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We report on the characterization and magnetotransport measurements as a function of applied pressure
for Mn-doped CdSb magnetic semiconductor. A pressure-induced negative magnetoresistance (MR) is
observed in the polycrystalline ingots of p-Cd1-xMnxSb with x ¼ 0.03 and х ¼ 0.06 at hydrostatic pressure
up to 7 GPa and room temperatures. We found that a magnitude of negative MR is strongly depends from
application of pressure, magnetic ﬁeld and chemical composition. Only in a low magnetic ﬁeld of
H~1 kOe we observed a weak positive MR that changes its sign with increase in pressure or magnetic
ﬁeld. The behavior of negative MR is closely linked with the magnetic inclusions in the studied samples,
as it evident from analysis of composition and distribution of elements on the surface.
© 2017 Elsevier B.V. All rights reserved.

Keywords:
Magnetic semiconductor
Negative magnetoresistance
High pressure

1. Introduction
The negative magnetoresistance (MR) was discovered in Te
semiconductor, for the ﬁrst time [1]. With respect to magnetic
systems, in which MR can exist at room temperatures the application of high pressure leads to unusual behavior for MR effect
[2,3]. A pressure-induced negative MR was studied in p-InAs:Mn, pCdGeAs2:Mn and p-CdGeP2:Mn compounds under high hydrostatic
pressures up to P < 9 GPa at room temperatures [4e7]. A plausible
explanation for occurrence of the negative MR described in Ref. [8],
and it associated with decrease in scattering of carriers with spin
ﬂip on the magnetic moments of the localized electrons due to
splitting of impurity levels in the magnetic ﬁelds. In Refs. [9,10], a
mechanism for occurrence of negative MR in ferromagnetic semiconductors as well as in hybrid ferromagnetic-semiconductor
nanostructures is described, including the inﬂuence of external
pressure. If there are no ordering magnetic moment factors in the
system, the spins randomly oriented. By applying a magnetic ﬁeld
the magnetic moments are aligned along magnetic ﬁeld, which
leads to notable reduction in resistance and, consequently, to
appearance of negative MR. Usually, in hybrids a magnitude of the
MR is proportional to the magnetic ﬁeld, a cosine of the angle between the magnetic moments and the number of ferromagnetic
clusters.

Abbreviation: MR, magnetoresistance.
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We chose Mn-doped CdSb as an object of study, where
depending on the degree of doping two states realized: diluted
magnetic semiconductor (DMS) with solubility limit of Mn about
1% [11], and above this limit e composite based on semiconductoring matrix and micro- and nanoinclusions of magnetic
phase [12]. Recently, it has been found that such two magnetic
states observed in Zn1xMnxGeAs2 chalcopyrite-based magnetic
semiconductors, and application of high pressure indicates for
enhancement in large MR due to “structure-driven” MR effect [13].
In this paper we studied p-Cd0.97Mn0.03Sb и p-Cd0.94Mn0.06Sb
composite samples under hydrostatic pressure up to P ¼ 7 GPa and
magnetic ﬁelds up to H ¼ 5 kOe at room temperatures. A general
tendency for the both compositions is related with the development of pressure-induced negative MR. The possible mechanisms
of magnetotransport in Mn-doped CdSb depending on applied
pressure are discussed.

2. Experimental techniques
Original crystals were prepared by Bridgman method from a
polycrystalline ingot Cd1-xMnxSb (x ¼ 0.03 and x ¼ 0.06), which
previously obtained by direct fusion of antimonides cadmium and
manganese. The samples were cut from the central part of a crystal,
and then exposed to chemical-mechanical polishing and the ﬁnal
ion-plasma cleaning. For study the samples structure, their
composition and distribution of elements on the surface we used
scanning electron microscope (SEM) JSM-6610LV (Jeol) with
attachment for energy-dispersive x-ray spectroscopy (EDXRS) X-
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MaxN (Oxford Instruments). Raman spectra were measured at
room temperature using a combined system SPM with a confocal
ﬂuorescence spectrometer and Raman spectrometer OmegaScope™ (AIST-NT Inc.) with laser wavelength of 532 nm, the power
of 50 mW, and the size of the focused beam on the sample surface
of about 500 nm. The spectral resolution of the device was 0.8 cm1.
The measurements of transport parameters under hydrostatic
pressures up to 7 GPa were carried out in Toroid type high-pressure
cell [14] by a standard four-probe method on samples with dimensions 2.8  0.7  0.5 mm3. The pressure cell was improved by
us, which allow carry out simultaneous measurements of several
transport coefﬁcients. For Hall effect measurements and MR a helical coil was used, that generated a magnetic ﬁeld up to 5 kOe. The
absolute accuracy of the transport measurements was about 3%. As
an active cell, the ﬂuoroplastic capsule of working volume ~80 mm3
with 8 lead-in contacts was used. Pressure within the working cell
was monitored by a manganin gauge that we use to calibrate our
pressure measurements. The pressure transmitting medium used is
a mixture of ethanolemethanol 4:1, which remains liquid up to
10 GPa at room temperature and ensures highly hydrostatic pressure generation.
3. Results and discussion
Fig. 1 shows a typical surface image of the p-Cd0.94Mn0.06Sb
sample obtained with SEM. The specimens are inhomogeneous and
contained three-dimensional defects such as cracks and microinclusions. Using EDXRS it can be seen that the area of sample
containing no three-dimensional defects consisted of Cd and Sb
atoms in almost equal proportions. In this area the uniform
dispersion of Mn does not exceed 1 at.%. In the area of inclusion the
peaks corresponding to the Mn atoms (Fig. 1, inset) are observed, as
it evident form EDXRS spectra. The typical distribution maps for Cd,
Sb, Mn of p-Cd0.94Mn0.06Sb sample in the area of micro-inclusions
are shown in Fig. 2. As follow from inhomogeneous distribution
of elements it can be seen that the sample is two-phase and consists from the main phase of Mn-doped CdSb, and microscopic inclusions of Mn-Sb. From Fig. 1 it clear seen that the second phase
compared with CdSb contains an excess of Sb, i.e. it has a composition MnSb1þd (d > 0) of the ferromagnetic semimetal with a Curie
temperature of about 580 K, as it earlier revealed for pCd0.97Mn0.03Sb [12]. At the same time, an average elemental content of the studied areas of samples are practically coincide with the

Fig. 1. SEM image for p-Cd0.94Mn0.06Sb sample surface. Insert shows EDXRS spectrum
in the region containing the micro-inclusions.
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expected. Thus, for p-Cd0.94Mn0.06Sb the content of elements is
next: Cd - 50.2 at.%, Sb - 43.8 at.%, Mn - 6.0 at.%.
The crystal lattice of CdSb belongs to orthorhombic syngony
with the space group Pbca. In G - point of the Brillouin zone the
active Raman spectra are 24 normal vibrational modes:
6(Ag þ B1g þ B2g þ B3g) [15], where 22 are found in the earlier
Raman studies on the single crystals of CdSb [16].
Fig. 3 shows Raman spectra for the Mn-doped p-CdSb measured
before and after pressure cycle. Due to feature of the experimental
setup the data were collected at u > 100 cm1. In Ref. [17] the phase
transitions, decomposition, the formation of new phases and
pressure-induced amorphization after pressure cycle in CdSb
crystals are studied at high pressures up to 60 GPa. It was found that
an unstable amorphous phase of Cd-Sb is formed at decompression
from 7 GPa. Through this amorphous phase the stable phase of
CdSb1þd and the metastable phase of Cd4Sb3 are crystallized within
a few hours [17]. This means that the crystal quality is deteriorates
accompanying with the partial phase separation. The analysis of the
Raman spectra for Mn-doped CdS conﬁrms this fact. The frequencies of majority Raman active phonons for all of the samples
did not differ from the values for the undoped CdSb single crystals
(see Table 1). This suggests that irreversible phase transition does
not occur and the type of crystal lattice is the same. However, the
strength of some modes in the samples before and after pressure
cycle up to 9 GPa is altered. The relative magnitude of peak at
145 cm1 decreases, while the peak at 160 cm1 increase, when the
pressure is applied (Fig. 3, right panel). The presence of the metastable phase is indirectly conﬁrmed by decrease in the intensity of
Raman spectra after applying pressure.
Figs. 4 and 5 display the dependences of MR versus pressure and
magnetic ﬁeld, respectively. The MR derived from pressure variation of resistance in the ﬁeld is deﬁned as [r(H)r(0)]/r(0). The
pressure dependence of the transverse MR for p-Cd0.97Mn0.03Sb at
different magnetic ﬁelds and room temperatures is shown in
Fig. 4a. In the ﬁelds of H ¼ 1 kOe the MR is positive and increases
with increasing pressure; the magnitude of MR at P ¼ 3 GPa reaches
a maximum. Starting from P ¼ 5.4 GPa the MR shows a change in
sign with the magnitude of negative MR of about 0.02% at
P ¼ 7.3 GPa. It clear seen that increase in magnetic ﬁeld and pressure leads to pronounced negative MR, where its magnitude exhibits a large value of 3.1% at H ¼ 5 kOe and P ¼ 6.3 GPa.
Remarkably, the maximum of MR on the scale of high pressures at
H ¼ 1 kOe is satisfactory correlated with the onset of pressureinduced phase transition for p-Cd0.97Mn0.03Sb [12]. A similar
behavior is also observed on the dependence of MR versus magnetic ﬁeld (Fig. 4b). This means that the inﬂuence of phase transition in p-Cd0.97Mn0.03Sb may be a cause for MR sign changes from
positive to negative, however, at sufﬁciently low magnetic ﬁelds.
Fig. 5a and b show the dependences of MR versus pressure and
magnetic ﬁeld for p-Cd0.94Mn0.06Sb measured at room temperatures. In general, the characteristic of MR is similar to the sample
with p-Cd0.97Mn0.03Sb. As depicted in Fig. 5a, the positive MR shows
a maxima at H ¼ 1 kOe and P ¼ 3.3 GPa, which is too related with
the pressure-induced phase transition [12]. As follow from Fig. 5b,
the magnitude of negative MR at H ¼ 5 kOe and P~4.3 GPa reaches a
value of 4.1%.
A comparative analysis of the pressure and magnetic ﬁeld dependencies of MR for the sample p-Cd1-xMnxSb (x ¼ 0.03 and
x ¼ 0.06) reveals that the action of both pressure and the magnetic
ﬁeld is equivalent. Furthermore, the magnitude of MR is function of
x, i.e. the value of negative MR increase with increasing Mn content.
Next, we describe the possible reasons, underlying of the
observed negative MR in p-Cd1-xMnxSb. One cause of negative MR
enhancement with pressure in semiconductor materials having
ferromagnetic inclusions is increase in concentration of charge
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Fig. 2. The distribution of elements on the p-Cd0.94Mn0.06Sb sample surface.

Fig. 3. Raman spectra of the p-Cd1-xMnxSb with x ¼ 0.03 and x ¼ 0.06 samples before (I
and III, respectively) and after pressure cycle (II and IV, respectively) up to 9 GPa
pressure. Normal vibrational modes are showed for p-Cd0.94Mn0.06Sb after pressure
cycle (right panel).
Fig. 4. The room temperature dependences of magnetoresistance as function of
pressure (a) and magnetic ﬁeld (b) for p-Cd0.97Mn0.03Sb.

carriers which reduces the Schottky barrier at the ferromagneticsemiconductor boundary [18]. In this case, the probability of
tunneling charge carriers across the Schottky barrier to the inclusion area and back is increases, where they are spin-polarized in the
direction of the magnetic moment of inclusion. Moreover, an
increasing of the tunneling carriers through the Schottky barrier on
the inclusionesemiconductor boundary may increase the magnetization of inclusions itself [19]. This leads to an increase of spinpolarized carriers and the spin-dependent scattering on the magnetic ions and ferromagnetic inclusions, which is manifested as
increase in negative MR. A similar effect is observed, for example, in
the systems of GaSb/MnSb, obtained by different methods [18e20].
In studied samples of p-Cd1-xMnxSb (x ¼ 0.03 and x ¼ 0.06), an
increase in hole concentration with increasing external pressure is

observed. Thus, for example, in Cd0.97Mn0.03Sb the hole concentration (p) when the pressure increases up to 1.4 GPa is practically
unchanged. Upon further increase in pressure, p increases by two
orders of magnitude from 3.7  1018 cm3 (at atmospheric pressure) up to 7.5  1020 cm3 (at P ¼ 7 GPa) [12]. Such behavior of p
might be due to pressure-induced phase transition that directly
related with considerable changes in band gap of semiconductor. It
remains unclear how the band gap deformed under pressure, as
well as possible scenario for changing the type of charge carriers,
which could be explain the changes in MR at low ﬁelds limit.
However, it should be noted that the negative MR according to
above discussed mechanism may occur if the position of Fermi level

Table 1
Frequencies (cm1) of the Raman active phonons in the region u > 100 cm1 for a sample p-Cd0.94Mn0.06Sb.
CdSb [14]
Ag

B1g
B2g

B3g

153
171
174
109
145
106
116
136
161
128
154
171

Before pressure cycle

After pressure cycle

152
168
174
110
145
105
115
e
161
127
156
168

154
170
174
111
146
105
116
136
161
127
156
170
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basic mechanisms of negative MR can be attributed to an increase
in the concentration of charge carriers, resulting in a decrease of the
Schottky barrier at the interface of ferromagneticesemiconductor
or a decrease in the distance between the magnetic moments of the
inclusions, which increases the probability of spin-dependent
scattering.
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Fig. 5. The room temperature dependences of magnetoresistance as function of
pressure (a) and magnetic ﬁeld (b) for p-Cd0.94Mn0.06Sb.
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between them exceeds a certain value, the tunneling becomes
impossible, such as is observed in InSb/MnSb structures [21].
Another one cause for pressure-induced negative MR in Cd1xMnxSb samples is reducing the distance between the magnetic
moments of the ferromagnetic inclusions. Due to this, the probability for spin-dependent scattering of charge carriers and
enhancement in negative MR increases.
4. Conclusion
We have studied the pressure-induced negative MR in polycrystalline samples of p-Cd1-xMnxSb with x ¼ 0.03 and х ¼ 0.06 at
hydrostatic pressure up to 7 GPa and room temperatures. An
enhancement of negative MR is found to be in wide pressure ranges
at the magnetic ﬁelds of H ¼ 2e5 kOe; the effect of low ﬁelds show
a positive MR that further suppressed by application of pressure
and change the sign. The observed negative MR is closely linked
with the presence of magnetic inclusions in the studied samples, as
it evident from SEM/EDXRS and Raman spectroscopy methods. The
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