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Magnetic Properties of Ni-Mn Alloyswith Dispersed
Fer romagnetic Nanoparticles*!
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We investigated the magnetic properties of NiMny (x = 0.20—Q30) alloys with dispersed nanoparticles having a ferromagnesielhli
ordered phase, which is caused by suitable heat treatment. Magnetic analysis shows tBakfor 8 0.25 alloys interaction between 4—
10 nm particles through Mn-rich matrix is antiferromagnetic. TleeNemperature increases with both Mn concentration and long-range-order
parameter. On the contrary, for2® > x > 0.20 alloys, interaction between 4 nm particles through Ni-rich matrix is ferromagnetic. These
alloys exhibit soft magnetic properties and have permeability of 400-600 for 1-500 kHz high frequency.
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1. Introduction NijMn,(x=0.20~0.30) [ o 100h I//H |
In NizgMn alloy system, a CiAu-type ordered phase is 35 & f;’ggh l[/L/: I
formed after suitable heat treatment. A change in the de- / \ A50h ILH
gree of the long-range order causes a wide variety of the -3 RT
magnetic and transport propertfe$. The NiMn alloy an- / & H=800KA - m™"
nealed at 693 K has ferromagnetic nanoparticles dispersed in o725
disordered paramagnetic matrix and shows giant magnetore- ~J /§é ~693K-100h
sistance (GMR¥:4 E=,
In previous study, as seen in Fig1we have observed g / \Q
that GMR occurs in nanoparticle inhomogeneous_Niny S-15
(x = 0.20-Q30) alloys and found that the GMR depends / ‘\r693K'50h
remarkably on Mn concentration. For < 0.25 alloys, -1 o N
the MR ratio from—0.5% to —1.0% consists of GMR and /@/ Ly
anisotropic behavior which arises from a ferromagnetic phase g5 4 ‘ Y - ‘s
(Type I). On the contrary, the GMR for > 0.25 alloys in- . ’ o)
creases steeply with annealing time and reaches a maximum o I il ‘ . . ,
of —3.6% for Nip73Mng 27 alloy of 693 K100 h state (Type 30 28 26 24 22 20
1. Mn Content (%)

In this study, we investigate the origin of different behavior
of GMR with Mn concentration to be clear. Furthermore, werig. 1 Dependence of MR ratioAp/pp || H and L H) for Niz_xMny
report soft magnetic properties of NiMn, (x = 0.20-025) (x = 0.20-Q30) at room temperature on Mn concentration.
alloys having nanocrystalline structures.

peak caused by super-lattice formation to that of the (220)
peak. The loop of magnetizatidvl vs. magnetic fieldd was

Sample preparation procedures of, NiMn, (x = 0.20 measured with a vibrating sample magnetometer. Permeabil-
0.23, 0.26, 0.27, 0.28, 0.29, 0.30) alloys were previously rd ©f wire specimen for 1-500 kHz high frequency was mea-

ported® Each alloy, melted in an rf induction furnace, was>Ured by impedance analyzer.
shaped into a ribbon (5.0 mm in width, 0.45 mm in thickness
and a wire ¢ = 0.5mm). Some of wires were annealed for~
10h at 1273 K in order to get homogeneous alloy. They were . .
annealed in Ar for various hours at 673K, 693K and 713181 Long-range-order parameter S, averageparticlesize
to get ordered states. D and lattice constant S

The X-ray diffraction (XRD) of ribbon samples was taken LOng-range-order parametgaverage particle size and
with Cu Ko radiation. The long-range-order parameSavas lattice constant for ribbon samples annealed for 100h and

determined by comparing the integral intensity of the (110%00 h at 693K are listed in Table Bincreases from 0.3 to
.76 with Mn concentration and changes a little with anneal-

ing time from 100 h to 200 h. The value Bf was determined
*1This Paper was Presented at the Spring Meeting of the Japan Institutefpbm the broadening of the XRD (110) peak of the ordered

Metals, held in Tokyo, on March 30, 2002. phase by using Scherrer’s equatidb.increases from about
*<Graduate Student, Hirosaki University.

2. Experimental Procedure

Results and Discussion




2182 T. Okazaki, Y. Kumeta and Y. Sakisaka

80

Table 1 The lattice constant a, the long-range-order parameter S, average Mn26 14
cluster size D and the volume fraction of the ordered regéx)assz/sgo 60 12
for Ni;_xMny alloys (x = 0.20-Q30). 10

693 K100 h 693 K200 h 40 \
X a/nm S D/nm e S D/nm e 20
0.20 0.3576 0.28 ~4 0.08
0 ‘ ‘ ‘

0.23 0.3586 0.39 6 0.15 300 400 500 600

0.24 0.3587 0.44 4.6 0.19

0.26 0.3590 0.66 4.3 0.44  0.66 6.8 0.44 T ¥ Mn29 ; 2
X F !

0.27 0.3593 0.7 5.1 049 074 6.6 0.55 E < o E - rﬁ

028 03600 066 65 044 076 99 058 = = o y E
© 2 . 0 Ty 10 _ H %
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Fig. 2 Magnetization vs. temperature curves of NMny (x = 0.20,

0.23, 0.26, 0.27, 0.28, 0.29, 0.30) ribbons annealed for 100 h at 693 K.

4 to 10 nm with bothx and annealing time. The volume frac-

tion ¢ in the nano-scale ordered region®.( nanoparticles)

can be evaluated by the relationship, = S?/S2,
Siois the long-range-order parameter in the ordered domaind?

AssumingSy, = 1, ¢ is about 0.1 to 0.6 fo6 = 0.3t0 0.76
statese is nearly constant value of 0.5 for NikMny alloys of

The phenomenon is caused by increase of antiferromagnefiii

Mn—-Mn pairs withx. The Mn—Mn distance (0.264 nf)is

Fig. 3 Magnetization vs. temperature and the inverse susceptibjlityTl
curves of Ni_yMny (x = 0.26, 0.29, 0.30) ribbons annealed for 200 h at

693 K.

1/x-T curves for alloys ofx = 0.26, 0.29 and 0.30 at ap-
plied field of 80 kAnTt. Each ¥x-T curve has a minimum

where @t 732K, 750K and 770K for = 0.28, 0.29 and 0.30, re-
ectively. The minimum corresponds to aélitemperature

Tn, Where antiferromagnetic coupling between nanoparticles
disappears. While, there is no minimum ipy2T curve of

0.26 < x < 0.30. The lattice constant also increases with Nio.74Mno2s. The paramagnetic Curie poiéi of each alloy

gtermined from 2x-T relation is given in Fig. 4. As shown

in Fig. 4, Ty anddp increase with annealing time excépt of
alloys ofx = 0.26 and 0.27, where the situations are ambigu-

longer than the ferromagnetic Ni-Mn (0.253 ritrand Ni—

Ni (0.249 nm) distances. ous.

32 Dependence of Néel temperature on Mn concentra- 3.3 Magnetic phase and interaction between nanoparti-

tion cles mediated by matrix

Figures 2 and 3 show the magnetizatMdnvs. temperature Figure 4 exhibits magnetic phase and Mn-concentration de-
T curves of Ni_yMny (x = 0.20, 0.23, 0.26, 0.27, 0.28 pendence ofg, Ty, 6p and order-disorder transition tempera-
0.29, 0.30) ribbons annealed for 100h and 200 h at 693 kure Te,”) where F, AF, SP and P mean ferromagnetic, anti-
respectively. ferromagnetic, super-paramagnetic and paramagnetic phases,

In Fig. 2, it is found that magnetic feature in inhomoge esPectively. Tc of Ni._xMny (x = 0.20-Q30) alloy in-
neous phase of these alloys are quite different. creases from 71010 850 K.WIDh 6p 200nalso increases from

The magnetization of applied field 40 kAthat 300K de- /7 t0 805K with increasing from 0.26 to 0.30. 6 200n
creases from 47 tox4x x 10-7 Wb m kg~* with Mn concen- 1S just belowTc, where ferromagnetic MMn ordered phase

tration. Moreover, eaciM-T curve for alloys ofx = 0.26, - )
0.27,0.28, 0.29 and 0.30 has a cusp (as denoted by arrowsfIRC Tn 200nin temperature range of 30-70K just beldw.
temperature range of 700K T < 750K which grows with

X, but alloys ofx = 0.20 and 0.23 do not have a cusp ancfted by disordered matrix. The magnetism ofWin depends
on the number of the nearest-neighbor Mn atoms around a

therefore are ferromagnetic (Curie temperatligeis 344 K
and 511 K determined by Arrott plot, respectively).

Figure 3 shows both thiel-T and the inverse susceptibility

translates to disordered paramagnetic one. Moreover, there is

We think that interaction between nanoparticles is medi-

Mn atom?) because a ferromagntic interaction operates for
the Ni—Ni and Ni—Mn pairs and an antiferromagnetic one for
Mn—Mn pairs. In previous papefsye reported that the inho-
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order-disorder transition temperatufe. There, F, AF, SP and P mean

ferromagnetic, anti-ferromagnetic, super-paramagnetic and paramagnetig. 5 Annealing-time dependence of the coercive farkeand satura-

phases, respectively. tion magnetizatiorMs for NizsMn wire sample at (a) 693 K and (b) 713 K.
There, FC and CW denote furnace cool and cold-working of wire.

mogeneous NizsMng 25 alloy annealed at 693K consists of 7 1.2
o . L : - Hc 713K 100h

nano-scale ordered domaing( nanoparticles) distributed in 6 |- He 693K 100h o A AL 1

disordered paramagnetic matrix (the average exchange co e Ms 713K 100h / >§,/\\

pling around a Mn atomJe, ~ 0), where GMR in granu- _ % |- Ms 693K 100h 108

lar ferromagnetic systems arises. The present alloys with M '<E 4

concentration ok < 0.25 orx > 0.25 have Ni-rich (ex > 0) Z 5

or Mn-rich (Jex < 0) matrices, respectively, after super-lattice £

NizMn nanoparticles are precipitated. 2 / /(
From the results of the magnetic phase and the volume frac 1 —

tion of nanoparticles, it is thought that matrix of Type l arisen / , 0

in GMR (see Fig. 1) is characterized with ferromagnetic cou: ¢, 022 024 026 0.28

pling due to Ni—Ni pairs and matrix of Type Il with antifer- Mn Concentoration , X

romagnetlc coupllng du,e to_ Mn—Mn pa!rs. _The strength 0I_Eig. 6 Mn-concentration dependenceld (Hext = 40kAm—1) andMs

antiferromagnetic coupling increases with size of nanoparti- (., — 400 kA n2) of wires annealed for 100 h at 693 K and 713K.

cle. TheTg of their ordered phase raises up as more complete

super-lattice is formed with longer annealing time.

1 04

N~ / 106
~ /

1 02

Magnetization , Ms/4 7t X 10" wbmkg '

cially for CW sample, and then decreases slowly to 0.18—

3.4 Soft magnetic property 0.3kAm™! except one for FC 693 K00 h state. Very similar

Nano-scale inhomogeneous;Nin alloy has soft magnetic behavior was also seen in the ribbon sampfes.
properties where the particles couple to each other ferroma-Figure 6 shows the dependencytdf (Hex; = 40 KAm?)
genetically!?) That is, the saturation magnetic flux density in-and Ms (Hex = 400 kA ) of wires annealed for 100 h at
creases but the coercive force decreases with the ferrom&§3 K and 713K on Mn concentration. Both values depend
netic particle size. onx remarkably. The value dflc is small and equal to about

Figure 5 shows the dependency of the coercive fadfge 0.2kAm! for wire of 0.20 < x < 0.24, but it increases
and saturation magnetizatiovs for NisMn wire sample on with x > 0.25. It is considered that the wire of 3 < x <
annealing timet at 693K and 713K. There, FC and CW0.26 annealed at 693 K consists of nanoparticle being almost
denote furnace cool and cold-working of wir increases ordered state of = 1.
with t for all samples and reaches to a maximum 68—%08 From the results, soft magnetic property due to the
47 x 100"Wbmkg? att = 100 h. Mg for NisMn of S~ 1 nanocrystalline morphology is expected to occur in wire of
was obtained to be 108 47 x 10~/ Wb mkg~.10) x < 0.26.

While the Hc increases in the initial ordered state, espe- Figure 7 shows 1-500 kHz high frequency permeability of



2184 T. Okazaki, Y. Kumeta and Y. Sakisaka

10° _ (2) Ni;_xMny alloy of x < 0.26 has ferromagnetic, su-
= S 693K 100h(Wire) perparamagneic and paramagnetic phases, while the alloy of
- o o 4 § q x 2 0.26 has antiferromagnetic and paramagnetic phases.
E 10 ° e, (3) The nanoparticles are coupled ferromagenetically
'-g . mediated by ferromagenetic Ni-rich matrix for alloy »f<
£ 0.24 and antiferromagetically by antiferromagenetic Mn-rich
S 10 [ OMnZtatk matrix forx > 0.26.
o * Mn24at%h =
© Mn2latk% (4) Ni;_xMny alloys of x < 0.24 exhibit soft magnetic
& Min0ath | 1 property and have permeability of 400-600 for 1-500 kHz
. 0 102 o high frequency.
Frequency , f/kHz Acknowledgements
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