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The transition of magnetic structure due to plastic deformation in the L 1,-type ordered alloys
and compounds is explained in terms of the modified slip-induced directional-order model with con-
sideration of magnetic interactions between the neighboring atoms. The environment of each atom
after plastic deformation is elucidated. The change of the atomic environment on plastic deforma-
tion produces the magnetic transition from ferromagnetism to antiferromagnetism or vice versa.
The magnetization of the plastically deformed alloys is formulated as the function of the dislocation
density. Numerical estimates are given for the Pt;Fe, Pt;Co, Ni3Fe, and Ni;Mn alloys and for the

Ni3Al intermetallic compound.

I. INTRODUCTION

Local magnetic effects have been studied by many in-
vestigators experimentally and theoretically in the chemi-
cally ordered alloys. One of their interests is the magnetic
behaviors of atoms due to their environment. To investi-
gate the relationship between the magnetic properties of
atoms and their environment experimentally, the magnetic
properties have been compared in the chemically ordered
and disordered states or the magnetic measurements have
been carried out, adding the excess atoms to the
stoichiometric ordered alloys. As one of the methods to
make the chemically disordered state, we give an applica-
tion of plastic deformation to the specimens, grinding or
powdering by means of a file. However, this method has
not been adopted in general because of the lack of the in-
formation about the atomic environment after plastic de-
formation. It is possible to get the accurate information.
In this paper, the atomic environment after plastic defor-
mation will be elucidated.

Several remarkable magnetic phenomena due to plastic
deformation were discovered in the chemically ordered al-
loys. The Pt;Fe alloy is antiferromagnetic when ordered
and ferromagnetic when disordered in the superlattice re-
gion."? It was discovered that in the long-range-ordered
Pt;Fe alloy, which showed no ferromagnetism before plas-

tic deformation, the application of plastic deformation
caused it to become quite strongly ferromagnetic even at
room temperature.! It was found that in the ordered
Ni;Mn alloy, the saturation magnetization decreases with
the amount of elongation, while in the ordered Pt;Co al-
loy, the intensity of magnetization increases with the
amount of compression.® The Ni;Al intermetallic com-
pound shows very weak itinerant ferromagnetism as an
example of the Stoner-Edwards-Wohlfarth model.* It was
shown in this compound that the disordering due to plas-
tic deformation causes the susceptibility as well as the
magnetization to reduce considerably.*

Recently, a remarkable reduction of the magnetization
has been also discovered in the plastically deformed
Pd,MnSn alloy. And the reduction in magnetization re-
covers by the 300°C annealing and recovers completely by
the 800°C annealing.’> The reduction of magnetization has
been successfully explained by use of the modified slip-
induced directional-order model,>” with consideration of
ferromagnetic and antiferromagnetic interactions between
Mn atoms.?

In the present study, the method applied to the
Pd,MnSn Heusler alloy is extended to the magnetic
behaviors of the L1,-type alloys and compound on plastic
deformation. The mechanism of the transition of magnet-
ic structure on plastic deformation will be elucidated and

TABLE 1. Number of neighboring atoms around the host atoms in the 4;B alloys and compounds with L1,-type, before and after
plastic deformation. There are two kinds of host 4 atoms with different number of the NN atoms near the APB.

Neighboring atoms

At first NN At second NN At third NN

At fourth NN At fifth NN At sixth NN

Host atoms A B A B A B A B A B A B

Normal Around A atom 8 4 6 0 16 8 12 0 16 8 8 0O

state Around B atom 12 0 0 6 24 0 012 24 0 0 8
APB Around 4 atom

at F site 8 4 6 0 16 8 12 0 16 8 8 O

at C site 9 3 3 3 19 5 9 3 20 4 35

Around B atom 11 1 3 3 21 3 3 9 20 4 4 4
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the net magnetization of the plastically deformed crystals
with the L1, structure will be formulated as the function
of the dislocation density. The numerical estimation in
the magnetization will be given to four alloys and a com-
pound with L1,-type structure: Pt;Fe, Pt3Co, Ni;Mn,
NisFe, and Niz;Al

II. CRYSTAL STRUCTURE AND SUPERLATTICE
DISLOCATION

The long-range-ordered 4;B alloy of the L1,-type has
such the structure that 4 and B atoms occupy the face-
centered and corner sites, respectively, in fcc structure.
Each B atom is surrounded by twelve 4 atoms at the first
nearest neighbor (NN) (Table I). By plastic deformation,
dislocations nucleate, slip over the glide plane, and make
the configuration of these atoms change.

There is a repulsive force between two dislocations with
the same Burgers vector, and the wider the distance be-
tween them, the more stable their interaction in usual
crystals. The dislocation in long-range-ordered alloys,
however, creates an antiphase boundary (APB) over the
glide plane after it has slipped and it is stable to make a
pair with another dislocation. Figure 1 shows the genera-
tion of an APB by the passage of a dislocation in an or-
dered alloy in a two-dimensional model. The spacing be-
tween paired dislocations is given by the APB energy and
the elastic interaction energy between individual disloca-
tions. Superlattice dislocations in the L1,-type long-
range-ordered alloys were studied in detail by Marcin-
kowski et al’ They are shown schematically in Fig. 2,
where one perfect dislocation with (a/2)[011] Burgers
vector separates into two paired dislocations with
(a/6){211) Burgers vectors, where a is the lattice con-
stant. Between perfect dislocations there exists an APB
over the (111) glide plane, while there exist APB’s and a
stacking fault between partial dislocations. The separa-
tion of partial dislocations r; is expected to be much
smaller than that of perfect dislocations r. These separa-
tions will take the constant values. We will call these
dislocations a-type superlattice dislocation. The a-type
superlattice dislocations are expected to be observable in
the initial stage of plastic deformation.

Another type of superlattice dislocation can be intro-
duced, which does not have a constant value as the separa-
tion 7, and does distribute independently free from the at-
tractive force due to the APB energy. These superlattice
dislocations are expected to be observable in the advanced
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FIG. 1. Generation of an APB by the passage of a dislocation
in an ordered state: two-dimensional model.
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FIG. 2. Schematic structure of superlattice dislocations over
the (111) glide plane in the L1,-type structure. (a/2)[011] per-
fect dislocation separates into two partial dislocations with
(@/6){211) Burgers vector.

stage of plastic deformation. They are called b-type su-
perlattice dislocation in this paper.

At first the effect of partial dislocations is neglected.
The dislocations are created by plastic deformation; the
first perfect dislocation makes an APB over the glide
plane and the next dislocation makes the glide plane re-
cover. The APB between these dislocations remains over
the glide plane. Across the APB which is induced by
plastic deformation, the first- and second-NN atoms are
altered in such a manner that the B-B atom pairs appear
in the first NN. The environment of each atom changes
before and after plastic deformation and is shown in Table
I

The superlattice dislocations are accompanied by the
APB over the {111} glide plane. The APB and the initial
state alternate over the glide plane after plastic deforma-
tion. The area of the APB, induced by plastic deforma-
tion, is given by

Azfvrds, 1

where r is the separation between two dislocations com-
posing the APB and ds is a segment of one of these dislo-
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FIG. 3. Atomic arrangement of the L 1,-type structure after
the (a /2)[110] dislocation slips over the (111) glide plane. APB
distributes over the (111) glide plane.
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cations as shown in Fig. 3. The integral is performed over
the entire specimen. The number of B-B atom pairs per
unit area in the {111} plane, which are located in the first
NN is 1/v"3a?, and the number of B atoms at the “irregu-
lar” site is given by

252

RV PR @

where S is the long-range order parameter before the
specimen is plastically deformed. The number of B atoms
at the irregular site per unit volume is given by

s* 3)
= 7
; V3a? P
Here p is the dislocation density, which is defined as the
whole dislocation length per unit volume and 7is the aver-

age of r. The separation 7 for a-type superlattice disloca-
tions is given by

cos?
1—v

2
SZFZ —2‘7%;;‘ +Sil’l21/J s 4)

and for the L1,-type alloys the APB energy E spp is writ-
ten by using the quasichemical approximation of Yang,!°

1.41kpT,

= , (5)
APB 22

where G is the shear modulus, ¥ is the angle between the
normal direction of the dislocation line and its Burgers
vector, v is Poisson’s ratio, kp is the Boltzmann constant,
and T, is the critical temperature of the atomic order-
disorder transition.

For the b-type superlattice dislocations, the number of
B atoms at the irregular site is written as

SZ

—=——p. 6
V3a2 F ©

n=

Next, the effect of partial dislocations is considered. As
shown in Fig. 2, one perfect dislocation separates into two
partial dislocations over the (111) glide plane. We have

Arnigq Q154 , AT
5 [01T] =2 [112] + ¢ [T21] . 7

The stacking fault and APB extend between the partial
dislocations as shown in Fig. 2. In the regions (a) and (c),
B-B atom pairs align along (a/6)[114] and (a /6)[141],
respectively. The number of B atoms on the irregular sites
is given as

SZ
"= V'3q? e’

(8)

where 7| is the average of r; and p’ is the density of par-
tial dislocations whose p value is twice that of the perfect
dislocation’s p. 7; is expected to be much smaller than 7.
The effect of partial dislocations would be neglected hen-
ceforth.
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III. MAGNETIC TRANSITION CAUSED
BY PLASTIC DEFORMATION

There are many alloys with the L1,-type structure
which show the different magnetic behaviors in the chem-
ically ordered and disordered states. The neighboring en-
vironments of each atom are different in these states. The
magnetic interactions between atoms are intimately relat-
ed with the atomic environment. The Pt;Fe alloy, for in-
stance, is antiferromagnetic in the fully ordered state,
while the coexistence of ferromagnetic and antiferromag-
netic states is observed in the disordered state.'? As
another example, the Ni;Mn alloy has the ferromagnetic
structure in the ordered state and the antiferromagnetic
structure in the disordered state.!!>!2

Plastic deformation produces the different atomic envi-
ronment. 4 and B atoms exchange their sites with each
other along the APB. Figure 3 shows the atomic arrange-
ment of the L1,-type structure, in which the (a /2)[110]
dislocation slips over the (111) glide plane and places the
APB there. A atoms exchange their sites with B atoms in
both sides of the APB and B atoms on one side of the
APB (at the corner sites in Fig. 3) become irregular for 4
atoms in the other side. On the (111) APB there are two
kinds of 4 atoms with different atomic environment. The
first kind of A4 atoms occupy the F sites (at the face-
centered sites in Fig. 3), where they have the same number
of the A4 and B atoms as those of the normal state in their
each NN, although the arrangement of the atoms around
the host 4 atoms changes in the first, third, and fifth NN
(Table I). The second kind of 4 atoms occupy the C sites
(the corner site in Fig. 3) and have more neighboring A4
atoms than those of the normal state in the first, third,
and fifth NN, but the B atoms appear in the second,
fourth, and sixth NN of the host 4 atoms at the C sites
(Table I). The probability that the 4 atoms occupy the C
sites is .

The atomic environment changes by plastic deforma-
tion and then the magnetic couplings change. For exam-
ple, by applying cold work to the Pt;Fe alloy which
showed no ferromagnetism, a strong ferromagnetism was
observed even at room temperature.! It was also found
that plastic deformation causes the Ni;Mn alloy to reduce
the magnetization and that in the ordered Pt;Co alloy, the
intensity of magnetization increases with the amount of
compression.> The other example of the magnetic transi-
tion on plastic deformation was observed in the Ni;Al
compound.* These phenomena were understood from the
viewpoint of the new disordered regions produced during
plastic deformation.

Before plastic deformation, the magnetization of the
fully ordered 4;B alloy and/or compound at 0 K is writ-
ten as

M(0)=3NoZq+NoiLp , 9)

where N is the total number of B atoms and [, and i
are magnetic moments of 4 and B atoms occupying their
own regular sites, respectively. The application of cold
work forms an APB over the glide plane, across which the
atoms exchange their own sites with each other (Table I).
With plastic deformation advancing, the number of atoms
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FIG. 4. Atomic arrangement and magnetic structures for the
ideal stoichiometric Pt;Fe alloy. Open circles represent iron
atoms and shaded circles represent platinum atoms.

at the irregular sites is augmented according to Egs. (3)
and (6). The net magnetization of the plastically de-
formed A3 B alloy and/or compound at 0 K is given by

M(0)=3(No—N)Z o+ (No—N)fi
_F _C v

42N+ Ny +Nilg, (10)
where N is the number of B atoms near the APB which
have a different environment from the normal state and
have the magnetic moment [Ig. [, is the magnetic mo-
ment of A4 atoms with the different environment near the
APB. The superscripts F and C mean the irregular F and
C sites, respectively. N will increase in proportion to the
dislocation density at the early stage of plastic deforma-

tion and to the square root of it at the advanced stage.
The magnetization will change with plastic deformation.

A. Pt;Fe alloy

In the perfect structure of the ideal stoichiometric Pt;Fe
alloy the magnetic interaction between second-INN Fe-Fe
atom pairs is antiferromagnetic and Pt atoms have no
magnetic moment in this alloy.! The magnetic structure
is illustrated in Fig. 4. It consists of the ferromagnetic
(110) sheets of atoms which are arranged antiferromagnet-
ically. As all the spins of Fe atoms are coupled with
themselves, half the Fe spins would be situated one way
and the other half would have a zero net magnetization in
the completely ordered state and thus they make no con-
tribution to the magnetization.

In the plastically deformed alloy, Fe-Fe atom pairs ap-
pear in the first NN across the APB over the glide plane.
These Fe-Fe atom pairs bring about strong ferromagne-
tism. The number of Fe atoms which are ferromagneti-
cally coupled near the APB is given by N =2n/3. The
numerical coefficient 3 derives from the fact that each Fe
atom is surrounded by the six second-NN Fe atoms and
two-thirds of them are antiferromagnetically coupled and
one-third is ferromagnetically coupled (Fig. 4). Two-
thirds of the Fe atoms change their coupling on plastic de-
formation from antiferromagnetic to ferromagnetic along
the APB.

We assume that the magnitude of magnetic moment of
Fe and Pt atoms at their irregular sites is the same as that
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FIG. 5. Relationship between the magnetization at 0 K,

M (0), and the dislocation density p, in the plastically deformed
Pt;Fe alloy. Relationship is estimated for the advanced stage of
plastic deformation where the b-type superlattice dislocations
are the main distributors.

at their regular sites and pg=3.3up and puf,
:,uf;}:0.0,u%. The magnetization of the plastically de-
formed Pt;Fe alloy is shown as a function of the disloca-
tion density over the range 101°-10" cm~2. Here
a =3.864 A is adopted.'> This relationship is illustrated
for the b-type superlattice dislocations because this range
of p corresponds to the advanced stage of plastic deforma-
tion (Fig. 5).

In the Crangle’s study' the specimens were crushed into
powder by means of a file, and the strong magnetization
was observed. X-ray examination also showed that the su-
perlattice reflections were not observed in the powdered
specimens, and the annealing not only restored the super-
lattice reflections but also removed the ferromagnetism.
These experiments would be consistent with our
phenomenological model. His study suggested that if the
magnetization were attributed entirely to Fe atoms, the Fe
atoms would each have a moment of 4.6y 3. The APB ex-
tends 10~* cm and 10~° cm in width and length, respec-
tively, over the glide plane, making a “stripe.”” The
thousands of Fe atoms are arrayed across an APB stripe,
as they are ferromagnetically coupled. These Fe atoms
would be considered to make a magnetic cluster and have
a very large magnetic moment. Then the relationship be-
tween the magnetization and the dislocation density is in-
cluded in Fig. 5, assuming pp.=4.6u 3.

B. Ni;Mn alloy

In the Ni;Mn alloy, the Mn-Mn coupling has been
probed by many investigators.'’"!'>!* Mn atoms coupled
ferromagnetically at the second-NN distance in the or-
dered state. The coexistence of the ferromagnetic and an-
tiferromagnetic couplings was observed in the disordered
state. There is a weak positive exchange interaction be-
tween the first-NN Ni-Ni atom pairs while the interaction
between the first-NN Ni-Mn pairs is relatively strong and
also positive. On the other hand, the exchange interaction
between the first-NN Mn-Mn atom pairs is very strongly
negative.'*!> Thus, for a perfectly ordered NisMn alloy
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FIG. 6. Relationship of the magnetization at 0 K, M (0), and
the dislocation density p, in the plastically deformed Ni;Mn al-
loy. b-type superlattice dislocations are the main distributors.

there will be no first-NN Mn-Mn pairs and no Mn atoms
in the antiparallel direction. Plastic deformation changes
the atomic arrangement at their own sites. Across the
APB over the glide plane, Mn-Mn atom pairs appear at
the first NN (Table I).

It was found that the saturation magnetization de-
creases with increasing plastic deformation. The decrease
of magnetization was understood with consideration that
the new disordered regions are produced during plastic
deformation.® The net magnetization is estimated versus
the dislocation density, supposing S=1, and py,
=—pUmp=—3.18up and yf“:,uﬁizO.S,uB,”'” In Fig. 6
the magnetization is shown versus the dislocation density
over the range 10'°—10"3 cm~2, where a =3.59 A (Ref.
18) and the b-type superlattice dislocations are main dis-
tributors.

C. Pt;Co and Ni;Fe alloys

The Pt3;Co and NijFe alloys are ferromagnetic in both
the ordered and disordered states. Both have different
Curie temperatures in the ordered and disordered states.
The magnetic moments on the Pt and Co atoms or the Ni
and Fe atoms are different in these states.!*?® The result
suggested that the interatomic exchange interactions are
important in these alloys.

It was found? in the ordered Pt;Co alloy that the disor-
dering due to plastic deformation enhances the magnetiza-
tion, and the increase in magnetization was roughly pro-
portional to the amount of plastic deformation. Through
plastic deformation the area of the APB increases over the
glide plane and the number of Pt and Co atoms at the ir-
regular sites increases according to Egs. (3) and (6). If the
magnetic moments of these atoms at the irregular sites
were the same as those in the disordered state determined
by Menzinger and Paoletti,'® the enhancement of magneti-
zation upon plastic deformation would be more easily elu-
cidated. The net magnetization at 0 K against the disloca-
tion density will be estimated under a few assumptions.
Equation (10) will be rewritten as
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FIG. 7. Relationship between the magnetization at 0 K,
M (0), and the dislocation density p, in the plastically deformed
Pt3Co alloy. b-type superlattice dislocations are the main distri-
butors. Curves 4 and B correspond to assumptions (A) and (B),
respectively.

M (0)=Nopo+N (o —no)

where py and pg are the values of the magnetic moment
per unit cell in the fully chemically ordered and disor-
dered states, respectively. Assuming that the influence of
the environment of the atoms due to plastic deformation
is considered as far as in the second NN, then N =n [as-
sumption (A)]. On the other hand, if the influence ex-
tends as far as to the fourth NN, N =2n [assumption (B)].
Figure 7 shows the magnetization at 0 K of the Pt;Co al-
loy deformed plastically for the two assumptions. The b-
type superlattice dislocations are main distributors. Here
S=1, po=(2.43+0.03)up, po=(2.65+0.03)up,"” and
a =3.831 A (Ref. 21) are adopted. If the environment of
atoms farther inside than the sixth NN influences the
magnetic behavior, the magnetization would increase
more rapidly than in Fig. 7.

The relation between the magnetization and the disloca-
tion density in the NijFe alloy can be obtained by the
same method as in Pt;Co alloy. The magnetizations in
the ordered and disordered states are 972 and 927 G,
respectively.?’ The Ni and Fe atoms at the irregular sites
along the APB would have the same magnetic moment as
those in the disordered state. If the influence of environ-
ment of the atoms due to plastic deformation extends as
far as the second NN, the relationship between the mag-
netization and dislocation density is estimated in the
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FIG. 8. Relationship of the magnetization at 0 K, M (0), and
the dislocation density p, in the plastically deformed Ni;Fe alloy.
b-type superlattice dislocations are the main distributors.
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Ni3Fe alloy. The relation is shown in Fig. 8, where
a=3.5544 A2 b- -type superlattice dislocations are main
distributors, and S =1 is supposed.

The influence of plastic deformation does not appear re-
markable regarding the magnetization but appears so on
the magnetic anisotropy predominantly in the Ni;Fe alloy.
The magnetic amsotropy induced by plastic deformation
is well known as “roll-induced magnetic anisotropy.”?
The mechanism of the anisotropy was explained well by
Chikazumi et al.?* initially from the viewpoint of the
atom-pair model.?>?%?” The “slip-induced directional-
order model” was modified and the magnitude of the
roll-induced magnetic anisotropy increases in proportion
to n in Egs. (3) and (6).° This result has been experimen-
tally confirmed.”??

D. Ni3Al compound

It was concluded in the paper by De Boer et al.* that
the Ni3Al intermetallic compound shows very weak
itinerant ferromagnetism as an example of the Stoner-
Edwards-Wohlfarth model. They showed that the disor-
dering due to plastic deformation causes the susceptibility,
as well as the magnetization, to decrease considerably, and
also demonstrated that plastic deformation brings about a
decrease of the intensity of the superlattice x-ray reflec-
tion. The disordered state is concluded to be paramagnet-
ic. These results were in accordance with the Mossbauer-
effect measurements, and the paramagnetic state remains
intact until 4 K is reached.?

The magnetic properties of this compound are highly
sensitive to the concentration. That is, NijAlyg is
paramagnetic but Ni;sAlys is ferromagnetic. The excess
Al atoms occupy the Ni sites in the Al-rich Ni;_, Al
compound, and it will be possible to consider that the sub-
stitutional Al atoms at the Ni sites cause the neighboring
Ni atoms to be paramagnetic. The critical concentration
of the transition from ferromagnetism to paramagnetism
becomes x =3/(p +1), where p is the number of neigh-
boring Ni atoms which change their magnetic moments to
be paramagnetic by one substitutional Al atom. One can
find that the excess Al atoms influence their neighboring
Ni atoms as far as at least to the sixth NN in the magnetic
transition.

By plastic deformation the Ni atoms exchange their
sites with Al atoms in both sides of the APB and the Al
atoms in one side of the APB (at the corner sites in Fig. 3)
become irregular for the Ni atoms in the other side (at C
sites). These Al atoms will cause the magnetic moment of
the neighboring Ni at the C sites to become paramagnetic
with the same reason as the substitutional Al atoms in the
Ni;_,Al;,, compound with x >0. The Ni atoms at F
sites have a different environment from those in the nor-
mal state and they also possibly behave paramagnetically
as well as at the C site.

As shown in Table I, the Ni atoms at F sites have the
same number of the neighboring Ni and Al atoms as in
the normal state on each NN, whereas for the Ni atoms,
at C sites the Al atoms appear on their second, fourth, and
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FIG. 9. Relationship of the magnetization at 0 K, M (0), and
the dislocation density p, in the plastically deformed Ni3Al com-
pound. Curves C and D correspond to assumptions (C) and (D),
respectively.

sixth NN. Considering the disappearance of ferromagne-
tism in the Al-rich Ni;Al compound, the Ni atoms at C
sites near the APB must behave paramagnetically. If the
influence of the change of environment around the Ni
atoms extends as far as to the sixth NN, then N =3n,
<=0, and p&;=pn; will be satisfied [assumption (C)].

Though the Ni atoms at F sites have the same number
of neighboring Ni and Al atoms as those in the normal
state on each NN, the arrangement of the neighboring
atoms around these Ni atoms is different from that in the
normal state. Thus, the Ni atoms at F sites possibly
behave paramagnetically as well as at C sites because of
the change of electronic structure due to the destruction of
the symmetry of atomic environment. When not only the
number of Al atoms on each NN but also their arrange-
ment, is concerned with the origin of the weak fer-
romagnetism of this compound, all the Ni atoms on and
near the APB will behave paramagnetically. If the influ-
ence extends as far as to the sixth NN, then N =3n,
pki=0, and u$; =0 [assumption (D)].

Figure 9 shows the magnetization at 0 K in the plasti-
cally deformed NizAl compound, which is calculated
under two assumptions. The b-type superlattice disloca-
tions are main distributors. Here py;j=0.075up (Ref. 4)
and a =3.570 A (Ref. 30) are adopted. If the environ-
ment of Ni atoms farther inside than the sixth NN influ-
ences the magnetic behaviors, then the magnetization
would decrease more rapidly than in Fig. 9.

The influence of plastic deformation on magnetic prop-
erties has not been studied in the ordered alloys with a few
exceptions. And the effects of plastic deformation have
been avoided by annealing as the complicated phenomena.
But it may be possible to study the magnetic localized
phenomena in light of the new aspects by use of the
present results. The present results might be applied to
the other alloys with the other structure as well as the
L1,-type structure. An experimental study on the present
theme is at present in progress.
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