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Coexisting ferro- and antiferromagnetism in Ni 2MnAl Heusler alloys
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The structural and magnetic properties of stoichiometric Ni2MnAl are studied to clarify the
conditions for ferromagnetic and antiferromagnetic ordering claimed to occur in this compound.
X-ray and magnetization measurements show that although a single phaseB2 structure can be
stabilized at room temperature, a singleL21 phase is not readily stabilized, but rather a mixed
L211B2 state occurs. The mixed state incorporates ferromagnetic and antiferromagnetic parts for
which close-lying Curie and a Ne´el temperatures can be identified from magnetization
measurements. ©2002 American Institute of Physics.@DOI: 10.1063/1.1504498#
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I. INTRODUCTION

Among the Heusler compounds, Ni2MnGa and Ni2MnAl
undergo martensitic transformations at compositions aro
stoichiometric, with the transformation temperatureMs vary-
ing rapidly with small changes in the concentration of t
constituents.1–3 Ni2MnGa is ferromagnetic in both the pare
L21 and the product martensitic phase,4 and it has been dem
onstrated that in the martensitic phase, strains on the ord
10% can be induced in single crystals by applying an ex
nal magnetic field of about 1 T leading to the magnetic sh
memory effect.5 Obviously, this property provides a techn
logical value for Ni2MnGa, and a great deal of effort ha
been invested in research to understand the properties o
martensitic phase in this alloy.6–11

Stoichiometric Ni2MnAl is structurally stable down to
the lowest temperatures, but martensitic transformations
cur in the slightly off-stoichiometric compounds, and the
mechanical properties are more favorable than those of
relatively brittle Ni2MnGa. It is, therefore, thought tha
Ni2MnAl could be provided as an alternative material if
magnetic shape memory properties are as favorable as t
of Ni2MnGa. However, the magnetic state of Ni2MnAl has
been an issue that has not been adequately clarified,
whether a singleL21 parent phase that is not mixed with th
B2 phase can be stabilized is still controversial. The pureB2
phase in Ni2MnAl can be retained by annealing at 950 K a
subsequently quenching to room temperature. On the o
hand, it appears that it is difficult to produce a singleL21

phase, since theB2 –L21 transformation in this compoun
requires long term annealing at about 650 K where the
fusion kinetics are relatively slow as compared to the fas
kinetics at 1000 K where Ni2MnGa can be annealed t
readily stabilize theL21 phase.

The magnetic ordering in the retained metastableB2
phase of Ni2MnAl is conical antiferromagnetic.12 In theL21
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phase, there is some indirect evidence based on calorim
measurements that the magnetic ordering is ferromagnet13

Although no direct evidence has been reported on either
ferromagnetic nature of theL21 parent phase or the marten
sitic product phase of off-stoichiometric Ni2MnAl, it has
been possible to induce considerable strain on a single c
tal specimen which has, however, not exceeded ab
0.2%.14 This appears to be a problem of not having a sin
L21 parent phase in the sample. If it were possible to
crease the amount ofL21 in an L211B2 mixed phase, the
strain in the martensitic state would also increase. This
point that certainly requires further investigation. Howev
to be able to give a thorough account on the properties
structural phase transitions and magnetic shape memory
fects in off-stoichiometric Ni2MnAl alloys, it is necessary,
first, to understand the magnetic properties of the relativ
simpler stoichiometric Ni2MnAl compound in theB2 and
L21 phases.15 This makes up the theme of the present artic
in which we investigate the structural and magnetic prop
ties by x-ray diffraction, magnetization, magnetic suscep
bility, and specific heat measurements.

II. EXPERIMENT

The sample with stoichiometric composition was pr
pared by induction melting in a water cooled Cu crucib
The concentration of the sample was determined by ene
dispersive x ray analysis to be 50.4 at. % Ni, 24.7 at. % M
and 24.9 at. % Al. To stabilize theB2 phase, the sample wa
annealed atTa5923 K for 30 days and subsequent
quenched in water to room temperature. TheL21 phase was
prepared by annealing a separate sample atTa5653 K for 30
days cut from the same ingot. The structure was examine
x-ray diffraction on the polycrystalline samples. Susceptib
ity measurements were carried out in a field-cooled~FC! and
zero-FC~ZFC! sequence using a superconducting quant
interference device magnetometer in the temperature ran
K<T<400 K and using a vibrating sample magnetomete
the temperature range 300 K<T<600 K. M versusB mea-
il:
7 © 2002 American Institute of Physics
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surements were carried out in fields up to 5 T. The spec
heat was measured in the interval 200 K<T<500 K in a
modulated differential scanning calorimeter with a tempe
ture modulation of 0.5 K with a period of 80 s and a heati
and cooling rate of 2 K/min.

III. RESULTS

A. X-ray measurements

For both samples, the results of the x-ray measurem
in the interval 30°<2u<60° and 60°<2u<90° are shown in
Figs. 1~a! and 1~b!, respectively. The locations of the ex
pected reflection peaks are indicated by the arrows. Bec
of texturing in the polycrystalline specimen, the relative
tensities are not in proportion, and some reflections are
sent such as the~111! reflection for the sample withTa

5923 K. The broad character of the peaks forTa5653 K
indicates that this temperature is not sufficient to remove
strains. The strains are relaxed when annealed atTa5923 K
as seen by the relatively narrower line shapes in the data
this annealing temperature.

For Ta5923 K, only peaks associated with theB2 phase
are found, whereas forTa5653 K, the~331! peak related to
the L21 phase emerges as seen in Fig. 1~b!. Less obvious is
the emergence of a peak at the position of the~311! reflection
in Fig. 1~a!. TheL21 phase is certainly present, but it cann
be concluded from these data whether the phase is si
phase or mixed withB2. The lattice constant of theB2 phase
is estimated to bea50.2909 nm, half that of theL21 phase
with a50.5818 nm, which is in agreement with earlier r
ported values.12

B. The magnetization and susceptibility

The magnetic field dependence of the magnetiza
M (B) and the temperature dependence of the magnetic
ceptibility x(T) of the two samples are shown in Figs. 2–
x(T) was measured first in the ZFC state followed by t
measurement in the FC state. Prior to eachM (B) measure-
ment, the samples were prepared in the ZFC state by br
ing them above 350 K. In the following, the samples a
referred to by their annealing temperatures.

1. Magnetization and susceptibility of the
TaÄ923 K sample

For the sample prepared in theB2 phase, theM versusB
curves up to 5 T in Fig. 2 have no substantial curvatu
indicating that ferromagnetic coupling is not present or v
weak in the case where there are traces of ferromagn
inhomogeneities.

x(T) in FC and ZFC states shown in Fig. 3 exhibits
peak at about 313 K. This temperature coincides with
Néel temperatureTN given as the onset of conical antiferro
magnetic ordering previously reported for this system12

Therefore, referring back to Fig. 2, it becomes clear that
nearly linear behavior of theM versusB curves is due to the
antiferromagnetism. BelowTN , the susceptibility decrease
with decreasing temperature and increases again below a
130 K in both modes of measurement. Since the magne
tion curves at 5 and 150 K in Fig. 2 appear not to be mu
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different from one another, the rise inx(T) below 130 K
cannot be associated with some partial ferromagnetic or
ing. It is not possible to give a detailed account for th
behavior from the susceptibility data alone, but this prope
could be related to a reorientation of the conical struct
which is frequently encountered in compounds incorporat
Mn.

Another dominant feature in Fig. 3 is the splitting b
tween the FC and the ZFC data belowTN . Such a splitting
that occurs just below a magnetic transition temperature
usually an indication of different configurational ‘‘pinning

FIG. 1. The x-ray spectrum of Ni2MnAl: ~a! for 30°<2u<60° and~b! for
60°<2u<90° under both annealing conditions.~331! peak in part~b! is the
indication for the presence of theL21 phase. The~311! position in part~a!,
which would also be associated with theL21 phase, is also indicated.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of residual or intrinsic ferromagnetic parts by the antifer
magnetic environment depending on whether the samp
brought into a FC or a ZFC state.16 This property is dis-
cussed in more detail in Sec. IV.

2. Magnetization and susceptibility of the
TaÄ653 K sample

As seen in Fig. 4, theM versusB curves of this sample
have substantial curvature between 5 and 340 K as comp

FIG. 2. The magnetic field dependence of the magnetization for the sa
with Ta5923 K. There is no appreciable curvature at any of the temp
tures.

FIG. 3. The temperature dependence of the FC and ZFC magnetic su
tibility of Ni 2MnAl for Ta5923 K. The peak at 313 K corresponds toTN .
Downloaded 09 Jun 2010 to 161.116.168.169. Redistribution subject to A
-
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to the curves in Fig. 2, but they do not saturate even at
highest fields.M versusB becomes linear first above 400
where the sample is paramagnetic~the maximum field in the
vibrating sample magnetometer is 1 T!. These data indicate
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FIG. 4. The magnetic field dependence of the magnetization for the sam
with Ta5653 K. The curvature, indicating the presence of ferromagne
exchange, is no longer present at 430 K. The dashed line is only a guid
the linear magnetic field dependence of the 430 K data below 1 T.

FIG. 5. The temperature dependence of the FC and ZFC magnetic su
tibility of Ni 2MnAl for Ta5653 K. TC is at about 375 K. The rounded pea
results from the close lying temperatures corresponding toTN and the tem-
perature at which the magnetization of the ferromagnetic parts begi
saturate with decreasing temperature.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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that annealing atTa5653 K generates ferromagnetism an
evidently, the ferromagnetic entity is then theL21 phase.
However, the fact thatM versusB does not saturate implie
that a nonferromagnetic entity is also present. According
x-ray data, this entity can only be the antiferromagnetism
the B2 phase. Therefore, even after 30 days of annealin
653 K, the sample cannot be brought into a singleL21 phase.

The mixed nature of this state can be further eviden
from x(T) in Fig. 5 when the features are compared to tho
of x(T) in Fig. 3. The features of the two curves appe
similar at first. In Fig. 5, a peak inx(T) is present at 293 K,
which is somewhat lower than the temperature correspo
ing to the peak in Fig. 3. A splitting is present below t
temperature corresponding to this peak, andx(T) runs
through a minimum at lower temperatures. However,
value of x in Fig. 5 is about an order of magnitude grea
and, furthermore, the approach from high temperatures to
maximum inx(T) shows a ferromagnetic-like behavior. Th
Curie temperatureTC is estimated to be about 375 K from
this figure, which is close to the temperature where
anomaly was observed in previous differential scanning c
rimetry measurements on an off-stoichiometric compoun13

However, the fact thatx(T) decreases below 293 K indicate
that antiferromagnetism is simultaneously present in
state of the sample. The feature in the curve close toTN is
somewhat rounded out and is not as sharp as in Fig. 3 du
the close neighboring ofTN and the temperature of about 30
K at which the magnetization of the ferromagnetic contrib
tion begins to level out as the temperature decreases.

Also, in Fig. 5, a splitting between the FC and ZF
susceptibilities occurs as the temperature decreases as
data of Fig. 3. The magnitude of the splitting is larger th
that in Fig. 3, because of the larger number of ferromagn
parts in the sample in theL211B2 phase as compared t
that in the sample in theB2 state.x(T) increases with de-
creasing temperature below 90 K in the FC case and be
75 K in the ZFC case. The cause is expected to be relate
the same effect giving rise to the minimum inx(T) of the
B2 phase sample.

C. Specific heat

The specific heatcp(T) of the samples with the two
different heat treatments is shown in Fig. 6.cp(T) of
Ni2MnGa measured in the same calorimeter is also sho
for comparison.10 cp(T) of Ni2MnAl in the B2 state reaches
a peak value at aboutTmax5305 K, which is somewhat lowe
thanTN5313 K determined fromx(T). The structure of the
curve around the maximum is not as sharp as the pea
TC5390 K of the ferromagnetic compound Ni2MnGa.

cp(T) of the sample in theL211B2 state has a broa
shoulder centered aroundTmax5350 K, and the narrower fea
ture seen in the peak in the data of theB2 sample is lost. The
Curie temperature of theL21 phase determined from th
x(T) data lies closer to the minimum observed at 380 K. T
mixed nature of the state produced by annealing atTa

5653 K is reflected incp(T) as well, whereby the close
lying TN andTC of theL211B2 phase leads to an overlap
Downloaded 09 Jun 2010 to 161.116.168.169. Redistribution subject to A
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any sharp details at the transitions to be smeared out.

IV. DISCUSSION

With the present magnetization measurements, we g
evidence that theL21 phase of Ni2MnAl is ferromagnetic.
TC determined fromx(T) data is found to be nearly th
same as that of Ni2MnGa. This is understandable, since t
valence electron concentratione/a of both compounds is the
same, and it is known that for Ni2MnGa TC varies system-
atically and very slowly withe/a.4 TC of the L21 phase of
Ni2MnAl also agrees well with the temperature correspon
ing to the anomaly occurring in calorimetric studies on
off-stoichiometric compound.13 The nature of the magneti
coupling in Ni2MnAl appears to be governed essentially
the Mn–Mn distance as in many other ordered compou
incorporating a sufficiently high concentration of Mn. A
large separations the compounds are ferromagnetic an
small separations they tend to be antiferromagnetic. This
tendency that is also found in the results of band calculati
on Heusler alloys.6,17 The shortest distance between Mn a
oms in theL21 phase of Ni2MnAl is 0.411 nm. TheB2
phase occurs when Mn and Al atoms are arranged rando
and the shortest Mn–Mn distance can then become 0.
nm.

The B2 to L21 transformation in Ni2MnAl occurs at a
temperature where diffusion kinetics in a solid are slow. T
enables the high temperatureB2 phase to be readily retaine
at room temperature as a metastable state rather than
thermodynamically more favorableL21 phase. The develop
ment of theL21 phase on annealing just below the tempe
tures of the transformation boundary does not produc
singleL21 phase in Ni2MnAl in a period of 30 days, becaus
either this time is too short or a metastable equilibrium b

FIG. 6. The temperature dependence of the specific heat of Ni2MnAl under
both annealing conditions. That of Ni2MnGa is shown for comparison.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tween theB2 and theL21 phase is reached. The amount
L21 can certainly depend on the metallurgical state of
sample. However, this must be checked by examining
field dependence of the magnetization on samples prep
with different grain sizes and internal strain. For Ni2MnAl,
the field dependence of the magnetization can give str
evidence as to whether the sample is a single phaseB2 or
L21 , or mixed.

In magnetically heterogeneous systems where ferrom
netism and antiferromagnetism coexist in the form of gra
lar precipitates or in the form of independent long ran
ordered entities, a divergence of the FC and ZFC susce
bilities is encountered at the lower magnetic transition te
perature be itTC or TN .16 The only condition is that the
external field should be sufficiently small, otherwise the
fect can be lost or the point of divergence will shift to lo
temperatures. When a sample is cooled fromTN.T.TC to
belowTC , or from TC.T.TN to belowTN in finite or zero
magnetic field, the spins become pinned in different confi
rations by the antiferromagnetic anisotropy. Therefore,
FC–ZFC mode of measurement in small fields becomes
ful when it comes to deciding whether different forms
long range magnetic structures coexist. If Ni2MnAl in the B2
phase were a collinear antiferromagnet, no splitting betw
the FC and ZFC modes would be observed. Therefore, in
sample, there is either some residualL21 phase, which pro-
vides the ferromagnetic exchange, or the conical antife
magnetic structure of theB2 phase has a ferromagnetic com
ponent. Both can give rise to pinning.

Despite the metallurgical problems of obtaining a sin
L21 phase, off-stoichiometric Ni2MnAl remains as a poten
tial candidate for a magnetic shape memory material if t
problem can be overcome. A further problem is to be able
give a clear picture on the magnetism of the martens
Downloaded 09 Jun 2010 to 161.116.168.169. Redistribution subject to A
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phase of the alloys. Although there have been some us
attempts to provide an understanding of the magnetic st
in such alloys,18 the details of the magnetic interactions r
main to be clarified.
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15El. Mañosa, A. Planes, Ch. Somsen, Ch. Fell, and M. Acet, J. Phys. IV11,

Pr8-245~2001!.
16E. Duman, M. Acet, Y. Elerman, A. Elmali, and E. F. Wassermann,

Magn. Magn. Mater.238, 11 ~2002!.
17V. V. Godlevski and K. M. Rabe, Phys. Rev. B63, 134407~2001!.
18S. Morito, T. Kakeshita, K. Hirata, and K. Otsuka, Acta Mater.46, 5377

~1998!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp


