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Abstract

We report the combined computational and experimental study on the effect of atomic
disorder on electronic, magnetic, and electron-transport properties of TixMnAl Heusler alloy.
Ti2MnAl is predicted to exhibit spin-gapless semiconducting behavior in the inverted cubic crystal
structure, while the regular cubic structure is essentially non-spin-polarized and non-magnetic.
Here, we analyze three types of atomic disorder, namely, A2, B2, and D03, which are commonly
observed in Heusler alloys. Our first-principles calculations indicate that all three types of disorder
have a relatively small effect on a non-spin-polarized nature of TizMnAl in the regular cubic crystal
(prototype CusMnAl) structure. At the same time, the inverted cubic phase (prototype HgoTiCu)
retains a significant degree of spin-polarization in A2 and B2 disordered structures. In particular,
A2 and B2 types of disorder of the inverted cubic phase result in a spin-polarization of about 50%
and 74%, respectively. The DOs; disordered inverted phase has a significantly smaller spin-
polarization of less than 10%. All considered structures align ferrimagnetically, except the B2-
disordered and non-disordered regular cubic phases, which are non-magnetic. Our experimental
results are consistent with the predicted properties of TizMnAl with partial A2 and B2 disorder
types. While atomic disorder in a considered system should be minimized or avoided for practical
implementations, its type may play a decisive role for potential applications in spin-based

electronics.
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1. Introduction

Over the last few decades, one of the most actively developing branches of materials
science has been spintronics — an emerging technology utilizing a spin degree of freedom in
electronic devices. Materials with a high degree of spin polarization are in demand in this field for
device applications. In particular, room-temperature half-metals (HM) may be considered as ideal
candidates, as they exhibit perfect spin-polarization, i.e., they behave as an insulator for one spin
channel and a conductor for the other spin channel.!?343678919 Recently, another class of materials,
spin-gapless semiconductors, has attracted significant attention due to potential practical
applications in spintronics.'!"!%!3!1415 These materials exhibit zero band gap in one spin channel
and a finite bandgap in the opposite channel. Spin-gapless semiconductors (SGS) may potentially
exhibit several remarkable properties such as perfect spin polarization (100%) of both the electrons
and holes, high carrier mobilities, ability to switch between spin-polarized n- and p-type

conduction, etc.'®

The attractive features of HM and SGS materials reported in the literature, in particular
their 100% spin-polarization, are often based on theoretical predictions that consider somewhat
idealized systems without any lattice imperfections or atomic disorder. The latter, however, can
rarely be eliminated in the realistic experimental setup, and typically results in reduced spin-
polarizations, as compared with an idealized system.!” In X,YZ Heusler alloys, two commonly
encountered types of disorder are A2 and B2, which are caused by X-Z and Y-Z mixings,
respectively. Another type of disorder observed in X>YZ full Heusler alloys is D03, which is caused
by X-Y mixing.'® Here, we present a combined experimental and computational study of these
three types of atomic disorder in Ti2MnAl. We present a theoretical investigation of the effect of
A2, B2, and D03 disorder on the electronic band structure and magnetic properties of both regular
cubic and inverted cubic TioMnAl. In addition, we investigate the structural, magnetic, and
electron-transport properties of the bulk TioMnAl alloy.

The interest in Ti,MnAl stems from the predicted spin-gapless semiconducting properties

1920 and a topological state?! in its inverted cubic crystal

with compensated ferrimagnetic order
structure. In our recent work, we showed that Ti-MnAl may exhibit spin-gapless semiconductivity
in the inverted cubic Heusler crystal structure, while the regular Heusler crystal structure is nearly

non-spin-polarized.?? Experimental work on structural and magnetic properties of A2 disordered



bulk TioMnAl has been reported, which is consistent with the predicted properties of regular cubic
TizMnAL? Another report on thin-film TizMnAl claims that the observed magnetic and transport
properties are similar to that of a spin-gapless semiconductor.?* Our experimental results on
disordered TioMnAl are slightly different from both of these reports, indicating that the properties

of TizMnAl are sensitive to both elemental composition as well as the type and degree of disorder.

IL. Methods
I1-1. Computational methods

We perform density functional calculations on bulk TioMnAl full Heusler alloy, using the
projector augmented-wave method (PAW),% implemented in the Vienna ab initio simulation
package (VASP)?*® within the generalized-gradient approximation (GGA).?’” The integration
method?® with a 0.05 eV width of smearing is used. The cut-off energy of the plane-waves is set
to 500 eV. Structural optimization is performed with the energy convergence criterion of 10> meV,
which results in the Hellmann-Feynman forces being less than 0.005 eV/A. The total energy and
electronic structure calculations are performed with a stricter convergence criterion of 10~ meV.
The Brillouin zone integration is performed with a k-point mesh of 12 x 12 x 12. Some of the
results and figures (such as the crystal structure visualization) are obtained using the MedeA®

software environment.?’

Most of the calculations were performed using Extreme Science and
Engineering Discovery Environment (XSEDE) resources located at the Pittsburgh
Supercomputing Center (PSC),*® and the resources of the Center for Functional Nanomaterials

(CFN) at Brookhaven National Laboratory (BNL).

I1-2. Experimental methods

Ti2MnAl ingots were prepared using arc melting and high-vacuum annealing. First, pieces
of highly pure (99.99%) Ti, Mn, and Al with proper weight ratio were cut from corresponding
commercially available pellets and melted on a water-cooled Cu hearth of an arc furnace in an
argon environment. The subsequent annealing of each sample was performed in a tubular vacuum
furnace (~1077 torr) at 500°C for 48 hours to further homogenize the samples. The crystal

structures of the samples were analyzed using a Rigaku MiniFlex600 x-ray diffractometer with a



Cu-Ka source (A= 1.54 A). The elemental compositions of the annealed samples were confirmed
using energy-dispersive x-ray spectroscopy (EDS). The elemental composition as determined by
EDS is Tiz2.07Mno.osAlo.og which is very close to the nominal composition. A Quantum Design
VersalLab magnetometer and a Dynacool PPMS system were used to investigate the magnetic and

electron transport properties.

III.  Results and discussion
III-1. Computational results

In our recent work, we reported that a full Heusler compound TixMnAl is likely to
crystallize in the regular cubic Heusler structure (prototype Cu,MnAl), with an inverted cubic
Heusler polymorph (prototype CuHgyTi) with slightly higher energy and an SGS band structure
with zero net magnetic moment, which is a result of fully compensated ferrimagnetic alignment.??
These structures are illustrated in Fig. 1, and are referred as “regular” and “inverted” phases in the
rest of the paper. In what follows, we consider three types of atomic disorder in these two
structures: A2-type disorder, where Ti and Al atoms are swapped; B2-type disorder, where Mn
and Al atoms are swapped; and DOs-type disorder, where Ti and Mn atoms are swapped. For all
three types of disorder, we swapped one atom of a given element with one atom of another element,
with all calculations performed in a 16-atom cell, i.e. TisMnsAls. For each of the considered cases,
we determined the minimum energy configuration before proceeding to the electronic and
magnetic structure calculations. The atomic positions and calculated magnetic moments of all

considered structures are presented in the Appendix.

Figure 1: TioMnAl in inverted (a) and regular (b) crystal structures. Atoms are labeled on the figure (blue
—Ti, red — Mn, green — Al).
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Figure 2: Calculated DOS of Ti;MnAl in inverted (a) and regular (b) crystal structures. Elemental
contributions are color-coded as indicated in the figure.

Fig. 2 shows the calculated density of states (DOS) of the inverted (a) and regular (b) cubic
phases of TioMnAl, with the equilibrium lattice parameters as indicated in the figure. As noted
above, the inverted phase exhibits a spin-gapless semiconducting electronic structure, while the
regular phase is essentially non-spin-polarized and non-magnetic, consistent with recent report by
Ozdogan and Galanakis.®! In addition, the magnetic alignment of the inverted phase is fully
compensated ferrimagnetic, with zero net magnetization, which makes it attractive for practical

implementations, where stray magnetic fields are to be avoided.

Figures 3, 4, and 5 show calculated DOS of the inverted (a) and regular (b) phases of B2-
disordered, A2-disordered, and DO0s-disordered TioMnAl, correspondingly (equilibrium lattice
parameters are shown in the figure). As one can see from Figures 3 (b), 4 (b), and 5(b), all three
types of atomic disorder have a relatively small effect on the nearly non-spin-polarized nature of
the regular cubic phase. At the same time, while all three types of disorder destroy the spin-gapless
semiconducting nature of the inverted phase (see Figures 3 (a), 4 (a), and 5 (a)), it still retains a
significantly high degree of spin polarization in A2- and B2-disordered structures (about 50% and
74%, correspondingly). The D03 type of disorder has a significantly more detrimental impact on a

spin-polarization of the inverted phase, reducing it to under 10%. Table 1 shows calculated

N1(EF)—-N|(EF)

NG TN, Er’ where Np, (ER) is

magnetic alignments and spin-polarization values (defined as P =

the spin-dependent density of states at the Fermi level, Er)* for all considered structures.
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Figure 3: Calculated DOS of B2-disordered Ti;MnAl in inverted (a) and regular (b) crystal structures.
Elemental contributions are color-coded as indicated in the figure.
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Figure 4: Calculated DOS of A2-disordered Ti:MnAl in inverted (a) and regular (b) crystal structures.
Elemental contributions are color-coded as indicated in the figure.
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Figure 5: Calculated DOS of DO0s-disordered TixMnAl in inverted (a) and regular (b) crystal structures.
Elemental contributions are color-coded as indicated in the figure.
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Figure 6 (a) shows the calculated energies of all eight considered structures. As one can
see, the regular cubic phase with B2 disorder is energetically favorable. This is also the only
disordered phase, which, according to our calculations, is non-magnetic. The second energetically
favorable phase is regular cubic without the atomic disorder, followed by the ordered inverted
phases. The energy difference between these phases is relatively small, thus indicating a possible
structural transition, e.g., under mechanical strain.?> The other considered phases are also
energetically close. Therefore, in the experiment, any of these phases can be potentially stabilized

depending on the method of materials synthesis and slight variation in chemical composition.

Crystal structure Magnetic alignment Spin-polarization (%)

1 Inverted, no disorder ferrimagnetic 99.9%

2 Inverted, A2-disorder ferrimagnetic 49.5%

3 Inverted, B2-disorder ferrimagnetic 73.8%

4 Regular, no disorder non-magnetic -15.4% (see caption)
5 Regular, A2-disorder ferrimagnetic 10.1%

6 Regular, B2-disorder non-magnetic -0.1%

7 Inverted, DOs-disorder ferrimagnetic 8.7%

8 Regular, DOs-disorder ferrimagnetic 16.8%

Table 1: Calculated magnetic alignment and spin-polarization of TixMnAl in all eight considered crystal
structures. The reported non-zero value of spin polarization of regular non-disordered structure is probably
a computational artifact. The calculated magnetic moments per atom of this structure are very small (see
Appendix), which makes this structure essentially non-magnetic.

Figure 6 (b) shows calculated lattice constants (black line and squares) and magnetic
moment per 16-atom cell (blue lines and circles) of TixMnAl in all eight considered crystal
structures (the numbering of the structures is consistent with the one shown in Fig. 6 (a); see
caption of the figure). One important result here is that both ordered and B2-disordered inverted
cubic phases exhibit perfect or nearly perfect fully compensated ferrimagnetic alignment, which

may be appealing for practical device applications, where internal magnetic fields are undesirable.

7
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Figure 6: (a) Calculated energies of Ti2MnAl in all eight considered crystal structures, as indicated in the
figure. (b) Calculated lattice constants (black line and squares) and magnetic moment per 16-atom cell (blue
lines and circles) of TixMnAl in all eight considered crystal structures (the numbering of the structures is
consistent with the one shown in Fig. 6 (a), i.e. “1” corresponds to inverted phase with no disorder, ‘“2”
corresponds to inverted phase with A2 disorder, etc.).

I1I-2. Experimental results

The room-temperature XRD patterns of the powder samples prepared from as-prepared
and annealed TioMnAl ingots are shown in Figs. 7(a) and 7(b), respectively. As shown in the
figures, the most intense peaks in the XRD patterns are indexed with the standard pattern for cubic
TioMnAL. In order to find whether the experimental patterns belong to the regular cubic or inverted
cubic phases of TioMnAl and to understand the nature and amount of disorder, we performed
Rietveld analyses of the XRD patterns. For the as-prepared sample, the characteristic Heusler (111)
and (002) peaks are absent; hence, it can be assumed that the structure would have stabilized with
a highly disordered A2 type structure. Full profile analysis also suggests the A2-type structure fits
the experimental data best. The annealed sample shows the presence of a significant (002) peak,
suggesting a higher degree of ordering; however, the absence of the (111) peak is an indication
that the fully ordered regular or inverse cubic Heusler structure may not have been formed.
Nevertheless, some site disorder and the scattering factor of the elements occupying those sites
could influence the diffraction intensities of these characteristic peaks. Therefore, we analyzed the
XRD pattern of the annealed sample by the Rietveld method incorporating various types of site
disorder, namely, A2, B2, and D0s. The best fit was obtained for a B2-disordered regular Heusler
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structure as depicted in the inset of Fig 7(b). In this model, Ti atoms occupy the 8c sites and Mn
and Al atoms are evenly distributed at the 4a and 4b sites. The lattice parameters obtained from
this analysis are 6.206 A and 6.212 A for as-prepared and annealed Ti-MnAl, respectively.
Therefore, after annealing, the crystalline order improved and the samples show partial ordering
with B2-type disorder present between Mn and Al. This result is consistent with the theoretical

prediction that the most stable phase of TioMnAl is the B2 disordered regular cubic structure.
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Figure 7: Room temperature x-ray diffraction patterns of (a) as-prepared and (b) annealed TioMnAl
samples. Experimental data, Rietveld simulations, and the difference curves are shown in both figures. As
mentioned in the text, a fully disordered A2-type structure was used for the as-prepared sample, whereas a
partially disordered B2-type (as shown in the inset) was found to be appropriate for the annealed sample.
The peaks indicated by a star are from unknown impurity.

The magnetization as a function of magnetic field M(H) measured at 5 K for the as-
prepared and annealed TioMnAl bulk samples are shown in Figs. 8(a) and 8(b), respectively. The
low temperature M(H) curves for both samples are not saturated at 80 kOe field and the M(H)
curve of the annealed sample is almost linear. There are no noticeable hysteresis in the M(H) curves
of both samples. However, the M(H) curve of the as-prepared sample is not completely linear as
expected in paramagnetic or antiferromagnetic materials. The non-zero remance in the as-prepared
sample is attributed to the A2 disorder in the sample. Further, the low-temperature magnetizations
at 80 kOe for both the samples are very small, namely, 0.36 emu/g (0.013 g / f.u) and 0.23 emu/g
(0.008 pp/fu.) for the as prepared and annealed samples, respectively. Although the low
temperature magnetization for the as-prepared sample is larger than that of the annealed sample as
expected by theory, the magnitudes of the magnetizations are slightly different from expected

values, which can be attributed to incomplete A2 and B2 disorders in the samples.
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Figure 8: Isothermal magnetization curves M(H) measured at 5 K on (a) as prepared and (b) annealed
TixMnAl samples.
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Figure 9: Thermomagnetic curves M(T) measured at 10 kOe on (a) as prepared and (b) annealed Ti.MnAl
samples.

Figures 9(a) and 9(b) respectively show thermomagnetic curves M(7T) of as-prepared and
annealed Ti2MnAl samples measured in a constant magnetic field of 10 kOe. As shown in the
figures, the magnetizations of both the samples first decrease as temperature increases from 4 K,
reach corresponding minima, and increase with further increase in temperature. The magnetization
minimum in the M(7T) curve of the as-prepared sample is around 130 K. This behavior is more

pronounced in the annealed sample. These magnetization behaviors are slightly different from the
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one reported in the recent work by Goraus and Czerniewski for A2 disordered regular cubic bulk
TizMnAl, where they have shown a pure paramagnetic behavior.?? The behavior of the M(T) curves
is likely due to the variation of the anisotropy constants with temperature. Generally, the strength
of the anisotropy increases as the temperature decreases; thus, the magnetization well below the
Curie temperature tends to decrease in relatively small fields. However, in many cases, the
variation of the anisotropy constants with temperature is non-monotonic, which could lead to the
observed minima. The sharp upturn at very low temperatures is attributable to uncompensated

spins in the spatially inhomogeneous ferrimagnetic system resulting from partial B2 or A2

disorder.
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Figure 10: Temperature dependence of resistivity measured at 0 and 90 kOe on (a) as prepared and (b)
annealed Ti.MnAl samples.

The resistivity as a function of temperature p(T) measured at H = 0 and 90 kOe for the as-
prepared and annealed TioMnAl bulk samples are shown in Figs. 10(a) and 10(b), respectively.
The electrical resistivities were measured for both as-prepared and annealed samples at H = 0 and
90 kOe using a standard four-probe technique. The sample was cut into a small rectangular bar
with dimensions 4 mm X 2.5 mm X 1.5 mm. As shown in Fig. 10, both samples show a very small
negative temperature coefficient of resistivity (TCR) and there is no discernible effect of the
magnetic field on the resistivity. The values of TCR measured in our samples (-1.9

X 1078 QcmK 1 for the as-prepared sample, and —2.3 X 1078 QcmK ™! for the annealed
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sample) are very close to the one observed in arc-melted Mn,CoAl3® The resistivity of the as-
prepared sample smoothly decreases with increasing temperature similar to that of a classical
semiconductor, whereas that of the annealed sample shows a small slope change near 120 K and
then decreases almost linearly with a further increase in temperature. This temperature is slightly
above the magnetization minimum observed in its M(7) curve. Further, the low-temperature
resistivity of the annealed sample is slightly smaller (57 uQocm) than that (62 uQlcm) of the as-
prepared sample. This may be due to different types of disorder present in these two samples. The
observed p(T) behavior of the annealed sample is exceptional and very different from that of the
classical semiconductors. The negative temperature coefficient of resistivity has also been reported
in semiconducting materials and highly disordered materials. The negative TCR in transition metal
alloys has been attributed to the strong impurity scattering.>* However, similar linear behavior of
resistivity with a slope change at low temperature has been reported in predicted spin-gapless
semiconducting materials including Mn>CoAl, CoCrFeAl, and TixMnAl films.>>3%37 The slight
slope change in p(T) curve of spin-gapless semiconductors is attributed to its special type of band
structure. Based on our calculations, the spin-gapless semiconducting behavior is not expected in
B2 disordered regular cubic structure of TioMnAl Yet, the observed resistivity of our annealed

sample is unique and may be attributed to atomic disorder.

IV. Conclusions

In conclusion, we analyzed the effect of three types of atomic disorder, namely, A2, B2,
and D03 on electronic, magnetic, and electron transport properties of TizMnAl, a potential spin-
gapless semiconductor. Based on our calculations, all three types of disorder have a relatively
small effect on the non-spin-polarized character of TixMnAl in the regular crystal structure.
However, the inverted cubic phase retains a significantly high degree of spin-polarization in A2
and B2 disordered structures. In particular, A2 type disorder of the inverted phase results in a spin-
polarization of about 50%, B2 type disorder of the same phase exhibits around 74% spin-
polarization. The magnetic alignments in all the considered structures are ferrimagnetic, except in
the B2-disordered regular phase, which is non-magnetic. The experimental magnetic and electron
transport properties are similar to those predicted for the regular cubic phase of this material with

partial A2 and B2 type disorder, respectively. Since thin films are desired for device applications,
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our results may stimulate interest in high-quality thin-film synthesis, potentially leading to an

implementation of this material in spin-transport-based devices.

Appendix

Tables below present calculated magnetic moment per atom and atomic coordinates of all eight

considered structures, for 16-atom supercells.

Inverted Regular
ideal A2 B2 DO; ideal A2 B2 D03
Ticl @oo [EINT@on [(TIDT @0 [EINT 00 (133
4’4’4 2'2°2 4’4’4 4’474
position
G729 | 339 | G20 | G20) | Gz9) | Gz0) | Giz:0) | (izo0)
) ) 2121 ) ) 2!2! 2l2l 2l2l ) ) 2)2)
1.0.1 1.0.1 1'0'1 1'0'1 1'0'1 1'0'1 1.0.1 1.0.1
6D (60D Go)| G [ 6D [ God) | God) | o)
(0372) | (v333) | (033) | (063:9) | (09:3) | (0933 | (03:9) | (03:9)
l2l !2!2 1212 1212 )2)2 )2)2 l2l2 1212
1.082 0.505 0.945 -0.616 0.062 0.760 0.000 -0.002
mag. 1.082 0.819 0.912 0.647 0.062 0.128 0.000 0.107
mom.
1.082 0.819 0.912 0.647 0.062 0.128 0.000 0.107
1.082 0.819 0.912 0.647 0.062 0.128 0.000 0.107
Ti-2 1'1'1 1.1.1 1.1.1 1.1.1 1.1.1 1.1.1 1.1.1 1.1.1
Gz | @ed) | Gad) | Ged) | G2a) | G22) | Ba2) | Bi2d)
position
<3.3.1> <3.3.1) (3.3.1> (3.3.1> <1.0.0) <1.0.0) (1.0.0> (1.0.0>
4’4’ 4 4’4’4 4’4’4 4’4’4 2’ 2 2" 2"
(Z’Z’Z) (Z'Z'Z) (Z’Z’Z) (Z’Z’Z) ('E' ) ('E' ) ('E' ) ('E' )
<1_3_3> <1_3_3) (1_3_3) (1_3_3) (0_0_1> (0_0_1> <O-O-1) (0_0_1
4’4’ 4 4’4’4 4’4’4 4’4’4 "2 "2 "2 ’ '2)
0.965 0.588 0.934 0.577 0.062 0.064 0.000 0.097
0.965 0.588 0.934 0.577 0.062 0.175 0.000 0.084
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mag.

mom.

0.965

0.588

0.934

0.577

0.062

0.175

0.000

0.084

0.965

0.689

0.851

0.577

0.062

0.175

0.000

0.084

Table 1: Calculated magnetic moments (in pg / atom) and atomic positions (in reduced coordinates) for Ti

atoms of all considered structures.

Inverted Regular
ideal A2 B2 DO0; ideal A2 B2 DO0;
Mn (1_1.1> (1_1.1> (3_1.1> (0;0;0) (1.1.1) (1_1.1> (3.1.1) (1.1.1)
2°2°2 2°2'2 4’4’4 4’4’4 4’4’4 4’4’4 4’4’4
position
1'0'0 1'0'0 1'0'0 1.0_0 3'3'1 3_3.1 3'3'1 3.3.1
(E’ ' ) (E' ' ) (E' ' ) (E’ ’ ) (Z'Z'Z) (Z'Z'Z) (Z'Z'Z) (Z'Z'Z)
©30) |05 | 039 [ 030 [ G2 |G| Gad | G
"2’ "2’ "2’ "2’ 4’4’4 4’4’4 4’4’4 4’4’4
1 1 1 1 133 133 133 (0;0; 0)
(00:3) | (005) | (20:3) | (003) | o) | Gwva) | Giaod)
-2.558 -1.424 -2.135 0.409 -0.220 -0.145 0.000 -0.429
mag. -2.558 | -1.591 | -2.347 | -2.128 | -0.220 | -0.145 0.000 -0.429
mom.
-2.557 -1.591 -2.347 -2.128 -0.220 -0.145 0.000 -0.429
-2.558 -1.591 -2.347 -2.128 -0.220 0.142 0.001 0.041
Al (3_1_1) (0;0;0) (1_1_1) <3_1_1) <3_1_1) (0;0;0) (1_1_1) (3_1_1)
4’4’4 222 4’4’4 4’4’4 4’4’4 4’4’4
position
1_3.1 1_3.1 1_3.1 1.3.1 1.3.1 1_3.1 1.3.1 1.3.1
Gz | @Ged |G | Ged) | Ged) | Ged) | Ged) | Gad)
(3_3_3) (3_3_3> (3_3_3) <3_3_3) <3_3_3) (3_3_3) (3_3_3) (3_3_3)
4’4’4 4’4’4 4’4’4 4’4’4 4’4’4 4’4’4 4’4’4 4’4’4
1_1.3 1_1.3 1_1.3 1.1.3 1.1.3 1_1.3 1.1.3 1.1.3
Gz | @Ged |G | Ged) | Ged) | Ged) | Ged) | Gad)
0.037 0.091 0.008 0.022 0.004 0.002 0.000 0.017
mag. 0.037 0.027 0.040 0.022 0.004 0.011 0.000 0.008
mom.
0.037 0.027 0.040 0.022 0.004 0.011 0.000 0.008
0.037 0.027 0.040 0.022 0.004 0.011 0.000 0.008
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Table 2: Calculated magnetic moments (in pg / atom) and atomic positions (in reduced coordinates) for Mn

and Al atoms of all considered structures.
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