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Recent studies have reported an interesting class of semiconductor materials that bridge the gap
between semiconductors and half-metallic ferromagnets. These materials, called spin gapless semi-
conductors, exhibit a band gap in one of the spin channels and a zero band gap in the other and thus
allow for tunable spin transport. Here, we report the first experimental verification of the spin gapless
magnetic semiconductor Mn,CoAl, an inverse Heusler compound with a Curie temperature of 720 K and
a magnetic moment of 2ug. Below 300 K, the compound exhibits nearly temperature-independent
conductivity, very low, temperature-independent carrier concentration, and a vanishing Seebeck coeffi-
cient. The anomalous Hall effect is comparatively low, which is explained by the symmetry properties of
the Berry curvature. Mn,CoAl is not only suitable material for room temperature semiconductor
spintronics, the robust spin polarization of the spin gapless semiconductors makes it very promising

material for spintronics in general.
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Recent studies have reported on an interesting class of
materials, namely, spin gapless semiconductors [1]. Spin
gapless semiconductivity was predicted in diluted mag-
netic semiconductors. Since the precondition for semicon-
ductor spintronics is ferromagnetic semiconductors,
diluted semiconductors are the subject of intense research.
However, their drawback is the low Curie temperature 7',
of at most 180 K [2,3].

Heusler compounds are known for their exceptional
tunability and high Curie temperature. Indeed, the realiza-
tion of materials that fulfill the needs for semiconductor
spintronics is possible, and even the design of spin gapless
semiconductors is achieved in the new class of manganese-
rich Heusler compounds. Mn,-Heusler compounds can
also be designed as half-metallic magnets similar to
Co,-Heusler compounds [4].

In all half-metallic materials, transport is mediated by
electrons having only one kind of spin, since the electronic
structure is metallic in one spin direction. Here we show
that in Mn-rich Heusler compounds, the realization of band
gaps in both spin directions is possible. Spin gapless semi-
conductors exhibit an additional phenomenon, namely, an
open band gap in one spin channel and a closed gap in the
other. The principle density of states scheme for half-
metallic ferromagnets is compared with spin gapless semi-
conductors in Fig. 1.

Many of the Co,- and Mn,-Heusler compounds are
ferromagnetic and ferrimagnetic half-metals. The Fermi
energy intersects the majority spin density [Fig. 1(a)].
The class of spin gapless semiconductors appears if the
conduction and valence band edges of the majority elec-
trons touch at the Fermi energy e [Fig. 1(b)]. This class is
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thus an important subclass of zero band gap insulators or
gapless semiconductors [5]. In zero band gap materials, no
threshold energy is required to move electrons from occu-
pied states to empty states. Therefore, these materials
exhibit unique properties, as their electronic structure is
extremely sensitive to external influences [5]. Many of the
known gapless semiconductors exhibit a so-called inverted
band structure [5,6], and, thus, they act as topological
insulators [7,8]. In spin gapless semiconductors, not only
the excited electrons but also the holes can be 100% spin
polarized. This results in unique transport properties: the
coexistence of high resistance and high Curie temperature,
as well as a small anomalous Hall effect in spite of a large
magnetic moment.

The new Heusler compound for which we found the
required electronic structure is Mn,CoAl, whose physical
properties are investigated in this Letter. The compound
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FIG. 1 (color). Density of states schemes. The schematic den-
sity of states n(E) as a function of energy E is shown for (a) a
half-metallic ferromagnet and (b) a spin gapless semiconductor.
The occupied states are indicated by filled areas. Arrows indicate
the majority (1) and minority ( | ) states.
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crystallizes in the inverse Heusler structure with space
group F43m and Wyckoff sequence achd for the atoms
Mn-Mn-Co-Al. To explain the electronic structure and
magnetic properties, ab initio calculations were performed
using different methods [9,10]. The results are in agree-
ment with previous calculations, especially concerning the
size of the spin gap. The Berry curvature and the anoma-
lous Hall conductivity were computed using the fast aug-
mented spherical wave density functional method [11].
The technical details of such calculations have been
reported in Ref. [12].

Figure 2 shows the scalar-relativistic band structure of
Mn,CoAl. The calculations were also performed with
spin-orbit interaction respected for all atoms as this is
essential for the Berry curvature calculations reported
below. The electronic structures obtained with and without
spin-orbit interaction are very similar [9]. It is obvious that
this electronic structure of the magnetic semiconductor
Mn,CoAl is unique. There are many nonmagnetic semi-
conductors in the family of the Heusler compounds that
can be identified by electron-counting rules [13], such as
Fe,VAI [14]. Here the band structure and the band gap are
different for each spin channel. Indeed, the spin character
of the bands close to the Fermi energy is pure even though
the spin orbit interaction mixes, in general, states with
different spin projections. Obviously, the band structure
exhibits the expected semiconducting magnetic character
with a band gap in the minority states (blue). The gap
between 1, and e, states occurs at I" and is similar also
to the band structure of the nonmagnetic semiconductor
Fe, VAl We emphasize that band structure is different in
the majority channel (red). The gap is indirect, the valence
band at I' touches the conduction band at X, and the
magnetism occurs due to the band inversion of the e,
band indicated in Fig. 2. Therefore, the magnetic moment
is calculated to be 2up, in excellent agreement with the
experiment (see below). The site-resolved spin magnetic

Minority-spin electrons  Majority-spin electrons

i
\,\\\ / -
AN

N

Energy [eV]
o

y g

'

\Y/

X Ww L 1© X W

Y A/ NN

NNV
/

>

-2
-3 o \

w L r

FIG. 2 (color). Band structure of Mn,CoAl.

moments are approximately myiua) = —2Mp, Mcoup) =
+1up, and my4) = +3up, confirming a ferrimagnetic
character with antiparallel coupling of the moments at the
neighboring Mn sites. In the following it will be shown that
various extraordinary physical properties are in agreement
with the proposed behavior as spin gapless semiconductor.
Polycrystalline Mn,CoAl was prepared by arc melting.
The resulting ingots were annealed at different tempera-
tures under argon in quartz ampules. The annealing was
followed by fast cooling to 273 K (quenching in ice water).
The crystalline structure, homogeneity, and composition of
the samples were checked by XRD and energy-dispersive
x-ray spectroscopy. No impurities or inhomogeneities
were detected by energy-dispersive X-ray spectroscopy.
Transport measurements were performed by means of a
physical properties measurement system (PPMS, Quantum
Design). For transport measurements, samples of (2 X 2 X
8) mm?® were cut from the ingots. The temperature was
varied from 1.8 to 350 K. The Hall effect of the compound
was measured in the temperature range from 5 to 300 K in
magnetic induction fields from —9 to +9 T. The Hall
coefficient was calculated from the slope of the measured
Hall coefficient Ry. The carrier concentration n = 1/eRy
was extracted from Ry using a single band model [15] (e is
the elementary electron charge). The temperature depen-
dence of the magnetization was measured from 4.8 to
800 K using a magnetic properties measurement system
(MPMS, Quantum Design). For these measurements, small
sample pieces of approximately 8 mg were used. The
experiments on Mn,CoAl confirmed that it crystallizes in
the expected crystalline structure. Powder XRD revealed
single phased samples with inverse Heusler structure and a
lattice parameter of a = 5.798 A for the postannealed
samples. The saturation magnetic moment is 2up at low
temperature (7 <5 K) [see inset (b) in Fig. 5] and the
compound has a Curie temperature of 720 K [Fig. 5(c)].
The temperature dependencies of electrical conductivity
o(T), Seebeck coefficient S(T), and carrier concentration
n(T) of Mn,CoAl are shown in Fig. 3. The conductivity
o(T) clearly exhibits a nonmetallic behavior being rather
of semiconducting type: It increases with increasing tem-
perature and a value of about 2440 S/cm is obtained at
300 K. As shown in Fig. 3(b), the Seebeck coefficient S(T')
nearly vanishes in the temperature range from 5 to 150 K
and adopts a very low value of only about 2 uV/K at
300 K, untypically for a semiconductor. From measure-
ment of the Hall coefficient one reveals a very low carrier
concentration of only 2 X 107 cm™3 at 300 K. It is also
nearly constant with temperature and approaches a value as
low as 1.3 X 107 cm™3 at 2 K. It is stressed here that all
synthesized samples show high resistance, low charge-
carrier concentration, and low Seebeck coefficients, which
demonstrates the exceptional stability of the electronic
structure and the insensitivity to disorder of this com-
pound. This is in contrast to the Co,-Heusler compounds,
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FIG. 3 (color online). Temperature dependence of conductivity
o ..(T), Seebeck coefficient S(T), and carrier concentration n(7T)
of Mn,CoAl.

widely studied for spintronics, for which it is known that
disorder destroys the half-metallicity.

The linear temperature coefficient of the conductivity is
—1.4%107° Q- m/K and nearly independent of tem-
perature up to 300 K. This behavior is remarkable and
not comparable to those of regular metals or semiconduc-
tors, which exhibit exponential increases or decreases in
conductivity. As Mn,CoAl is a well-ordered compound
without antisite disorder, this behavior cannot be attributed
to impurity scattering. A similar, linear behavior of the
resistance was also reported for half-metallic ferromag-
nets, but only at low temperatures [16]. The resistivity in
those metallic systems (<0.5 w{)-m for PtMnSn) is,
however, 3 orders of magnitude lower than that of
Mn,CoAl (=400 w{) - m). The temperature-independent
charge-carrier concentration is typical for gapless systems
[5]. The value observed here is of the same order as that
observed for quantum well structures of HgCdTe
(10-10'7 cm™3) and significantly lower than that for
Fe, VAl (10*' cm™3) [17], a proposed semiconducting
Heusler compound. The vanishing Seebeck effect over a
wide range of temperatures as a result of electron and hole
compensation is remarkable. Different samples with differ-
ent resistivities (0.8—6 w{) - m) always show a nearly zero
Seebeck coefficient.

So far, the electronic transport properties, together with
the predicted and measured magnetic moment of 2upg,
strongly support the view that Mn,CoAl is a spin gapless
semiconductor. To investigate further transport properties
of the spin gapless state, the magnetoresistance (MR) and
anomalous Hall conductivity of Mn,CoAl were measured.
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FIG. 4 (color online). Magnetoresistance of Mn,CoAl mea-
sured at different temperatures.

The results of the MR measurements at different tem-
peratures are displayed in Fig. 4, and show a remarkable
effect. A change of sign appears at around 150 K, below
which the Seebeck effect vanishes. Above 200 K, the MR
is low and exhibits a negative, saturating dependence on
the applied magnetic field. At lower temperatures, the MR
becomes positive and reaches a value of about 10% at 2 K
for an induction field of 9 T. The low-temperature MR is
clearly nonsaturating and nearly linear, even in high fields.
Above 1 T, its derivative has an approximately constant
value of 107* T~! at 2 K. Various gapless semiconductors
have already been shown to exhibit such a quantum linear
MR [18] in very small transverse magnetic fields.

The anomalous Hall conductivity

extracted from the magnetic field-dependent transport
measurements to disentangle the low-field behavior in
more detail. The result is shown in Fig. 5. o, (H) follows
the field dependence of the magnetization m(H) [inset (b)
of Fig. 5]. The anomalous Hall conductivity o, has a very
low value of 22 S/cm at 2 K. This value is about 20-100
times smaller than those of half-metallic Heusler com-
pounds [19] and ferromagntic metals [20], which is sur-
prising in the context of the high magnetic moment and the
high Curie temperature.

The anomalous Hall effect was calculated using the
Berry-phase approach [12] in order to explain its extraor-
dinarily small value. The result of the calculation is shown
in Fig. 6. The symmetry of the Berry curvature _(k) in a
plane of the Brillouin zone is clearly visible. This pattern
symmetry is different from the patterns of regular ferro-
magnets (e.g., compare Fe [20]). Moreover, it is easily seen
that the pattern for momentum vectors with the opposite
sign (here at k, = *0.25) is nearly antisymmetric.
The anomalous Hall conductivity is given by a Brillouin

Ory = % was

X
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FIG. 5 (color). Magnetic properties and anomalous Hall effect
(AHE) of Mn,CoAl. The Hall conductivity o, is shown as a
function of the applied magnetic field. The anomalous Hall
effect is defined by the difference between o, values in zero
and saturation fields (= 0.3 T). Inset (a) shows the hysteresis
m(H) measured at 2 K. Inset (b) shows the temperature depen-
dence of the magnetization m(T) measured in a field of 1 T.

zone integral over the Berry curvature ()_(k) over all
occupied states [20]:

e? dk

=5 Wﬂz(k)f(k)r (1)

Oy

where f(k) is the Fermi distribution function (at T = 0)
and the dimension d = 3. This makes clear that the nearly
vanishing anomalous Hall effect of Mn,CoAl arises from
the antisymmetry of the Berry curvature for k, vectors of
opposite sign. Indeed, a numerical integration of Eq. (1)
gives o,, = 3 S/cm, which is lower than the experimental
value. This small value comes from positive and negative
contributions of about 150 S/cm each. The small switch-
ing field used in the experiment could therefore account
for the difference between the calculated and the experi-
mental values.

(a) ink = 0.25-plane
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FIG. 6 (color). Berry curvature in the k, = 0.25 plane (a) and
k, = —0.25 plane (b) for Mn,CoAl.

We conclude that the Heusler compound Mn,CoAl is a
spin gapless semiconductor, as suggested by ab initio cal-
culations. This unique class of materials will have a con-
siderable impact on the field of spintronics as it opens up
new and advanced possibilities for physical phenomena
and devices based on spin transport. In spin gapless mate-
rials, only one spin channel contributes to the transport
properties, whereas the other spin channel allows for tun-
able charge-carrier concentrations. In the present work,
Mn,CoAl has been synthesized and its spin gapless state
has been verified for the first time. Its crystalline structure
is of the inverse Heusler type. The saturation magnetic
moment is 2up at 5 K, and the Curie temperature of
720 K makes it suitable for room temperatures applica-
tions. The magnetic semiconductor Mn,CoAl may serve as
a spin injector into semiconductors. Mn,CoAl is even a
spin gapless semiconductor with nearly temperature-
independent, low conductivity of the order of 2 X
10° S/m, and a low charge-carrier concentration of the
order of 10'7 cm™3, as well as a vanishing Seebeck coef-
ficient. Therefore, the high spin polarization is expected
also in the excited state and thus makes this Heusler
compound an ideal material for spin-Seebeck investiga-
tions and for spintronics in general. The temperature
dependence of the MR is nontrivial; below 150 K it shows
the typical quantum MR of a spin gapless semiconductor.
The low value of the anomalous Hall effect of 22 S/cm at
2 K which is in good agreement with the Berry curvature
calculation is also remarkable.
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