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Coexistence of ferromagnetic and antiferromagnetic order in Mn-doped Ni2MnGa
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Ni-Mn-Ga is interesting as a prototype of a magnetic shape-memory alloy showing large magnetic-field-
induced strains. We present here results for the magnetic ordering of Mn-rich Ni-Mn-Ga alloys based on both
experiments and theory. Experimental trends for the composition dependence of the magnetization are mea-
sured by a vibrating sample magnetometer in magnetic fields of up to several tesla and at low temperatures.
The saturation magnetization has a maximum near the stoichiometric composition and it decreases with
increasing Mn content. This unexpected behavior is interpreted via first-principles calculations within the
density-functional theory. We show that extra Mn atoms are antiferromagnetically aligned to the other mo-
ments, which explains the dependence of the magnetization on composition. In addition, the effect of Mn
doping on the stabilization of the structural phases and on the magnetic anisotropy energy is demonstrated.
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Ni-Mn-Ga alloys have unique magnetoelastic and mag
toplastic properties, which make them highly interesting
many technological applications such as smart actu
materials.1,2 The material properties are sensitive to the
tual composition.3 The best alloys to date are rich in Mn an
poor in Ga with respect to the perfect Ni2MnGa stoichiom-
etry. In particular, a shape-memory alloy arou
Ni2Mn1.25Ga0.75 composition shows excellent magnetoelas
properties with strains of up to 10% under moderate m
netic fields. Its recent discovery has inspired substantial
perimental and theoretical activity.4 Typically these materials
are produced by several techniques, such as directiona
lidification and Bridgman growth,5 and one has also bee
able to grow them epitaxially on GaAs substrates.6 Apart
from the composition dependence, the ordering of the ato
in the different sublattices within theL21 structure, as de-
picted in Fig. 1, is not yet well understood. A thorough th
oretical investigation of the phase equilibrium is also lac
ing, and additionally many details about bonding a
ordering in this system are not yet well understood.7

In order to facilitate a technological breakthrough, t
magnetic properties of this material should be explored
detail. For the perfect stoichiometric case, experimenta
well as theoretical works agree on the saturation magne
tion of 4.1mB per f.u.8,9,11For Mn-rich alloys with a constan
50% Ni content, the extra Mn atoms substitute Ga atom
the Ga sublattice. The Mn atoms would contribute by 3.5mB
to the total magnetic moment as described in Refs. 8, 9,
11. However, addition of Mn does not correlate with an
crease in the overall magnetization, as shown by the exp
mental results below. Thus there is a serious difference
tween the experimental results and the expected trend
this paper we address this problem with a combined exp
mental and theoretical study.

Most of the alloys used to date have been developed w
a metallurgical approach. In contrast, we use alloy theory
order to identify the phases,9 to understand the martensit
phase-transition mechanism,9,10 and to predict the possibl
candidates for future materials.11 Here we show a nearly per
fect agreement between theory and experiment conside
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magnetic order in alloying with Mn atoms. As a bonus w
also provide a microscopic explanation for further stabiliz
tion of the martensite phases appearing at low temperat
Finally, we report the calculated magnetic anisotropy ene
which deviates from the results based on the average e
tronic concentration.

The details of the experiments are the following. Vario
alloys with compositions close to stoichiometric Ni2MnGa
were melted from pure elements and nearly single-cry
ingots were produced by a modified Bridgman method. T
as-cast ingots were homogenized at 1000 °C. The satura
magnetization is studied as a function of the compositi
The chemical composition of the samples is determined
energy dispersive spectroscopy. While the content of Ni
mains an almost constant 50%, the content of Mn spans
range between 19% and 34%. The magnetization curves
measured with a vibrating sample magnetometer~VSM! up
to a field of 2 T and with a superconducting quantum int
ference device magnetometer up to a 5-T field. Measu
ments are made for several temperatures down to 10 K~see
the inset of Fig. 2!. The spontaneous saturation magnetiz
tion is determined by extrapolation to the zero-field lim
from the magnetization measurements at 10 K.

For modeling, we use the generalized-gradie
approximation12,13 of spin-density-functional theory. For th
total-energy calculations, we use both a full-potential line
ized augmented plane-wave method14 and a pseudopotentia

FIG. 1. L21 supercell of Ni2Mn1.25Ga0.75.
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scheme.15,16As shown in previous calculations, the Mn ma
netic moment is high, and we have confirmed the pseudo
tential validity by comparing full-potential calculations wit
pseudopotential calculations. In this particular case,
pseudopotential treatment is valid concerning the magn
ordering and accurate enough for dealing with the main f
tures of the structural phase transitions in these mater
The details of these results will be discussed elsewhe17

The substitutional and magnetic alloying is treated by rep
ing one Ga atom with a Mn atom in the 16-atomL21 super-
cell ~Fig. 1!, resulting in the composition Ni2Mn1.25Ga0.75.
The magnetic moment of the extra Mn atom is allowed
have both parallel and antiparallel alignment with respec
the other Mn atoms, collinearly ordered, and the total ene
is minimized with respect to each magnetic configuration

Figure 2 shows the magnetization measurements
Ni2Mn11xGa12x alloys as a function of the average valen
electron concentrationnv . The average concentration
measured by the electron-to-atom ratio where Ni contribu
ten, Mn seven, and Ga three valence electrons. The temp
ture dependence of the magnetization~see the inset of Fig. 2!
has been measured at the fieldH52 T, which is larger than
the saturation field. The saturation magnetization show
peak at 7.5 valence electrons/atom corresponding to the
fect stoichiometric Ni2MnGa alloy. The magnetic momen
has a value of about 4mB per f.u. which is in agreement with
previous experimental data8 on stoichiometric Ni2MnGa as
well as with the first-principles calculations.9,11 The experi-
mental data show that the magnetic moment decreases w
the electronic concentration increases over 7.5. This find
is in agreement with the data of Ref. 18 which have be
collected from several sources and show smaller values
the magnetization since the saturation is not well guarant
This is because measurements are made with either a
field or at high temperatures.

In order to explain the experimental results above and
gain insight into the precise magnetic structure, we pres

FIG. 2. Saturation magnetization vs the average number of
lence electrons per atom (nv). The dashed line is a linear fit to th
experimental data and the solid line is the theoretical predict
The inset shows the temperature dependence of the magnetiz
in the composition Ni1.99Mn1.16Ga0.85.
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the following theoretical results. As a first step, let us analy
the magnetic properties based on the average electron
centration within the rigid-band approximation. It is foun
that the Mn moment remains constant but the Ni mom
decreases linearly with increasing electron concentrat
This picture cannot therefore explain the experimental
crease of the magnetization when lowering electron conc
tration below 7.5. Also, the decrease of the magnetic mom
per Ni atom is only 0.1mB(nv)21 which is smaller than tha
in the experiments. When the extra Mn atom is includ
explicitly in the calculation, the configuration withantipar-
allel alignment of Mn moments is energetically favorable
seen in Fig. 3. An analysis of the local Mn magnetic mom
gives a nearly constant value of around 3.5mB regardless of
the alignment, so that the total magnetic moment has a v
of 5.0mB for the ferromagnetic configuration, and a value
3.6mB for the antiferromagnetic one. The latter value is
good agreement with the experiments.

The variation of the magnetization with the compositi
can be estimated with a simple model. As the extra Mn
oms couple antiferromagnetically with the neighboring M
atoms, every additional Mn atom decreases the total m
netic moment by 3.5mB . The total magnetic moment o
Ni2Mn11xGa12x is then given by m total52mNi1(1
2uxu)3.5mB where the Ni momentmNi is varied around the
stoichiometric value 0.3mB with the electron concentration
according to the rigid-band results. One should note that
variation of the Ni moment affects only slightly the tot
moment whose variation is determined mostly by Mn. T
linear fit of the experimental data agrees well with the li
predicted by the theory, assuming a constant 50% conten
Ni.19 The reason for the peak of the saturation magnetiza
with electron concentration around 7.5, as well as the
creasing trend of the saturation magnetization, are identi
here in a natural way. We can conclude that the Mn ato
substituted at the Ga sites are antiferromagnetically coup
to the Mn atoms at Mn sites. In addition to the experimen

a-

.
ion

FIG. 3. Calculated total energy of Ni2Mn1.25Ga0.75 per formula
unit as a function of the tetragonal distortionc/a ratio. Circles mark
the antiferromagnetic alignment of the extra Mn and squares m
the ferromagnetic alignment.
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compositions, with an approximately constant 50% Ni co
tent, we check the magnetic moments also in Ni1.75Mn1.25Ga,
where one Ni atom is replaced by Mn in the previous 1
atom supercell. The results show that also in this case
additional Mn favors similar antiferromagnetic alignmen
but with a local magnetic moment of 0.7mB . These findings
can be reasoned by the tendency of close Mn atoms to f
an antiferromagnetic alignment, typical for several M
compounds.20 The interesting new feature here is the coe
istence of ferromagnetic and antiferromagnetic Mn-Mn int
actions in the same alloy.

It should be pointed out that during cooling the allo
undergo martensitic transformations, in some cases actu
several intermartensitic transformations from so-called 5
to 7 M and to nonmodulated martensite.21 For instance, in
the inset of Fig. 2, an abrupt jump in the curve indicates
austenite-martensite transformation at about 305 K. Dur
the transformation the saturation magnetization can cha
by 10%, but the low-temperature moment remains nea
equal as shown in previous calculations.9 The antiferromag-
netic alignment is energetically favorable also in the mart
sitic phase~Fig. 3!, so that the phase transitions do not affe
the above conclusions.

We next discuss the existence of martensitic phases
the desirable compositions. In the stoichiometric alloy tot
energy calculations show two energy minima with tetrago
structuresc/a;0.94 andc/a;1.3.9 However, when the Mn
doping is modeled with the rigid-band approximation t
energy minimum atc/a;0.94 disappears. In Fig. 3 w
present total-energy calculations beyond the rigid-band
proximation where the additional Mn is explicitly include
There is now a stable structure atc/a;0.94 both with par-
allel and antiparallel alignments of the extra Mn, but t
antiferromagnetic coupling clearly stabilizes the minimu
over the ferromagnetic case. When taking into account a
orthorhombic distortions with the antiferromagnetica
aligned extra Mn, we find a new energy minimum withc/a
;0.93 and b/a;0.97. The energy of this orthorhomb
minimum is between the two tetragonal minima, so that
theoretical order of the phases agrees with the experime
findings.21 We can conclude that the structural and magne
ordering beyond simple electronic averaging are importan
stabilizing some of the phases.

Another key property in magnetism is the magnetic a
isotropy energy. Previously the composition dependence
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the magnetic anisotropy energy has been analyzed by ta
into account only the average electron concentration.10 It is
shown in Ref. 10 that the magnetic anisotropy energy
creases with increasing electron concentration, in agreem
with experiments. Since the doping changes also the lo
structural and magnetic properties we refine here the ana
and calculate the magnetic anisotropy with the extra Mn
plicitly included. With average electron concentration cor
sponding to Ni2Mn1.25Ga0.75 composition the anisotropy en
ergy of thec/a50.94 structure is 50meV per f.u. When
including the extra Mn explicitly the magnetic anisotrop
energy is 150meV for the ferromagnetic alignment an
100 meV for the antiferromagnetic one, where the last va
is in good agreement with the experimental one
90 meV.22 It is seen that even though simple averaging
electrons can reproduce the correct trends, the structural
magnetic ordering are important for quantitative determi
tion of the magnetic anisotropy energy.

In conclusion, the magnetic properties of Mn-dop
Ni2MnGa alloys are measured for several concentrations
calculated for those showing interesting magnetoela
properties. Experimentally, we see that doping has a str
effect on the saturation magnetization. The computationa
sults within the density-functional theory show that the ex
Mn is antiferromagnetically aligned to the other atoms in t
L21 lattice and a comparison of the experimental and
theoretical magnetizations confirms this picture. The ord
ing of the extra Mn is shown to affect also the appearance
the tetragonal and orthorhombic structures and the magn
anisotropy energy. The main result of this work, the magne
alignment of the extra Mn, could serve as an impetus
further work on the ordering issue. For example, the inter
tion of frustrated magnetic sublattices in Ni-Mn-Ga shou
be revealed by using sublattice-sensitive probes.
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