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Antiphase domain and magnetic interactions in partially ordered Ni;Mn
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An experimental study of the antiphase domains originating from both nuclear and magnetic ordering
processes in the partially ordered compound Ni;sMn,, was carried out by means of polarized neutron
diffraction. The analysis of the data collected at several temperatures in the range 40-573 K allowed us
to deduce the size distribution of magnetic and nuclear antiphase boundaries and to further investigate
the role of second-nearest-neighbor interactions on the magnetic properties of this system.

I. INTRODUCTION

The magnetic behavior of fcc 3d Mn-based alloys,
among which Co,Mn,__ and Ni, Mn,_ are examples of
the variety of magnetic structures arising from composi-
tion and temperature variations,? is the subject of
several investigations. Recently, Cable and Tsunoda?
examined in detail the disordered phases of both
Co,Mn,_, and Ni,Mn,_, alloys in the concentration re-
gion intermediate between ferromagnetic and antiferro-
magnetic long-range order. The magnetic properties of
the partially ordered phase that can be stabilized in the
intermetallic compound Ni,gMn,, were investigated in
Refs. 4—-6 by means of polarized neutron diffraction. In
particular, two different states of long-range order and
the behavior of the local magnetic moments versus tem-
perature were studied. The main findings of these mea-
surements were that Mn atoms in this compound have a
magnetic moment of about 4up with fluctuating sign
(spin reversal) and that the magnetic ordering of chemi-
cally ordered Ni;sMn,, is dominated by first-nearest-
neighbor interactions. The complex features exhibited by
this system when the state of order is changed, are con-
nected to the presence of competing ferromagnetic (Ni-
Ni and Ni-Mn) and antiferromagnetic (Mn-Mn) first-
nearest-neighbor interactions. As a consequence, the
behavior of the Mn magnetic moment is directly related
to the configuration of the first shell. The possible
influence of the second-nearest-neighbor shell and beyond
seems to be confined to secondary contributions hardly
detectable by the neutron-diffraction experiments of Refs.
4-6.

In order to ascertain the possible role played by in-
teractions beyond the first-nearest neighbors in defining
the magnetic behavior of Ni;sMn,, and to add further in-
formation on the first-nearest-neighbor interactions, we
performed an experimental study of the antiphase
domains originating from both nuclear and magnetic or-
dering processes. The relevance of studying the anti-
phase domain boundary in ordered crystals with L1,
(CujAu) structure, relies on the property that atoms at
the boundary have the same first-nearest neighbors as
those inside the domain.” Therefore all the effects due to
the presence of antiphase domains are related to second-
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nearest-neighbor interactions. Strictly speaking this
behavior refers to fully ordered stoichiometric alloys,
since the environment of an atom not occupying its regu-
lar site is different when it is inside a domain or at an an-
tiphase boundary.

The appearance of the antiphase domains in Ni;sMn,,
was investigated carrying out a polarized neutron-
diffraction experiment properly designed to determine the
distribution of the antiphase boundaries along a cube
edge direction. Measurements were performed at various
temperatures in order to study the temperature depen-
dence of the antiphase domains. Moreover phenomena
arising from purely magnetic ordering could be identified
allowing us to analyze the magnetic behavior at the
boundary region.

II. EXPERIMENT AND DATA ANALYSIS

As described in Ref. 7, the presence of randomly distri-
buted antiphase domains in L1, ordered systems is re-
vealed by a pronounced broadening of the superlattice
Bragg reflections, the shape of the fundamental ones be-
ing not appreciably affected by this. The detailed
description of this effect and the calculation of the ex-
pected Bragg reflection intensities in the case of a system
interacting through purely first-nearest-neighbor interac-
tions are carried out in Ref. 7. Using symmetry argu-
ments, the antiphase boundaries in L 1, structures should
lie along the cube edge directions, even though they are
not necessarily equally distributed along different direc-
tions. In the present experiment only one crystallograph-
ic direction was investigated to adopt the simplest experi-
mental geometry.

The neutron-diffraction experiment was performed us-
ing the polarized-neutron diffractometer installed at the
1-MW Training, Research and Isotope Production Reac-
tor of Centro Ricerche Energia, Casaccia (Rome). The
polarized and monochromatic neutron beam was pro-
duced by means of a Cog,Feg monochromator, the neu-
tron spin was reversed at 3 Hz frequency. The scattered
beam was detected in the horizontal plane and the
diffracted intensity was separately collected for the two
spin states of the incoming neutron. The sample was
magnetized at saturation by a vertical magnetic field of
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0.7 T. It was the same as used in Refs. 4—6, slab shaped,
1X1.8X0.07 cm® dimensions with the extended face
parallel to the (100) plane. The chemical and magnetic
state of the present sample as a function of both tempera-
ture and state of order is described in Refs. 4—-6. The
value of the long-range order parameter S, defined as the
ratio between the measured scattering amplitude of a su-
perlattice reflection and the scattering amplitude expect-
ed for the ideally ordered stoichiometric sample, was
found to be 0.553(4). Actually, the long-range order pa-
rameter was deduced by measuring the integrated intensi-
ty ratio of superlattice to fundamental reflections. By
such a procedure, the absolute measurement of the super-
lattice intensity is avoided and the result is independent
of whether or not antiphase domains exist in the sample.
Although antiphase boundaries broaden the superlattice
reflection, they do not affect the integrated intensity of
the peak.’

In the present experiment, the rocking curve of the
(100) reflection was measured for both the spin states of
the incoming neutron and as a function of the tempera-
ture in the temperature range from 40 to 573 K. As a
reference, the rocking curve of the fundamental (200)
reflection was measured at room temperature. The in-
strumental resolution was evaluated by measuring the
rocking curve of the (200) reflection of an almost perfect
KBr single crystal. The d spacing for such a reflection is
very close to that of the (100) superlattice reflection in
Ni;sMn,, and hence both occur at approximately the
same scattering angle. In Fig. 1 an example of (100)
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FIG. 1. Upper panel: -rocking curve of the (200) reflection in
Ni;sMn,,. Lower panel: rocking curves of the (100) reflection in
Ni;sMn,, for up (dots) and down (circles) spin states of the in-
coming neutron. The dashed line is the (200) rocking curve of a
nearly perfect KBr single crystal whose peak intensity has been
normalized for comparison purposes. All the data refer to
room-temperature measurements.
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rocking curves for both up and down neutron spin is
shown together with the (200) rocking curves of
Ni;sMn,, and KBr. The rocking curve of the (100)
reflection is much broader than both the fundamental
(200) and the resolution of the diffractometer as measured
by the KBr rocking curve, thus confirming the presence
of antiphase boundaries within the sample. Additional
measurements on the Ni,;sMn,, sample were carried out
by performing a series of (w, 2¢) scans around the (100)
reflection. Since, as discussed in Ref. 7, the intensity dis-
tribution at a superlattice point has approximately the
shape of a thin disk properly oriented, the (100) rocking
curve and the (,2¢) scan will cross the disk along
different directions. In Fig. 2(a) the (w,28) scan parallel
to the [100] direction is compared to the (100) rocking
curve that corresponds to a scan roughly orthogonal to
the [100] direction. As expected, the (w,29) curve is
much more narrow than the rocking curve, thus indicat-
ing that the plane of the disk is perpendicular to the [100]
direction, as discussed in Ref. 7. In Fig. 2(b) a three-
dimensional view of the intensity collected along both the
scans is presented.
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FIG. 2. (a) (w,29) scan along [100] direction (circles) in com-
parison with the (100) rocking curve (dots) in Ni;sMn,,.
Room-temperature measurements. (b) Intensity versus o and
24 as measured by (w,23) and rocking scans.
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From the present data, the size distribution of the
domains can be obtained starting from the general ex-
pression of the nuclear-scattering cross section in an AB;
compound with L 1, ordered structure, that is,

do iQ-(R;—R})
dQ =IFP1PSpipre T, ¢
N r
where F\"’ is the nuclear structure factor of a superlattice

reflection and F\F'=b , —bp,b 4 and by being the nuclear
scattering amplitudes of the 4 and B sites. For the ideal-
ly ordered stoichiometric system, A sites (corners) are oc-
cupied by Mn and B sites (faces) by Ni. The parameter p;
identifies the /th site as belonging to one of the two anti-
phase domains and it is equal to (+ 1) for one kind of or-
dering and to (—1) for the opposite one. The sum runs
over all the atomic sites in the sample. Following the
procedure described in Ref. 7 and through Eq. (1), the
nuclear-scattering intensity I collected along the rock-
ing curve can be written as

Ry Ty

I “IFM)Z
N N | a, Q2+F%v

=F{(Q), 2)

where Ry is the average distance between two antiphase
boundaries and Iy =2Ry /a,,a, being the lattice param-
eter. In a system where the magnetic moments are com-
pletely localized at the atomic sites and their values de-
pend on the atomic species only, the magnetic contribu-
tion to the scattering at a superlattice line behaves exact-
ly as the nuclear contribution. However, for more com-
plex magnetic structures, the shape of the magnetic con-
tribution to the scattering along the rocking curve can be
different from the nuclear one. By means of a polarized
neutron beam, as for the present experiment, it is rather
easy to distinguish between magnetic and nuclear contri-
butions, since the intensity diffracted along the rocking
curve depends on the spin state of the incoming neutrons.
For an incoming beam polarization perpendicular to the
scattering plane and parallel to the magnetization direc-
tion of the ferromagnetic sample, the intensities for paral-
lel (I ) and antiparallel (I _) spin states of the incoming
neutron are given by

I.=F4(Q)+FL(Q)+t2P \Fy(Q)F\(Q) . 3)

P, is the neutron polarization in the two spin states and
Fy(Q) is the shape function describing the chemical anti-
phase domain distributions defined in Eq. (2). The shape
function F,(Q), that embodies the distribution of the
magnetic antiphase domains, is still defined by Eq. (2) us-
ing for the relevant quantities their magnetic counter-
parts, that is

R, Ty

ag Q*+Tr%
with F{F'=p ,(Q)—pp(Q)p ,(Q) and pyp(Q) being the
magnetic scattering amplitudes of the 4 and B sites.
Through Eq. (3), with I, and I_ measured quantities, it
is possible to separately deduce the shape functions for

nuclear and magnetic scattering. In Fig. 3 the magnetic
and nuclear contributions along the (100) rocking curve,

F4(Q)=|F{F|? 4)
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FIG. 3. Magnetic (dots) and nuclear (circles) shape functions
of (100) reflection at room temperature. The full curves are the
Lorentzian functions fitted to the data according to the model
described in the text.

as measured at room temperature, are shown. The com-
parison enhances the different widths of the two curves.
This is an immediate evidence that the distribution of the
antiphase boundaries is not the same for chemical and
magnetic ordering.

Further information about the magnetic. and nuclear
shape functions was gained by the measurements of I,
versus temperature in the range from 40 to 573 K. For a
closer comparison among the different sets of data, we
fitted the F%(Q) and F%(Q) functions, deduced from the
experimental data at the various temperatures, using
Lorentzian functions as given in Eqs. (2) and (4). This
model fits well the experimental data over the whole tem-
perature range and a typical result is shown in Fig. 3.
The nuclear (2I' ;) and magnetic (2I",,) widths thus ob-
tained are reported in Fig. 4 as a function of the tempera-
ture. The nuclear width was found to be independent of
the temperature, within the statistical errors, as expected
considering that there is no evolution of the chemical
state of order over the present temperature range. The
state of order can indeed be changed only approaching
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FIG. 4. Full width at half maximum of magnetic (dots) and
nuclear (circles) shape functions as a function of the tempera-
ture.
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higher temperatures and for a very long annealing time.’
In other words, the activation energy necessary to create
an antiphase boundary is much higher than the thermal
energy kT, in the temperature range presently explored.
From the whole of the experimental data collected at the
various temperatures, the average length of the chemical
antiphase domains was deduced. We obtained a value
R, =34.8+0.4 A, which corresponds to about ten unit
cells. The meaning of this result is within the picture of
an almost random distribution of antiphase boundaries
with average distance equal to R .

For what concerns the magnetic contribution, the dis-
tribution of the magnetic antiphase boundaries was found
to be quite different from that related to the chemical or-
dering. In particular the value Ry, =30.41+0.4 A, which
corresponds to slightly less than nine unit cells, was
found. The difference between the results for chemical
and magnetic antiphase domains, Ry —R,,=4.410.6 A,
amounts practically to one unit cell. Finally, the data
shown in Fig. 4 suggest a possible, although very small,
temperature dependence of the magnetic width. Howev-
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er, much higher statistical accuracy is necessary to
confirm this trend.

The present results are a clear evidence that the mag-
netic ordering in the Ni;sMn,, sample does not closely
follow the chemical ordering, that is the magnetic mo-
ment depends on the local environment of each atom.
Since the difference between Ry and R,, corresponds to
one unit cell, there is a reasonable indication that the
effect of the local environment on the magnetic moments
is confined to first-nearest neighbors. We believe that the
observed behavior is due to those Mn atoms located at
the wrong sites on the planes where an antiphase bound-
ary occurs. For these sites the local environment is
different from that inside the antiphase domain and the
magnetic moment of these atoms is consequently changed
from that occurring in the bulk of the domains. Such a
behavior is in agreement with the general trend observed
for the Mn magnetic moment versus the state of order’
and it gives further strength to the hypothesis that the
Mn magnetic moment changes accordingly to the local
distribution of first-nearest neighbors.
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