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Quantized spin-wave known as magnon, a bosonic quasiparticle, can drag electrons or holes via s-d
exchange interaction and boost the thermopower over the conventional diffusive thermopower. P-type magnon-
drag thermopower has been observed in both ferromagnetic and antiferromagnetic metallic and degenerate
semiconductors. However, it has been less reported for intrinsic or n-type magnetic semiconductors; therefore,
the impact of magnon-bipolar carrier drag on thermopower has remained unexplored. Here, a theoretical model
for magnon-bipolar carrier drag thermopower is derived based on the magnon-carrier interaction lifetimes.
The model predicts that the bipolar carrier drag thermopower becomes independent of both the carrier and
magnon relaxation times. A proof of concept experiment is presented that confirms this prediction. We also
report the observation of magnon-carrier drag thermopower in n-type and intrinsic ferromagnetic semiconductors
experimentally. The p-type antiferromagnetic MnTe is doped with different amounts of Cr to produce nondegen-
erate and n-type semiconductors of various carrier concentrations. Cr dopants have a donor nature and create
ferromagnetic-antiferromagnetic clusters due to the Cr** oxidation state. Heat capacity measurements confirm
the presence of magnons in Cr-doped MnTe. It is shown that the magnon-drag thermopower is significantly
reduced for 3%—5% Cr-doped samples due to bipolar drag effects and becomes negative for 14% and 20%
Cr-doped MnTe due to dominant magnon-electron drag thermopower.
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I. INTRODUCTION

Coupling between spins or spin-wave with the charge
carrier in the presence of phonon can give rise to some excit-
ing entropy transport phenomena like magnon-electron drag
[1,2], paramagnon-electron drag [3,4], spin-entropy [5,6],
spin-fluctuation [7,8], etc., which offer routes to design high-
performance spin-based thermoelectric materials. The spin
degree of freedom can exist in different forms, the spin of
electrons (conduction or valence electrons), spin of the lattice
ions, and the spin waves (magnons) or spin-wave packets
(paramagnons) resulting from the precession of the spin of the
lattice ions. The coherent fluctuation of the long-range ordered
localized spins form magnons, the bosonic quasiparticles of
the quantized spin wave, which can interact with the charge
carriers in magnetic materials like ferromagnets (FMs) or
antiferromagnets (AFMs) and lead to a magnon-enhanced
thermopower [9]. The improvement of the thermopower due
to the magnon electron drag near the magnetic transition
temperature has been reported in several long-range ordered
systems [1,2,4,10-12]. Recently, a significant spin contribu-
tion to thermopower in MnTe far above the Néel temperature
was reported, which was associated with the paramagnon-
drag effect [3,4,13,14]. Like magnon and paramagnon drag,
spin entropy and spin fluctuation in a system has also led to
significant enhancement of the thermopower [5-8].
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It should be noted that these effects may be fundamentally
related. These advantageous spin-caloritronic effects boost the
investigations on magnetic and paramagnetic semiconductors
for the development of high-performance thermoelectric ma-
terials [10-14]. To accelerate the search for better magnetic or
paramagnetic semiconductors for thermoelectric applications,
one should know the general thermoelectric performance
trends in different types of material systems, such as intrinsic
and extrinsic semiconductors. Till now, magnon-drag ther-
mopower has been reported for mostly p-type semiconductors
and rarely reported for n-type and intrinsic semiconductors.
Therefore, the effects of magnon-drag in bipolar conduction
systems remains unknown. In this work, we explore the
impact of magnon-bipolar carrier drag on thermopower both
theoretically and experimentally. We find that thermopower is
significantly reduced due to the presence of magnon-bipolar
carrier drag. We demonstrate the thermopower trends of Cr-
doped MnTe as a case study to provide experimental support
for the theoretical findings.

Among magnetic semiconductors, manganese telluride
(MnTe), with NiAs hexagonal crystal structure, has been
widely studied as an antiferromagnetic semiconductor doped
with different materials [4,13-16]. In particular, p-type Li-
doped MnTe with the Néel temperature 7, ~ 307 K has shown
a significant z7 enhancement due to the spin-caloritronic
effects [4,13,14]. Magnetic dopants from transition metal
(TM) elements can further modify the electronic and mag-
netic properties of MnTe [17-19]. However, their effects
on thermoelectric properties have not been studied much in
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the literature [18]. Among the TM dopants, Cr-doped MnTe
is mostly considered due to its high solubility into MnTe
[17-20]. MnTe and CrTe are both isostructural to NiAs system
with about a similar ¢/a ratio [17-19]. CrTe is a ferromagnetic
semiconductor with a Curie temperature of 342K [18,19].
CrTe and Cr-rich MnTe have metallic conduction with a
small negative Seebeck coefficient [18]. Cr doping can induce
ferromagnetic ordering into the antiferromagnetic MnTe [21],
which is also observed in some other Cr-doped materials [22].
In the Mn;_,Cr,Te system, Mn-Mn and Mn-Cr couplings
favor antiferromagnetic behavior, while Cr-Cr coupling favors
ferromagnetic behavior [19,23]. Both bond-length and bond
angles also determine the nature of the couplings [20]. With
sufficiently high Cr concentrations, Cr-Cr ferromagnetic in-
teractions are favored by hole-mediated exchange interaction
[19,24]. Moreover, the common oxidation state of Crt? can
introduce n-type carriers into p-type MnTe [25], which can
provide the bipolar conduction into MnTe system. Therefore,
Cr is the right candidate to demonstrate the theoretically pre-
dicted magnon-bipolar carrier drag effects on thermoelectric
performance. However, Cr-Cr ferromagnetic interaction can
be a roadblock to observe the magnon-bipolar drag effect
due to the suppression of the antiferromagnetic magnons of
MnTe. For the detailed investigation, x% Cr-doped MnTe
samples were synthesized with different x values ranging
from 3 to 20. All samples were characterized versus their
electrical, thermal, optical, and magnetic properties along
with their thermoelectric properties. A detailed discussion
is given to highlight the effects of Cr doping in the spin-
mediated transport properties of MnTe, and a comparison is
drawn for the thermoelectric performances of x% Cr-doped
and undoped MnTe systems. In particular, the bipolar magnon
drag is demonstrated for the first time and discussed regarding
this material system.

II. FORMULATION OF THE MAGNON-BIPOLAR
CARRIER DRAG THERMOPOWER IN INTRINSIC
SEMICONDUCTORS

Bipolar carrier transport in semiconductors can be obtained
by tuning the Fermi level with external stimuli like the electric
field, magnetic field, heat, or doping [26,27]. Bipolar effect
on transport properties is generally more significant in narrow
bandgap and intrinsic semiconductors [28]. Bipolar conduc-
tion may exist at low temperature in intrinsic semiconductors
as well as at high temperature due to the thermal carrier
excitation [28]. Generally, electrical conductivity and thermal
conductivity are enhanced due to the bipolar conduction,
while the thermopower is reduced. It is worth noting that en-
hancement in electrical conductivity and thermal conductivity
due to bipolar conduction happens for those systems where
the intrinsic condition is attained by tuning the Fermi level
without doping. In the doped samples, depending on the type
of dopant, the electrical conductivity may increase by adding
more carriers or decrease by compensating the carriers of the
opposite charge. Moreover, doping can reduce the carriers’
mobility by introducing ionized impurity scattering. On the
other hand, thermopower always suffers from the bipolar
effect due to the opposite charge of the bipolar carriers and
due to the diffusion of both carriers in the same direction.

Different types of bipolar transport properties are illus-
trated in Fig. 1. All the bipolar effects on transport prop-
erties except magnon-bipolar carrier drag are well known
and have been theoretically and experimentally studied for
different material systems [28,29]. In this work, we have
formulated the magnon-bipolar carrier drag thermopower for
the intrinsic magnetic semiconductors. As shown in the fig-
ure, the magnon-carrier drag nature resembles the phonon-
carrier drag. Unlike the carrier diffusion due to the thermal
gradient, in magnon-carrier drag, carriers are dragged by
the magnon flux, which is caused by the thermal fluctua-
tion of local magnetic moments in a magnetically ordered
system. Both electrons and holes can be coupled with the
magnon flux by s-d or p-d exchange interaction and can be
dragged by magnons in the same direction as the magnon flux,
which always follows the heat flow. The interaction between
magnons and carriers is determined by the magnon-carrier
scattering mechanisms, namely, magnon-magnon scattering,
magnon-on-electron scattering, and electron-on-magnon scat-
tering. Magnon-magnon scattering includes all the magnon-
related scattering, magnon-on-electron scattering considers
only the scattering of magnons by electrons, and electron-on-
magnon scattering only considers the scattering of electrons
by magnons. Magnon-bipolar carrier drag is a mixed effect, as
the total thermopower has contributions from both diffusion
and drag, where the scattering mechanisms related to the
magnon-carrier drag can affect both of them. In this work,
we are considering only the magnon-drag effect. Hence, here
the drag thermopower in the formulation is always referring
to the magnon-drag thermopower.

From the fundamental theory of diffusion and drag ther-
mopower in intrinsic semiconductors, we can write the fol-
lowing expressions with modifications for the thermopowers
due to diffusion and magnon-carrier drag [9,28,29]:
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Here n is the carrier concentration, r is the electronic scat-
tering parameter, m* is the effective carrier mass, ¢ is the
magnon group velocity, T is temperature, 7, is the magnon
lifetime due to all scatterings but charge carriers (magnon-
magnon scattering), t,,, is the charge carrier relaxation time
due to scattering by magnons (carrier-on-magnon scattering),
and 7,,, is the magnon relaxation time due to scattering by
charge carriers (magnon-on-carrier scattering). n = ln% =

E;:TE” is the reduced chemical potential energy of the carriers,
B

while (r + %) is considered as the reduced kinetic energy
of the carriers. Similar expressions can be written for holes
with a positive sign. In bipolar semiconductors, thermopower
has contributions from both electrons and holes, and can be
written as
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FIG. 1. Impact of bipolar effects due to diffusion, phonon-drag, and magnon-drag on the thermopower, electrical conductivity, and thermal
conductivity: the thermopower reduces, while electrical and thermal conductivity increase. (a) Bipolar systems show decreased thermopower
for every type of driving mechanism and (b) Both electrical and thermal conductivities increase by bipolar effects.
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where 1¢ is the carrier relaxation time due to all scatterings,
except magnons. The second term with the relaxation times
ratio is due to the magnon drag second-order effect, as dis-
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Applying a similar condition of t,, > t,, for the drag term,
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Inserting (8)—(10) into (3), we can get the total thermopower
expression for nondegenerate semiconductors,
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This is the expression for the total thermopower of an intrinsic
magnetic semiconductor. Two important conclusions can be
drawn from the above thermopower relation: (1) the magnon-
bipolar carrier drag effect significantly reduces the total ther-
mopower compared to the thermopower of extrinsic magnetic
semiconductor, and (2) the total thermopower of intrinsic
magnetic semiconductor is independent of the carriers and
magnon scattering times. This indicates that the magnon-
bipolar carrier drag effect in any magnetic semiconductor
depends mainly on the carrier concentration, the effective
masses, and the scattering exponent. The scattering exponent
depends on the type of scattering mechanisms present in the
system, and it can be temperature-dependent. The relaxation
time, however, which is also temperature-dependent, depends
on many parameters besides the scattering exponent, such as
the number of scattering centers, the effective masses, and
the carrier energy. Therefore, the scattering exponent and
the relaxation time can have different impacts on the total
thermopower, including the magnon-drag thermopower. Ac-
cording to the total thermopower expression, magnon-bipolar
carrier drag reduces the total thermopower, which can come
from the reduction of both diffusion and drag thermopower.
Setting Eq. (11) to zero, one can find the conditions under
which the total thermopower becomes zero due to magnon-
bipolar carrier drag. Such a situation depends only on the
mentioned parameters, i.e., the carrier concentration, the ef-
fective masses, and the scattering exponent irrespective of the
scattering times present in the system. It should be noted that
different magnon and electron related scatterings can happen
in magnetic semiconductors like magnon-magnon, electron-
electron, magnon-on-electron, and electron-on-magnon scat-
terings, but none are entering in Eq. (11).

III. EXPERIMENTAL EVIDENCE FOR
MAGNON-BIPOLAR CARRIER DRAG

We have studied several x% Cr-doped MnTe samples
(x =3,4,5, 14, and 20) to demonstrate the magnon-bipolar
carrier drag effect on thermopower experimentally. Details
on material synthesis and characterization are discussed in
the Appendix. To investigate the magnon-bipolar carrier drag
effect on thermopower, we will check for the existence
of magnons in the system, determine the intrinsic carrier

conduction nature, and analyze the thermoelectric transport
properties. We will use the heat capacity data to observe
the presence of magnons in the system, and the magnetic
susceptibility data to understand the magnetic nature of the
samples and to check for any magnetic phase impurities.
We present the temperature and field-dependent magnetic
susceptibility data for doped and undoped MnTe to determine
the magnetic nature as well as to probe probable magnetic
impurity phases. The heat capacity data for the synthesized
samples are discussed in the following section to demonstrate
the presence of magnons and other magnetic contributions
if they exist. The Hall carrier concentration is measured
and reviewed to support the bipolar conduction type of the
samples. Then, the thermoelectric transport data is presented
to demonstrate the impact of the magnon-bipolar carrier drag
effect on the thermopower of the synthesized samples.

MnTe is a p-type antiferromagnetic semiconductor with the
Néel temperature of Ty ~ 307 K and a direct optical bandgap
of around 1.25 eV (see the Appendix). With the addition of Cr
as a dopant into MnTe, n-type carriers can be introduced by
substituting the host Mn?* ions by Cr** ions, the common
oxidation state of the Cr. Moreover, Cr ions can introduce
the ferromagnetic phase into an antiferromagnetic MnTe host,
which can be attributed to three probable reasons: (1) clus-
ters of ferromagnetic/antiferromagnetic phases, (2) a canted
ferromagnetic structure, and (3) a hole-mediated exchange
interaction. Due to the introduction of n-type carriers in p-type
MnTe, Cr-doped MnTe is an ideal material system to achieve
intrinsic magnetic semiconductors. As mentioned earlier, the
bipolar nature in Cr-doped MnTe does not enhance the total
carrier concentration, as Cr3* ions are mainly compensating
the carrier contribution from Mn”* ions.

IV. MAGNETIC NATURE OF Cr-DOPED MnTe SAMPLES

Figures 2(a) and 2(b) show the zero-field cooled (ZFC)
magnetic molar susceptibility and its inverse for the dif-
ferent samples as a function of temperature, respectively.
Figures 2(c) and 2(d) demonstrates temperature-dependent
ZFC and field-cooled (FC) magnetic molar susceptibility
for MnTe-4%Cr and MnTe-20%Cr. The FC measurements
were performed under the 12 T magnetic field. According to
the magnetic susceptibility plots, MnTe is antiferromagnetic
with a Néel temperature of approximately ~307 K whereas
MnTe-3%Cr, MnTe-4%Cr, MnTe-5%Cr, MnTe-14%Cr, and
MnTe-20%Cr are ferromagnetic with a Curie temperature of
around 174K, 259K, 278 K, 337K, and 295 K, respectively.
The variations in the inverse magnetic susceptibility of MnTe-
3%Cr indicate the coexistence of FM and AFM clusters. Here
Curie temperatures are calculated from the inverse magnetic
susceptibility using the Curie-Weiss law, x = C/(T —T,),
where x is the magnetic susceptibility and C is the Curie con-
stant. A comparison table (Table II) for Curie temperatures is
given in the Appendix with respect to the previously reported
values [18,19,24]. The difference in transition temperatures
with the values reported in the literature may be attributed
to the presence of the small amount of a magnetic impurity
phase as seen in the XRD data (see the Appendix), the coex-
istence of ferromagnetic and antiferromagnetic clusters [20],
the calibration tolerance of the temperature sensors on either
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FIG. 2. (a) and (b) Temperature dependent zero-field cooled magnetic molar susceptibility and its inverse, respectively, for MnTe-x%Cr
samples. (c) and (d) Zero-field and field-cooled temperature-dependent magnetic susceptibility of MnTe-4%Cr and MnTe-20%Cer, respectively.

Susceptibility measurement is performed at 1000 Oe.

equipment, or a combination of these effects. The estimated
parameters of the Curie-Weiss law for MnTe-x%Cr samples
are summarized in Table 1.

The magnetic moment of Cr-doped MnTe samples is in-
creased with the increase of Cr doping, which can be coming
from the formation of FM Cr-Cr exchange interaction, FM-
AFM clusters, or the weak AFM Mn-Mn exchange interaction
due to the low-spin (LS) state of Mn?T ions caused by the
Cr-induced high crystal field (see Fig. 3).

Cr doping can create a FM impurity magnetic phase do-
main into the AFM MnTe (see Fig. 3). The CrTe magnetic
phase impurity is also FM. If such impurity domains are small
enough, they may have a superparamagnetic character and
impact the overall magnetic properties of the samples. To
investigate potential superparamagnetism existing in the Cr-
doped MnTe samples, we measured the FC magnetic moments
for both low-doped (4%Cr) and high-doped (20%Cr) samples.

Considering the data shown in Figs. 2 and 4, one can see
that FC and ZFC magnetic susceptibilities do not display any
considerable change in the temperature-dependent magnetic
nature of both 4%Cr and 20%Cr-doped MnTe samples. The
field-dependent saturation magnetization does not show any
feature of superparamagnetism for the Cr-doped MnTe either.
Therefore, it is unlikely that potential FM impurities are
adding any significant superparamagnetic contribution to the
overall magnetic nature of the Cr-doped MnTe.

According to Table I, the Curie constant, Curie tempera-
ture, effective magnetic moment, and spin number of MnTe-
x%Cr increases with x (x # 0). MnTe and MnTe-20%Cr show
different trends. In MnTe, Mn>* ions have a high spin state
with an ideal spin number of 2.5 (note that zero-field splitting
causes a lower spin number than ideal). Low spin numbers of
MnTe-x%Cr, except for x = 20, can arise from the induced
low-spin state of Mn”* due to the excess crystal field created

TABLE 1. Parameters of Curie-Weiss law for MnTe-x%Cr samples.

Sample MnTe MnTe-3%Cr MnTe-4%Cr MnTe-5%Cr MnTe-14%Cr MnTe-20%Cr
C (emu/K/mole) 4.2 0.24 0.33 0.387 0.57 6.03
T./6(K) 305/583 174 259 278 337 295

Mefr (14B) 5.79 1.38 1.62 1.76 2.14 6.9

S 244 0.35 0.45 0.51 0.68 3
H.(T)at3K - 0.17 0.11 0.34at3.5K 0.24 0.05

B, (emu/mole) at 3 K - 23.98 123.48 153.02 at3.5K 609.16 625
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FIG. 3. Illustration of possible reasons for variations in the magnetic moment of Cr-doped MnTe samples.

by Cr’* ions. This further indicates that Cr has substituted
Mn in the lattice. Anomalies observed in the Curie-Weiss
law for MnTe-20%Cr may be caused by the formation of the
clusters into MnTe, complex magnetic dipole-dipole interac-
tion between Mn-Mn or Mn-Cr ions, or the canted FM/AFM
structures. Moreover, the existence of short-range or midrange
Cr-Cr ferromagnetic correlation in MnTe-20%Cr above the
transition temperature (observed in Fig. 4) may also create the
anomaly. The coercive field (H.) and residual magnetic mo-
ment (B,) are determined from Fig. 4, which demonstrates the
magnetic moment versus magnetic field (M-H) characteristics
of MnTe-x%Cr samples. M-H characteristics are measured
within the range of —12 T to 12 T at different temperatures in
the FM/AFM and PM regimes. As expected, all MnTe-x%Cr
samples, except MnTe, show saturation at higher fields. For

MnTe, no saturation is observed. MnTe shows a different
M-H trend without any hysteresis loop in the —12 T to
12 T range within the AFM temperature range. In general,
magnetic moment (emu/mole) increases with the increase of
Cr doping due to the presence of strong FM Cr-Cr bonding
and weak AFM Mn-Cr bonding. Both Cr-Cr and Mn-Cr bonds
reduce the moment of the AFM Mn-Mn bond. All the FM
samples show hysteresis characteristics with certain coercivity
and retentivity (listed in Table I). The residual magnetic
moment of MnTe-x%Cr samples (x > 0) increases with x.
All samples except MnTe-14%Cr and MnTe-20%Cr show
linear M-H relation in the paramagnetic temperature regime.
Both MnTe-14%Cr and MnTe-20%Cr show FM behavior in
the paramagnetic temperature range, which can be attributed
to the existence of FM polarons due to the short-range
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FIG. 4. Magnetic moment versus magnetic field at different temperatures for MnTe-x%Cr samples.
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ferromagnetic correlation that can exist above the transition
temperature [30].

Both magnetic moments versus temperature and magnetic
field demonstrated that Cr doping introduces ferromagnetism
in antiferromagnetic MnTe. Ferromagnetism in MnTe-x%Cr
can have three possible explanations: magnetic frustration due
to the competition between FM and AFM exchange interac-
tion, deviation of the magnetic structure from an AFM to a
canted-spin structure, and the spin-polarized hole-mediated
ferromagnetic interaction [19,23,24,31]. When Cr ions with
the high spin configuration of d* substitute Mn ions, p-d
hybridization between p-orbitals of Te atom and the d-orbitals
of Cr introduces spin-polarized holes, which can control the
FM coupling among neighboring Cr ions [24]. In MnTe,
AFM behavior comes from the spin configuration of Mn
ions where Mn d-orbitals of majority-spin (spin-up) are fully
occupied with the high-spin configuration of d> (Mn”*) and
the minority-spin (spin-down) d-orbitals are empty [19,24].

The spin-spin interaction is expected to be dependent on
the location of the Mn d-orbital with respect to the valence
band maxima [24]. The p-d and s-d exchange interaction
between carriers and spins plays a vital role in determining
the magnetic properties of dilute magnetic semiconductors
(DMSs) [24]. The net value of the Mn-Mn exchange constant
within the nearest-neighbor shell is mainly determined by a
hole-induced ferromagnetic interaction and the intrinsic short-
range antiferromagnetic superexchange interactions [19,24].
At the low amount of Cr concentration, the introduction of fer-
romagnetic interaction dominates over the antiferromagnetic
ground state. With the increase of Cr, the antiferromagnetic
ordering in the system is completely lost [19]. Cr doping
can also deteriorate the sp-d exchange, which can reduce the
metallic behavior of the system [19].

Besides the hole-controlled FM interaction, a canted FM
structure into an AFM may also exist in the bulk samples
where substitution of Mn ions by Cr ions with d* configu-
ration can create small clusters of FM phases. Therefore, the
inclusion of Cr can provide manifold modifications in the host
Mn-Mn AFM bonding (Fig. 3), i.e., Cr can create weak Mn-
Cr AFM/FM bonding, Cr can introduce Cr-Cr FM bonding,
which should be less probable in lower Cr concentration, or
Cr can modify the bond length and angle, which can create
a canted FM structure into AFM ordering. Based on the
magnetic properties, it can be concluded that both FM and
AFM phases exist in Cr-doped MnTe samples, where FM
clusters have a dominating magnetic moment over the AFM
moment of MnTe.

V. HEAT CAPACITY TRENDS IN Cr-DOPED MnTe:
EVIDENCE FOR MAGNONS

Thermodynamically, thermopower is the amount of the
entropy carried by the charge carriers. Heat capacity is con-
sidered as one of the effective methods to trace the existence
of different entropy carriers, namely, phonons from the quan-
tized wave of lattice vibration, dilation from thermal expan-
sion of lattice, Schottky from the lifting of the degeneracy
of ions, and magnons from the quantized spin-wave [32].
Heat capacity is also a sensitive measurement of magnetic
phase impurities, which can cause anomalous features in heat

capacity due to the formation of localized moments [33].
Therefore, heat capacity measurements were performed on
MnTe-5%Cr and MnTe-14%Cr along with undoped MnTe to
probe the existence of magnons and other possible magnetic
phase impurities. Figure 5 illustrates the comparison of the
specific heat capacity (C,) for the undoped, 5%, and 14%
Cr-doped MnTe.

In MnTe, heat capacity contributions are primarily due to
the lattice, dilation, Schottky, and magnons [32]. Magnon heat
capacity of MnTe shows a sharp peak at around ~307K,
which is also the Néel temperature of MnTe. Interestingly,
all the Cr-doped MnTe samples also show a similar peak at
around the same temperature, with a slight reduction in the
peak value. To determine the magnon heat capacity contribu-
tion in Cr-doped MnTe, we have theoretically determined the
nonmagnonic heat capacity contributions from lattice (Cy),
dilation (Cy4), and Schottky (Cs.) based on the parameters of
MnTe (shown in Fig. 5) [32]. From the heat capacity trends
of Cr-doped MnTe, nonmagnonic heat capacity contributions
are expected to be the same for all the samples because of
low doping concentration, the insignificant contribution from
Schottky (<3% of total heat capacity [32]) and isostructure of
MnTe and CrTe. Therefore, we can state that the difference in
the heat capacity between doped and undoped MnTe is com-
ing from the difference in magnon heat capacity contribution.
The reduction in magnon heat capacity of Cr-doped MnTe
can be attributed to the suppression of the antiferromagnetic
magnons caused by the weak Mn-Mn exchange interaction
due to the low-spin (LS) state of Mn?* in Cr-doped MnTe.
In undoped MnTe, Mn?* ions have a high-spin (HS) state
(shown in Fig. 5). The spin state and spin number of Mn?* in
undoped and doped MnTe are also confirmed by the magnetic
measurements. The decline of the magnon contribution into
heat capacity can also be caused by the decrease in the
AFM MnTe phase due to the introduction of the FM phase
by Cr doping. As no other peaks appear at FM transition
temperatures of Cr-doped MnTe, this suggests that the broad
and large peak of AFM magnon is masking the small FM
magnon contribution.

The field-dependent heat capacity of the Cr-doped MnTe
is performed at 12 T fields and demonstrated in Fig. 5. Field-
dependent heat capacity can sometimes illustrate the presence
of both AFM and FM magnons. AFM and FM magnons
show different trends depending on the thermal energy and
material properties like spin-wave stiffness, exchange energy,
spin number, and magnetization [1]. Under the magnetic field,
heat capacity from AFM magnons mostly remains unchanged
due to its high spin-flop field. In contrast, FM magnons can be
quenched by a high magnetic field depending on the material
properties and the temperature [1,34]. As those particular
properties were not available for the materials under study, we
performed the field-dependent heat capacity measurement in
the temperature range of interest to check for any differences
or the quenchable FM magnons. Here, a more important
note is that there are some possible Cr-based impurity phases
apart from CrTe (T¢ ~ 342 K), such as Cr,Tes (Tc ~ 180 K),
CrsTeg (Tc ~ 220K), and Cr3Tes (Tc ~ 330K). Though we
did not see any traces for them in the XRD data, they could
still appear in the heat capacity if they existed in small
quantities. This is especially important as the magnon-bipolar
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FIG. 5. (Left) Heat capacity (C,) of MnTe, MnTe-5%Cr, and MnTe-14%Cr from experiment along with estimated lattice, dilation, and
Schottky heat capacity contributions for MnTe. (Right) C,, of MnTe at 0 T, MnTe-5%Cr and MnTe-14%Cr at O T and 12 T magnetic field
within a 200400 K range with the illustration for HS and LS electronic configurations in MnTe and MnTe-5%Cer, respectively.

carrier drag exists at a range of temperatures that overlaps with
possible contributions from the low- or high-temperature FM
impurity phases if they lived in the system. Cr,Tes and CrsTeg
have T¢ far from T, of MnTe, and the heat capacity data do
not indicate the presence of FM magnons from these phases.
However, CrTe and CrsTes have T¢ near T, of MnTe. The
field-dependent heat capacity data, however, do not indicate
any noticeable impacts on the AFM magnons if such phases
existed in the system. Therefore, we can ignore contributions
from such potential FM phases to the magnon-bipolar carrier
drag studied here.

Both magnetic susceptibility and heat capacity trends of
Cr-doped samples suggest the presence of both FM and AFM
clusters with insignificant contributions from other possible
magnetic phase impurities. As in Cr-doped MnTe, long-range
ordering is still dominated by the AFM ordering; similar
magnonic contribution into C, with reduced peak value was
observed in MnTe-x%Cr samples. The heat capacity analysis
for Cr-doped MnTe samples implies that the major difference
in the heat capacity of MnTe-x%Cr compared to MnTe is
due to the differences in the AFM magnon system. Both
the lower exchange interaction energy in MnTe-x%Cr due
to LS Mn?* and FM-AFM clustering can cause a reduction
in the magnonic heat capacity. The quantitative analysis of
MnTe-x%Cr requires separate attention, which is beyond the
scope of this article. At higher temperatures (>400K), C, is
approximately constant at around 0.28 J/g-K according to the
Dulong-Petit limit.

VI. HALL PROPERTIES OF Cr-DOPED MnTe:
EVIDENCE FOR BIPOLAR NATURE

To determine the carrier transport nature in Cr-doped
MnTe, we performed the Hall measurements using Van der
Pauw method on pristine MnTe, 4% Cr-doped, and 20% Cr-
doped MnTe samples under 0 T and 12 T magnetic field.
Sheet resistances were calculated from the data at O T, and the
Hall coefficients (Ry) were obtained under 12 T. Hall carrier
concentration is directly derived from Ry using the relation of
ny = 1/eRy, where e is the charge of carriers. This relation
gives the net carrier concentration and is applicable to both

single- and two-carrier systems; hence, it can demonstrate
both the intrinsic and extrinsic carrier nature of the materials.
The type of Hall carrier is determined from the sign of the
Hall voltage. The carrier concentration obtained from the Hall
measurement is illustrated in Fig. 6. Hall mobility can easily
be calculated from the resistance and carrier concentration for
a single-carrier-type system, but the calculation of Hall mo-
bility for the intrinsic system requires carrier effective mass
information. Therefore, the estimation of the Hall mobility
for 4%Cr-doped MnTe using a single-carrier model can be
misleading. Since the carrier mobility is not an essential factor
to support the theoretically formulated magnon-bipolar carrier
drag thermopower, we have discussed it in the Appendix.

As shown in Fig. 6, MnTe shows p-type dominant carrier
conduction, and 20%Cr-doped MnTe shows n-type dominant
carrier concentration. Hall parameters of the pristine MnTe
follow the trends reported in Ref. [13]. 4%Cr-doped MnTe
has lower carrier concentration with a temperature-dependent
increment trend, which is attributed to the intrinsic carrier
nature. The bipolar carrier concentration and electrical con-
ductivity generally increase in intrinsic materials due to the
thermal excitation of electron-hole pairs. However, in the case
of doped samples, the dopants with carriers of opposite charge
can compensate for the carrier contribution from the host
leading to less carrier concentration and intrinsic nature.

Similarly, Cr doping is not enhancing the number of carri-
ers in low Cr-doped MnTe but makes the sample less p-type by
compensating the acceptor centers and reducing the number
of holes. In other words, Cr is neutralizing some p-type
acceptors to provide overall a smaller number of carriers. As
such, the samples with low Cr doping approach the intrinsic
regime, where the bipolar carriers (electron-hole pairs) due
to the thermal excitation are the dominant carriers. At high
enough Cr doping, the sample becomes n-type with electrons
dominating the transport properties. Overall, the p-type elec-
trical conductivity of MnTe decreases with the increase of Cr
doping while n-type conductivity is increased.

Both carrier concentration and Hall voltage of MnTe-
20%Cr show a discontinuity at around 40 K, which indicates
the p-type to n-type conversion. Similar types of carrier con-
centration switching were reported in previous literature [35].
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FIG. 6. (Left panel) Temperature-dependent carrier concentration of MnTe-x%Cr samples (x = 0, 4, and 20), (Right panel) the absolute
value of the Hall voltage showing the switching of carrier type between the p- and n-type.

After the conversion, MnTe-20%Cr remains n-type with a
higher carrier concentration than MnTe. Interestingly, MnTe-
4%Cr shows two discontinuity points in both carrier concen-
tration and Hall voltage at around 50 and 85 K. The former can
be attributed to p-type to n-type conversion, while the latter in-
dicates switching back from n-type to p-type above 85 K. This
type of Hall voltage trend is also an indicator of the electronic
transport contributions from both n-type and p-type carriers,
hence, the near intrinsic nature of the sample [36]. Once the
electrons donated by Cr ions compensate the holes from the
acceptor centers in MnTe, the overall carrier concentration
drops rapidly. It then increases linearly (in log scale) with
the temperature, which is attributed to the exponential thermal
excitation of the bipolar carriers. The sharp drop of the carrier
concentration in MnTe-4%Cr evidences the hypothesis that
Cr doping compensates the acceptor centers of MnTe by
introducing n-type carriers, hence, resulting in an intrinsic
nature into low Cr-doped MnTe. It should be noted that the
intrinsic Mn vacancies in MnTe and the multiband structure of
Cr-doped MnTe can lead to complex carrier transport as well
as different scattering mechanisms along with the anomalous
Hall effect due to the presence of ferromagnetism, which is
beyond the scope of this study.

VII. THERMOELECTRIC PROPERTIES OF Cr-DOPED
MnTe: EVIDENCE FOR MAGNON-BIPOLAR
CARRIER DRAG

According to the earlier discussion of the magnetic sus-
ceptibility, heat capacity, and Hall properties, a low Cr-doped
MnTe is a good material system for studying the bipolar
carrier drag by magnons.

To investigate the impact of the magnon-bipolar carrier
drag on the thermoelectric transport properties of Cr-doped
MnTe samples, we measured their temperature-dependent
electrical resistivity, thermal conductivity, and thermopower.
The electrical conductivity and thermopower of MnTe-x%Cr
are shown as a function of temperature in Fig. 7, which shows
a good agreement with previously published data [18] as well
as Hall properties shown in Fig. 6.

According to the electrical conductivity trends, Cr doping
reduces the p-type conductivity (o,) of MnTe due to the

Cr** oxidation state, which makes Cr a donor-type dopant
[19,25]. As mentioned earlier, Cr doping reduces total carrier
concentration by compensating the acceptor centers and hence
reduces the electrical conductivity. After the initial reduction
of electrical conductivity in the MnTe-3%Cr sample, electrical
conductivity increases with the increase of Cr doping due
to the rise in n-type conductivity (o,) and conductivity of
MnTe-20%Cr becomes higher than that of MnTe. This trend
is also supported by the Hall data, where it is observed that
n-type carrier concentration increases with the increase of
Cr doping and MnTe-20%Cr has a higher carrier concen-
tration than that of MnTe. Cr-doped MnTe samples exhibit
semiconducting nature in electrical conductivity, while MnTe
shows an extrinsic to intrinsic transition in electrical con-
ductivity at around Néel temperature. Saturation of the con-
ductivity in MnTe after transition temperature can be at-
tributed to the spin-disorder scattering of the carriers [37].
The n-type carrier nature of Cr-doped MnTe samples is
observed in the thermopower data. In general, the electri-
cal conductivity of Cr-doped MnTe suffers from a bipolar
effect.

Temperature-dependent thermopowers of MnTe-x%Cr
samples demonstrate a significant reduction due to the bipolar
effect at lower temperatures. In contrast, that of the MnTe
sample shows a small drop due to bipolar effect only at
higher temperatures. The thermopower of undoped MnTe
shows a distinct magnon-drag contribution below the Néel
temperature (~307 K); it increases with temperature, saturates
at 7,,, and continues growing with a small slope. The extension
of the excess thermopower above the 7, has been attributed
to the paramagnon-drag effect [13]. The thermopower starts
declining at around 550K due to the temperature-induced
bipolar effect. The thermopower trend in Cr-doped MnTe is
different than that of MnTe due to the magnon-bipolar carrier
drag effect. They show almost no sign of magnon-drag below
or at around 300K, where the magnon heat capacity shows
the maximum value. Both carrier concentration and electrical
conductivity data confirm the bipolar semiconducting nature
in Cr-doped MnTe samples. The heat capacity confirms the
presence of magnon at around 300 K. Therefore, the reduction
in total thermopower observed in Cr-doped MnTe samples
supports the concept of magnon-bipolar carrier drag effect.
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FIG. 7. Electrical conductivity (left) and thermopower (right) of different MnTe-x%Cr samples as a function of temperature. Inset shows
low temperature thermopower (10-350 K) of MnTe-5%Cr. Both conductivity and thermopower demonstrate the impact of bipolar effects.

The decline is also in agreement with the theoretical formula-
tion.

The magnon-bipolar carrier drag effect is similar to the
phonon-bipolar drag effect (illustrated in Fig. 1). Here, the
sign of the magnon-drag thermopower is dependent on the
type of the carriers dragged by the magnon. Magnon-hole
drag provides a positive contribution to the total thermopower,
while magnon-electron drag provides a negative contribution.
Therefore, the overall thermopower performance of Cr-doped
MnTe deteriorates below and around the transition temper-
ature. MnTe-3%Cr shows a small positive thermopower at
around 300K with almost no amount of net magnon drag
thermopower. MnTe-4%Cr and MnTe-5%Cr show nearly zero
thermopowers at approximately 200 K, which extends up to
10K [see inset of Fig. 7 (right)]. The magnon-bipolar effects
have suppressed both the diffusion and drag thermopower in
these samples. In the low-temperature region, Hall voltage
also changes sign a couple of times for the low Cr-doped
MnTe sample, which is also the indicator of the near intrinsic
transport and the bipolar carrier conduction. The Hall voltage
is sensitive to the carrier type. It goes back and forth between
the hole- and electron-dominant voltage presumably due to
the changes of the Fermi energy or the band structure when the
Fermi is near the intrinsic level. The thermopower is too small,
and the measurement sensitivity is not adequate to display
such variations. Overall, MnTe with lower Cr doping shows
reduced thermopower due to a more balanced electron and
hole magnon-bipolar carrier drag where the Hall data indicate
two-carrier conduction.

Interestingly, MnTe-14%Cr and MnTe-20%Cr show small
negative magnon-electron drag thermopower at around 300 K
(shown in Fig. 8), which indicates the increase of magnon-
electron drag over magnon-hole drag. The higher Cr-doped
MnTe samples show negative thermopower at lower temper-
atures due to the dominant n-type transport. These trends
demonstrate the existence of the magnon-bipolar drag effect.
Here, it is essential to note that magnon drag in MnTe-x%Cr
is caused by the AFM magnon from Mn-Mn interaction,
which maximizes at around 300 K. Heat capacity data show
insignificant or near-zero FM magnons contribution from FM
exchange interactions. Therefore, there is a loose relationship

between the observed magnon-carrier drag thermopower in
MnTe-x%Cr and their corresponding magnetic transition tem-
peratures, which are associated with their FM nature discussed
in the earlier section. Hence, the temperatures associated
with the peak of the magnon-carrier drag thermopower in
MnTe-x%Cr can be different from their respective Curie
temperatures. For MnTe-14%Cr and MnTe-20%Cr samples,
negative thermopower continues until up to around 650 K and
730K, respectively. The sign change for the thermopower of
Mn,_,Cr,Te (x = 0.14 and 0.20) samples occurs due to the
excitation of the carriers at higher temperatures, which intro-
duces temperature-induced bipolar effect on thermopower, as
Cr doping reduces the bandgap of MnTe (refer to the bandgap
measurement analysis in the Appendix). Interestingly, for
the low-doped MnTe samples (%Cr < 6), thermopower at
paramagnetic domain follows the trends of MnTe, and at high
temperatures, thermopower reaches the value of thermopower
of the pristine MnTe. The shift of the thermopower rise to
higher temperatures among different doped samples correlates
with their hole concentrations (and how close they are to
the intrinsic regime), i.e., the lower the hole concentration

-15 e T _ K T T
3 Diffusion Thermopower
Magnon-electron
20k drag
<
=
*
25 Te = 295K
.30 1 1 1
200 250 300 350 400
T(K)

FIG. 8. Magnon-electron drag thermopower of MnTe-14%Cr
(blue) and MnTe-20%Cr (black) samples.
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(or the higher the intrinsic character), the rise is shifted to a
higher temperature, where the contribution from the thermally
excited holes takes over the trend of the thermopower. In gen-
eral, with the increase of Cr doping, thermopower becomes
more negative at lower temperatures, and its magnitude is
reduced at higher temperatures.

Like electrical conductivity and thermopower, bipolar con-
duction can also affect thermal conductivity (shown in Fig. 1).
Figure 9 presents the thermal conductivity of Cr-doped MnTe
samples. The thermal conductivity of MnTe initially reduces
upon 3% Cr doping and then increases with the increase of
Cr doping, which can be attributed to the bipolar conduction
effect. A more detailed theoretical study is needed on thermal
conductivity, as it has contributions from phonons, charge
carriers, and magnons. A theoretical study to determine the
contribution of each component is, however, beyond the scope
of the current study. According to the literature [38], near
the transition temperature, the scattering of phonons by spin
disorder is strong; however, the magnon contribution to the
total thermal conductivity is small due to the small magnon
mean free path of MnTe. According to electrical conductivity
and carrier concentration, electronic contribution to the total
thermal conductivity increases with the increase of the Cr
doping as well as the temperature, which can at least partially
explain the rise of the total thermal conductivity versus Cr
doping by contributing to the bipolar carrier conduction effect.
The initial reduction in thermal conductivity with low Cr
doping (3%) may be attributed to the introduction of impurity
scattering and/or alloy scattering, which may not be increased
significantly with the increase in Cr doping. The thermal
properties of the MnTe samples are mainly dominated by the
lattice component through phonon dynamics [39]. Overall,
thermal diffusivity, as well as thermal conductivity, reduces
with increasing the temperature due to a higher three phonon
scattering at elevated temperatures.

Finally, the thermoelectric power factor and figure of merit
(zT) are calculated from the measured quantities, which also
suffer from the magnon-bipolar carrier drag effect. The ther-
moelectric power factor (PFT) is the product of the square of

thermopower (S), electrical conductivity (o), and temperature
(T) (PFT = S%>0T). On the other hand, the thermoelectric
figure of merit is a dimensionless quantity that measures the
performance of the thermoelectric materials from the material
properties. The thermoelectric figure of merit is defined by
T = SZT"T. Figure 10 compares the power factor and figure
of merit of the samples, respectively. As expected, they both
follow similar trends as those of the electronic and thermal
properties of the samples. MnTe has a higher power factor as
well as higher z7 among all samples. Among other samples,
3% Cr-doped MnTe shows better thermoelectric behavior.
With the increase of Cr content, thermoelectric behavior de-
grades significantly due to loss of carrier concentration and the
bipolar magnon carrier drag. Both MnTe-14%Cr and MnTe-
20%Cr show an abrupt change in the power factor and z7 due
to the thermopower sign change from n-type conductivity to
p-type. The reduction in the thermal conductivity of MnTe-
3%Cr did not improve its z7 due to the dominance of the bipo-
lar effects in both electrical conductivity and thermopower,
which is consistent with the previous reports [40].

VIII. EXPERIMENTAL EVIDENCE FOR RELAXATION
TIME-INDEPENDENT MAGNON-BIPOLAR CARRIER
DRAG THERMOPOWER IN INTRINSIC MAGNETIC
SEMICONDUCTORS

Besides the prediction of the reduction of total ther-
mopower due to the magnon-bipolar carrier drag, the theo-
retical model also predicts that the total thermopower for the
intrinsic magnetic semiconductor with magnon-bipolar carrier
drag is independent of the carrier and magnon relaxation
times. To verify this prediction experimentally, we made two
MnTe-5%Cr samples with different densities of 5.97g/cm?
and 5.82g/cm?, which are 99.5% and 96.9% of the ideal
density, respectively. As discussed in the sample preparation
section, a low-density sample was sintered at 950 °C with a
short soaking time of 10 min, and under a lower pressure
of 17 MPa. The high-density sample was soaked for 20 min
under higher pressure of 50 MPa. The low-density sample
can experience smaller grain growth during sintering and less
healing of defects at the grain boundaries. Therefore, the
low-density sample has a higher density of interface defects,
which would impact the carrier and magnon relaxation times.
Thus, the associated carrier and magnon relaxation times are
expected to be significantly different in the two samples due to
the large difference in their crystal defects. The variations of
the crystal defects may also lead to a variation of the scattering
exponent; however, this change must be insignificant due to
the similarity of the scattering mechanisms. Therefore, per
Eq. (11), the two Mny 95Cr o5 Te samples must provide similar
thermopower trends, due to the insignificant changes in the
carrier concentration and the scattering exponent, despite the
significant changes in the relaxation times. Note that at low
temperatures, the carrier generation from thermal excitation
is insignificant; therefore, the carriers’ concentrations, as well
as their effective masses, remains unchanged, which satisfies
the conditions in Eq. (11). The electrical conductivity and
thermopower were measured as a function of temperature for
the two MnTe-5%Cr samples as compared in Fig. 11 along
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FIG. 10. Thermoelectric power factor times temperature (PFT) and thermoelectric figure of merit (z7) as a function of temperature for

different MnTe-x%Cr samples.

with other low Cr-doped samples (MnTe-3%Cr and MnTe-
4%Cr).

The temperature and soak time can affect the dopant substi-
tution in general. The data show different trends for the elec-
trical conductivity of 3%, 4%, and 5% doped samples. Among
them, the 3% doped sample has the highest p-type conduction
evidenced by its higher electrical conductivity and higher
thermopower data. The dopant compensation is higher in the
4% doped sample, i.e., it has less hole concentration than the
3% doped sample. This sample has still p-type conduction but
at a lower concentration, as evidenced by its thermopower,
which remains low due to bipolar conduction up to a higher
temperature. Above approximately 500 °C, the contribution
from the excited holes dominates over that of the electrons,
and the thermopower increases. The 5% doped sample shows
even less p-type conduction as the thermopower remains low
up to higher temperatures compared to those of the 3% and
4% doped samples. The electrical conductivity of the 4%Cr
and low-dense 5%Cr dense samples are comparable within
the experimental tolerances and the variations of the carrier
mobility of different samples. Due to the similar conductivity
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above 500K, it can be concluded that the low density 5%-
doped MnTe sample has a similar carrier concentration as the
high-density sample while having a higher defect scattering
near and below the room temperature where the magnon-
bipolar carrier drag exists and shows a carrier relaxation time-
independent nature.

At high temperatures, where phonon scattering is dom-
inant, both samples show almost similar conductivity. At
300K, where the magnon-drag exists, the difference in the
conductivities is more than three times. Assuming same car-
rier concentration for both samples, the difference in the
electrical conductivities is coming from the difference in the
carrier relaxation times. It can be seen that while the carrier
relaxation times are ~3 times different in the two samples, the
thermopowers are close within the experimental tolerances,
which agrees well with the predicted low sensitivity of the
bipolar magnon drag to the relaxation times. Note that both
samples have the same elemental composition; therefore, the
difference in the relaxation times must be arising due to the
scattering from defects and grain boundaries. As expected,
the thermopowers of the two samples are closely matched
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FIG. 11. Comparison of the electrical conductivity and thermopower of low- and high-density MnTe-5%Cr samples along with 3%Cr- and

4%Cr-doped MnTe.
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and follow the same trend below 600 K. This trend evidences
two findings: (1) insignificant impact of the grain boundary
scattering on magnon drag thermopower and (2) the negligible
effect of the relaxation time on the total bipolar thermopower
supporting Eq. (11). Indeed, the first conclusion has also been
reported for the case of the FM metals by Blatt ez al. in 1967
[41] and Watzman et al. in 2016 [2]. They each showed that
grain boundary scattering in FM metals (Fe first, then Ni and
Co) affects thermopower only by suppressing phonon drag,
with no impact on the diffusion or magnon drag contributions.

IX. CONCLUSION

We presented the evidence for the existence of the magnon-
bipolar carrier drag effect in intrinsic magnetic semiconduc-
tors. Magnon electron drag offers effective means to enhance
the classical diffusive thermopower in the magnetic materi-
als for thermoelectric applications. Magnon carrier drag in
metals and degenerate semiconductors can add a significant
advective thermopower to the diffusive one near the transition
temperature—a process that has been commonly reported
in the literature. However, magnon carrier drag in intrinsic
semiconductors has not been studied as much. We showed
both theoretically and experimentally that in such a case,
the bipolar transport can adversely affect the overall magnon
carrier drag thermopower. The thermopower expression for a
bipolar magnetic semiconductor was formulated based on the
diffusion and drag thermopower and the electrical conduc-
tivity of the electron and hole and found to be independent
of both the carrier and the magnon relaxation times. For
the proof of concept, detailed experiments were carried out
on MnTe-x%Cr compounds with x = 0, 3, 4, 5, 14, and
20. Thermoelectric transport properties, Hall properties, heat
capacity, and magnetic susceptibility measurements were per-
formed to investigate the theoretically predicted conclusions
for magnon-bipolar carrier drag thermopower. The chemical,
optical, magnetic, electrical, and thermal transport properties
of the Cr-doped MnTe samples are studied from sample
characterizations, including XRD and UV-Vis. The magnon-
bipolar drag was observed for all samples with a distinct
magnon-electron drag component for higher Cr-doped sam-
ples. Due to the reduction of the hole concentration and the
thermopower, Cr doping lowered the thermoelectric figure of
merit despite the decrease of the thermal conductivity. Due to
the coexistence of both ferromagnetic and antiferromagnetic
phases, the heat capacity showed a magnon contribution like
that of MnTe, while magnetic susceptibility demonstrated the
existence of the dominating ferromagnetic phase only. The
clustering of FM and AFM phases in MnTe-x%Cr samples
can further modify the magnon-carrier interactions.
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APPENDIX

1. Sample preparation

MnTe-x%Cr samples with x = 0, 3, 4, 5, 14, and 20 were
synthesized using 99.99% pure Mn, Te, and Cr powders along
with a pristine MnTe control sample. Elemental powders were
milled under the Ar environment in a tungsten carbide cup
for 8 hr at 650 rpm using a Fritsch P7PL planetary ball mill.
The powders were subsequently annealed at 850 °C for 24 hr
under vacuum in a rocking furnace. The annealed samples
were crushed and milled again for 8 hr. A homogenous MnTe
phase without the general phase impurity of MnTe, was
achieved. The powders were loaded into graphite dies with
a 6mm hole diameter inside an atmosphere-controlled glove
box filled with Ar, and subsequently consolidated into cylin-
drical ingots using a spark plasma sintering (SPS) equipment
located inside the same glove box. The SPS operation inside
the glovebox ensures oxygen absence and prevents the highly
probable reaction 2MnTe + 15 O, — MnTe; + MnO. Spark
plasma sintering was performed at approximately 50 MPa
pressure at a constant heating rate of 60 °C/min at a maximum
temperature of 950 °C and the soaking time of 20 mins. O, and
H,O levels were always kept at <0.01 ppm inside the glove
box. All consolidated ingots had >97% density of the ideal
value. To demonstrate the relaxation time-independent ther-
mopower in the intrinsic magnetic semiconductor, we have
synthesized low-density MnTe-5%Cr (p = 5.82g/cm?) with
short soaking time (10 min), under lower pressure (17 MPa),
at 950 °C. The short soak time leads to smaller grain growth;
consequently, it may result in smaller grains size to enhance
the crystal defects intentionally.

2. Characterization of the samples

X-ray diffraction (XRD) patterns were collected using
Rigaku Miniflex with Cu-K« radiation at 0.154 nm wave-
length and analyzed with PDXL software version 2.8.4.0 to
extract different lattice parameters. All the XRD patterns are
measured from a disk sample of 6mm diameter at a rate of
5°/min within the range of 10°-90°.

The optical bandgap of MnTe-x%Cr is measured with the
optical spectroscopy using a UV-Vis spectrometer (Evolu-
tion 200) with a Xe light source and wavelength range of
190-1100 nm. The absorption coefficient («) for the direct
transition was measured for the powdered samples using an
integrating sphere.

Magnetic susceptibility was measured versus temperature
and magnetic field with the vibrating sample magnetome-
try (VSM) method using the Quantum Design DynaCool
12T system. Temperature-dependent magnetic susceptibility
(M-T) was measured from 2 to 400K at 1000 Oe under a
vacuum environment. The susceptibility versus magnetic field
(M-H) was measured at selected temperatures over —120 to
120 kOe.

The specific heat capacity (C,) was measured using the
Quantum Design DynaCool 12 T heat capacity option from 2
to 400 K. Heat capacity for higher temperature was assumed
based on the Dulong-Petit (DP) limit.

Hall measurement was performed with the Van-der Pauw
(VdP) method using Quantum Design DynaCool 12 T. A
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FIG. 12. XRD diffraction pattern for MnTe-x%Cr samples (x = 0, 5, 4, 5, 14, and 20), and the extracted lattice parameters a and ¢ as a
function of Cr percentage. A 0.5% error bar is applied to the lattice parameters.

thin disk (diameter 6 mm, thickness <0.6 mm) is cut from
the ingot and measured the Hall data under O T to obtain
longitudinal resistivity and under 12 T to obtain Hall re-
sistivity. Longitudinal resistivity from VdP data is extracted
numerically using zero-finding technique. Carrier concentra-
tion is calculated from the inverse of Hall coefficient times
charge. Hall mobility is estimated using the single-carrier
formula.

Electrical conductivity and thermopower were measured
simultaneously with the standard four-point probe method
using Linseis equipment under the He environment from
200 to 850K. The original Linseis software calculates the
thermopower from a single temperature difference (A7) and
voltage difference (AV), which is quite often erroneous.
Therefore, the measurement was performed for five different
temperature differences, and each measurement was repeated
four times and then averaged. The thermopower was
calculated from the slope fitting to five separate temperature
and voltage differences. The accuracy of the measurement
was verified by inspecting the linear fit to the (AV-AT') data
set.

The thermal diffusivity (v) was measured using the laser
flash apparatus (Linseis) under a vacuum environment from

25t0 900 K. A thin disk (diameter 6 mm, thickness <0.7 mm)
was cut from the cylindrical ingot to measure the thermal
diffusivity in the same direction as that of the electrical con-
ductivity and Seebeck coefficient. The mass density (p) was
measured using the Archimedes method. The thermal con-
ductivity (k) was calculated using the relation k = pC,v. The
electronic contribution to thermal conductivity was estimated
from the electrical conductivity using the Wiedemann-Franz
law.

3. XRD patterns and lattice parameters of MnTe-x % Cr

XRD data are illustrated in Fig. 12. XRD analysis shows
the polycrystalline phase of MnTe-x%Cr with no phase impu-
rity for x = 3, and small traces of CrTe for the sample with x =
4,5, 14, and 20. No evidence of Cr, MnO, or MnTe, phases is
observed. The positive shifts of the diffraction lines towards
a higher angle indicate Mn substitution by Cr in MnTe. The
corresponding lattice parameters are extracted from the XRD
data analysis using the whole powder profile fitting (WPPF)
method with internal standard (for angular correction) and
illustrated in Fig. 12 as a function of x% of Cr in MnTe. The
presence of CrTe phase and lattice parameter trends reveal that

TABLE II. Comparison of the lattice parameters and magnetic transition temperatures of different Cr-doped MnTe samples with the

previous data reported in the literature.

Lattice parameter, a (A)/ c(A)

Transition temperature, 7¢ (K)

x% Cr This work Ref. [18] Ref. [19] This work Ref. [18] Ref. [19] Ref. [24]
3 4.154/6.718 —/— —/— 174 - - -

4 4.153/6.715 —/— 4.143/6.699 259 - 305 -

5 4.151/6.71 —/— —/— 278 - - ~180
8 —/— —/— 4.139/6.673 - - 305 -

10 —/- 4.112/6.706 —/— - ~190 - ~200
14 4.149/6.706 —/— 4.134/6.639 337 - > 380 -

15 —/— —/— —/— - - - ~270
20 4.145/6.7 4.091/6.688 —/— 295 ~210 - -
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FIG. 13. UV-Vis optical absorption spectrum for MnTe-x%Cr samples at room temperature.

all Cr ions did not substitute Mn ions, and hence the actual
substitution can be different from the nominal amount of Cr.
Nonetheless, less substitution of Mn by Cr is not demerited the
theoretical concept and experimental evidence for magnon-
bipolar carrier drag effect. To avoid the confusion, we plotted
the figures with nominal values, as the actual substitution is
not known and not the focus of the study. As such, we avoid
using the compositional formula like Mn;_,Cr,Te, which
may create confusion about the complete substitution of Mn
by Cr.

Table II is provided to compare the obtained lat-
tice parameters and magnetic transition temperature of
MnTe-x%Cr samples studied in this work with previous
literature.

4. Optical bandgap of MnTe-x % Cr samples

According to the literature, Mn substitution by Cr dopant
reduces the bandgap of the hexagonal MnTe phase [24,25].
Therefore, optical bandgap measurement can be one piece of
evidence for achieving the Mn substitution by Cr. Note that
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the actual substitution can be different from the nominal, as
mentioned in the section for the XRD analysis. Figure 13
shows optical absorption spectra, (ahv)?, for direct transition
as a function of photon energy, hv, for MnTe-3%Cr and
MnTe-14%Cr samples along with pristine MnTe at room
temperature. The bandgap was estimated from the intersect
of the absorption spectrum with the zero-absorption line. The
absorption spectrum is extrapolated to lower energy to get
the intersection and estimate the bandgap, as shown in the
figure. The plot shows a direct optical bandgap of approx-
imately 1.25 + 0.12 eV for MnTe, which agrees with the
literature [18,19], with a redshift as the x increases. The
optical bandgap sharply drops to 0.79 eV with the addition
of 3%Cr in MnTe. The redshift of the bandgap due to the
increment of Cr doping has also been reported in the literature
[18,24]. The estimated direct bandgaps for MnTe-x%Cr are
shown in Fig. 13, which are approximately 0.79 £ 0.08 eV,
and 0.7 £ 0.07 eV at x = 3 and 14, respectively. All the
values are calculated by a linear fit within the range shown
in the figure. Cr can introduce an increment in the crystal-
field splitting of the d orbitals of MnTe, which can cause

'5 T T T T

_10 -
- MnTe-4%Cr
mI
§ Asrr \u MnTe
= —“»1

Hn
20 F MnTe-20%Cr
25 1 1 1 1
0 002 004 006 008 0.1
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FIG. 14. Temperature-dependent Hall mobility (left) and logarithmic Hall coefficient as a function of inverse temperature for MnTe-x%Cr

samples (x = 0, 4, and 20).
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a decrease in the bandgap energy [18]. Also, the presence
of some distinct absorption peaks in the UV-Vis spectra of
MnTe-x%Cr samples, which are absent in the pristine MnTe,
suggest the presence of possibly 3d" ions like Mn**, Cr**, or
Cr?+ [42].

5. Hall mobility analysis for MnTe-x % Cr

According to the carrier concentration data, low Cr-doped
MnTe samples have bipolar carrier conduction, while 14%
and 20% Cr-doped samples have dominant n-type and MnTe
has dominant p-type carrier conduction. Using the single-
carrier model, one can determine the Hall mobility for the
majority carriers. As we do not have any information about
the effective mass of the carriers, we utilized the single-
carrier model for all the measured samples despite the bipolar
nature of the low-doped samples. Therefore, the informa-
tion acquired about the carrier mobility for low Cr-doped
MnTe samples can be misleading. Figure 14 demonstrates
the calculated Hall mobility as a function of temperature and
the logarithmic Hall coefficient as a function of the inverse
temperature. According to Ref. [13], carrier mobility in MnTe

is spin fluctuation dominated below the Néel temperature. At
low temperatures, both Cr-doped MnTe samples, which have
mixed contributions from electrons and holes, show lower
mobility than undoped MnTe. Above 50K, the n-type carrier
mobility of MnTe-20%Cr shows an ionized impurity scatter-
ing dominated trend, which saturates at around 1.2 cm? /Vs,
higher than the mobility of p-type MnTe at the same temper-
ature. This indicates that electrons have higher mobility than
holes in MnTe. This difference in the Hall mobility can also be
understood from the logarithmic plot of the Hall coefficient as
a function of inverse temperature [43]. The logarithmic value
of the Hall coefficient, log(Ry), gives a comparatively higher
value in n-type regime if ©./w, > 1, and vice versa [43]. In
MnTe-4%Cr, the carrier mobility has mixed information from
the mixed carrier transport, the modification in the intrinsic
Mn-vacancy concentration in doped MnTe. According to the
Hall coefficient plot, it is likely that both electrons and holes
experience higher mobility in MnTe-4%Cr. However, the
carrier mobility of low Cr-doped MnTe calculated from the
single-carrier model can be different than the actual carrier
mobility, which requires more detailed analysis beyond the
scope of this work.
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