PHYSICAL REVIEW B 86, 155314 (2012)

s

Ultrahigh mobility and nonsaturating magnetoresistance in Heusler topological insulators
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‘We report the transport properties of the proposed Heusler topological insulators YPtSb, LaPtBi, and LuPdSb.
All compounds show ultrahigh hole mobility with value of 4124, 4275, and 1800 cm? V- s7! for YPtBi, LaPtBi,
and LuPdSb, respectively, at 300 K. The temperature dependence of mobility shows strong and weak phonon
scattering for LaPtBi and LuPdSb, respectively, while YPtSb shows strong impurity scattering. These ultrahigh
values of the mobility are not only due to gaplessness but also to the presence of linear dispersion of the bands

close to the Fermi energy, where charge carriers behave like relativistic particles. Furthermore, nonsaturating
magnetoresistance (MR) is observed in the temperature range 2—-300 K that shows linear behavior at high fields. A
tentative relationship between the linear MR and mobility is discussed, which indicates that the mobility controls

the linear part of MR.
DOI: 10.1103/PhysRevB.86.155314

I. INTRODUCTION

Topological insulators (TIs) are a class of quantum materi-
als and belong to a new state of matter with topologically pro-
tected gapless Dirac fermionic states.> These gapless states
originate from the inversion of bulk bands. Three-dimensional
(3D) TIs contain such surface states, which are promising
candidates for the nanoelectronic devices.'* The performance
of these devices can be improved by increasing mobility counts
in the system. Over hundreds of TIs have been predicted
by various groups.*'* Among them Heusler compounds
are promising candidates showing topological properties.”~'?
The Heusler compounds (TT M) possess MgAgAs-type face-
centered-cubic (space group F 43m) crystal structure,'* where
T, T’, and M atoms occupy Wyckoff position 4b, 4c, and
4a, respectively. Usually, they consist of transition or rare
earth metals (T,T’) with one main group element (M) in
1:1:1 stoichiometry. Besides the topological property, these
materials are well known due to many different intriguing
and extraordinary physical properties like the linear dispersion
relation of bands along with zero band gap'>~'7 and various
other properties that have been reported in our review.'®
Therefore, these materials are often called “compounds with
properties on request”."’

Generally, gapless compounds show high mobility,2° where
no threshold energy is required to conduct carriers from
occupied states to empty states. Very recently, the exciting
discovery of graphene is another example of high-mobility
compounds?! due to its linear dispersion of the bands, where
charge carriers behave like massless particles. Moreover, the
mobility plays a central role for charge transport in a material,
which is critically related to the device efficiency. High
mobility value reveals high carrier transport, and consequently
increases the efficiency of various devices, such as solar cells,?
thermoelectric materials,? and transistors.2*2> Therefore, mo-
bility is an important factor for low-power and high-speed de-
vice applications which have been proposed for TIs. Recently,
several studies on bulk transport of TIs have come out and
the most familiar examples are Bi,Se; and Bi, Te; that show
high mobility.?®?” In general, the polycrystalline half Heusler
compounds show low mobility and are not categorized in the
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TI family.”®° Even though some polycrystalline Heuslers
show topological properties, only a small value of mobility
of the order of 160 cm? V™! s~! has been reported.>"3> But
these reported compounds are either metallics or narrow-gaped
semiconductors. However, the Heusler TIs having zero gap are
expected to show high mobility, as the charge carriers behave
like massless Dirac fermions. Additionally, their bands exhibit
linear dispersion close to the Fermi energy.'>~!” Furthermore, if
the advantages of high mobility are successfully implemented
in nanospintronic devices based on TIs, a significant saving of
energy will be accomplished. From the above facts, therefore,
it is encouraging and worthwhile to search for high-mobility
TIs.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of YPtSb, LaPtBi, and LuPdSb
were synthesized by arc melting stoichiometric amounts of
the constituent elements in a high-purity argon atmosphere.
For better homogeneity and crystallinity, the arc-melted ingots
were wrapped in Ta foil and then annealed in evacuated quartz
tubes at 1073 K for two weeks. Multiple batches of the samples
were prepared with antimony or bismuth excess to compensate
the weight losses, which is responsible for the variation of
carrier concentrations. The composition and structure were
checked by energy-dispersive x-ray analysis (EDX) and x-ray
diffraction (XRD), respectively. The powder XRD analysis
revealed a single phase with MgAgAs-type cubic crystal
structure and the lattice parameters of 6.5296, 6.8448, and
6.4263 A are calculated for YPtSb, LaPtBi, and LuPdShb,
respectively, by the least squares method. These values are
in good agreement with our previous reported values.'>!” The
ingots of highly stoichiometric annealed samples were cut into
slices with suitable size for further transport measurements.
The transport measurements were performed using a quantum
design physical property measurement system (PPMS) with
the standard low-frequency lock-in technique in the tem-
perature range from 2 to 310 K. Four-probe resistivity and
five-probe Hall coefficient measurements were carried out by
the conventional ac bridge technique in the Ohmic limit.
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III. RESULTS AND DISCUSSION

Temperature dependence of resistivity of a material reflects
scattering of charge carriers with phonon and impurities
at high and low temperatures, respectively. Figures 1(a)
and 2(a) show the magnitude and an overview of the temper-
ature dependence of the electrical resistivity p(7"), of YPtSb,
LaPtBi, and LuPdSb. The observed p value of 1.5 m2 c¢cm for
YPtSb and 2.1 m2 cm for LuPdSb at 300 K are consistent
with those for other members of the REPd(Pt)Sb series.'>!733
However, the value of p, 37 uQ2 cm for LaPtBi, is nearly
two order of magnitudes lower in comparison with the value
for YPtSb and LuPdSb due to high carrier density, which
may be an issue of further discussion. The resistivities of
YPtSb and LaPtBi increase with temperature and go through
a broad maxima at Ty, =210 and 140 K, respectively.
Further with the increase of temperature, the resistivities
decrease due to activation of charge carriers. This is the
typical behavior of semimetal or gapless compounds and is
commonly seen in such types of compounds that do not show
large activation energy, like semiconductors.'>! Although no
such broad transition is observed in LuPdSb up to 310 K,
the resistivity saturates at higher temperatures indicating the
transition may exist beyond 310 K. The resistivity below Tpax
is reminiscent of the behavior of highly doped semiconductors,
where some donor or acceptor levels are formed. In the the
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FIG. 1. (Color online) Temperature dependence of (a) resistivity,
(b) Hall coefficients, and (c) carrier densities of YPtSb and LuPdSb.
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FIG. 2. (Color online) Temperature dependence of (a) resistivity,
(b) Hall coefficient, and (c) carrier density of LaPtBi. The inset shows
the linear behavior of the Hall resistivity of LaPtBi with field. Other
compounds also show a similar linear behavior.

present case, this may be due to atomic disorders or little
variation in the stoichiometry which governs the conduction
at low temperature. These defects commonly arise when
materials are synthesized by arc melting.!”3! This effect can
also be seen in YPtSb where the resistivity behavior differs
at low temperatures in the earlier report.!” However, the
magnitude and temperature dependency of resistivity at higher
temperature are similar. On the other hand, if the vacancies
present in the compound are in the form of a sublattice then a
narrow gap appears at the Fermi level resulting in a negative
temperature dependence of resistivity at low temperature.’*
But this behavior is ruled out in the present case because they
neither have a gap nor show negative temperature dependence
of resistivity at low temperature.

The experimental investigation of the Hall effect in the
semiconductor is instrumental in deriving information on the
most important kinetic parameters, such as charge carrier
concentration and mobility. Therefore, we performed the
Hall-effect measurements in a temperature sweep as well as
field sweep modes of our well-characterized polycrystalline
samples. A linear Hall resistance is found in the field sweep
measurements in the temperatures range of 2-310 K with
fields up to 9 T for all compounds as shown in the inset of
Fig. 2(b). This linear Hall resistivity indicates the involvement
of only one type of charge carrier in transport properties,
whereas nonlinear Hall resistivity shows the involvement of
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more than one type of carrier.>> Thus, the single-carrier band
model will be applied for further calculations. All compounds
show positive Hall coefficient Ry(T) [see Figs. 1(b) and
2(b)] throughout the temperatures range from 2-310 K,
suggesting that holes are the predominant charge carriers.
The overall behavior of Ry(T) coincides with that of the
resistivity in YPtSb and LuPdSb. However, Ry (T) of LaPtBi
decreases linearly with increasing temperature in contrast to
the increasing behavior of the resistivity at low temperature.
The values of Ry (T) for YPtSb, LaPtBi, and LuPdSb are 6.2,
0.16, and 3.8 cm® C~! at 300 K, respectively. The larger values
of Ry (T) indicate that these materials belong to the category
of low-charge-carrier semimetals or gapless compounds.'>!”
The charge carrier density is estimated assuming a one-carrier
model and its temperature dependency are shown in Figs. 1(c)
and 2(c). The estimated values are 2.0 x 10'8, 1.9 x 10'°, and
28 x 1018 cm™3 at 2 K and 1.0 x 10'8, 3.9 x 10'°, and
1.7 x 10" ¢cm™3 at 300 K for YPtSb, LaPtBi, and LuPdSb,
respectively. Here, we can say that excess of the bismuth is
responsible for higher carrier density of the LaPtBi which
restricts material into a low value of resistivity. It can be seen
that the carriers densities of YPtSb and LuPdSb decrease as
temperature increases showing metal-like behavior, whereas
LaPtBi shows increasing behavior with temperature. Since
these compounds show zero band gap,'>!” any change of car-
riers density implies a big difference in resistivity. Therefore,
these compounds show a different temperature dependence of
the resistivity and carrier density. The carrier density data at
300 K are consistent with their resistivity, which means low-
carrier-density compounds have high resistive values and vice
versa. The Hall mobility, uy of YPtSb, LaPtBi, and LuPdSb
are calculated by using the formula uy(T) = Ry (T)/p(T),
which is shown in Fig. 3. The temperature-dependent value of
the mobility ranges from 2457 to 4124 cm?> V~! s~! for YPtSb
and 35 900 to 4275 cm? V~! s~ for LaPtBi between 2—-300 K.
In contrast, LuPdSb shows negligible temperature dependence
of mobility with a constant value of 1800 cm? V~! s~!. All
these mentioned values are ultrahigh in comparison with recent
reports of other similar compounds,*!*> where the maximum
reported value of mobility is 160 cm?> V! s~ at 300 K.
Such a high value of mobility has not been observed in
any of the polycrystalline Heusler compounds, which are
found to be comparable to that of other series of single-
crystal TIs.??” The temperature-dependent mobility mainly
arises due to two different types of scattering mechanisms of
charge carriers. First, the ionized impurity scattering gives
a mobility temperature dependence with a positive power
law. Second, lattice vibration scattering gives a mobility
temperature dependence with a negative power law. Hence,
the temperature-dependent mobility of YPtSb is a mixed
example of both cases: first mobility increases with 7923
behavior up to 150 K due to ionized impurity scattering and
afterward it decreases due to lattice scattering. For LaPtBi,
mobility continuously decreases with T and follows a 7 ~0-62
behavior, reflecting the dominant role of lattice scattering
over the temperature range 2—-300 K. The mobility of LuPdSb
shows a typical behavior with temperature and has a negligible
temperature variation of 7-%%7 in comparison with YPtSb
and LaPtBi. In one band model, the mobility is inversely
proportional to the scattering rate and effective mass. And
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FIG. 3. (Color online) Temperature dependence of Hall mobility
of (a) YPtSb, (b) LaPtBi, and (c) LuPdSb. The lines indicate their
power variation with temperature.

on the other hand, the compounds with small energy gaps
at direct band edges have high values of carrier mobility.
Therefore, a high mobility can be realized in small-band-gap
and light-effective-mass compounds. Taking into account the
material properties, therefore, the observed high values of
mobility mainly originate from two possible routes: (i) due
to zero band gap'>'7?° where no threshold energy is required
to conduct carriers. (ii) due to the linear dispersion of bands
in which the charge carriers possess very low effective mass
resulting high mobility.?! These Heusler compounds have
both these properties and hence show high mobility. The
high mobility of TIs are important, not only as a physical
phenomena but also for further device applications such as
image magnetic monopoles, neutral Majorana fermions, and
giant magneto-optical effects.

For technological applications, the magnetoresistance
(MR) is important for particular interest. The MR is de-
fined as the changes in resistivity with fields, as MR(B) =
p(B)/p(0) — 1, where B is the applied magnetic field. The
field dependence MR of YPtSb and LaPtBi at selected
temperatures is shown in Fig. 4 and the MR of LuPdSb
is shown in Figs. 5(a) and 5(b). The following are the
remarkable features of the observed MR: The overall patterns
are nonsaturating and positive that show systematic variations
with temperature and field. For example, we fit the MR of
YPtSb at 2 K as shown in Fig. 5(c). The best fitting is found
with the combination of linear and quadratic field dependence
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FIG. 4. (Color online) Field dependence of MR of (a) YPtSb at
T <20 K, (b) YPtSb at T > 40 K, (c¢) LaPtBi at T < 20 K, and
(d) LaPtBi at T > 40 K. All MR show similar field dependency.

of the MR and may be written in form of a quadratic equation:
MR = a|B| + (b/2)B?. However, the regular metals exhibit
only a B? dependence of MR which saturates at high fields.
For temperatures above 20 K, the MR of YPtSb, LaPtBi,
and LuPdSb also show similar behavior which can be seen
in Figs. 4(b), 4(d), and 5(b). In order to get a broad view of the
turning point of MR, the first-order derivative of MR of LaPtBi
with field at 20 K is plotted in Fig. 5(d). In this figure, two lines
are drawn from 0 and 9 T fields which intersect each other at
the field of 2.4 T. This value of field indicates a turning point
between parabolic and linear MR that is nearly constant with
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FIG. 5. (Color online) Field dependence of MR of (a) LuPdSb at
T < 20K, (b) LuPdSbat T > 50 K. (c) For an example, the observed
MR of YPtSb at 2 K (open circles) and fit (red line) with the quadratic
equation MR = a|B| + (b/2)B?. (d) First derivative of MR of LaPtBi
with field at 20 K, the intersection of lines indicates a turning point
between parabolic and linear MR.
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temperature, which means linear and parabolic contributions
are independent of temperature, which is unlikely in this class
of materials. For temperatures below 20 K, the MR increases
slowly for YPtSb and LaPtBi. From the above observations it
is very much clear that the MR originates from the contribution
of both linear and parabolic terms. The parabolic term is well
known and comes from the Lorentz force, while the origin of
the linear MR is intriguing. It has been reported that some of
the nonmagnetic compounds show nonsaturating linear MR
including TIs,'>%37 where both quantum?®® and classical®’-3®
theories have been applied. However, there is no direct
evidence of quantum MR, properties like linear dispersion
of bands,'>!” high mobility, and temperature-independent MR
at low temperatures are favorable conditions to suggest the
presence of quantum MR in the present compounds. On the
other hand, a classical model has been proposed by Parish et al.
where linear MR is expected to be governed by mobility.?
To examine the role of mobility on the observed MR,
we calculated the slope of the linear part of the MR and the
mobility at different temperatures. The slope, dIMR/d B and
carrier mobility are plotted on left and right axes, respectively,
as a function of inverse temperature, as shown in Fig. 6. The
part of the data connected by the dotted line in Fig. 6(c) shows
a 7790975 dependency for temperature above 50 K. However,
it has already been discussed and shown in Fig. 3(c) that the
mobility also shows a best fit to the same power of T =007 for
temperatures above 50 K. Similarly, other power dependencies
can also be found for YPtSb and LaPtBi which are same as for
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FIG. 6. (Color online) Linear part of the slope of the MR; that is,
dMR/dB (filled squires) on left scale and carrier mobility (filled
spheres) on right scale as a function of inverse temperature for
(a) YPtSb, (b) LaPtBi, and (c) LuPdSb. The dotted line through the
data represents the power dependence.
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the mobility of Figs. 3(a) and 3(b), respectively. It is pointed
out that dMR/dB and py show identical power relations.
Therefore, we infer that the MR and wy follow qualitatively
a tentative relation MR(T) = uy(T)B, which has been
reported in recent works.'>? The classical theory suggests
that fluctuation of mobility or mobility itself is responsible for
the linear MR.'3-3® Therefore, we can finally conclude that the
linear part of MR of these class of materials is controlled by
mobility. From Fig. 6(a), it is also noticeable that the similarity
between the slope of MR and the mobility of YPtSb deviate
from each other above 150 K, which can be understood in
terms of a change in the scattering mechanism in the mobility
with temperature.®* The observed MR behavior of presently
investigated compounds are similar to the MR of nanosheets
of the Bi,Te; topological insulator,** where the origin of the
quantum MR has been claimed. Therefore, the properties like
gaplessness, linear dispersion of bands, ultrahigh mobility,
and low charge carriers point towards the presence of quantum
MR in presently investigated compounds.
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IV. CONCLUSIONS

In conclusion, we have synthesized the proposed topo-
logical insulators YPtSb, LaPtBi, and LuPdSb, which show
ultrahigh mobility. These high values of mobility originate
from the combined effect of both linear dispersion of bands as
well as the gapless character of the compounds. The observed
ultrahigh mobility is an important factor for three-dimensional
topological insulators for the proposed used in nanoelectronic
devices. All compounds show nonsaturating magnetoresis-
tance, most likely controlled by their mobility. The similarity
between the slope of the linear part of magnetoresistance and
the mobility is lost when the scattering mechanism of mobility
changes with temperature. This is another issue for further
discussion.
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