dried and the powder is mixed with N,N-dimethyl formamide and poly-vinylidene fluoride (PVDF)–co-hexafluoropropylene and heated in vacuum (figure 1c). The
resultant solution is coated on an aluminium substrate using
spin coating method (figure 1d) and annealed for an hour at
500°C in vacuum (figure 1e) [36].

2.2

Synthesis of Gd/Fe/Cr-doped Bi2Te3 nanoparticles

For doping Gd/Fe/Cr, the procedure is same as above except
additionally the dopants are mixed in the initial step of the
reactions. Chromium(III) nitrate is dissolved in 2.5 ml of

distilled water and mixed along with bismuth(III) acetate
and oleic acid for doping Cr in Bi2Te3 (CrxBi2–xTe3). In
the case of Gd dopant (GdxBi2–xTe3), gadolinium(III) oxide
is mixed with 2.5 ml of HNO3. For Fe-doped Bi2Te3
(FexBi2–xTe3), iron(III) nitrate can be directly used in the
initial step. For all the dopant systems, x = 1.

2.3

Characterization of materials

The synthesized samples were investigated using scanning
electron microcopy (Carl Zeiss MA15/EVO 18), energy
dispersive microanalysis (Oxford Liquid Nitrogen free SDD
X MAX 50 EDS), X-ray diffractometer (PANalytical
X’Pert Powder XRD System) and vibrating sample magnetometer (Lake shore model:7404). The surface morphology of all the samples was examined using scanning
electron microscopy (Carl Zeiss MA15/EVO 18 Scanning
Electron microscopy). Current–voltage (I–V) measurements
are made using 6221 Kiethley power source.
Magneto-impedance is measured using the setup reported
by Malaidurai et al [37]. Magnetic field between the poles
were measured using the ‘VIJAYANDA DGM-100’ gauss
meter. A magnetic field in the range of 0.0–0.1 T was
created by changing the current through the electromagnet
from 0 to 2 A. Current of 1 mA is supplied to the sample
through 6221 Kiethley power source. Analog discovery (II)
is used to provide f = 100 kHz and record magnetic impedance data [37]. For all the samples, surface of the thin films
is kept parallel to the applied magnetic field, i.e., x-axis.
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Figure 2. SEM image of (a) BT, (b) GBT, (c) FBT, (d) CBT; EDAX plot for (e) BT, (f) CBT, (g) FBT, (h) GBT; and (i) voltage vs.
current plot of thin film samples of BT, CBT, FBT and GBT.

3.

Results and discussion

Low magnification of SEM images of the synthesized doped
(Gd, Fe and Cr) and undoped Bi2Te3 samples revealed
nanoparticles to be in the range of 100 to 200 nm, as shown
in figure 2. SEM analysis showed the evolution of flakeslike structure for BT (undoped Bi2Te3), as shown in
figure 2a; feather-like structure for GBT (Gd-doped Bi2Te3), as shown in figure 2b; and granular structure for FBT
(Fe-doped Bi2Te3) and CBT (Cr-doped Bi2Te3), as shown
in figure 2c and d, respectively, with variation in particle
density. Energy dispersive X-ray analysis (EDAX) plot for
BT, CBT, FBT and GBT is shown in figure 2e, f, g and h,
respectively. The corresponding molecular weight and
atomic weight percentage of elements of all the samples are
tabulated in table 1. Although equal stoichiometric quantity
of dopants (Cr/Fe/Gd) were taken with respect to Bi, the
EDAX results showed atomic weight of only 12.61% of Cr,
7.08% of Fe and 5.96% Gd. This is due to the fact that the
Cr atomic radius is smallest, while Gd atomic radius is

Table 1. Molecular weight and atomic weight percent of values
of various samples calculated from EDAX.
Sample
BT
GBT

FBT

CBT

Atom name

Mol. weight %

Atomic %

Bi
Te
Gd
Bi
Te
Fe
Bi
Te
Cr
Bi
Te

43.05
56.95
5.91
47.31
46.77
2.61
48.97
48.41
4.66
41.33
54.01

31.58
68.42
5.96
35.91
58.13
7.08
35.48
57.44
12.61
27.83
59.56

largest among the dopants used. So a greater number of Cr
atoms can be incorporated in Bi sites than compared to Gd
atoms.
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Figure 2i shows the current vs. voltage plot for all the
samples. For pure BT, the I–V plot shows non-ohmic
behaviour. As the dopants are added, the plots move further
towards non-ohmic behaviour. From the graph it can be
seen that in all the samples, when voltage increases there is
a non-linear increase in the flow of current because of the
carriers generated in the sample.
Figure 3 shows the X-ray diffraction patterns of the
undoped BT, GBT, FBT, CBT prepared by hot-injection
method. In figure 3, the major peaks indexed at (1 0 1) (0 1
5) (1 0 10) (1 1 0) (0 0 15) (2 0 5) (0 2 10) (1 1 15) (1 2 5)
correspond to the reflections of rhombohedral phase R3m.
The lattice constants a = 4.45 Å and c = 31.19 Å calculated
for this experiment are in agreement with the reported
values for BT a = 4.385 Å and c = 30.48 Å (JCPDS
15-0863). The significant figure of change in lattice
parameter values of a, b and c is observed in table 2. Such a
small variation is attributed to the differences in the atomic
radii of doped atoms Cr (128 pm), Fe (126 pm) and Gd (238
pm) in comparison to Bi (230 pm) and Te (210 pm),
respectively, and also due to the non-intercalation of dopant
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metal atoms into the Van der Waals interlayer as an interstitial atom [38–44].
The interplanar spacing dhkl was calculated using lattice
geometry equation [45,46]. Knowing hkl positions, different
parameters were calculated as crystalline size (Debye–Sherrer
and William–Hall method), dislocation density (1/D2), and
volume of unit cell. The average nanocrystalline size ‘D’ is
calculated using Deby–Sherrer’s formula as:
D¼

Kk
;
bcosh

ð1Þ

where K = shape factor, k = wavelength of Cuka and b is
the instrumental broadening [45]. The cell parameters
(a = b, c), particle size and other structural properties are
shown in table 2. With the addition of dopants, there is a
slight variation in the value of lattice parameters. The
dopant ions (Gd?3, Fe?3, Cr?3) replace the Bi?3 ions and
forms strong bonding between a and b phases. Since ‘c’
parameter is greater than ‘a’ parameter in an a–c phase,
therefore weak covalent bond between a and c phase may
be responsible for the variation in the lattice parameters
[47,48]. It can be observed that in comparison to BT, cell
volume (shown in table 2) increases for all the systems.
Using Williamson–Hall method, strain was calculated as:
e¼

b
:
4tanh

ð2Þ

By rearranging equations (1) and (2),
bcosh ¼

Figure 3. XRD spectrum of (a) GBT, (b) FBT, (c) CBT, (d) BT
and (e) standard data.

Kk
þ 4esinh:
D

ð3Þ

The above equation is W–H equation [45].
Figure 4a and b shows the variation of lattice constants,
coercivity, remanent magnetization with respect to particle
size, while figure 4c shows the trend in the variation of
lattice constant with respect to all the samples. Figure 4d
shows their initial magnetization curves of H (Oe) vs. M
(emu g–1) plot for all the samples. Study of particle size in
this experiment for different dopants systems shows that the
particle size decreases with the addition of dopants when
compared to BT all the cases except for GBT where it
increases, as shown in figure 4c.
Table 3 shows all the magnetic parameters calculated in
this study. The M–H loops for BT, GBT, FBT and CBT
samples are as shown in figure 5a and their magnified image
is shown as inset in figure 5b. The variation of dM/dH with
applied magnetic field is shown in figure 5c, d, e, f for
various systems. From figure 5a, it can be observed that BT
exhibits paramagnetic nature only between the region
? 750 and - 750 Oe, while beyond that it shows diamagnetic-like behaviour [49]. The presence of free charge carriers (holes) results in the paramagnetic contribution. Also,
there is a possibility of the presence of group of electrons
having a large diamagnetic effect, which is reduced when
these electrons are trapped at acceptors or excited to the
conduction band to produce holes by the influence of Cr or
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Various parameters calculated from XRD.

Physical quantities
Lattice constant ‘a’ (Å)
Lattice constant ‘c’ (Å)
a/c ratio
Cell volume (Å)
Lattice strain calculated
Strain from graph
Dislocation density (91012) (nm–2)
Particle size (D–S method) (nm)
Particle size (W–H method) (nm)

BT

GBT

FBT

CBT

4.45
31.19
0.136
535.85
0.003
0.004
16.27
24.03
24..96

4.42
30.69
0.144
520.06
0.008
0.04
92.75
14.05
16.97

4.44
31.13
0.142
532.49
0.006
0.01
46.77
14.26
17.39

4.46
31.23
0.142
539.42
0.006
0.01
46.76
14.60
17.36

Figure 4. (a) Plot for particle size vs. lattice constants ‘a’ (on left axis) and ‘c’ (on right axis). (b) Plot for particle size vs. coercivity
(on left axis) and remnant magnetization (on right axis). (c) Plot for various systems vs. lattice constant ‘a’ (on left axis) and ‘c’ (on
right axis). (d) Field dependence of magnetization for undoped BT (black), GBT (red), FBT (blue) and CBT (green) systems.

Fe or Gd dopants. Hence, introduction of Cr, Fe and Gd in
BT gives them ferromagnetic behaviour, which can be seen
in the curves of CBT, FBT and GBT, respectively, in
figure 5a. The saturation magnetization (Ms) is calculated

from the M(1/H) plot at 1/H ? 0. We have calculated the
experimental value of the zero-field saturation magnetization and magnetocrystalline anisotropy constant
K1 = HsMs from the initial M–H curve of figure 4d. The
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Table 3.
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Various parameters calculated from vibrating sample magnetometer.

Magnetic properties
Saturation magnetization, Ms (emu g–1) (910–4)
Coercive field, Hc (Oe)
Remanent magnetization, Mr (emu g–1) (910–4)
Hm (Oe)
Spontaneous magnetization, Msp (emu g–1) (910–4)
Susceptibility, v (emu g–1 Oe) (10–7)
Magnetocrystalline anisotropic constant, K1
Shape anisotropic constant, K1V (910–12)
Energy, E (J)
Squareness ratio, Sr
Effective anisotropic constant, Keff

BT

GBT

FBT

CBT

- 90
126.6
4.41
156.22
4
- 108.5
0.185
63.4
0.38
1.03
0.19

117.38
76.2
9.94
80.86
109.2
15.6
41.04
86.6
7.47
0.09
110.88

115.17
83.65
8.43
133.15
104.64
16.9
35.65
83.4
5.75
0.08
125.93

10.23
102.29
1.38
75.87
5.99
4.1
0.741
0.65
0.34
0.23
1

Figure 5. (a) The M–H loops for the undoped BT, GBT, FBT and CBT systems. (b) Inset graph shows the magnified image of 6a.
Field dependence of dM/dH for (c) CBT, (d) FBT, (e) GBT and (f) BT systems.

definition of effective anisotropy constant Keff = HaMs is
related to the anisotropy field through Ha = Ms/slope. It can
be observed that the GBT system has the largest value of
Keff followed by FBT and CBT with BT having the lowest
value. It is observed that the system GBT exhibits maximum remnant magnetism followed by FBT, while CBT is
the lowest. GBT and FBT systems have highest values for
Ms, Msp, K1, K1v, Keff and energy among the four systems,
while having least value for squareness ratio. The squareness ratio (Mr/Ms, i.e., 0.08 and 0.09 for FBT and GBT) is
well below of the typical value * 0.5 for randomly oriented
uniaxial anisotropic ferromagnetic particles [50]. The FBT
and GBT systems are soft ferromagnets, showing rapid
increase in magnetization at the initial increase in magnetic
field. This is followed by magnetic non-saturation, i.e., nonlinear increase of magnetization with field above 3 kOe for
the systems CBT, FBT and GBT, respectively. The magnetic parameters, e.g., spontaneous magnetization (Msp:
calculated from the extrapolation of high field M(H) data to

zero field limit) and remnant magnetization (Mr: magnetization retained in the sample after reducing the field from
20 to 0 kOe) have enhanced remarkably. A comparative plot
of the initial magnetization curves (figure 4d) shows that
field-dependent increase of magnetization of the systems
CBT, FBT and GBT are controlled mainly by magnetic
domain rotation [51].
The decrease of coercivity in CBT, FBT and GBT in
comparison to BT is also an indication of strong interparticle interactions in the studied system. The increase in the
value of anisotropic constant (Keff) as we move from
CBT?GBT?FBT suggests that a transformation of magnetic grains from single-domain state to multi-domain state
in this magnetic material [42]. It can be observed from
figure 5c to f that the peaks are almost symmetric about the
H = 0 axis. The peaks are separated by magnetic field 2Hm.
It may be noted (table 3) that the peak position at Hm, i.e.,
the inflection point in M–H curve, is very close to the
coercivity (Hc) of the samples. All the peaks exhibit
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asymmetric behaviour. The effect of single-domain and
multi-domain nature of the grains is also realized from the
field dependence of dM/dH curves. For an ideal singledomain particle with square-shaped M–H loop, the
dM/dH is very large at the coercive field (Hc) and zero at
H ? 0. The finite value of dM/dH at H ? 0 (2.86 9 10–6,
1.1152 9 10–6, 9.16956 9 10–6, 1.0971 9 10–5 in lB per f.u.
Oe for BT, CBT, FBT and GBT systems, respectively)
further establishes the presence of the regimes of singledomain and multi-domain grains in the studied samples
[50]. The dM/dH curves (figure 5c–f) showed peaks at about
Hm. The larger value of Hm than that of the coercive field
(Hc) indicates switching field distribution due to disordered
shell contributions in pseudo-single domain or multidomain grains [50]. The peak height of dM/dH at Hm is
(* 3.67084 9 10–6,1.23092 9 10–6,
9.51724 9 10–6,
–5
–1
1.1513 9 10 , in emu g Oe unit for BT, CBT, FBT,
GBT, respectively) noted to be higher than dM/dH at
H ? 0. Figure 4b shows the plot for particle size vs. Hc
(coercivity) and Mr (remnant magnetization). Hc decreases
with increase in the particle size reaching a minimum value
for GBT and then increasing in the case of BT, while it is
opposite in the case of Mr where it increases reaching a
maximum in the case of GBT and then decreases for BT.
The longitudinal dc field dependence of the MI is
expressed as:
DZ
Z  Z0
ð%Þ ¼
%:
Z0
Z0

ð4Þ

Here, Z0 is magneto-impedance at zero applied magnetic
field value. The impedance Z increase with an increase of dc
magnetic field, showing positive magneto-impedance effect.
Figure 6a–d shows the longitudinal dc magnetic field
dependence of MI DZ/Z0, where the dc fields are applied
parallel to the direction of thin film for constant frequency
f = 100 kHz. Note that the spectra shown in figure 6a–d is
strongly dependent on the magnetic field (H Oe) and they
present two peaks for all the systems. A typical example
involving a hysteretic feature in MI profiles with respect to
increasing and decreasing applied dc magnetic fields is
displayed in figure 6a–d. A two-peak behaviour with a
sensitivity (DZ/Z0)%/Oe near zero field was observed for all
the systems. For undoped Bi2Te3, the sensitivity (DZ/Z0)%
vs. magnetic fields hysteresis in the magneto-impedance
profiles first increases up to 200 Oe and decreases then
onwards for both negative and positive field directions, as
shown in figure 6a. From the spectra, it can be understood
that the systems exhibit crystalline anisotropic behaviour.
In figure 6b, for GBT, the hysteresis increases from 0 to
400 and - 400 Oe on both sides and then decreases.
However, in the case of FBT, the hysteresis decreases from
0 to 200 and - 300 Oe and then it increases, as shown in
figure 6c. The same behaviour is observed in CBT except
the peak is attained at 200 and - 200 Oe, respectively. For
all the systems, the magnitude of the anisotropic field
induced in the thin film is equal to the magnetic field for
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Figure 6. The longitudinal dc field of magneto-impedance DZ/Z0
for the (a) BT, (b) GBT, (c) FBT, (d) CBT and (e) corresponding
orientation of magnetic domains and accumulation of charges in
the sample.

which maximum value of impedance occurs. The peak
value of the MI ratio is attained at higher magnetic fields for
GBT among the four systems, as shown in figure 6d. Two
peaks in the profile indicates the rotational magnetization,
as well as domain wall motion that contributes to the MI
[52]. It can be observed that figure 6a–d shows symmetrical
behaviour. The MI ratio (DZ/Z)% for BT, GBT, FBT and
CBT is 10, 21, 13 and 18%, respectively. MI ratio (DZ/Z)%
shows variations less than 30%, which reveals anisotropic
MI behaviour in all the cases. When the anisotropic field is
reached in the system, then the magnetization of domain
wall becomes free to rotate under the influence of the
magnetic field. Magnetization occurs because of dc magnetic field and the magnetic vector begins to rotate
increasing the impedance [37]. This phenomenon is
explained in figure 6e.
Figure 6e illustrates schematically the mechanism of MI
in the sample. In figure 6e, the red arrowheads are the
representation (BT/CBT/FBT/GBT) of direction of the
domains in the sample. The red arrow heads point in the
direction of orientation of the majority of the domains in the
sample. When B is increased in one direction, say negative
side of the x-axis, the direction of the domains in the sample
changes and they begin to point in same direction (arrowheads pointing towards the downward direction). This
results in the accumulation of the charges in the junction of
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the top layer in the sample as shown in figure 6e. With
further increase in the magnitude of B, the unidirectional
orientation of domain is disturbed, consequently decreasing
the number of charges in the top layer. The same phenomenon is repeated when the direction of B is reversed but
the direction of orientation of the domains is mirror opposite (arrowheads pointing upward) compared to the previous
case and so is the sign of the accumulation of charges in the
top layer of the sample.

4.

Conclusion

SEM and XRD results indicate the presence of feather- and
granular-like morphology in the range of 100–200 nm with
rhombohedral structure. Current–voltage characterization
revealed the non-ohmic behaviour of all the samples. As the
dopants are added, the samples further move towards nonohmic behaviour. The particle size has increased for GBT in
comparison to BT, while for FBT and CBT it has decreased.
GBT have highest values for Mr, Ms, Msp, K1, K1v and
magnetic energy. FBT has highest value of Hc and Keff
among all the systems. The squareness ratio (Mr/Ms, i.e.,
0.08 and 0.09 for FBT and GBT) is well below of the
typical value *0.5 for randomly oriented uniaxial anisotropic ferromagnetic particles. The magnetic parameters
(Msp and Mr) have enhanced remarkably. All the systems
exhibit symmetrical behaviour. The MI ratio (DZ/Z0)% for
BT, GBT, FBT and CBT is 10, 21, 13 and 18%, respectively. The results have proven that the GBT thin film
sample exhibits the maximum MI effect. Among the
materials studied in this study, gadolinium-doped BT has
proven to be more effective candidate for the realization of
future magnetic sensor applications.
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