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Abstract

®

CrossMark

Mn,CrGa-based Heusler compounds combining small magnetization with high spin
polarization, fabricated by Fe and Pt substitution for Cr, are investigated experimentally and
discussed in terms of sublattice site occupancies. X-ray diffraction and electron diffraction
indicate that the parent alloy and Mn,Crj ¢Fe( 4Ga are normal cubic Heusler alloys with
substantial chemical disorder, whereas Mn,Crg ¢Ptg 4Ga crystallizes in the tetragonal D05,
structure. Magnetization measurements indicate that the spin structure of the parent alloy is
essentially ferrimagnetic, but alloying with Fe or Pt reduces the net magnetization per formula
unit from 0.40 pp in the parent alloy to nearly zero in the Fe case. The Curie temperature, the
magnetoresistance, and the Andreev-reflection transport-spin polarization are less affected
by the substitutions, the last changing from 65% in Mn,CrGa to 60% and 61% in the Fe- and
Pt-substituted alloys, respectively. The properties of these alloys are favorable for spintronics

applications.

Keywords: Heusler alloys, ferrimagnetism, magnetoresistance,

(Some figures may appear in colour only in the online journal)

spin electronics

1. Introduction

Half-metallic ferrimagnets that combine small or zero net
magnetic moments with high spin polarization at the Fermi
level have recently attracted much attention [1-8]. The
materials are scientifically interesting, due to their unique
electronic, magnetic, and transport properties, and technologi-
cally important in the context of spin-valve, magnetic-tunnel-
junction, spin-transfer torque, and next-generation spintronic
devices. Ideally, they combine low magnetization, to reduce
stray-field effects, with high magnetic anisotropy and a high
Curie temperature. Many of the compounds in consideration
are from the Heusler family of compounds.

The electronic structure and magnetic properties of Heusler
compounds and alloys are critically dependent on structure
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and disorder. Therefore, it is important to summarize here
various structures and atomic positions in these materials in
order to motivate the present research and facilitate subse-
quent discussion. Figure 1 and table | together explain the
structures and atomic positions of the ordered and disordered
Heusler alloys considered in this paper. The meaning of the
colors is Mn (red and pink), Cr, Fe, and/or Pt (all yellow), and
Ga (blue). The site disorder leading to solid solution in B2
and A2 structures is represented by mixed color sectors of the
corresponding elements.

For convenience, in figure 1 the origin of the unit cells has
been chosen with Mn atoms located at (0, 0, 0) positions. In the
general case of a quarternary Heusler alloy with Y-structure,
(XX'YZ, Hg,CuTi-prototype, spacegroup F-43m) as shown
in figure 1(a), the four different atoms XX'YZ are arranged

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Ordered quaternary Y structure (XX'YZ); (b) L2, ternary structure (X,YZ); (c) partially disordered B2 structure (X,YZ); and

(d) fully disordered A2 structure (X,YZ).

Table 1. Designation of Heusler structures.

A

o o o

Structure type of Heusler alloy D
Quaternary Heusler (Y): (XX")YZ X Y X/ Z
Full Heusler (L2)): X,YZ X Y X Z
Half Heusler (Cly): XYZ X Y Z
Inverse Heusler (X,): X2YZ X X Y Z
Partial disorder (B2): X,YZ X Y/Z X Y/Z
Full disorder (A2): X,YZ X/Y/Z X/Y/Z X/Y/Z X/Y/Z

along the cube diagonal on sites ABCD and they correspond
to Wyckoff positions 4a, 4c, 4b and 4d, respectively. This
structure is simplified to the L2,-structure (X,;YZ, Cu,MnAl-
prototype, spacegroup Fm-3m) by choosing X = X', as shown
in figure 1(b), where the atoms are arranged ABAD along the
cube diagonal. The corresponding Wyckoff positions are 4a
and 4b for A atom sites, whereas sites B and D can be rep-
resented by Wyckoff positions 8c in Fm-3m. The L2, struc-
ture can be visualized as two interweaving sub-lattices of X
and Y-Z atoms where both Y and Z atoms retain their specific
atomic positions (B and D).The half-Heusler compound XYZ
(Cl,, structure) is obtained from the Y structure by leaving
the C atom site vacant. When there is some degree of intra-
sublattice disorder between B and D sites of the L2 structure,
the resultant will be a primitive lattice that can be represented
by one half of the unit cell dimensions of the L2, structure
and one eighth of its volume as in a CsCl-type (spacegroup
Pm-3m) structure shown in figure 1(c). In this representa-
tion, the X atoms are located at the Wyckoff positions 1a and

the Y and Z atoms are located at the Wyckoff positions 1b.
Inter-sublattice disorder between X, Y and Z atoms lead to an
A2-type (spacegroup Im-3m) bec lattice with the same unit
cell dimensions as the B2, as shown in figure 1(d). Here, all
the atoms are represented by the Wyckoff positions 2a. The
degree of chemical disorder greatly varies among Heuslers,
depending on factors such as atomic size and chemical simi-
larity, and it has become customary to use the term Heusler
alloys in a rather broad sense, including substantial chemical
disorder [9].

Tetragonal Heusler alloys are obtained by expanding or
contracting the unit cell in the c-direction. The distortion
is only partially understood [4], but it probably involves a
quantum-mechanical admixture of Mn* character, 3d* being
a strong Jahn—Teller ion. The tetragonal alloys are normally
described in terms of a different unit cell, characterized by
a 45° rotation in the a-b-plane and a — a/v/2. Each of the
structures in figure | has its own tetragonal equivalent. The
DO,; structure occurs in two variants, having c/a ~ V2 and
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c/la =~ 2, and both variants are typically separated by an energy
barrier [4]. The transition between the two variants is of the
Bain type [10], where c/a = v/2 and c/a = 2 correspond the
underlying bee and fec lattices, respectively. This is important
for the understanding of the x-ray diffraction (XRD) patterns
of the Pt-substituted alloys (shown in figure 2).

The electronic structure of the Heuslers is intriguing
because of its strong influence on magnetic properties. The full
Heusler compound X,;YZ corresponds to X = Mn, Y = (Cr,
Fe, Pt), and Z = Ga in the present study. The atomic posi-
tions are those of a 2 x 2 x 2 supercell created from body-
centered-cubic (bcc) unit cells, the X atoms occupying the
corners and the Y and Z atoms in the central positions. This
topology has far-reaching consequences for the electronic
structures of the alloys. For example, in Mn,YZ, the Mn—Mn
exchange is limited to next-nearest or more distant neighbors
and ferromagnetic.

Putting X =Y in the L2, structure (figure 1, table 1) yields
the DO; (prototype FesAl). One example is cubic MnsGa,
characterized by the Wyckhoff occupancies Mn 8c, Mn 4b,
and Ga 4a. This means that Mn occupies two nonidentical
sites, having different numbers of Mn nearest and next nearest
neighbors. The L2, D03 and B2 structures all support a band
gap and—subject to secondary spin splitting—half-metal-
licity, so long as the central atoms are sufficiently different
from the corner atoms. Putting X =Y = Z, yields the bcc
structure, whose electronic density of states is gapless.

The inverse cubic Heusler structure (X, structure) of table 1
has the prototype Hg,CuTi and differs from the normal cubic
Heusler structure by half the X atoms interchanging positions
with the Y or Z atoms. There is no longer a simple cubic sub-
lattice exclusively occupied by X atoms, and the electronic
structure of inverse cubic Heusler alloys is very different
from that of normal cubic Heusler alloys. The X, structure
also supports half-metallicity, but based on a different mech-
anism, involving strong nearest-neighbor Mn—Mn interac-
tions [11]. The stability of the X, structure relative to the L2,
structure may be an atomic-size effect (d-band contraction),
the X, order being favorable for small Y atoms. Mn,CoZ and
Mn;NiZ tend to crystallize in the inverse structure [11], which
has prompted us to focus on Fe and Pt substitutions. Note that
both the normal and the inverse cubic Heusler structures are
special cases of the quaternary Heusler structure (Y structure,
prototype LiMgPdSn), which has the composition XX'YZ
[10, 12].

Among the Heusler compounds, Mn-based alloys are of
particular interest because they tend to have low moments
and high Curie temperatures 7, and because some of them
are predicted to be tetragonal, with the prospect of high
magnetic anisotropy [13—15]. Much of the published litera-
ture on Mn,YZ alloys with small net magnetization is theor-
etical in nature, using both first-principle calculations [3, 4,
16—18] and finite-temperature simulations [19, 20]. The range
of experimental systems is limited so far, mainly because
the structures assumed in the theoretical calculations do not
form easily. In fact, Mn,CoZ [11] and Mn,CrGa [21] have
been found to crystallize in the inverse cubic Heusler (X,) and
disordered CsCl (B2) structures, respectively. While chemical

disorder is generally detrimental to the spin polarization at
the Fermi level, the half-metallic character of Heusler alloys
is often robust with respect to B2-type disorder [22-25]. A
tetragonal distortion is also likely to yield a moderate reduc-
tion in spin polarization at the Fermi level [4]. The Heusler
compounds Mn,7Ga (7 = Mn, Fe, and Pt) also have been
studied experimentally [26-31]. For 7= Mn or Fe, up to
the annealing temperature, the compound may be disordered
cubic, D0, tetragonal, or D09 hexagonal structure [14, 32,
33]. In the DOy, tetragonal 7= Mn film, site occupancies are
Ga on the 2a and Mn on 2b and 4d. The Mn on the 2b site
has the larger moment of 3.07 . Its uniaxial anisotropy con-
stant and saturation magnetization per formula unit (f.u.) are
1.0 MJ m~3 and 0.65-1.29 pp/f.u. [30]. In the DOy, tetragonal
T = Fe film, Ga and Mn atoms occupy both 2a and 2b sites;
Fe shares the 4d site with Mn. Its uniaxial anisotropy constant
and saturation magnetization are >1.0 MJ m~ and about 1.5
pp/f.u. [31, 32]. It was reported that for T = Pt, the structure
is the inverse tetragonal with the Curie temperature of 230K
[34]; Ga takes the 2a site, Mn occupies the 2b and 2c sites, and
Pt is on the 2d site. The moments on the 2b and 2c sites are
3.65 pp and —3.1 pg. The 2b Mn antiferromagnetically aligns
with the 2c Mn, leading to a net moment of 0.55 pp/f.u.

The N, — 24 Slater—Pauling rule [3, 35], which describes
full Heusler alloys, can be used to explore the concept of
compensation in ferromagnetic Heusler compounds and
alloys. For example, the simpler stoichiometry Mn;Ga
compound has N, =24 and a moment per formula unit of
m = 0, but experiment shows that the alloy crystallizes in
another structure [14], whereas L2;-ordered (D0s-ordered)
bulk Mn3;Ga has remained hypothetical. So far, some poten-
tially compensated Heusler ferrimagnets (D02, Mn3;Ge, DO
Mn3Al, inverse tetragonal Mn;_«PtyGa, cubic Mn,RuxGa,
D0y, MnyFesGa, L2; (Mn;_xCox),VGa, and Hg,CuTi-type
Ti,MnAl) have been synthesized [26, 31, 36—40]. The com-
pensation is incomplete for most Heusler compounds. Half-
Heusler Mn,Ru,Ga has the Cl;, structure [38]; Mn, Ru, and
Ga occupy the 4b, 4c, 4d, and 4a sites, respectively. Mn,Ga
is ferrimagnetic with My = 1.65 pg/f.u. and T, = 225K. Due
to electron doping, Mn;Rug 43Ga is nearly fully compensated
with M = 0.1 pp/fu., T, = 460K, and 54% spin polarization
[38]. Mn,FeGa and Mn,PtGa have been predicted to exhibit a
tetragonally distorted ground state [4], which would support
a lowest-order (second-order) magnetic anisotropy constant.
Research on Mn,YGa materials therefore offers four poten-
tially very favorable properties, namely high spin polariza-
tion at the Fermi level, Curie temperature much above room
temperature, low magnetization, and substantial anisotropy.

The focus of this paper is on transition-metal substitu-
tions in Mn,CrGa. The parent alloy has been predicted to be
a half metal with 7, well above room temperature, to have a
spin polarization of 76% in the completely ordered cubic L2,
structure, and to exhibit a large magnetocrystalline anisotropy
of about 2.46 MJ m~ and a Curie temperature of 970K in the
tetragonal structure [16, 17]. The Mn moment (1.94 ug) is
anti-parallel to Cr moment (—2.86 pg). MnyCrGa has Ny, = 23
valence electrons per formula unit, namely seven per Mn
atom, six per Cr atom, and three per Ga atom. The N, — 24



J. Phys. D: Appl. Phys. 51 (2018) 255001

W Zhang et al

Slater—Pauling rule therefore predicts a moment per formula
unit m of magnitude 1 pp. Based on this, partial substitution
of Fe (eight valence electrons) or Pt (ten valence electrons)
for Cr (six valence electrons) could yield N, = 24 and m = 0.
We investigate this phenomenon in the present paper through
a study of Mn,CrGa, Mn,Cr_,Fe,Ga (x =0-0.5), and
Mn,Cr;_yPt;Ga (y = 0-0.4) produced by arc melting, rapid
quenching, and annealing. X-ray diffraction, point-contact
Andreev reflection (PCAR), and high-field magnetization
measurements are used to characterize the alloys.

Aside from the magnetic moment, our focus is on struc-
tural aspects, such as the degree of Heusler order and a pos-
sible tetragonal distortion of the lattice, the spin polarization
at the Fermi level, and the Curie temperature and anisotropy of
the alloys. In this paper section 2 describes the experimental
methods, section 3 presents and discusses our experimental
results, and section 4 summarizes the research.

2. Experimental methods

Bulk Mn,CrGa, Mn,Cr;_Fe,Ga (x=0-0.5), and
Mn,Cr_yPtyGa (y = 0-0.4) samples in the form of ribbons
were prepared by arc melting, rapid quenching and annealing.
First, the ingots were prepared by arc melting high-purity
(99.95%) constituent elements in an argon atmosphere. In
order to compensate for Mn loss, an extra 3% Mn by weight
was added during arc melting. The crystalline ribbon samples
were obtained by rapidly quenching the induction-melted
materials onto the surface of a copper wheel rotating at 20
m s~ ! in the melt-spinner chamber. These ribbons are about
2mm wide and 50 pm thick. In order to obtain the equilibrium
crystal structure, the ribbon samples were annealed at 500
°C for 2h in a tubular furnace pumped to a base pressure of
about 1077 Torr. The crystal structure and phase components
of the samples were investigated with x-ray diffraction and
by analyzing the electron-diffraction patterns and element
mapping data collected using a FEI Tecnai Osiris transmis-
sion electron microscope (TEM). The magnetic properties
including field and temperature dependence of magnetiza-
tion, and the electron-transport properties were measured
using a Quantum Design physical property measurement
system (PPMS) having a vibrating-sample-magnetometer
option. The degree of transport-spin polarization was mea-
sured by PCAR [22, 41], recording the conductance spectra
at the interface between the sample and a superconducting Pb
tip at 1.8 K [41, 42].

3. Results and discussion

Figures 2(a)-(c) shows the Cu K, XRD patterns of the
Mn,CrGa, Mn,Crgg¢Feg4Ga, and Mn,CrgePtg4Ga ribbons.
The diffraction peaks of Mn,CrGa and Mn,Cry¢Feq4Ga
were indexed to the cubic unit cell of the B2 structure,
whereas for Mn,CrgPty4Ga the tetragonal unit cell of the
DO0,, structure was used. The lattice parameter a = 2.965 A
of MnyCro¢Fe4Ga is slightly smaller than that (2.969 A)
of Mn,CrGa due to the smaller radius of the Fe atoms

(d) S
o
c
S
£ 29.029.5 30.0 30.5 31.0
S 20 (degree)
£
2 ‘ ) ¢
m _—~
=]
S 3§ &K
S oy
1 l‘br, 51 52 53 54 55 56
20 4 100 20 (degree)
20 (degree)

Figure 2. XRD patterns of the (a) Mn,CrGa, (b) Mn,Crj ¢Feg 4Ga,
(¢) MnyCry ¢Ptp 4Ga samples. The red boxes in figures (a) and (b)
are expanded in figures (d) and (e), respectively.

compared to Cr. The alloys are virtually single-phase. In par-
ticular, rhombohedral CrGa, which was previously found in
Mn;,Crg 75Pty25Ga [21], has not been detected in the y = 0.4
sample. This indicates that further Pt addition suppresses the
formation of CrGa. The c/a ratio of the tetragonal phase is
very close to 2, meaning that the unit cell is essentially cubic
and of the fcc type. The crystallographic identification of the
tetragonal phase heavily relies on the peak intensities, which
match the predictions for the D0,, phase but are not consis-
tent with a disordered fcc structure. The fractional site occu-
pancies, as estimated from the model-based simulation of the
DO0,, phase, are 90% Mn and 10% Pt on the 4d (0, Y2, %) site;
60% Cr, 20% Pt and 20% Mn on the 2b (0, 0, ¥2) site; 100%
Ga on the 2a (0, 0, 0) site.

The respective Mn,CrGa and Mn,Cr¢Feg4Ga samples
exhibit a high degree of B2 order, as evidenced by figure 2,
where (d) and (e) are expanded regions of (a) and (b). Note that
the characteristic (00 1) and (1 1 1) B2 peaks are generally very
small (section 1) and that the red curves in (d) and (e) assume
an ordered B2 structure. Such weak, characteristic, diffrac-
tion peaks make it challenging to determine the site disorder
from Rietveld analysis. Nevertheless, the B2 structural order
parameter in these two samples can be roughly estimated by
analyzing the intensities of (00 1) and (002) peaks as demon-
strated by Bainsla ef al [43]. By comparing the intensity ratio
Ioo1y/Loo2) of both the experimental and simulated diffraction
patterns, the order parameter Sg, was obtained to be 0.85 and
0.71 for Mn,CrGa and Mn,Cr( ¢Fe( 4Ga samples, respectively.

The TEM bright-field images, experimental electron dif-
fraction patterns, and simulated electron-diffraction pat-
terns of the three alloy samples are shown in figure 3. The
bright-field images of the samples indicate that all sam-
ples contain micrometer-sized grains without any impurity
phases. The electron-diffraction patterns of Mn,CrGa (a) and
Mn,Crg¢Fe4Ga (b) are well reproduced by the patterns simu-
lated for a B2-type cubic structure of Mn,CrGa, indicating
that there is no change in the crystal structure of Mn,CrGa
due to Fe substitution. The lattice parameter obtained from
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Figure 3. Bright-field TEM images, electron-diffraction spots, and simulated patterns of the ribbons: (a) Mn,CrGa, (b) Mn,Cry ¢Fe( 4Ga,

and (¢) Mn»Cr ¢Pto 4Ga.

the simulation is a = 2.97 A for both samples. On the other
hand, partial replacement of Cr by Pt yields a tetragonal
(D0yy) crystal structure, with lattice parameters a = 3.83 A
and c = 7.64 A, figure 1(c). These results agree well with the
findings from the XRD analysis.

Figure 4(a) shows the temperature dependence of the mag-
netization M(T). Mn,CrGa has a high Curie temperature 7.
of about 800K, whereas the respective Curie temperatures
of Mn;,Cry¢Fep4Ga and Mn,Crg¢Pto4Ga are approximately
620K and 570K. A striking feature of all three samples is that
the magnetization reaches a maximum below T¢. This feature
is typical of ferrimagnets [44, 45] and implies the existence
of two or more sublattices with different temperature depend-
ences of the magnetization. For N magnetic sublattices, the
intra- and intersublattice exchange constants J;; form an
N x N matrix whose diagonalization yields the mean-field
Curie temperature. When N is very large, then the behavior
tends to becomes spin-glass like. The number N reflects the
atomic structure of the alloy. Perfectly L2;-ordered Mn,YGa
has two magnetic sublattices associated with the 8c and 4b
sites of Mn and Cr, respectively. The coupling between the
Mn and Cr sublattices in Mn,CrGa is antiferromagnetic, so
that atomic moments of about 1 ug in both Mn and Cr [16]
yield a ferrimagnetic net moment of 1 g per formula unit.

Chemical disorder creates new local environments, thereby
enhancing the number N of magnetic sublattices. The effect
is particularly pronounced for Mn, where the next-nearest-
neighbor coupling, for example between the red atoms in
figure 1(a), is ferromagnetic. However, nearest-neighbor
Mn-Mn interactions are typically antiferromagnetic, so that
site disorder involving Mn atom has a pronounced effect on
the temperature dependence of the magnetization [34, 46, 47].

The results in [17] show that for Mn,CrGa, the Mn sub-
lattice carries a positive magnetic moment whereas the Cr
sublattice has a negative moment. The substitution of Fe for
Cr corresponding to electron doping favors the compensation
of the magnetic moments from two sublattices. Therefore,
Mn,Crg¢Fep4Ga exhibits a completely compensated M(T)
curve similar to that observed in the Heusler compound
Mn, sFeV(sAl [48]. x = 0.3 and 0.5 samples exhibit under-
compensated and overcompensated M(7T) curves shown
in figure 4(b). Mn,CrggPty4Ga has a D0y, structure. It was
reported that DO,,-structure Mn3Ga has two Mn sublattice
sites (2b and 4d), and that the Mn moment on the 2b site is
larger than that on the 4d site [30]. For the Mn,Cr Pt 4Ga,
Cr and Pt may replace the 2b-site Mn, favoring the cancelling
of moments from two Mn sublattices and leading to a large
reduction of net magnetization as shown in figure 4(a). The
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Figure 4. (a) Thermomagnetic curves of the Mn,CrGa, Mn,Cr;_Fe,Ga (x = 0.4), and Mn,Cr_Pt,Ga (y = 0.4), (b) M(T) curves of the
Mn,Cr;_Fe,Ga and (c) the Fe- or Pt-content dependence of the Curie temperature (7¢) for the Mn,Cr_,Fe,Ga and Mn,Cr;_Pt,Ga.
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Figure 5. (a) M(H) curves at 10K or 300K for the Mn,CrGa, Mn,Cr ¢Fe 4Ga, and Mn,Cr Pty 4Ga, (b) the Fe- or Pt-dependence of M,

for the Mn,Cr;_Fe,Ga and Mn,Cr;_,Pt,Ga.

decrease of magnetization below 230K is due to the compen-
sation effect. Figure 4(c) shows the Fe- or Pt-content depend-
ence of T for the MnCr;_,Fe,Ga and Mn,Cr,_,Pt;Ga. T,
presumably decreases with x or y due to the strengthening of
the antiferromagnetic exchange interactions.

Figure 5(a) shows the magnetization as a function of the
external magnetic field. Both the M(T) curves of figure 4
and the M(H) curves of figure 5 confirm that the Fe and Pt
substitutions drastically reduce the magnetization. Since the
anisotropy should be near zero as the ordering temperature is
approached, we may use the maxima in figure 4 to estimate
the net moment per formula unit from the respective 10 kOe
magnetization. This yields approximately 0.3, 0.08 and 0.03
pp/fau. for MnyCrGa, Mn,Crj¢Fep 4Ga, and Mn,Cry 6Pt 4Ga,

respectively. Note that in figure 5(a), the saturation value
of M for Mn,CrGa is about 0.4 pg/f.u., and that the value
of M at 65 kOe (M) for Mn,Cr(¢Fey4Ga at 300K and for
Mn,Cry 6Pty 4Ga is about 0.07 pp/f.u. It can be seen that all
M(H) curves in figure 5 exhibit high-field slopes of the order
of 0.008 up/kOe, which is typical for intersublattice exchange
competing against Zeeman interactions. The relatively low
value of 0.4 ug for Mn,CrGa, compared to the theoretical value
of 1 ug, may reflect chemical disorder and intersublattice non-
collinearities. As in figure 4, the relative effect is the smallest
for Mn,CrGa. In the substituted alloys, it is amplified by the
higher degree of disorder and by the lower net magnetization.
Figure 5(b) shows the Fe- and Pt-content dependence of M, for
the MnCr;_sFe,Ga and Mn,Cr_,PtyGa. M, decreases with x
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Figure 6. Transport behavior: (a) resistivity p(7) in magnetic fields of 0 kOe and 70 kOe and (b) magnetoresistance Ap(H)/p(0).

or y. The very low moment of cubic Mn,Crj ¢Fe 4Ga is pos-
sibly due to the larger number of valence electrons compared
to Mn,CrGa. It is assumed that the substitution of Cr and Pt
for 2b site Mn in D0, Mn3Ga gives rise to a low net mag-
netization for the Mn,Cry ¢Pto4Ga. The magnetic anisotropy
constant K; of Mn,CrGa is 0.18 MJ m~3 [1.8 Merg cm ],
as determined by using the law-of-approach to saturation to
fit the high-field part of M(H) curve in figure 5. The magn-
etic anisotropies of Mn,Cry¢Feg4Ga and Mn,Cry Pty 4Ga
could not be extracted from the present experiment, because
the anisotropy field 2K;/M,, is very large due to the small net
magnetization M.

The temperature-dependent resistivities p(7) in fields of 0
kOe and 70 kOe and the magnetoresistance [p(H) — p(0)]/p(0)
are shown in figure 6. All samples exhibit a behavior rem-
iniscent of bad or dirty metals [49-51], with huge residual
resistivities in excess of 4000 p{2cm and a small or negative
temperature coefficient at very low temperatures. The high
residual resistivities probably reflect the B2-type chemical
disorder, which primarily involves the chemically very dif-
ferent Y and Z atoms. The suppression of this effect remains a
challenge to future research. As shown in figure 6(b), the mag-
netoresistance of the Mn,CrGa sample is negative, whereas
Mn;,Crg¢Pto4Ga and Mn,CrycFep4Ga exhibit positive mag-
netoresistances of 5.0% and 2.5%, respectively. Positive
magnetoresistance is often observed in materials with antifer-
romagnetic couplings and some spin noncollinearity, because
the external magnetic field makes the spins more parallel and
reduces electron scattering due to misaligned spins. Since p at
H = 0 and 70 kOe has been measured continuously from 2K
to 300K and the black and the red curves do not cross at dif-
ferent temperature in figure 6(a), the MR of the three samples
at different temperatures are very similar to figure 6(b) except
that the magnitude varies slightly, as shown in figure 6(a).

The degree P of transport-spin polarization was measured
using PCAR, recording the conductance spectra at the inter-
face between the sample and a superconducting Pb tip at 1.§K

[41, 42]. In this technique, a current is injected from a normal
metal into a singlet superconductor. For the electron to enter
into the superconductor and proceed as a part of supercur-
rent, it must be paired with another electron of opposite spin
leaving a hole in the interface which propagates away from the
interface (Andreev reflection). In the case of a half metal with
no minority spin states at the Fermi level, there is no Andreev
reflection and thus the conductance across the half metal-
superconductor interface is zero. Therefore, for magnetic
materials, the Andreev reflection is limited by the minority
spin states available at the Fermi level. In our experiment, the
value of P was extracted by analyzing the PCAR spectra using
the modified Blonder-Tinkham-Klapwijk (BTK) model in the
ballistic and diffusive regime taking into account factors such
as interfacial scattering (Z), inelastic scattering, temperature,
superconducting gap, and extra resistance [41, 42, 52, 53].

Some representative PCAR data from the samples
Mn,CrGa, Mn,Cr( Pty 4Ga, and Mn,Cry¢Fej4Ga are shown
in figure 7. The open circles are the experimental data and the
solid curves are the best fits to the BTK model. During fitting,
the temperature (7) and the superconducting gap (A) were set
as experimental values while the spin polarization (P), Z and
additional resistance (rg) were varied. The effect of different
parameters has been discussed before [54].

To physically interpret PCAR spectra, it is necessary
to perform an extrapolation to Z =0 (clean interface). An
example is the spin polarization of Mn,CrGa alloys as a func-
tion of Z, figure 7(d). The extrapolated transport spin polari-
zations are 64.2% + 1.1% for Mn,CrGa, 60.6% + 2.5%
Mn,Crg ¢Ptg 4Ga, and 59.8% =+ 0.8% for Mn,Cr( ¢Fep4Ga. It
is difficult to draw conclusions from these numbers because
the extrapolated P values tend to be smaller than the actual
spin polarizations in the materials; as a rule of thumb, P
values significantly larger than 50% are expected for materials
approaching half-metallicity, whereas many magnetic metals
have P ~ 0. Our measurements show that the substitution of
Fe and Pt for Cr yields a substantial change in the magnetic
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properties of Mn,CrGa but leaves the spin polarization almost
unchanged. Note that our spin polarizations are comparable to
those measured in L2 ordered Co,MnGe and Co,MnSi, well
ordered LiMgPdSn-type CoFeMnGe button (P = 70%), and
the B2-type disordered CoFeCrAl films [6, 55-57].

From the viewpoint of the relationship between atomic
structure and electronic structure, the present findings about
spin polarization have two aspects. First, for the reasons dis-
cussed in section 1, B2 disorder has a rather small effect on
the half-metallicity. Mn,CryFep4Ga contains substantial
chemical disorder on the 4b sublattice in figure 1(c), but
this disorder does not yield qualitative changes to band-gap
formation so long as the Mn occupancy of the 8c sublat-
tice is maintained. Second, Mn,Cr, ¢Pt( 4Ga involves a more
complicated scenario. Both the tetragonal distortion from
D05 to D05, and the transition from the idealized L2 struc-
ture of figure 1(a) to the D03 structure of figure 1(b) may
reduce the spin polarization [4]. However, the D05 structure
differs from the L2; structure by partial site inversion, as
contrasted to the A2 disorder (absence of B2 order), and
site inversion tends to conserve half-metallicity in Mn,YGa
for Y atoms lighter than Ni [3]. The red atoms in figure 1(b)
are now a mixture of Mn, Cr, and Pt atoms; that is, some
Mn atoms may leave the 8c sublattice and occupy 4b sites.
However, by itself, this mechanism does not negatively
affect band-gap formation and half-metallicity so long as
there are yellow atoms on the 4a (or even 4b) sites. Thus, the
key structural feature of L2, half-metallicity is the distinc-
tion between transition-metal atoms on their regular 8c sites
and different elements on the 4b and/or 4a sites. In general,

all of the investigated Heusler alloys have similar and high
values of spin polarization.

4. Conclusions

In summary, we have used Fe and Pt substitutions to reduce
the net moment of the ferrimagnetic Heusler alloy Mn,CrGa
to nearly zero, without much change in the high transport spin
polarization. By Pt substitution, we have succeeded in pro-
ducing a tetragonal Heusler alloy while, at the same time, sup-
pressing the formation of a secondary CrGa phase. The Curie
temperatures of the substituted alloys are somewhat reduced
due to additional antiferromagnetic exchange interactions
but remain well above room temperature. The effect of the
chemical disorder created by substitution is larger for Pt than
for Fe, which we explain by the occupancy of the sublattices
in the ternary Heusler alloys. Our results are important for the
understanding and development of compensated ferrimagnets
for spin-electronics applications.
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