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This work reports on the electronic, magnetic, and structural properties of the binary intermetallic com-
pounds Mn;_,Ga. The tetragonal DO,, phase of the Mn;_,Ga series, with x varying from O to 1.0 in steps of
x=0.1, was successfully synthesized and investigated. It was found that all these materials are hard magnetic,
with energy products ranging from 10.1 kJ m™ for low Mn content (x— 1) to 61.6 kJ m~> for high Mn content
(x—0). With decreasing Mn content, the average saturation magnetization per atom increases from 0.26up for
Mn3Ga to 0.47up for Mn,Ga. The increase in the saturation magnetization as the Mn content is reduced
indicates a ferrimagnetic order with partially compensating moments of the two different Mn atoms on the two
crystallographically different sites of the DO,, structure. This type of magnetic order is supported by ab initio
calculations of the electronic structure that predict a nearly half-metallic ferrimagnet with the highest spin
polarization of 88% at the Fermi energy for Mn;Ga. The Curie temperature of the compounds is restricted to
approximately 770 K because of a structural phase transition to the hexagonal DO¢ phase. Thermal irrevers-
ibilities between zero-field-cooled and field-cooled measurements suggest that the Mn;_,Ga series belongs to
the class of magnetically frustrated ferrimagnets. The most pronounced magnetic anomaly is found for Mn;Ga.
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I. INTRODUCTION

Several binary alloys Mn;Z are known that contain man-
ganese together with a main group element Z. Those com-
pounds exhibit various different structures and magnetic
properties. Cubic Mn3Si shows a complicated type of anti-
ferromagnetism and is being discussed as an antiferromag-
netic half-metal.! Mn;Ge, which crystallizes in the hexago-
nal structure DO,gy, exhibits a triangular spin configuration
and weak ferromagnetism.*7 Similar magnetic properties
were reported for Mn;Sn,®° which belongs to the same hex-
agonal structure type as Mns;Ge. Another compound from
this materials class is Mn;Sb. This compound belongs to the
cubic CuzAu structure type (L1,) and shows weak
ferromagnetism.!®!!

Reducing the Mn content in such binary compounds, the
compounds Mn,Z are found. Mn,Ge crystallizes in a hexago-
nal Ni,In-type structure'? and has not been investigated ex-
perimentally until now. Band structure calculations using the
density functional theory led to the prediction of an antifer-
romagnetic ground state for Mn,Ge.'® Ferrimagnetic Mn,Sb
belongs to the tetragonal Cu,Sb structure type, which is
known as having a rich variety of magnetic structures.!*!3

The present work focuses on the binary compound
Mn;Ga, which has long been an issue of interest because of
its manifoldness regarding multiple structures and
temperature-induced phase transitions. After some prelimi-
nary work on the binary Mn-Ga system,'®!” MeiBner and
Schubert, in a comprehensive publication, established the
framework for a phase diagram of this system.'® Under suit-
able preparation conditions, three different phases are obtain-
able for the 3:1 composition of Mn and Ga. As-cast samples,
obtained from repeated arc melting, crystallize in a disor-

1098-0121/2008/77(5)/054406(12)

054406-1

PACS number(s): 61.82.Bg, 75.20.En, 75.30.Cr, 75.50.Gg

dered Heusler-type DO5 phase, which was predicted by Wur-
mehl et al. to show half-metallic completely compensated
ferrimagnetic behavior.!”” However, experiments provided
evidence that the cubic phase of Mns;Ga is not stable and
cannot be produced without a high degree of disorder. An-
nealing of Mn;Ga at high temperatures yields the hexagonal
DO;y phase. A Mn-Ga composition with a Mn content of
71.25% was synthesized in the hexagonal phase in 1970 by
Kren and Kadar.?® This sample was investigated using neu-
tron diffraction. Upon annealing this triangular antiferromag-
netic structure at 750 K, a tetragonal DO,, phase was ob-
served. This phase, which is the subject of this paper, is
obtained by moderate annealing at a maximum temperature
of 673 K. The phase is ferrimagnetic with magnetic mo-
ments of —2.8u for Mn; and 1.6up for Mny; (see Fig. 1).
Niida et al.*! investigated several Mn;_,Ga compositions, but
obtained single phase DO,,-type samples only in the range
of x=0.15-1.16. From ab initio electronic structure calcula-
tions, Kiibler proposed a Curie temperature of 7-=762 K for
Mn;Ga in the tetragonal DO,, structure.??> The DO,, struc-
ture can be found by applying a tetragonal distortion to the
DOj structure; therefore, Mn;Ga can be viewed as being a
tetragonally distorted, binary Heusler compound and should
exhibit properties that are associated with such a compound.
Because of this, Balke er al.? recently suggested the appli-
cability of Mn;Ga in magnetoelectronic devices and, particu-
larly, as a suitable material for spin torque transfer applica-
tions.

The present work reports on the electronic, magnetic, and
structural properties of Mn;_ Ga with x varying from 0 to 1.0
in steps of Ax=0.1. The electronic and magnetic structures
were calculated by ab initio methods. The structure was in-
vestigated using powder x-ray diffraction (XRD), extended
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FIG. 1. (Color online) Structure of tetragonal Mn;_,Ga. Mn;Ga
(from Ref. 23) is shown in (a) and Mn,Ga is shown in (b). The
figure shows the DO,, crystal structure. Mn atoms (larger spheres)
are represented by light (yellow) and dark (red) spheres, Ga atoms
by gray spheres. In Mn3Ga, the Mn; atoms are located on the base
quadratic faces (1/2,1/2,0) and on the center plane (0,0, 1/2); the
Mny; atoms are found on the rectangular faces (0,1/2,1/4), and the
Ga atoms at the corners and center of the cuboid. The Mn; atoms
have a tetrahedral nearest neighbor environment. For Mn,Ga shown
in (b), only the Mn; atoms have been removed (see model I in Sec.
IV A 2); however, experiments indicate that both types of Mn atoms
are removed (see text).

x-ray absorption fine structure (EXAFS) spectroscopy, and
differential scanning calorimetry (DSC). The magnetic prop-
erties were studied using temperature and induction field de-
pendent magnetometry. The transport properties of Mn;Ga
were investigated as to their dependence on temperature. The
specific heats of Mn;Ga and Mn,Ga were investigated up to
temperatures of 200 and 150 K, respectively.

II. CALCULATIONAL DETAILS

Self-consistent electronic structure calculations of the
electronic and magnetic properties of Mn;Ga and Mn;_,Ga
were performed. The calculations were carried out using the
spin polarized (SP) fully relativistic (R) Korringa-Kohn-
Rostoker (KKR) method as implemented in the Munich
SPRKKR program.’*23

The exchange-correlation functional was taken within the
parametrization of Vosko, Wilk, and Nussair (VWN).2%7 For
comparison, the generalized gradient approximation (GGA)
in the parametrization of Perdew et al.*® was used; however,
no remarkable differences were found between either param-
etrization. A base, 14 X 14X 17 mesh, was used for integra-
tion. The mesh corresponds to 368 (out of 3332) k points in
the irreducible wedge of the Brillouin zone. The size of the
muffin-tin radii was set automatically to result in space-
filling spheres, and depends on the lattice parameters. f states
(I=3) were included in the basis of both atoms, Mn and Ga.

The properties of Mn;_ Ga were calculated in /4/mmm
symmetry using polynomial fits of @ and ¢ to the experimen-
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tal lattice parameters (see Sec. IV B 1). In the DO,, structure
type, the Mn atoms occupy two different positions. The first
position (Mn;), with multiplicity 1, is located at the Wyckoff
position 26 (0,0,1/2) and the second position (Mny), with
multiplicity 2, is at 4d (0,1/2,1/4). The Ga atom is at the
Wyckoff position 2a (0,0,0). The lack of manganese in
Mn;_,Ga was simulated by introducing vacancies ([J) in the
DO,, structure. To account for the random distribution of the
vacancies for x # 0, the calculations were carried out using
the coherent potential approximation.

No essential changes of the electronic and magnetic struc-
tures of Mn;Ga were obtained when the calculations were
performed for the optimized lattice parameter as reported in
Ref. 23.

III. EXPERIMENTAL DETAILS

Mnj;_,Ga samples were prepared by repeated arc melting
of stoichiometric amounts of the constituents in an argon
atmosphere at 10~ mbar. Care was taken to avoid oxygen
contamination. The resulting polycrystalline ingots were an-
nealed afterward at 623 K in an evacuated quartz tube for
14 days. The temperature was chosen to be safely below the
structural transition temperature (see Sec. IV) and to be high
enough to ensure sufficient diffusion. After annealing, the
samples were quenched in an ice/water mixture so that the
desired structure would be retained. This procedure resulted
in samples exhibiting the DO,, structure (space group:
I4/mmm) as was confirmed by using powder x-ray diffrac-
tion. The unit cell of the DO,, structure is displayed in
Fig. 1.

DSC measurements (NETZSCH, STA 429) were per-
formed to detect phase transitions below the melting points
of the materials. The crystal structure of the Mns;_,Ga series
was determined using XRD with excitation by Mo K« radia-
tion. In addition, temperature dependent XRD was used for a
detailed structural investigation of Mns;Ga. The latter powder
XRD experiments were carried out at the D10B-XPD beam-
line of the LNLS (Brazilian Synchrotron Light Laboratory,
Campinas, Brazil).

The short range order of Mn;Ga was investigated using
EXAFS spectroscopy. The EXAFS experiments were per-
formed at the XAFS1 beamline? of the LNLS using a
Si(111) channel-cut monochromator. The spectra were col-
lected at room temperature in the transmission mode at the
Mn (6539 eV) and Ga (10367 eV) K edges using three ion-
ization chambers. Ga or Mn standard foils were placed at the
third chamber to check the monochromator energy calibra-
tion. The EXAFS spectra were analyzed using the IFEFFIT
analysis package.?® The isolated atom background function
was removed from the experimental x-ray absorption coeffi-
cient data to yield the y(k) signal. The Fourier transform
(FT) was applied using a Hanning window with a k range of
8 A~'. The structural parameters were obtained from a least-
squares fit to the data in » and k space using phase shifts and
amplitudes that were obtained from the FEFF code’! as cal-
culated for Mn;Ga in the DO,, structure and accounting for
the two possible Mn sites shown in Fig. 1.
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FIG. 2. (Color online) Electronic structure of
Mn;Ga. The relativistic band structure is shown
in (a), along with the spin resolved density of
states in (b).

Electron momentum £

The magnetic properties were investigated using a super-
conducting quantum interference device (SQUID, Quantum
Design MPMS-XL-5) using small spherical sample pieces of
approximately 5—10 mg of the sample. The transport prop-
erties and the specific heats were investigated using a physi-
cal properties measurement system (Quantum Design PPMS
models 6000 and 6500, respectively).

IV. RESULTS AND DISCUSSION
A. Calculated electronic structure
1. Mn3;Ga

For the parent compound MnsGa, the ab initio calcula-
tions indicated a ground state with ferrimagnetic order for
the fully occupied DO,, cell. The spin magnetic moments
(m,) found from the calculations using the VWN parametri-
zation are —3.049u; for Mn; and 2.386u for Mny. The or-
bital moments are parallel to the spin moments and amount
to —0.02up and 0.03 g for Mn; and Mny;, respectively. The
total magnetic moment of 1.702up in the primitive cell is
low due to the partial compensation of the moments of the
Mn atoms on the two different sites. Using the GGA ap-
proach, the total magnetic moment is found to be slightly
higher (1.83up). A particular enhancement of the orbital mo-
ments is not observed; they amount to approximately 1% of
the spin moments, independent of the exchange-correlation
functional used. The values for total and local moments
agree well with those previously reported for full potential
calculations in Ref. 23.

Figure 2 shows the full relativistic band structure and the
spin resolved density of states (DOS) for Mn;Ga. Unlike the
nonrelativistic approach (see Ref. 23), the minority and ma-
jority characters of the band structure cannot be distin-
guished. This is only possible in the density of states. The
reason is the intrinsic coupling of the spin states because of
the spin-orbit interaction in the Dirac equation. The density
of states, as an expectation value, can still be determined
with respect to the direction of the spin. As was already

r X M r Z 6 4 2 0
Density of states p[eV'l]

2

4 6

discussed from the results of nonrelativistic calculations, the
higher density of minority states at the Fermi energy eg
(compared to the low majority density) suggests that there is
a remarkable difference in the conductivity between the mi-
nority and the majority electrons as was already discussed
from the result of nonrelativistic calculations.?® Typical for a
large family of compounds between transition metals and
main group elements is the occurrence of a hybridization gap
that splits the low lying s bands (at below approximately
—7 eV) from the high lying p and d bands. The size of that
gap, appearing in both spin directions, decreases with de-
creasing hybridization strength. This is similar to what is
observed for the related Heusler compounds (see Ref. 32).

2. Mn3_,Ga: 0<x=<1.0

Basically, two different structural models were employed
in the calculations for the compounds with a lack of
Mn. In the first model, only the Mn; was removed from
the 2b position, resulting in Mn,(Mn,_,[1,)Ga (model I).
In the second model, the Mn was removed from both
positions simultaneously (4¢ and 2b), resulting in
(Mny_s,3005,3)(Mn,_,500,,3)Ga (model II). The first model
is based on the experimental observation (see Sec. IV C) that
the magnetic moment increases as the lack of Mn increases,
and is higher in Mn,Ga than in Mn;Ga. In the ferrimagnetic
state, the moments of Mn; and Mny; are aligned in antiparal-
lel fashion. Therefore, at least for fixed local moments, the
removal of Mn; will increase the total magnetic moment.

The calculated magnetic moments for the two
structural models are compared in Fig. 3. In contrast to
experimental observation, the total moment decreases
slightly with increasing lack x of Mn for model II
[(Mn,_5,3005,3)(Mn,_,s00,,3)Ga]. The reason is clear. Al-
though the local moments do not stay constant, their influ-
ence is partly compensated in the total moment that is mainly
given by the composition m=(1-x/3) {2my—|my|}. The be-
havior of the total magnetic moment in model I
[Mn,(Mn,_,[0,)Ga] follows the expected path; it increases
with increasing lack of manganese. The simultaneous in-
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FIG. 3. (Color online) Calculated magnetic moments of
Mnj;_,Ga. The total magnetic moment in the DO,, cell is shown in
(a) and the local magnetic moments at the Mn; and Mny; sites are
given in (b). Note that the magnetic moment m=m;+m; contains
both spin (m,) and orbital (m;) moments. See text for an explanation
of the different models (I-II1) used in the calculations.

crease of the moment at Mny; and the decrease of the abso-
lute value of the moment at Mny causes a strong increase in
the overall moment.

However, the increase with x of the total magnetic mo-
ment of model I is more pronounced than that found in
the experimental data. Therefore, a third model was intro-
duced where more Mny is removed with increasing x than
Mny. The composition in model III was chosen as
(Mn,_,30,3)(Mn;_5,305,,3)Ga, which is an intermediate
case between the two other models, which constitute the bor-
derline cases of Mn removal from the crystallographic sites.
For this model, twice as much Mn;y is removed as Mny;. From
Fig. 3(a), it is apparent that the increase of the total magnetic
moment is weaker than for the Mn,(Mn;_,[1,)Ga model.
Further details will be discussed later, together with the ex-
perimental data.

Figure 4 shows the DOS for the two structural models I
and III, where mainly Mn; is removed with increasing x. To
cover most of the cases, the compositions with x=0.3, 0.6,
and 0.9 were chosen for the comparisons. The VWN param-
etrization of the exchange-correlation functional was used in
the calculations.

The general shape of the density of states is quite similar
for all the cases. In particular, the minority DOS exhibits a
maximum at the Fermi energy. At the same time, the major-
ity DOS has a minimum at € that is less pronounced at low
Mn content and vanishes in the particular case of
Mn,Mn ;Ga. The latter result is typical for model I, where
the maximum of the DOS above €r is decidedly lowered
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FIG. 4. (Color online) Density of states for Mn;_,Ga. (a)—(c)
show the DOS for model I: Mn,(Mn;_[1,)Ga. (d)-(f) show the
DOS for model III: (Mn,_,300,,3)(Mn;_,,/30J,,/3)Ga. Shown are the
selected compositions with x=0.3 [(a) and (d)], 0.6 [(b) and (e)],
and 0.9 [(c) and (f)]. Majority densities are shown in the upper
parts, and minority states in the lower parts of each of the plots.

with the removal of the Mn; atoms. At the same time, the
high density of states in the minority channel at approxi-
mately -3 eV is lowered as Mn; atoms are removed. This
explains why the localized moment of the Mn; atom is pro-
nouncedly reduced upon removal of those atoms from the
structure. The more delocalized moment of the Mny; atom is
less affected. In all cases, a decrease in the size of the low
lying band gap at about —6 eV that splits off the s-p states
from the d states is observed. This indicates a weaker hybrid-
ization between Mn and Ga in the compounds with low Mn
content.

B. Structural characterization
1. X-ray powder diffraction

The crystalline structure of the Mn;_ Ga series was exam-
ined using XRD with excitation by Mo K« radiation. The
measurements were performed at room temperature. As ex-
amples, Fig. 5 shows the XRD results for three selected com-
positions (x=0.1, 0.5, and 1.0). The XRD data verify that, for
all the compositions, the Mn;_,Ga samples crystallize in the
ALTi structure type, which belongs to the space group
I4/mmm. The diffraction patterns for all the compositions
(except for Mn,Ga) did not show any unexpected reflexes.
This indicates the phase purity of the samples. However, a
small shoulder on the low angle side of the (112) reflex in the
pattern for Mn,Ga indicates an impurity, which could not be
dedicated.

The lattice parameters found from a Rietveld refinement
of the powder XRD data are summarized in Table 1. Within
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FIG. 5. Powder diffraction of Mn;_,Ga. The measured diffrac-
tograms for Mn, ¢Ga, Mn, sGa, and Mn,Ga are compared to the
curve fits from a Rietveld refinement. The spectra were excited
using Mo K« radiation and recorded at 7=300 K.

the uncertainty of the measurements, the a parameter re-
mains constant when the Mn content in the samples is re-
duced. At the same time, the ¢ parameter increases by ap-

TABLE I. Lattice parameter of Mn;_,Ga. As found from a Ri-
etveld refinement of the XRD data, the tetragonal lattice parameters
a and ¢ are tabulated for decreasing Mn content (3—x). The ratio
c/a and volume V are calculated from the measured values of a and
c. The maximum errors for the lattice parameters are estimated
from the (200) and (004) reflection peaks to be Aa=0.004 A and
Ac=0.016 A. (Uncertainty for calculated quantities follows from
error propagation.)

a c |4
X (A) (A) cla (A3)
0 3.909 7.098 1.816 54.214
0.1 3.907 7.100 1.817 54.118
0.2 3.908 7.105 1.818 54.265
0.3 3910 7.117 1.820 54.396
0.4 3.910 7.122 1.821 54.489
0.5 3.909 7.130 1.824 54.467
0.6 3.906 7.155 1.832 54.581
0.7 3.905 7.160 1.834 54.602
0.8 3.906 7.169 1.835 54.680
0.9 3.906 7.175 1.837 54.719
1 3.905 7.193 1.849 54.930
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FIG. 6. Temperature dependence of the Mn;Ga lattice param-
eters. The temperature dependence of the lattice parameter a and
the cell volume V is shown in (a) and (b), respectively. The tem-
perature dependence of the ratio c/a of the tetragonal lattice param-
eters is shown in (c).

proximately 1.7% as x varies from 0 to 1.0. Overall, this
results in an increase of the cell volume V as well as the c/a
ratio with decreasing Mn content. A removal of Mn; atoms
will apparently weaken the Mn—Ga bonds along the ¢ axis.
The increase of the ¢ parameter with x also indicates that
more Mn; atoms than Mny; atoms are removed along the ¢
axis when the Mn content is reduced. The Rietveld refine-
ment is compatible with both of the models used for the
calculations: (I) for the removal of Mn; only as well as (III)
for the removal of a higher amount of Mn; than Mny;.

2. Temperature dependent x-ray diffraction

The crystal structure was recorded in the temperature
range between 25 and 200 K using a step size of 25 K and,
additionally, at 300 K using excitation by radiation with a
wavelength of 1.758 66 A. Figure 6 shows the temperature
dependence of the lattice parameter a, the volume of the
tetragonal unit cell V, and the c/a ratio. It is seen that the
lattice parameter a and the cell volume decrease linearly with
decreasing temperature. The lattice parameter ¢, which is not
shown in Fig. 6, also exhibits a linear decrease when the
temperature is reduced. However, Fig. 6(c) indicates that the
c/a ratio increases when the temperature decreases. When
the temperature is raised, the lattice parameter a, thus, grows
stronger than the lattice parameter c. The decrease of c/a
with 7 means that the tetragonal unit cell of Mn;Ga becomes
closer to a cubic structure as the temperature increases. How-
ever, the ratio c¢/a, even at room temperature, is far from the
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FIG. 7. EXAFS results for Mn;Ga. EXAFS oscillations at the
Mn and Ga K edges, extracted from the x-ray absorption spectra,
are given in (a). The corresponding Fourier transforms (symbols)
and best fit results (gray line) are given in (b).

ideal value (\5) that is expected for a cubic system with the
DOj structure.

3. Extended x-ray absorption fine structure

The results from the analysis of the EXAFS measure-
ments are summarized in Fig. 7. The EXAFS signals [ y(k)]
at the Mn and Ga [Fig. 7(a)] K edges display the character-
istic patterns for a cubic structure. The fit of the FT curves
for both elements is given in Fig. 7(b). Excellent agreement
between the data and theory is found as demonstrated by the
low R-factor values (between 0.01 and 0.02). The Fourier
transform at the Ga K-edge spectra exhibits one peak at ap-
proximately 2.2 A and another at 4.5 A (not corrected for the
scattering phase shift) that correspond mainly to the Ga-Mn
single scattering contribution in the coordination shell and
the Ga-Ga contribution, respectively. Other scattering contri-
butions appear in the quite smooth region between the two
main peaks.

The FT at the Mn K-edge spectra exhibits peaks at similar
positions, but with lower amplitudes. In fact, the Mn atoms
have two possible sites: site Mn; surrounded by 8 Mn atoms,
and site Mny; surrounded by (4 Mn+4 Ga) atoms. The peak
at about 4.5 A corresponds mainly to the Mn-Ga and Mn-Mn
contributions. Because the coordination numbers for Ga and
Mn are the same, the difference in intensity may be ex-
plained by disorder effects.

The curve fitting procedures for Mn;Ga lead to physically
reasonable numbers that are close to those provided by the
theoretical structural model. The obtained values for the pas-
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FIG. 8. (Color online) Phase transitions in Mns_,Ga. The plots
in (a) show the results from differential scanning calorimetry for
Mn, ;Ga and Mn,3Ga in the temperature range between 700 and
1200 K upon heating of the samples, followed by cooling. The
composition dependence of the phase transition temperatures is
summarized in (b). 7}, and T}, are taken from the DSC measure-
ments, T, is from high temperature magnetization measurements
(see Sec. IV C). (Lines are drawn for clarity.)

sive electron reduction factor (SS) are about 0.7. The shift in
distance (AR) and the Debye-Waller factor (o) with respect
to the theoretical model for the paths involving Ga-Ga or
Ga-Mn;(Mny;) were small throughout, with AR=0.04 A and
02=~0.007 A%, For the paths involving only Mn atoms,
Mn;(Mny;)-Mn;(Mny;), the AR and o? values were consider-
ably higher, with AR=0.13 A and 0?=~0.02 A%, respec-
tively. This is in agreement with the lower amplitudes ob-
tained at the Mn K edge. The curve fitting results clearly
indicate the DO,, structure for the Mn;Ga composition.

4. Structural phase transitions

Using XRD, it was observed that the samples undergo a
transition to the hexagonal DO,4 structure at high tempera-
tures. For this reason, DSC measurements of the entire
sample series were performed to search for and investigate
possible phase transitions. The DSC signals were recorded in
the range from 300 to 1250 K for heating and cooling rates
of 5 Kmin™! to examine the reversibility of the occurring
phase transitions. As an example, Fig. 8(a) shows two DSC
curves for the compositions Mn,;Ga and Mn,-Ga. The
change of the DSC signal as a function of temperature is
given. Upon heating, both substances exhibit a first maxi-
mum at a temperature T;; of approximately 800 K that is not
observed upon cooling, thus indicating an irreversible phase
transition. In addition, a second, reversible phase transition is
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observed at higher temperatures, which is assigned a tem-
perature of T,,. It is seen from Fig. 8(b) that the phase tran-
sition temperature 7,; is independent of composition. Fur-
thermore, it is evident that the signal at about 800 K
becomes less intense and is broadened with increasing Mn
content, a trend that was observed throughout the entire se-
ries. For x=<0.2, the determination of this phase transition at
T, was impossible because the levels of the signals were too
low. Nevertheless, the magnetic measurements (Sec. IV C)
also indicate that there is a magnetic phase transition be-
tween 750 and 830 K in all the samples. The phase transition
observed using DSC at T}, corresponds to a transition to the
high temperature hexagonal phase DO,y (structure type:
Ni;Sn, space group: P63/mmc). The structural nature of the
phase transition was verified experimentally by annealing the
samples at a temperature of 873 K and then examining the
crystal structure using XRD.

From Fig. 8(b), it is seen that the signals at temperature
T,, exhibit hysteresis between heating and cooling that is due
to the intrinsic effects of DSC. The shift between the extrema
depends on the amount of material used as well as on the
rates of temperature change. Therefore, the mean value of 7,
is displayed in Fig. 8(b) with error bars indicating the differ-
ences between the endothermic and exothermic values. The
phase transition appears throughout the entire range of
sample composition. It is clear that T,, increases with de-
creasing Mn content and saturates for x=0.6 at 1000 K. It is
very likely that this corresponds to an order < disorder tran-
sition in the hexagonal phase with preserved symmetry. Such
a transition would hardly be detectable with XRD because
the scattering amplitudes of Mn and Ga have similar magni-
tudes. It appears that this high temperature phase transition at
T, changes the sample properties in such a way that the first
phase transition at approximately 800 K can no longer occur
upon cooling.

C. Magnetic properties

The results of the induction field dependent magnetization
measurements are displayed in Fig. 9. All samples exhibit
hard magnetic behavior at temperatures below the phase
transitions to the hexagonal DO;¢ phase. For Mn, ¢Ga, hys-
teresis loops at three different temperatures are displayed in
Fig. 9(a). It is seen that the magnetic moment is stable up to
a temperature of 400 K.

For the compounds Mn;Ga and Mn, ¢Ga, Table II summa-
rizes the values of the coercitive fields H., remanences B,,
the specific energy products E=H,. X B,, and the energy inte-
grals Wy=¢$HdB at temperatures of 5, 300, and 400 K, re-
spectively. The energy products E of Mn;Ga and Mn, ¢Ga
are comparable to those of other hard magnetic materials
such as Alnico 6. However, the coercitivities of Mn;Ga and
Mn, ¢Ga are approximately four to five times higher than that
of Alnico 6. The relatively low saturation magnetizations,
due to the ferrimagnetic order, make the materials compa-
rable to ferrites and related materials. From a direct integra-
tion of the magnetization loops, the energy integral Wy
=¢HdB gives the hysteresis loss per cycle. For Mn;Ga and
Mn, ¢Ga, it is between three and four times larger than the
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FIG. 9. (Color online) Magnetic properties of Mn;_,Ga. The
field dependent magnetization for Mn, ¢Ga at temperatures of 5,
300, and 400 K is given in (a). Hysteresis loops for Mn,¢Ga,
Mn, sGa, and Mn, ;Ga at T=5 K are given in (b).

energy product. For an ideal hard magnet, a nearly rectangu-
lar hysteresis loop [B(H)] with Wy=~4FE and E=BH,,,,
is expected. The maximum energy product BH,,,,
=max(—B X H) is an energy parameter of interest for the
manufacture of magnets. It represents the maximum useful
magnetic energy of a permanent magnet. Its value is obtained
by multiplying B and H in the second (or fourth) quadrant of
the hysteresis loop. Figure 10 shows a plot of BH and the
maximum energy product for the case of Mn;Ga. The value
of BH,,,,~ 18 kJ m™3, like the other energy values, is com-
parable to the value found in magnets from the Alnico series.

The hysteresis loops for Mn, ¢Ga, Mn, sGa, and Mn, ;Ga
are given in Fig. 9(b). The curves reveal a trend that is ob-
served throughout the entire sample series. The coercitivity
H, decreases upon removal of Mn (increasing x). The rema-
nence B, does not strongly depend on x. Since complete
saturation is not reached up to an induction field of 5 T for
all samples, the value of the saturation magnetization cannot
be determined. However, the maxima of the magnetic mo-
ments (at 5 T) of the series clearly increase with increasing
x. This accords well with the structural properties (Table I).
The increase of the lattice parameter ¢ with increasing x,
which is caused by the removal of the Mn; atoms along the ¢
axis, leads to a reduction of the magnetic compensation in
the ferrimagnetic unit cell of Mn;Ga. This explains why, at a
given induction field, the magnetic moments increase when
Mn is removed from MnsGa.

Calculated and measured magnetization data are com-
pared in Fig. 11. When going from Mn;Ga to Mn, ;Ga, an
increase in magnetization of about 80% is found experimen-
tally. The increase in the calculated values is much larger
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TABLE II. Hard magnetic properties of Mn;Ga and Mn, ¢Ga. Values are provided at low and elevated
temperatures 7 of the coercitive field H,., the remanence B,, the specific energy product E, the energy integral
Wy, and the maximum energy product BH,,,,. (Errors for the measured quantities are AH.=2 kA m~' and
AB,=0.5 mT. Errors for the calculated quantities E, Wy, and BH,,,, may be found using error propagation.)

T Br Hc E WH BHmax
(K) (T) (kAm™) (kI m™3) (kI m~3) (kI m~3)
Mn;Ga 5 0.136 453 61.6 203 18.3
300 0.133 383 50.9 176 14.4
400 0.130 342 445 149 12.7
Mn, (Ga 5 0.131 412 54.0 171 15.4
300 0.132 359 47.4 158 13.9
400 0.131 322 422 140 122

(=300% ) for model I, where only Mn; is removed. Accord-
ing to model III, the simultaneous removal of Mn; and Mny;
results in a reduced increase of 140% if it is assumed that
twice as much Mn; as Mny; is removed.

Table III provides an overview of the physical properties
of the Mn;_,Ga series. It is evident that varying the Mn
content allows a simultaneous continuous tunability of coer-
citivity, saturation magnetization, and energy product, mak-
ing the desired properties of the materials easily adjustable.

The (mass) density p of Mn;_,Ga decreases drastically by
about 30% with increasing x. This is because the number of
Mn atoms in the unit cell decreases while the volume of the
unit cell increases with x. The decrease is, nevertheless, lin-
ear and a fit results in p(x)=(1-0.2441x)7189 kg m~>. This
means that the decrease of the density is governed by the loss
of mass since a slope of about —0.2342 is expected for a
fixed volume. The magnetic transition temperature is nearly
constant with a mean value of 7,,,=(775 = 2) K (omitting the
value at x=1). The comparatively low transition temperature

500 . . . . . .
e
BH, b)
400 | 1 .
i 300 | 1 .
=
= BH,_,
& 200 - 1 -
2
5
5
< 100+ 1 .
1 1 1 1 1 1
-0.15 -0.10 -0.05 5 10 15 20 25

Magnetic flux B(H) [T] BH [kJm™]

FIG. 10. (Color online) BH,,,, of Mn3Ga. The second quadrant
of the hysteresis loop B(H) recorded at T7=5 K is shown in (a). The
calculated values for BH(H)=—B(H)X H are given in (b). The
maximum value BH,,,, of approximately 18 kJ m~ is found for a
magnetic field of =250 kAm™' and a flux density of =~0.07 T.
[Note that the x (H) and y (B,BH) axes are interchanged for better
comparison. ]

for Mn,Ga may be attributed to the impurity that was found
from XRD measurements (see Sec. IV B 1). From Table I1I,
it is apparent that Mn;_,Ga becomes magnetically softer with
decreasing Mn content. All three energy parameters E, Wy,
and BH,,,, decrease with increasing x. At the same time, a
decrease of the coercitivity and a maximum of the rema-
nence at intermediate Mn concentrations are observed.

The temperature dependence of the magnetization is
shown in Fig. 12 for the cases of Mn;Ga and Mn,Ga. In the
low temperature region, the measurements were performed
using induction fields of 0.1 T under zero-field-cooled (ZFC)
and field-cooled (FC) conditions. For the ZFC measure-
ments, the samples were first cooled to a temperature of
1.8 K without applying a magnetic field. After applying an
induction field uyH, the sample magnetization was recorded
as the samples were heated to the maximum temperature.
Immediately afterward, the FC measurements were per-
formed in the same field as the temperature was lowered to
1.8 K. The results for low temperatures are shown in Figs.
12(a) and 12(b). Evidently, the curves show no regular ferro-,
antiferro-, or ferrimagnetic behavior. Magnetic transitions

T T T T T T T T T

| ——I MnMn Ga
----- v 1III Mn, Mn 6 Ga

¢ Experiment

s
(=]
T

w
W
T

w
(=]
T

IS4
(=}
T

Relative magnetization M(x) / M(x=0)
& &
T T

=)
T

1
0.0 0.2 0.4 0.6 0.8 1.0
Lack x of Mnin Mn}_XGa

FIG. 11. (Color online) Comparison of magnetization data for
Mnj;_,Ga. The values are normalized to x=0 for better comparison.
Experimental values are for an induction field of 5 T. Calculated
values for models I and III are seen in Sec. IV A 2.
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TABLE III. Magnetic properties of Mns_,Ga. The following are tabulated: density p (at 7=300 K),
magnetic moment m per atom (at ugH=>5 T, the high temperature magnetic transition 7,,, remanence B,,
coercitive field H,, specific energy product E, energy integral Wy, and the maximum energy product BH,,,,,.
The magnetic properties are given for 5 K. (Maximum errors were determined to be Am=5X 1073 up,
AT, =5 K, AB,=0.5 mT, and AH,=2 kA m~!. Other uncertainties are found from error propagation.

p m T B

H, E Wy BH

x kem™) () K D KAmH  WmD) WmY) WmD)
0 7184 0.26 779 0.137 453 61.6 203 18.3
0.1 7028 0.27 774 0.131 412 54.0 171 15.4
0.2 6841 0.29 779 0.137 344 47.1 159 12.3
0.3 6657 0.29 770 0.130 315 41.0 146 10.4
0.4 6478 0.36 771 0.155 249 38.6 150 8.8
0.5 6313 0.34 781 0.139 205 28.5 122 6.8
0.6 6133 0.41 777 0.127 149 18.9 116 3.8
0.7 5963 0.43 785 0.125 137 17.1 114 3.4
0.8 5788 0.42 781 0.114 124 14.1 105 2.9
0.9 5617 0.47 762 0.111 100 11.1 91 2.6
1 5429 0.47 723 0.099 102 10.1 90 2.4

are observed at temperatures of 164 K for Mn;Ga and ap-
proximately 145 K for Mn,Ga in the ZFC measurements.
These transitions exhibit thermal irreversibilities between the
ZFC and the FC measurements. This type of behavior is
known from spin glasses and other frustrated systems with
multidegenerate ground states.>® Thermal irreversibilities,
such as the ones mentioned above, are found in all samples
of the entire series. Furthermore, the irreversibilities were
observed using different magnetic induction fields that
ranged from 2.5 mT to 5 T. These irreversibilities led to the
conclusion that the Mn;_,Ga series is a set of frustrated
ferrimagnets.>*3 The difference of the magnetization be-
tween ZFC and FC measurements decreases with increasing
x. For Mn;Ga, there is a difference of 131% between ZFC

3
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FIG. 12. (Color online) Temperature dependent magnetization
of Mn3Ga and Mn,Ga. The temperature measurements in the range
from 5 to 400 K under ZFC and FC conditions are given in (a) and
(b). The high temperature measurements (7>300 K) upon heating
of the samples are given in (¢) (from Ref. 23) and (d). For better
comparison, the data are normalized to the values at 300 K [note
the offset of the Mn,Ga low temperature magnetization data in (c)].

and FC measurements, while the same difference constitutes
only 9% for the case of Mn,Ga. Apparently, the magnetic
frustration is lowered upon removal of Mn atoms from the
unit cell. This also supports model III. According to model I,
where only Mn; atoms are removed in Mn,Ga, a ferromag-
netic order should remain. The remaining magnetic frustra-
tion in Mn,Ga, thus, provides evidence that Mn,Ga contains
both Mn; and Mny; atoms with an at least partially random
distribution among both crystallographic sites. For some in-
termediate compositions, an accurate determination of the
transition temperatures was not clearly possible because the
transitions were very broad or there was no distinct maxi-
mum at all (in the cases of x=0.2 and 0.4). The transitions
that could be determined span a temperature range from
145 to 172 K. It appears, however, that there is no distin-
guished correlation of the transition temperatures with x, the
magnetic moment, or the lattice parameters. This hints also
on a partial random distribution of the voids on both Mn
positions.

The drastic decreases of the magnetizations at Ty
~780 K for Mn;Ga and at T4~ 720 K for Mn,Ga, which are
seen in the high temperature SQUID measurements in Figs.
12(c) and 12(d), are caused by structural transitions from the
tetragonal to the hexagonal phases.'®? These structural
phase transitions are easily detected using differential scan-
ning calorimetry. The occurrence of the structural phase tran-
sitions makes it impossible to determine the Curie tempera-
ture of the tetragonal phase of Mn;_,Ga. The structural phase
transitions take place at temperatures below the expected
magnetic phase transition. The high temperature magnetic
measurements also support the results from DSC (see Sec.
IV B 4). The lower temperatures of T, compared to T}, [see
Fig. 8(b)] are addressed to an intrinsic effect of the DSC,
where the signals depend on the heating rates; higher heating
rates and larger amounts of material will apparently shift the
signal to higher temperatures. The magnetic measurements
also show the onset of magnetization at 7, upon cooling.
This confirms the assumption that 7,, and T}; correspond to
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FIG. 13. (Color online) Electric resistance measurements of
Mn;Ga and Mn,Ga. The measurements were performed upon heat-
ing of the samples. For better comparison, the data are normalized
to the values at 2 K.

the magnetic transition temperature of the hexagonal DOq
phase rather than to the Curie temperature of the tetragonal
DO,, phase. The magnetic transition and the structural tran-
sition occur nearly simultaneously. Nevertheless, this should
not cause problems in designing devices using this material
because it is very stable in the temperature range below
700 K and, thus, well suited for applications at and far above
room temperature.

D. Transport properties

The resistance of Mn;Ga and Mn,Ga was measured as a
function of temperature upon heating and cooling in the
range from 2 to 300 K. The heating curves are shown in Fig.
13. The values are normalized to the value at 2 K for better
comparison. The samples show typical metallic behavior,
where the resistances increase with increasing temperature.
At approximately room temperature, the resistances of
Mn;Ga and Mn,Ga exhibit a linear slope. Only a very small
thermal hysteresis was found between the heating and cool-
ing curves and it can be attributed to the precision of the
measurements. Residual resistivity ratios of approximately 8
for Mn3Ga and 4.5 for Mn,Ga were determined for the ratio
between the 2 and 300 K measurements. For polycrystalline
ingots, the comparably large value of 8 indicates the high
quality of the Mn;Ga samples. However, the value for
Mn,Ga is significantly lower. This fact is addressed to the
unknown impurity which was found in the XRD measure-
ment (Sec. IV B 1). The low temperature magnetic transi-
tions, as mentioned in Sec. IV C, are not observable in the
resistivity measurements. It is known from other frustrated
systems that the transitions may be shifted to much higher
temperatures (values of 150% are quite common; shifts of up
to more than 1000% are known) or are simply not detectable
in the resistivity measurements.*3-3%-38 The latter is the most
probable reason because a sharp phase transition is also not
detectable in the magnetic measurements.
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FIG. 14. (Color online) Specific heat of Mn;Ga and Mn,Ga. The
measurements were performed upon heating of the samples.

E. Specific heat

The specific heat of Mn;Ga and Mn,Ga was measured as
a function of temperature. The results are displayed in Fig.
14. The curves show typical metalliclike specific heat shapes
composed of electronic and phononic contributions to the
specific heats. To a good approximation, they follow 7% laws
below 30 K. A low temperature fit (<5 K) of the data results
in electron specific heats of 19+0.2 mJ/(mol K?) and
16 +0.2 mJ/(mol K?) for Mn;Ga and Mn,Ga, respectively.
Those values are rather large compared to pure Mn
[Ymn=9.2 mJ/(mol K?)].

The magnetic anomalies, which were mentioned in Sec.
IV C, are not directly visible from the specific heat curves of
Mn;Ga or Mn,Ga. This is expected, because the magnetic
anomaly covers a wide temperature range rather than appear-
ing as a sharp transition. The situation changes when having
a closer look at the derivative of C,. Figure 15(a) compares
the differentiated specific heat of Mn;Ga and Mn,Ga to the
magnetic irreversibility at low temperatures (7<250 K).
The magnetic irreversibility is determined by the difference
mpc—mzpc between the magnetization measured under FC
and ZFC conditions. It is evident from Fig. 15(b) that the
magnetic anomaly is more pronounced in the case of Mn;Ga.
For Mn,Ga, the curve is flatter than what is expected from
the M(T) dependence shown in Fig. 12. This fact can be
addressed to a lowered degree of frustration as noted in Sec.
IV C. From the comparison of Figs. 15(a) and 15(b), it is
obvious that the magnetic anomaly coincides with a pro-
nounced change of the slopes of the differentiated specific
heat curves. For Mn;Ga, these changes of the slopes coincide
with the strong changes in the magnetic irreversibility. For
Mn,Ga, such changes are much smaller. This is expected
from the less pronounced effect that is seen in the tempera-
ture dependence of the magnetization.

V. SUMMARY

The series of compounds Mns_,Ga was investigated ex-
perimentally and by first-principles calculations. In summary,
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FIG. 15. (Color online) Low temperature magnetic anomaly of
Mn;Ga and Mn,Ga. (a) shows the derivatives of the specific heats.
(Changes in the slope of the Mn3;Ga curve are marked by arrows.)
(b) shows the temperature dependence of the magnetic irreversibil-
ity. For better comparison, the differences are normalized to the
value at 2 K. [The maxima of the M(T) dependences in Fig. 12 are
marked by vertical lines.]

it has been shown that the binary compounds Mn;_,Ga, with
x varying from O to 1.0, crystallize in the tetragonal DO,,
phase with two inequivalent positions of the Mn atoms. The
structural properties were determined by x-ray diffraction
and extended x-ray absorption fine structure spectroscopy.
Both the volume and the c¢/a ratio increase with increasing
Mn content. From the electronic structure calculations, this
can be attributed to a weakened hybridization between Ga
and Mn states along the ¢ axes in the compounds with lower
Mn content. With increasing x, mainly—but not
exclusively—the Mn; atoms along the ¢ axis are removed
from the tetragonal unit cell. This model is supported by

PHYSICAL REVIEW B 77, 054406 (2008)

first-principles calculations that showed that the total mag-
netic moment should increase much stronger with x if only
the Mn; atoms are removed, while it should decrease if both
types of Mn atoms are removed simultaneously. The result is
an increase of the magnetic moment with x, because the Mn
atoms at different crystallographic sites of the Mn;_,Ga com-
pounds order ferrimagnetically. The experimentally observed
change of the magnetic moment is also found in the ab initio
calculations if more Mn; atoms than Mny atoms are re-
moved. The coercitivity and the different energy products of
Mn;_,Ga decrease upon removal of Mn, allowing the mag-
netic properties and hardness to be tuned by varying the
composition. The magnetization of the entire series vanishes
at approximately 770 K. This is mainly caused by the struc-
tural transformation into the hexagonal DO,g phase. The en-
tire series exhibits temperature dependent magnetic irrevers-
ibilities  between zero-field-cooled and field-cooled
conditions. A magnetic anomaly is found in all samples at
temperatures between 145 and 172 K. This anomaly pro-
vides evidence that Mn;_,Ga is a series of magnetically frus-
trated ferrimagnets. The highest degree of frustration is
found for the case of Mn;Ga, where the magnetic anomaly is
most pronounced.
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