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a b s t r a c t

The character of thermal diffusion of magnetic atoms has been investigated in Ni–Mn mechanical alloys
around Ni3Mn composition by monitoring magnetic properties during the atomic ordering process.
Observed susceptibility versus temperature curve after annealed at the ordering temperature of 693 K for
50 h shows at least four steps. Those multi steps came into two at the final stage of annealing for 1000 h.
The step at the highest temperature corresponds to the Curie temperature TC of Ni3Mn. The observed
variation of TC with annealed time was explained by solving a diffusion equation, and the range of the
concentration fluctuation was determined to be 4 nm.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Ni-rich Ni–Mn alloys have a face centered cubic structure.
round the composition of Ni3Mn, they have an ordered state
f Cu3Au type. Their magnetic structure is strongly dependent
pon the degree of atomic ordering, and hence, many studies
or these alloys have been concentrated in order–disorder prob-
ems [1,2]. Alloy samples in those studies were prepared using a
onventional technique of melting the metal elements in a fur-
ace.

A technique of quick measurements of magnetic susceptibility-
emperature curves have been developed by the present authors

roup and applied for investigating thermally meta-stable mag-
etic states. By using this technique it becomes possible to observe
apidly changing magnetic character of mechanical alloys during
arious heat treatments [3–9].

∗ Corresponding author. Tel.: +81 86 955 6554; fax: +81 86 256 8487.
E-mail address: fumihisa@das.ous.ac.jp (F. Ono).
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In the present study this technique has been applied to investi-
ate the character of thermal diffusion of magnetic atoms in Ni–Mn
echanical alloys during the heat treatment for atomic ordering.

. Experimental

Ni and Mn powders of the particle size of 100 mesh and the purity of 99.9% were
ixed to the composition of 75 and 80 at.%Ni–Mn alloys, and milled for 75 h in a

lanetary ball mill in argon atmosphere using stainless steel balls and containers
3–9]. The product was annealed at the ordering temperature of 693 K for 50, 200,
00 and 1000 h to obtain partially and fully ordered states.

The crystal structure of as milled and annealed mechanical alloys were exam-
ned by X-ray diffraction at room temperature. For low temperature magnetic

easurements below room temperature a SQUID magnetometer was used, and
agnetization curves and susceptibility versus temperature curves were investi-

ated. For high temperature susceptibility measurements, a quick measuring system
as been applied to investigate the character of thermal diffusion of magnetic atoms.
he magnetic measurements have been made during the heat treatment for atomic
rdering by keeping the specimens at the ordering temperature of 693 K for up to

000 h.

. Experimental results

X-ray diffraction patterns observed for as milled and annealed mechanical alloys
MA) shown in Fig. 1 indicate that those alloys are all in fcc phase. The peak

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fumihisa@das.ous.ac.jp
dx.doi.org/10.1016/j.jallcom.2008.09.209
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Fig. 1. X-ray diffraction patterns of Ni–Mn mechanical alloys for as milled and after annealed at 693 K for various hours: (a) 80 at.%Ni–Mn and (b) 75 at.%Ni–Mn.
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ig. 2. Annealed time-variation of the FWHM of X-ray peaks: (a) 80 at.%Ni–Mn and
0 at.%Ni–Mn alloy.

idths of the as milled MA are wider and the intensities are weaker than those
f the alloys made by conventional method of furnace melting. The peak inten-
ities and the widths did not change much after long-time annealing as seen in
ig. 2.

Saturation magnetization versus annealed time curves observed at 4.2 K for

0 and 75 at.%Ni–Mn mechanical alloys were shown in Fig. 3(a) and (b), respec-
ively. For 80 at.%Ni–Mn mechanical alloy MS was about 53 Am2/kg in the as

illed state, and increased largely to about 103 Am2/kg after annealed at 693 K for
000 h.

m
s
h
F
M

ig. 3. Annealed time variation of the saturation magnetization observed at 4.2 K at 1 T
alculated from Eq. (3).
at.%Ni–Mn. The solid curves are calculated from Eq. (3) using the magnetic data for

Observed susceptibility versus temperature curves for 80 and 85 at.%Ni–Mn MA
s milled and annealed at 693 K for various hours are shown in Fig. 4(a) and (b),
espectively. The variations of TC for 80 and 75 at.%Ni–Mn mechanical alloys with
nnealed time were illustrated in Fig. 5(a) and (b), respectively. As seen in Fig. 4(a) in
he curve of 80 at.%Ni–Mn alloy annealed for 50 h there are at least four steps. Those
ulti steps came into two at the final stage. The step at the lower temperature
ide corresponds to the Curie temperature of 85 at.%Ni–Mn ordered alloy and the
igher temperature side corresponds to that of Ni3Mn. On the other hand, as seen in
igs. 4(b) and 5(b), no such trend of phase separation was observed in 75 at.%Ni–Mn
A.

for (a) 80 at.%Ni–Mn and (b) 75 at.%Ni–Mn mechanical alloys. The solid curves are
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ig. 4. AC-susceptibility versus temperature curves observed for (a) 80 at.%Ni–Mn a
n (a) indicate the four steps observed for 50 h-annealed alloy.

. Discussion

From the present experimental results described above, it was
hown that in 80 at.%Ni–Mn MA, Ni and Mn atoms migrate to reduce
i-concentration to 75 at.% to form an ordered state of Ni3Mn. As a

esult, the remaining part increases its Ni-concentration to 85 at.%
fter long-time annealing at the ordering temperature of 693 K. This
ituation can be described by a diffusion theory.

The transient process of atomic diffusion during the heat treat-
ent can be expressed by solving the diffusion equation [10],

∂c

∂t
= D

∂2c

∂x2
, (1)

here D is the diffusion constant and c the density of the flowing
toms along the x-direction. Here, we set the direction of migra-
ion of magnetic atoms as x-direction. The simplest form of the
olution c for a system slowly approaching to saturation can be
xpressed in the form, c = C(x)F(t). Then, the Eq. (1) is separated
nto two independent equations using a common constant −�2, as

1
DF

dF

dt
= 1

C

d2C

dx2
= −�2. (2)

The solution of the time-dependent term is expressed as
(t) = F0 exp(−�2Dt) (3)

nd the space-dependent term can simply be written as

(x) = C0 sin �x.

i
d
o
i
b

ig. 5. Observed Curie temperatures (steps in the susceptibility-temperature curves) plott
echanical alloys. All the solid curves shown are calculated from Eq. (3) using the commo
) 75 at.%Ni–Mn mechanical alloys at various stages of atomic ordering. The arrows

The coefficient, �2D of the time-dependent term is estimated
y fitting Eq. (3) to the observed MS versus annealed time curve as
hown in Fig. 3(a), and �2D = 2.0 × 10−6 s−1 is obtained.

To determine �, it is necessary to know the value of the diffusion
onstant D at 693 K. However, we could not find any available data.
herefore, we adopted the expression

= D0 exp
(

− Q

kT

)
(4)

here Q is the activation energy and k the Boltzmann constant. By
ubstituting available values, D0 = 1.30 cm2/s for self-diffusion of Ni
11] and D = 1.9 × 10−9 at T = 1600 K [12] into Eq. (4), the diffusion
onstant for Ni and Mn atoms at T = 693 K can be estimated to be
= 10−20 cm2/s. By using this value, � = 1.4 × 109 m−1 was obtained.

hen, the width of the fluctuation of the atomic potential is esti-
ated to be

= 2�

�
= 4 × 10−9(m).

This magnitude is in good agreement with the width of the con-
entration fluctuation, 6 nm, estimated by Kachi et al. [13] in Fe–Ni
nvar alloys.

The solution of the time-dependent term was compared in Fig. 6

n a scaled form with the experimental data of annealed time-
ependences of MS, TC and the full width at half maximum (FWHM)
f the X-ray peaks for 75 at.%Ni–Mn mechanical alloy. In this figure
t is seen that the observed variation of the magnetic quantities can
e explained by the present analysis of the diffusion theory.

ed as a function of annealed time at 693 K for (a) 80 at.%Ni–Mn and (b) 75 at.%Ni–Mn
n constant of �2D determined in the text.
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[9] N.Q. Sun, Y. Chimi, N. Ishikawa, A. Iwase, T. Kambara, Y. Matsushima, F. Ono,
ig. 6. Annealed time variation of the X-ray peak width, the saturation magneti-
ation and the Curie temperature for 75 at.%Ni–Mn mechanical alloys plotted in a
caled form. The solid curve is calculated from Eq. (3).

On the other hand, observed annealed time variation of the X-
ay peak width came to saturate much earlier than the magnetic
uantities. This tendency can be explained by considering the fact
hat the X-ray peak width is sensitive to lattice distortion which
as inserted into the specimen during the mechanical alloying and
hich relaxes much earlier than atomic diffusion.
. Conclusions

From the present analysis by solving the diffusion equation,
t is concluded that the annealed time dependence of the spon-

[
[
[
[

Compounds 480 (2009) 87–90

aneous magnetization in Ni–Mn mechanical alloys around the
i3Mn concentration is well expressed with an exponential func-

ion. Observed annealed time dependence of the Curie temperature
s also expressed with the same exponential function. By solving the
pace-dependent equation, the range of the potential fluctuation
as estimated to be 4 nm. This result indicates that the distance
f diffusion for a migrating atom to make appreciable changes in
agnetization is 4 nm.
On the other hand, it was found that annealed time depen-

ence of the half width of the X-ray peaks came to saturate
arlier than the magnetic quantities. This tendency could be
xplained by considering the fact that the X-ray peak width is sen-
itive to lattice distortion which relaxes much earlier than atomic
iffusion.

eferences

[1] W. Abdul-Razzaq, J.S. Kouvel, Phys. Rev. B 35 (1987) 1764.
[2] T. Satoh, R.B. Goldfab, C.E. Patton, J. Appl. Phys. 49 (1978) 3439.
[3] F. Ono, K. Hayashi, S. Wei, H. Maeta, Proc. Powder Metallurgy World Congress

vol. 1, Granada, 1998, p. 449.
[4] S. Wei, K. Hayashi, F. Ono, J. Magn. Soc. Jpn. 23 (1999) 391.
[5] S. Wei, R. Duraj, R. Zach, M. Matsushita, A. Takahashi, H. Inoue, F. Ono, H. Maeta,

A. Iwase, S. Endo, J. Phys. Condens. Mat. 14 (2002) 11081.
[6] F. Ono, M. Matsushita, S. Wei, R. Duraj, R. Zach, D. Fruchart, A. Iwase, H. Maeta, S.

Endo, Proc. 1st Asian Conf. on High Pressure Research, Dunhuang, China, 2002,
Electronic version.

[7] N.Q. Sun, G.Y. Yao, F. Ono, J. Alloys Compd. 398 (2005) 152.
[8] N.Q. Sun, Y. Matsushima, D. Nishida, T. Kobayashi, M. Matsushita, S. Endo, F.

Ono, J. Magn. Magn. Mater. 301 (2006) 37.
Nucl. Instrum. Methods B 256 (2007) 442.
10] P.G. Shewman, Diffusion in Solids, McGraw-Hill, 1963.
11] R. Hoffman, F. Pickus, R. Ward, Trans. AIME 206 (1956) 483.
12] C.E. Birchenall, Atom Movements, ASM, Cleveland, 1951, p. 122.
13] S. Kachi, H. Asano, N. Nakanishi, J. Phys. Soc. Jpn. 25 (1968) 285.


	Atomic diffusion in Ni-Mn mechanical alloys around Ni3Mn composition proved from magnetic measurements
	Introduction
	Experimental
	Experimental results
	Discussion
	Conclusions
	References


