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Recent studies have reported an interesting class of semiconductor materials that bridge the
gap between semiconductors and halfmetallic ferromagnets. These materials, called spin gapless
semiconductors, exhibit a bandgap in one of the spin channels and a zero bandgap in the other and
thus allow for tunable spin transport. Here, a theoretical and experimental study of the spin gapless
Heusler compound MnsCoAl is presented. It turns out that MnaCoAl is a very peculiar ferrimagnetic
semiconductor with a magnetic moment of 2 up and a high Curie temperature of 720 K. Below
300 K, the compound exhibits nearly temperature-independent conductivity, very low, temperature-
independent carrier concentration, and a vanishing Seebeck coefficient. The magnetoresistance
changes sign with temperature. In high fields, it is positive and non-saturating at low temperatures,
but negative and saturating at high temperatures. The anomalous Hall effect is comparatively low,

which is explained by the close antisymmetry of the Berry curvature for k. of opposite sign.
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Recent studies have reported an interesting class of ma-
terials, namely spin gapless semiconductors @] These
materials are closely related to halfmetallic ferromag-
nets E], the properties of which also bridge the gap
between metals and semiconductors. Special cases of
halfmetallic materials are halfmetallic ferrimagnets with
antiparallel orientation of their magnetic moments. This
results in some cases in completely compensated halfmet-
als B], which are sometimes termed halfmetallic antifer-
romagnets @] In all halfmetallic materials, transport is
mediated by electrons having only one kind of spin, i.e.,
the minority or majority spin. Spin gapless semiconduc-
tors exhibit an additional phenomenon, namely an open
bandgap in one spin channel and a closed bandgap (zero
bandgap) in the other. The principal density of states
schemes for halfmetallic ferromagnets and spin gapless
semiconductors are shown in Figure [II

In the present example, the Fermi energy intersects
the majority density in halfmetallic ferromagnets (Fig-
ure [Th)). The class of spin gapless semiconductors ap-
pears if the conduction and valence band edges of the
majority electrons touch at the Fermi energy ep (Fig-
ure [[b)). This class is thus an important sub-class of
zero bandgap insulators or gapless semiconductors ﬂﬂ] In
zero bandgap materials, no threshold energy is required
to move electrons from occupied states to empty states.
These materials therefore exhibit unique properties, as
their electronic structures are extremely sensitive to ex-
ternal influences ﬂﬂ] Many of the known gapless semicon-
ductors exhibit a so-called inverted band structure ﬂﬂ, ],
and they act as topological insulators ﬂj, ], in which the
bandgap is re-opened in the presence of a strong spin—
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FIG. 1. Density of states schemes.

The schematic density of states n(FE) as a function of energy
E is shown for a) a halfmetallic ferromagnet and b) a spin
gapless semiconductor. The occupied states are indicated by
filled areas. Arrows indicate the majority (1) and minority
(J) states.

orbit (SO) interaction. In spin gapless semiconductors,
not only the excited electrons but also the holes can be
100% spin polarized. Indeed, the Fermi energy needs to
fall inside the majority gap, and it cannot touch the band
edges. This results in unique transport properties that
can be influenced by the magnetic state of the material
or by magnetic fields.

Based on these findings of previous studies, as men-
tioned above, the Heusler compound MnyCoAl was in-
vestigated in greater detail, using theoretical and experi-
mental methods, in order to prove the occurrence of spin
gapless semiconductivity. The compound crystallizes in
the inverse Heusler structure with space group F43m and
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Wyckhoff sequence acbd for the atoms Mn-Mn-Co-Al.
To explain the electronic structure and magnetic prop-
erties, ab initio calculations were performed using the
augmented spherical wave (ASW) method [d], which is
extremely fast and efficient. Berry curvatures were com-
puted using ASW density functional calculations and the
wave functions that they provide, allowing the anomalous
Hall conductivity to be obtained from the Berry curva-
tures. The technical details of such calculations have
been reported in Reference [10].
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FIG. 2. Band structure of MnsCoAl.

The band structure calculated with spin—orbit interaction is
shown. Majority (red) and minority (blue) spin characters of
the bands are distinguished by different colors.

Figure 2] shows the band structure of MnsCoAl. The
calculations were performed with SO interactions re-
spected for all atoms, as this is essential for the Berry cur-
vature calculations reported below. The electronic struc-
ture agrees well with reports of bare spin density func-
tional calculations not respecting SO ﬂﬂ] In Figure 2]
the spin character of the bands is indicated by different
colors. The spin character of the bands close to the Fermi
energy is pure, even though the SO interaction mixes, in
general, states with different spin projections. Obviously,
the band structure also exhibits the expected halfmetal-
lic character with a bandgap in the minority states (blue)
when the SO interaction is included in the calculations.
A most interesting observation is the bandgap that also
appears in the majority channel. This is neither a semi-
conductor nor a halfmetallic ferromagnet, because the in-
direct gap appears to be just closed as a result of bands
touching the Fermi energy at I' (valence band) and X
(conduction band). The zero bandgap behavior of the
minority electrons converts the halfmetallic ferrimagnet
into a spin gapless semiconductor. The magnetic moment
is calculated to be 2 up, as observed experimentally (see

below). The site-resolved spin magnetic moments are
approximately mymua) = —21B, Mcowb) = +1up, and
M\n(4c) = +34B, confirming a ferrimagnetic character
with antiparallel coupling of the moments at the neigh-
boring Mn sites. In the following, it will be shown that
various extraordinary physical properties are in agree-
ment with the proposed behavior of a spin gapless semi-
conductor.

Polycrystalline MnyCoAl was prepared by arc melt-
ing. The resulting ingots were annealed at different tem-
peratures under argon in quartz ampules. The anneal-
ing was followed by fast cooling to 273 K (quenching
in ice-water). The crystalline structures, homogeneities,
and compositions of the samples were checked by X-ray
diffraction (XRD) and energy-dispersive X-ray (EDX)
spectroscopy. No impurities or inhomogeneities were de-
tected by EDX. Transport measurements were performed
using 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 tem-
perature was varied from 1.8 K to 350 K. The Hall effect
of the compound was measured in the temperature range
from 5 K 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 ﬂﬁ] (e is the elementary electronic
charge). The temperature dependence of the magneti-
zation was measured from 4.8 K to 800 K using a mag-
netic properties measurement system (MPMS; Quantum
Design). For these measurements, small sample pieces
of approximately 8 mg were used. The experiments on
MnyCoAl confirmed that it crystallizes in the expected
crystalline structure. Powder XRD revealed single-phase
samples with the Lio AgSb structure and a lattice param-
eter of a = 5.798 A for the post-annealed samples. The
saturation magnetic moment is 2 up at low temperature
(T < 5 K) (see inset b in Figure []) and the compound
has a Curie temperature of 720 K (Figure k).

The temperature dependences of the electrical conduc-
tivity o(T'), Seebeck coefficient S(T'), and carrier concen-
tration n(7T") of MnyCoAl are shown in Figure The
conductivity o(T) clearly exhibits non-metallic behav-
ior, and is of semiconducting type: it increases with in-
creasing temperature and a value of about 2440 S/cm is
obtained at 300 K. As shown in Figure B(b), the See-
beck coefficient S(T) nearly vanishes in the temperature
range from 5 K to 150 K and adopts a very low value
of only about 2 pV/K at 300 K. Measurement of the
Hall coefficient shows a very low carrier concentration
of only 2 x 10’7 ecm ™3 at 300 K. It is also nearly con-
stant with temperature and approaches a value as low as
1.3 x 10*" em™ at 2 K.

The linear temperature coefficient of the resistivity is
—1.4 x 107 Qm/K and nearly independent of temper-
ature up to 300 K. This behavior is remarkable and not
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FIG. 3. Temperature dependences of conductivity o.(7),
Seebeck coefficient S(T), and carrier concentration n(7T) of
MnoCoAl

comparable to those of regular metals or semiconductors,
which exhibit exponential increases or decreases in con-
ductivity. As MnsCoAl is a well-ordered compound with-
out antisite disorder, this behavior cannot be attributed
to impurity scattering. A similar, linear behavior of the
resistance was also reported for halfmetallic ferromag-
nets, but only at low temperatures ] The resistivity
in those metallic systems (< 0.5 p2-m for PtMnSn) is,
however, three orders of magnitude lower than that of
MnyCoAl (& 400 p€2:m). The temperature-independent
charge-carrier concentration is typical for gapless sys-
tems ﬂa] The value observed here is of the same order as
that observed for HgCdTe (10*® — 107 em~?) and con-
siderably lower than that for Fe; VAL (1021 cm=3) [14],
a proposed semiconducting Heusler compound. Also, for
gapless systems, the Seebeck effect is expected—as ob-
served here—to vanish over a wide range of temperatures
as a result of electron and hole compensation.

So far, the electronic transport properties, together
with the predicted and measured magnetic moment of
2 ppg, support the view that MnyCoAl is a spin gapless
semiconductor. To investigate further transport proper-
ties of the spin gapless state, the magnetoresistance (MR)
and anomalous Hall conductivity of MnsCoAl were mea-
sured.

The results of the MR measurements at different tem-
peratures are displayed in Figure dl and show a remark-
able effect. 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

Magnetoresistance 100*(p - p)/p,

3
Magnetic field H[10° Am™]

FIG. 4. Magnetoresistance of MnaCoAl measured at different
temperatures.

and reaches a value of about 10% at 2 K for an induction
field of 9 T. The low-temperature MR is clearly non-
saturating and nearly linear, even in high fields. Above
1 T, its derivative has an approximately constant value
of 1074 T~! at 2 K. A change of sign appears at around
150 K, where the Seebeck effect vanishes, and remains
the same at lower temperatures. Various gapless semi-
conductors have already been shown to exhibit quantum
linear MR ﬂﬁ] in very small transverse magnetic fields.
For the present compound, and for spin gapless materials
in general, the behavior in low fields becomes more com-
plicated as a result of the influence of the ferrimagnetic
order and the non-saturated magnetization in low fields.
The MR changes sign at low fields, as seen from Figure [
an appropriate theory is needed to describe the MR in
spin gapless systems.

The anomalous Hall conductivity ., = Z;—? was
extracted from the magnetic-field-dependent tramflsport
measurements to disentangle the low-field behavior in
more detail. The result is shown in Figure Oy (H)
follows the field dependence of the magnetization m(H)
(inset b of Figure [B). The anomalous Hall conductiv-
ity ogzy0 has a very low value of 22 S/cm at 2 K. This
value is about 20 to 100 times smaller than those of other
halfmetallic Heusler compounds [16].

The anomalous Hall effect was calculated using the
Berry-phase approach m] in order to explain its ex-
traordinarily small value. The result of the calculation is
shown in Figure[Gl The symmetry of the Berry curvature
Q. (k) in a plane of the Brillouin zone is clearly visible.
This pattern symmetry is different from the patterns of
regular ferromagnets (e.g., compare Fe [17]). Moreover,
it is easily seen that the pattern for momentum vectors
with the opposite sign (here at k, = +0.25) is nearly anti-
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FIG. 5. Magnetic properties and anomalous Hall effect of
MnsCoAl

The Hall conductivity oy is shown as a function of the ap-
plied 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 dependence of the mag-
netization m(7") measured in a field of 1 T.

symmetric. The anomalous Hall conductivity is given by
a Brillouin zone integral over the Berry curvature €2, (k)
over all occupied statesﬂﬂ]:

(&

2
7= 5 [ G000k 1)

where f(k) is the Fermi distribution function (at 7' =
0) and the dimension d = 3. This makes clear that the
nearly vanishing anomalous Hall effect of MnsCoAl arises
from the antisymmetry of the Berry curvature for k, vec-
tors of opposite sign. Indeed, a numerical integration of
equation (D)) gives o,y = 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 switching field used in the experiment could there-
fore account for the difference between the calculated and
experimental values.

Ab initio calculations suggested that the Heusler com-
pound MnsCoAl is a good candidate for spin gapless
semiconductivity. This unique class of materials will
have a considerable 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 materials, only one spin channel contributes to
the transport properties, whereas the other spin chan-
nel allows for tunable charge-carrier concentrations. In
the present work, MnyCoAl was synthesized. Its crys-
talline structure is of the inverse Heusler type. The sat-
uration magnetic moment is 2 up at 5 K and the Curie
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FIG. 6. Berry curvature in the k. = 0.25 plane (a) and k. =
—0.25 plane (b) for Mn2CoAl

temperature of 720 K makes it suitable for applications.
It has been shown by experiments and calculations that
MnyCoAl is 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
coefficient. The temperature dependence of the MR is
non-trivial. In high fields, it is positive, nearly linear,
and non-saturating, with a value of 10% at 2 K in a
magnetic field of 9 T. At temperatures above 150 K, it
is negative and saturating, with low values. Berry cur-
vature calculations were used to explain the low value of
the anomalous Hall effect of 22 S/cm at 2 K.
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