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Abstract:

The structure and magnetic properties in doped Heusler alloys of Mn,CoGa and Mn,CoAl have
been investigated by experiments and calculations. The main group elements of Ga and Al are
substituted by the magnetic or non-magnetic transition metals, Co, Cu, V, and Ti in the alloy systems.
Three kinds of local ferromagnetic structures, Co-Mn-Co, Mn-Co-Mn and Mn-Co-V, have been found.
They embed in the native ferrimagnetic matrix and increase the magnetization with different
increments. The Co-Mn-Co ferromagnetic structure shows the largest increment of 6.18ug /atom. In
addition, interesting results for non-magnetic Cu increasing the magnetization and the V atom having a
large ferromagnetic moment of about 1.0ug have been obtained. The exchange interaction energy can
be increased by the newly added Co and depleted by supporting a ferromagnetic coupling in other
substitution cases, and showing the variation of the T¢. Our calculation of electronic structure verifies
the strong d-d hybridization when the three ferromagnetic structures are achieved. It has also been
found that the covalent effect from the Ga and Al determines the generation of the local ferromagnetic

structure and the tolerance for dopant content.
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I.INTRODUCTION
The Heusler alloys have been the significant representatives in ternary alloys." ? Materials that

exhibit many excellent properties, such as half-metallic magnetism,® *

magnetic-field-induced
transformation,® and magnetocaloric effect,® are believed to be potential candidates for applications.
Among them, alloys with Mn element have been widely investigated, because the magnetic moments
of Mn atoms can be coupled in the style of the ferromagnetic or antiferromagnetic depending on their
neighboring environment.”™ In these high-ordered intermetallic compounds, the magnetic atoms may

L34 if the elements of main group are substituted

occupy four non-equivalent crystallographic positions
by the magnetic ones off-stoichiometrically. Therefore, in the case of existence of strong exchange
interaction effect, the different atomic configuration can evolve into the various magnetic structures
embedded each other®.

The parent alloys used in previous works® adopted the Mn,NiGa and the Co was introduced to
substitute the Ga. In these systems, the doped Co takes two roles, generating a local Mn-Co-Mn
structure in the nearest neighboring distance and providing a strong exchange interaction. By using this
parent alloy, however, it makes the Co irreplaceable and obstructs the doping with other elements,
especially in the case of low composition tolerance. Therefore, the works for doping other magnetic
elements, Fe, V, Ni, Cr, become sparse.

In the present work, Heusler alloys Mn,CoGa and Mn,CoAl with Hg,CuTi structure are chosen
as the parent alloys, in which the strong exchange interaction has already been achieved due to the
existence of native Co. The element substitution is performed by replacing the main group elements of

Ga and Al to transition metals of Ti, V, Co and Cu. This enables ferromagnetic structures to be formed

different from those in Mn,NiGa.? Based on this strategy, three different ferromagnetic structures can



be achieved in the native ferrimagnetic matrix of the parent alloys, which increases the magnetization
with the various increments. The electronic structure calculation reveals the respective contribution of
the magnetic atoms and indicates the d-d hybridization effect which forms these ferromagnetic
structures. The exchange interaction effect has been investigated based on the experimental
thermal-magnetic measurements. The covalence effect from the Ga and Al on the atomic configuration
and the tolerance for dopant content has also been studied.

The paper is organized as follows: Section II contains details concerning the methods of the
experiment and the computation. Section III generally discusses the basic structure and the atom
occupation rule in Heusler alloys. Section IV presents the experimental and calculated results and
related discussion, including: (A) the crystal structure; (B) the magnetization; (C) magnetic structures
and calculated magnetic moments; (D) the exchange interaction and electronic structure calculation.
Finally, the paper is summarized in Sec. V.

I1. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Based on two parent alloys of Mn,CoGa and Mn,CoAl, two series of polycrystalline samples
Mn,CoM,Ga,, (M = Ti, V, Co, and Cu; x = 0.0 ~ 0.4) and Mn,Coy.,Al1, (X = 0.0 ~ 0.48) were
prepared by arc-melting in argon atmosphere, in which, the purity of elemental metals was higher than
99.95 9%. The alloy ingots were heat-treated at 920 °C for 24 hrs to homogenize the composition. In
order to eliminate the second phase with faced-centered cubic (fcc) structure, the melt-spinning
technique was adopted’® for some samples with high concentration dopants. In order to ensure high
chemical ordering, the homogenized and spun samples were further annealed at 650 °C for 72 hrs, and
subsequently quenched in an ice-water mixture.

Structural analyzes were carried out by x-ray diffraction (XRD) technique with Cu-Ka radiation



(A=1.5418 A) from the ground powder. The magnetic measurements were performed using a SQUID
magnetometer (SQUID-Quantum Design). The virtual crystal approximation method was used to
simulate a standard of atomic ordering x-ray diffraction pattern for comparing the experimental XRD
profiles.

The electronic  structure and magnetic properties were calculated using the
Korringa—Kohn-Rostoker method combined with the coherent potential approximation and the local

density approximation (KKR-CPA-LDA method).***®*This method is high speed, high precision and is

a powerful method for disordered systems." %

I11. BASIC STRUCTURE AND OCCUPATION RULE OF HEUSLER ALLOYS

The structure of Heusler alloy can be considered as four interpenetrating fcc lattices, which has
four unique crystal sites,"* defined as A (0, 0, 0), B (0.25, 0.25, 0.25), C (0.5, 0.5, 0.5) and D (0.75,
0.75, 0.75) as shown in Fig. 1. Chemically, this structure is characterized by the formula X,YZ, where
X and Y stand for transition metals and Z represents main group element. In Heusler alloy, the main
group element Z occupies D site; X and Y are distributed in A, B and C sites based on an empirical
rule.” % The atoms will preferentially occupy the A and C sites if they have a relatively larger
number of valence electrons, while those with a relatively smaller number of valence electrons will
preferentially occupy the B and D sites.*® ?® Thus, there are two types of structures formed by the
different sitting of X and Y elements. When X occupies the A/C site and Y occupies the B site, the
structure is L2, type; while a Hg,CuTi structure will be formed if Y enters C site and X prefers A and
B sites.?* The Heusler alloys Mn,CoGa and Mn,CoAl used in the present work as the parent alloy are
with the Hg,CuTi structure. Based on the previous studies about the intermetallic compounds, % this
atomic ordering phenomenon was attributed to the covalent effect caused by the p-d orbital

hybridization between the main-group and the transition-metal atoms.?”?
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FIG. 1. (Color online) Atomic configuration of Heusler alloys.
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FIG. 2. (Color online) XRD patterns of Mn,Co1.,Ga1.x samples prepared by arc-melting (a~c) and melt-spinning (d).

Figure 2 shows the XRD patterns of some typical samples for Mn,Co,.,Ga alloys. Mn,CoGa

shows a typical body-centered cubic (bcc) structure. In the doping case, the arc-melting Mn,Co1.,Ga



samples persist in a pure phase until the x is increased to 0.12. Fig. 2(c) shows the obvious fcc second
phase, as marked, in the sample with x = 0.24. This is due to that the decreased of Ga content weakens
the covalent bonding effect®® from the main group elements and decreases the stability of the bec phase.
This second phase has low magnetization and changes the target component, so it should be eliminated
by the melt-spinning method as shown in Fig. 2(d). Because the rapid solidification can increase the
solubility above the equilibrium and refine the microstructure, the maximum Co doping concentration
has been extended to x = 0.40 to obtain the pure bec phase.®® XRD patterns of all samples have been
indexed to obtain the lattice constant for the series of samples, which are linearly fit and used in the

calculation.
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FIG. 3. (Color online) Experimentally measured superlattice peaks of (111) and (200) of Mn,CoGa (a) and Mn,CoAl (c) alloys.
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For comparing, the simulated superlattice peaks belong to Mn,CoGa state at Hg,CuTi (b) and Mn,CoAl stated at Hg,CuTi (d),

L2, (e) and B2 (f) structures are also illustrated in the Figure.

The ratio of peak intensity of (111)/(200)* ** and (200)/(220)* is usually investigated to

understand the degree of atomic ordering configuration in Heusler alloys. Fig. 3 (a) presents the (111)
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and (200) peaks of stoichiometric Mn,CoGa. It can be found that the intensity ratio between (111) and
(200) is consistent with the calculated results (Fig. 3(b)), which confirms that the Mn,CoGa states at
the Hg,CuTi structure. However, a kind of disordered structure, B2-type structure (including A/C or
B/D disordering) may occur and cause an abnormal (111)/(200) ratio. Turning to our Mn,CoAl alloy, it
has relatively high (200) peak as shown in Fig. 3(c). Comparing with the calculated profiles (Fig.
3(d-e)), it belongs to neither Hg,CuTi nor L2, structures. Simulating some possible structures with
relatively low ordered level, we find that the partly disordered (B and D sites occupied randomly, B2)
structure has such ratio style. Further calculations indicate that, based on the experimental ratio, it
corresponds to the case about 20% Mn and Ga disordered between the B and D sites in Mn,CoAl
alloy(Fig. 3(f)). This situation was observed in L2,-type Heusler alloys using Al as the main group
element.* 32 Our work reveals that it can also occur in Hg,CuTi-type Heusler alloys.

In the present work, the B2-type structure was observed more often in the materials with
off-stoichiometrical composition. This is due to that the covalent effect is weakened by reducing the
content of main group elements. However, it should be emphasized that such kind of B2 structure does
not change the nearest neighboring relationship between the magnetic atoms and will not affect the

magnetic properties as discovered in this work.
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FIG. 4. (Color online) Lattice constants as a function of doping concentration x in Mn,CoMGaix (M = Co, Cu, V, and Ti) and

Mn,Co1.«Al1 alloys. The straight lines represent the linear fit.

Figure 4 displays the lattice constants as a function of doping concentration x of Co, Cu, Ti and V
in Mn,CoGa. The result of Mn,Co.,Aly., is also illustrated in the Figure. It can be seen that all
samples shows a linear change behavior. Stoichiometric Mn,CoGa has a lattice constant ofa=b =c =
5.873 A which is larger than that of Mn,CoAl (5.854 A). It is usually attributed to the atomic size: the
atomic radius of Ga (1.30 A) is larger than that of Al (1.25 A).*® However, it is another case when the
transition metals are doped in the parent alloy. Substituting the non-magnetic Cu and Ti for Ga in
Mn,CoGa, the lattices are expanded, while the magnetic Co and V doping causes the lattices shrink.
This result seems to conflict with the dominating effect of atomic radius observed in many other
alloys.” It suggests that the radii of doping atoms may be not the unique factor to determine the lattice
constants. On the other hand, from Fig. 4, one may find that much more Co can be doped into
Mn,CoAl than Mn,CoGa, which may be due to the stronger covalent effect of Al than Ga.”®

B. Magnetization
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FIG. 5. (Color online) Concentration dependence of magnetic molecular moments in Mn,CoM,Gaix (M = Co, Cu, V and Ti).
The straight lines are the calculated results. The inset shows the magnetization curves of Mn,CoMg1Gagss With four kinds of

dopants measured at 5K.

Figure 5 shows the concentration dependence of the magnetic molecular moments in
Mn,CoM,Ga;, samples. The moment values come from the saturation magnetization (Ms) measured
at 5K. Additionally, the values calculated using the KKR-CPA-LDA method are listed in Table | and
are also illustrated in Fig. 5 as the straight lines for comparison. The experimental results are quite
consistent with the calculated ones, which prove the KKR-CPA-LDA method used in the present work
is credible. One can see that the Co and Cu doping can increase the molecular moments rapidly, while
V doping shows a small increment and Ti brings almost no increase, respectively. From the slope of the
curves, one may find the molecular moment increments for each doped atom, Am are quite different.

Co doping leads to an increment of Am¢, = 6.18ug. Apparently, the moment of added Co atoms
selves can not provide so much additional moment for the Mn,CoM,Ga,., alloy. Especially, we have
found that there is a quite large increment of Am¢, = 5.24ug when the non-magnetic Cu doped in the
system. On the other hand, as the same non-magnetic element of Ti, the increment of Am+; = 0.16u5 is
near zero. For V doping, the increment of Am, is 1.57ug, which implies the VV atom may contribute
some ferromagnetic moment. These results indicate there must be different variation of the magnetic

structure occurred when the Mn,CoGa was doped with different elements. The related physical
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mechanism will be discussed associating with the calculation results.
C. Magnetic structure

In theoretical calculations, the Hg,CuTi structure is used for the parent alloys of Mn,CoGa and
Mn,CoAl. The lattice constants are taken by linear fitting the experimental results shown in Fig. 4. We
regulate the site of doping atoms depending upon the occupation rule mentioned before. Thus, the
dopants of the Ti and V occupy the D site, while the Co and Cu occupy the Mn(A) site with forcing the
corresponding Mn(A) atom to occupy the vacant D site, although all the dopants chemically substitute

Ga.

Table I. The calculated and experimentally measured molecular moments, Mca. and Ms (ug /f.u.), and the calculated atomic

moments (ug /atom) for Mn,CoM,Ga;.« alloys.

Compounds Ms  Mca. Mn(A) MnB) Co(C) Ga Mn(D) M(A) M(D)

Mn,CoGa 197 190 -2.07 3.23 0.84 -0.02 - - -
Mn,Co0108Gagg, 254 241  -2.09 3.2 0.88 -0.02 3.25 1.16 -
Mn,Co0116Gaggs 275 292  -2.14 3.18 094 -0.03 3.2 1.18 -
Mn,Co,3,Gages  3.95 3.92 -2.24 3.12 1.04 -005 313 1.23 -

Mn,CoCugesGagg, 2.4 232 -2.1 3.23 085 -0.02 325 0.03 -
Mn,CoCug16Gaggs 2.65 276  -2.16 3.24 089 -0.02 322 0.04 -
Mn,CoCug3Gages 3.37 3.67 -2.28 3.24 1.00 -0.03 321 0.05 -

Mn,CoVoesGagsy 2.1 202 -201 319 085 -002 - ~ 095
Mn,CoVo1Gages 224 215 -196 316 087 -002 - - 0097
Mn,CoTisGage; 191 192 -204 322 083 -002 - —~ 003
Mn,CoTio1sGaoss 1.94 193 -1.99 318 082 -0.02  -- - 002

Table | collects the experimentally measured and calculated molecular moments, as well as the
moments of each atom in Mn,CoM,Ga,., alloys at the corresponding atomic sites. We conclude from
the calculated results that Mn(A) carries a smaller moment of -2.07ug than that of Mn(B) of 3.23u3,
which is because of the covalent effect from the main group element of Ga.”® 3 Their moments
antiferromagnetically align, due to the nearest neighboring distance. The moment of Co(C) has a value
of 0.82~1.0ug and ferromagnetically couples with Mn(B). Thus Mn(A), Mn(B) and Co(C) compose a

native ferrimagnetic matrix in the parent alloy system.” * %

When Co substitutes for Ga, some Mn(A) atoms become Mn(D) due to the occupation rule and
their moment value increases from about 2.07 to 3.25:5. Meanwhile, the sign changes from negative to

positive (see Table ). These changes result in the Mn(A) atom with a relatively small moment being



removed from the antiferromagnetic coupling and added into the ferromagnetic coupling as Mn(D)
with a relatively large moment.” Thus, a strong ferromagnetic structure, Co(A)-Mn(B/D)-Co(C), is
achieved as the nearest neighbors in the ferrimagnetic matrix. This simultaneously enhances the
ferromagnetic coupling and decreases the antiferromagnetic coupling, leading to the dramatical
enhancement of the magnetization of Amg, =6.18ug.

For the Cu doping, the Mn(D) can also be generated as the Co doping case, so a different
ferromagnetic structure, Mn(A)-Co(C)-Mn(D) is achieved, which leads to the Am¢, of 5.24u. This is
the reason why the non-magnetic Cu can enhance the magnetization in Mn,CoGa system. But the
doped V atom occupies the D site, because its valence electron number is less than that of Mn. This
atomic configuration forms a new ferromagnetic structure of Mn(B)-Co(C)-V(D) due to the strong
exchange interaction effect of Co.%* *" One may find that, from Table I, the increment of Amy (1.57us)
mainly comes from the V(D) moment of about 1ug. The previous works reported that the moment of
the V can have a value of about 1.1ug, but antiferromagnetically couples with Mn in Heusler alloys
Mn,VAL* ® |n a ferromagnetically coupling case, the moment of the V becomes smaller of about
0.7ug in Co,VSi®. Therefore, the value of about 1.0xg is the largest ferromagnetic moment for the V

in Heusler alloys known in the references.

There is not apparent change of the magnetization for the Ti doping, because it is not a magnetic
element and does not result in a magnetic structure change either. Calculations were also performed by
assuming the Co and Cu occupy the D sites, but it produces a strange negative moment for Co and an
abnormally low total moment, far from the experimental value, indicating that the practical atomic

configuration really obeys the occupation rule.

Similar to the case in Mn,CoGa, the increase of magnetization has also been observed in

Mn,CoAl alloy when substituting Co for Al, although the B-D site disordered occupation occurs as



shown in Fig. 3. This is due to that the Co(A)-Mn(B/D)-Co(C) ferromagnetic structure can still be

achieved in such partly B2 type disordered situation.

D. Exchange interaction and electronic structure calculation
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FIG. 6. (Color online) Curie temperature (T¢) as a function of doping concentration x in systems of Mn,CoMGa1.« (M = Co, Cu,

V and Ti) and Mn,Co1.xAl1. The straight lines are the results of linear fitting.

Figure.6 shows the composition dependence of Curie temperature (T¢) for the various dopants.
When doping Co in Mn,CoAl and Mn,CoGa, the T increases with the almost same rate. Naturally, it
should be attributed to the strong exchange interaction”’ in the Co-Mn-Co ferromagnetic structure.
Turning to the case for other elements doping, however, their T decrease with different rates. The T¢
just only has a slight reduction for doping Ti, corresponding to the unconspicuous change of the
moment in Mn,CoTi,Ga,. Comparing with the molecular moment shown in Fig. 5, one may note that
the T¢ has a relatively large decrease for doping Cu and V, contrasting to their apparent increase of
molecular moments. Because the doped Cu is a non-magnetic element, it does not contribute the

magnetic exchange interaction for the system. Furthermore, the Cu doping cause the Mn(D) occupation,



which create a local ferromagnetic structure. Although doped V atoms have ferromagnetic moment

aligned with Co and Mn(B), the exchange interaction energy contributed by V is not enough to cover

the energy depleted by achieving a Mn-Co-V ferromagnetic structure. In both cases, the achievement of

ferromagnetic structure is at cost of the depletion of the magnetic exchange interaction energy.

Therefore, in contrast to the Co doping, the T¢ in the materials doped by Cu and V is decreased.
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FIG. 7. (Color online) The M content dependence of the total energy in Mn,CoM,Ga;.« (M= Co Cu, V, and Ti). Inset is the slope

for total energy increments for different dopants.

Figure 7 presents the calculation results about the total energy with the variety of doping

concentration. It can be found that all dopants increase the total energy of the systems. This reflects a

tolerance for the substitution: the newly adding element can cause instability of systems, which should

be the reason for the second phase appearing at a certain doping concentration, as shown in Fig. 2 (c).

From Fig. 7, we can also find the energy increment diminishes as the atomic number increase. It is

because that the covalent effect becomes stronger when the atom has more valence electrons and it



enhances the stability of the alloy system.
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Figure 8 shows the calculated total DOS and partial d-electron DOS for Cu, Ti and Co doped
systems. The total DOS ranging from -5.0 to +2.5 eV mainly consist of d-electrons of Co and Mn
atoms. As shown in Fig. 8(a), the doping of non-magnetic elements, Cu and Ti, causes the different

dispersed occupied states. The apparent widening suggests a strong d-d hybridization between Co and



Mn atoms in Cu doped system.* It results the dramatically increase of the molecular moment (Fig. 5).
In contrast, the DOS of Ti doped system does not show the significant change. This implies there is not
variation for exchange interaction in this system. In the case of Co doping as shown in Fig. 8(b), the
hybridized peaks between Mn(B) and Co(C) atoms, around -0.95 and -2.96 eV in spin-up direction
(marked with dash lines), are widened as Co doping, showing an ordinary hybridization enhancement.”
%13 Byt the up-spin of d-electrons of Mn(D) shows an apparent shift to high energy and an increase of
intensity as increasing Co content, which also indicates an enhanced hybridization. This corresponds to
the achievement of a ferromagnetic structure in the nearest neighboring distance. In the present work,
the electronic structures for V doped system and Co doped Mn,CoAl system have also been calculated.
The electronic structure for V doping is almost the same with that for Ti doping and the Co doped in
Mn,CoAl is exactly similar with that in Mn,CoGa.
V. CONCLUSION

The doped Heusler alloys of Mn,CoGa and Mn,CoAl have been investigated about structure and
magnetic properties by experiments and calculations. In order to study the magnetic structure, some
magnetic or non-magnetic transition metals, Co, Cu, V, and Ti have been used to substitute the main
group elements of Ga and Al in the alloy systems. It has been found that there are three kinds of local
ferromagnetic structures, the Co-Mn-Co, Mn-Co-Mn and Mn-Co-V, embedded in the native
ferrimagnetic matrix. They increase the magnetization of the parent alloy with the different increments.
Therefore, the phenomena for non-magnetic Cu increasing magnetization and the large V moment of
about 1.0ug have been observed. The experimental results also indicate that the newly added Co
enhances the exchange interaction and increases the T, while the decreased T reflects a depletion of

the exchange interaction energy for achieving the ferromagnetic coupling in Mn-Co-Mn and Mn-Co-V



structures. The strong d-d hybridization has been verified by our calculation of electronic structure,
when the ferromagnetic structures are achieved. The covalent effect of the main group elements plays
an important role in our samples. From it, the occupation rule arranges the doped atoms in occupy A or
D sites, which determines if the local ferromagnetic structure can be generated. The covalent effect also
affects the system stability and doping tolerance in the studied systems.
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