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Critical magnetization at antiphase boundaries of magnetic binary alloys
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We analyze the critical behavior of the magnetization at antiphase boundaries (APB’s) of mag-
netic alloys. For an Ising-like model alloy in the mean-field approximation the symmetry-breaking
APB’s induce, within a certain range of bulk compositions, local magnetic order above the Curie
temperature. This purely interfacial critical behavior explains the self-reversal thermoremanent
magnetism of the ilmenite (FeTiO,) haematite (Fe,0;) solid-solution series (Ilm, Hem, _, ).

I. INTRODUCTION

Antiphase boundaries (APB’s) are coherent interfaces
that separate domains of the same ordered phase in or-
dering alloys.""> They result from the symmetry break-
ing during ordering processes which can start in
different places in a disordered lattice. The APB’s form
when two such regions come into contact where they in-
troduce a local variation in composition. In this paper
we show that antiphase boundaries of model magnetic
ordering alloys allow naturally for the occurrence of
pure interfacial criticality. This observation is relevant
because experimental verification of this phenomenon
may already be found among the known properties of
certain materials, such as the self-reversal in the magne-
tization of some thermoremanent magnetic alloys.’~>
This and the inverse effect, the pinning of chemical or-
der by magnetic domain walls, are analogous to the pure
surface transitions that take place in semi-infinite fer-
romagnets.® The latter have been recently observed ex-
perimentally in the free surfaces of Cr (Ref. 7) and Gd.?

The possibility for a surface to form a separate phase
from the bulk has been discussed by many authors.®
Different kinds of singularities appear in the free energy
that describes the inhomogeneity, and these have been
grouped in a “surface phase diagram” often described in
ferromagnetic language. There, a natural field parame-
ter is the ratio A=J, /J of the surface to bulk values of
the exchange couplings between spins. In the absence of
both surface and bulk magnetic fields, and provided A is
less than a critical value A, and g=A—A, <0, the sur-
face magnetizes when the bulk does at the critical tem-
perature TZ. However, the magnetization m, at the sur-
face layer vanishes with an exponent different from that
of the bulk. For sufficiently enhanced coupling at the
surface layer, g >0, a pure surface transition occurs at
T > T&, indicating the existence of surface magnetic or-
der at temperatures at which the bulk is still disordered.
At g =0 there is a “special” multicritical point where
the two regimes merge.®

In the case of the surface of a simple ferromagnet, this
variety of behavior results from the different possible re-
laxation effects near the surface that imply different
values for the spin couplings. However, these relaxation
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effects are not the only mechanism through which pure
surface transitions can arise. For example, we have
found® that the critical behavior at a model semiperme-
able membrane separating a binary mixture into two
fluids is equivalent to that of a semi-infinite ferromagnet
with surface enhancement. But here this enhancement is
determined by the undersaturation and inhomogeneity
imposed by the membrane, and particle-particle interac-
tions are not altered anywhere. Grain boundaries, anti-
phase boundaries, and other kinds of interfaces present
in multidomain solids impose also variations in density
and composition and interfacial critical behavior might
be expected to occur under certain conditions. Since
these features reside in the interior of the material the
interfacial behavior may not be directly accessible to ex-
periment, however there may be some macroscopic
consequences associated to it. The self-reversal in the
magnetization of titanohaematites®~° may provide an ex-
ample of such measurable critical behavior. It has been
shown®~> that in these materials the mechanism that
triggers self-reversal is the magnetization of the APB’s at
temperatures above the Curie temperature, TE, and, in
the language we just described, the composition profile
at the APB’s would provide the enhancement factor for
a purely interfacial transition. If the thermal history of
the material is one of progressive cooling, the magnetic
domains occurring at T <TZ throughout the sample
would be pinned by the APB’s and will therefore coin-
cide in space with the antiphase domains. In these ferri-
magnetic materials, antiphase domains grow ferromag-
netically coupled across the APB’s but they exhibit a
magnetization opposed to that of the APB’s.3~>

Below we analyze the magnetic behavior of model L2,
binary magnetic ordering alloys. Although these sys-
tems have a very simple crystalline structure when com-
pared with the rhombohedral sesquioxide structure!® of
the titanohaematites, their rich bulk behavior and their
ability to form APB’s (Refs. 4 and 5) make them good
candidates for studying in them the mechanism of self-
reversal described above. For appropriate ratios of the
chemical to magnetic interactions, L2, magnetic alloys
order chemically at a temperature higher than the Curie
temperature. Under these circumstances chemical or-
dering either promotes or depresses the appearance of
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magnetic order. In the latter case the Curie temperature
of the disordered alloy, T,,;, that corresponds to a meta-
stable bulk state, is higher than that for the ordered al-
loy, T,,. (Note that we use other notations for T&.)
The presence of an APB introduces some degree of dis-
order in the system, which may be large enough as to al-
low for the spontaneous magnetization of the APB at a
temperature T&PB> T,,,. We have calculated the com-
position and magnetization profiles within the mean-field
approximation in an Ising-like magnetic alloy that con-
tains (001) APB’s,!! and we find pure magnetic interfa-
cial transitions in all cases for which T,,>7T,,. We
find also that the ferromagnetic (or antiferromagnetic)
coupling between the two antiphase domains is strongly
dependent upon the sample global composition.

II. MODEL MAGNETIC ALLOY:
BULK PROPERTIES

The model (Ising) magnetic alloy consists of two types
of atoms, A4 and B, with magnetic moments S 4 and Sp,
respectively, on a body-centered-cubic lattice with only
nearest-neighbor (chemical and magnetic) interactions.
At each lattice site i, the probability of finding an atom
A with its spin pointing up (down) is nl; (n};), and
similarly nj; (ng;) for atoms of kind B. The total occu-

J

ZN

C. VAREA AND A. ROBLEDO 36

pancy of each species is ny =nj;4+n), and
ng;=np; +nk, with the restriction n 4 +ng =1 when
there are no vacancies on the lattice. Ordered bulk
phases are accounted for by dividing the lattice into two
equivalent and interpenetrating sublattices, 1 and 2, such
that nearest-neighbor pairs belong to different sublat-
tices. The occupancies defined above take only two
values denoted by letting the subindex i be either 1 or 2.
Therefore, the concentration x of atoms of kind A4 is
X :(nA]+nA2)/2.

The magnetizations of the species 4 and B are mea-
sured through the order parameters §;,=(n); —nly)/n 4
and n;=(nj; —ng)/ng, I =1,2, and the chemical order
is described by the order parameter &,=n,  —ng,
I =1,2. With this notation the chemical energy in
mean-field approximation is given by

Uchem=—%v‘[A§1§2+V(§1+§2)]+const . (1)

A is a heat of mixing parameter, A=2u 45 —u 44 —upgg,
and v=ugp—u,, is a measure of the difference in
cohesive energy of the two species. The coordination
number is Z =8 and the chemical interaction energies
for the pairs A4, AB, and BB are u 4, u 45, and ugp, re-
spectively. Within the same approximation, the magnet-
ic energy is written in the form

Unag = —TfKAA(1+§1)(1+§2)§1§2+KA3[(1+§1)(1—§2)§1772+(1—gx)(1+§2)§2771]+KBB(1—51)(1—§2)771712} , (2)

where the magnetic interaction parameters K,z (a,8= 4,B) are given by K ,3=S,SsJ .3 and where J 5 are the mag-
netic couplings. The grand potential w, per site or unit cell, at temperature kzT and chemical potential difference

H4q—HUB, is
kp
W= 4 2 2[(1—}—é‘l)1n(1+§1)+(1—§1)1n(1—§1)]

=12

+(I+EN(1+8) In(14+5)+(1—=£) In(1—§;)]

+(1=E)[(1+7,) In(1+71,)+(1—n;) In(1—2,)]

+%{A§1§2+[V—(HA —up) &1+ E)+K 4 (14+5)(1+8,)818,

+K 45[(1+EN1 =8+ (1 —=E (1 4+8)8m 1+ Kpp(1—E)(1—&)nym,] . (3)

The grand potential @ permits different kinds of phase
diagrams. When A <O the alloy orders chemically in the
sense that the sublattices have different average composi-
tions at low temperatures. Since magnetic order is also
present at low temperatures, two different classes of be-
havior may arise: the alloy magnetizes in the chemically
disordered phase, or, otherwise it does so in the ordered
phase. The alloy concentration determines which kind
of behavior takes place. To see this, we consider two
limiting cases, an alloy with no magnetic order

—

(§;=n,=0 for all T) and an alloy with no chemical or-
der (§;,=2x —1 for all 7). In the first case the model
predicts an order-disorder transition of the second kind
occurring at all compositions with an ordering transition
temperature T, given by

kpT,=—1Ax(1—x) . 4
In the second case, the Curie or Néel temperature of the

disordered alloy T,,; is given by one of the roots of the
equation
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(kBT) ""4 kB [K AX +2KABX(1_x)+KBB 1—

)2]+ 16x X(

x)[K 44Kpp —K531*=0. (5)

In general, when T, > T,,, the alloy orders and the critical temperature for the onset of spontaneous magnetization

T, is influenced by the chemical order.

(kpT) — (kg TV*HK2p[(14+£)(1—E)+(

where &, and £, are determined by minimizing the pure-
ly chemical term of w with respect to the occupancies,

with the composition imposed restriction §&,+§,
=2(2x —1). This implies that
(14+&(1=§3)
kgTln |———— | -2ZA =0, (7
gl In (1—&)1+&,) §16>

to which we associate an effective chemical potential
pu*=v—p +pp given by

148,
1-§;

p*=kzTln _2ZAE, . (8)

The magnetic order of alloys which magnetize in the
chemically ordered phase is enhanced or depressed by
the degree of chemical order.

The parameter which determines the two kinds of be-
havior described is y=1—2 | K 45 | /(| K44 | + | Kpg | ).
When ¥ <0 magnetic order is favored in the ordered al-
loy since the majority of the bonds in this state are 4 —
B bonds, and then T,,, > T,,;. On the other hand, ¥ >0
implies that magnetic order is assisted by segregation of
species, so that in the ordered alloy one may have
T,o <T,,. In the model perfect single crystal the true
transition temperature is 7,,,, but crystal defects which
diminish the number of 4B bonds increase the magneti-
zation transition eventually exposing T,,; (and making it
available to experiment in real systems). Figure 1 shows
different kinds of behavior obtained from four different
sets of magnetic interaction parameters. In Fig. 1(a) we
show the dependence of the three transition tempera-
tures T,, Tp,, and T,,; on composition for an alloy in
which one component is ferromagnetic, the other anti-
ferromagnetic, and the mixed coupling constant is fer-
romagnetic, and since y <0, T,,,>T,,;. We also ob-
serve an enhancement of order over magnetization as the
composition approaches x =1. In Fig. 1(b) we observe
the behavior of the same quantities when the alloy is
composed of two ferromagnetic species but there is an
antiferromagnetic coupling between them. In Figs. 1(c)
and 1(d) we show the opposite situation, here ¥ >0 and
magnetic order is depressed by the appearance of chemi-
cal order in the alloy. It is interesting to note that in the
completely ferromagnetic case, Fig. 1(d), the tempera-
ture difference between T,,, and T,,, is always greater
than in the ferromagnetic-antiferromagnetic alloy of Fig.
I(c). Also note that since Egs. (5) and (6) are invariant
with respect to either a change of sign of K, or a
change of sign of both K, , and Kjzp, Fig. 1 shows all

T, is given by one of the roots of the equation

1—E(14+&)]+K %, (

1+E)+KZp(1—E)(1—£))]}
+(1—EDN1—E)[K 44Kpp —K}p17=0, (6)

148,

I

the possible combinations of ferromagnetic and or anti-
ferromagnetic couplings.

III. MAGNETIC TRANSITIONS
AT ANTIPHASE BOUNDARIES

Antiphase boundaries form in all ordering alloys.
These interesting features of the microstructure of alloys
may be observed by transmission electron microscopy
and are formed when the rapid growth of the ordered
phase from different nucleating centers results in a
domain boundary where layers rich in one component
are out of register.’> Here we study the composition in-
homogeneity induced by the antiphase boundary and its
effects on the magnetic properties of the alloy. In partic-
ular we examine the planar (001) antiphase boundary in
the bcc lattice binary alloy below its ordering tempera-
ture T,. In this lattice, first-nearest-neighbor sites lie
only on consecutive nearest-neighbor planes. Assuming
equal occupancies of 4 or B atoms within a given plane,
the grand potential » per number of sites in a plane is

(0.2,0.2,0.1) \

/
! (0.2,-0.2,-0.1) ‘I
/ 1 M \

0.5 x 0.5 X

FIG. 1. Magnetic transition temperature for ordered and
disordered alloys vs composition. Number in parentheses are
values of the interaction parameters J 44, Jpp, and J 45, respec-
tively, in units of the heat of mixing A. See text for discussion.
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> (45 +E) In(1+&)+(1—§6) In(1—-§,)]

S U=ENT+n)In(1+79,)+(1—n;)In(1—7;)]

=& MM 41

+K g [(T+E)N =& L8 +(1=EDT+E D6 ], )

where the index i runs over all lattice (001) planes. The
equilibrium profiles for the occupancies, n ,=1-—ng
=(14§;)/2, and for the magnetization, m;=[S (1
+&)5;+Sp(1—&;)m;1/2 are obtained by minimization
of  with respect to &;, ;, and ;. An antiphase bound-
ary is built into the system simply by choosing an odd
number of planes / in a closed torus. We obtain the
equilibrium profiles through an iterative method with
lattices consisting of a total number of sites large enough
so that the bulk properties, at a given T and x, are
reproduced in a considerable region of the torus. Two
different profiles may be stabilized in the iterative pro-
cess, and that in which the majority species accumulates
at the APB turns out to be always the most stable.'!

A. T<T,,

As mentioned in the preceding section, the onset of
magnetic order in alloys may be suppressed by the pres-
ence of chemical ordering into sublattices. The disorder
introduced by an antiphase boundary then favors the
magnetization of the defect in all cases for which
T,o <Tpmg. In Fig. 2 we show the occupancy, n ,;, and
the magnetization, m;, profiles associated to the APB for
two different sets of magnetic coupling constants. In
Fig. 2(a) we show the structure obtained when both pure
components are antiferromagnetic but the like-pair cou-
pling is ferromagnetic (J,,=—0.2, Jgg=—0.2. and
J 48 =0.5). The temperature chosen is sufficiently low so
that chemical order is almost perfect. Occupancies of
species A are nearly unity in one sublattice and nearly
zero in the other for a fixed concentration x =4. The
bulk material is ferrimagnetic, however, the enhance-
ment of the magnetization at the interfacial region, to-
gether with the signs of the magnetic couplings, result in
an antiferromagnetic interaction between the two
domains. The net magnetization of the sample vanishes.
In the second example one pure species is ferromagnetic
and the other antiferromagnetic, J 4= —0.2 Jgg=0.2,
and J 45 =0.05. In Fig. 2(b) we show the profiles for this
kind of alloy when it is majoritary in the ferromagnetic
species (x =0.48). The APB results rich also in this
component, and the magnetization profile couples the
two domains parallel to each other. There is a net mag-

netization in this ferrimagnetic alloy which originates
from the APB region. In this system, changes in con-
centration induce a first-order transition to a state of
zero net magnetization, and because J,,= —Jpp this
occurs at x =0.5, a composition for which two different
magnetization profiles coexist. These profiles correspond
to parallel and to antiparallel spins near the APB. At
higher concentration (x =0.52), as shown in Fig. 2(c)
the equilibrium profiles produce no net magnetization
and the two domains become coupled antiparallel to
each other.

An interesting feature which appears in the regime of
parallel alignment of spins at the APB is that the magne-
tization produced by the defect may point in a direction
opposite to the net magnetization of the bulk of the ma-
terial. In the antisymmetric example described above
this may be achieved only if we assign unequal magnetic
moments for the two species (say S, >Sp). In Fig. 3 we
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FIG. 2. Magnetization (+ ) and composition (O) profiles
near and APB below the critical magnetization temperature of
the bulk ordered alloy. Magnetization is always enhanced at
the APB when T,, < T,,4, but the coupling between the two
domains may be ferromagnetic or antiferromagnetic, numbers
in parentheses are the values of the interaction parameters J 44,
Jpe, and J 45. See text for details.
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Bulk

FIG. 3. Layer magnetization for the two layers closest to
the center of the APB vs bulk composition for alloys rich in
the ferromagnetic species. The temperature is fixed below the
ordered alloy magnetization temperatures. The dashed line is
the average over the first two layers.

plot the magnetization at the two layers closest to the
center of the APB as a function of composition at a fixed
temperature T <T,,,. The average over these first two
layers is also shown. Within a composition interval
(0.5>x >0.29, in our example) the bulk magnetization
is reversed with respect to that close to the APB. On
the other hand, at low concentrations (x <0.29) there
are not sufficient antiferromagnetic components in the
system to sustain opposite magnetizations.

_‘;md T

4rd hg0.2
Jy5-02

Jem0.05

FIG. 4. Magnetization at different layers from the center of
the APB for temperatures T above the bulk magnetic ordered
alloy critical temperature T,,. The magnetic interaction pa-
rameters are given in units of the heat of mixing A. The com-
position of the alloy is x =0.5.

5565

(0.2,-0.2,0.05)

N,.
Ai
o o o o o o o

o o

0.5 + ++ +
+ oo +mi
+ +
+ +
+ * * M ey

Ole+d+d+o+oto*to*oto © ©° ofoto+ototo+ird+e

_ A -

x=0.29

FIG. 5. Magnetization (4 ) and composition (O) profiles
for the APB of the antisymmetric example (J 44 = —Jpp) for a
temperature above the bulk critical magnetization temperature
of the ordered alloy.

B. T>T,,

Whenever T, <T,,; we find that the magnetization
associated to the APB persists at temperatures above the
bulk transition temperature 7,,, and that a pure interfa-
cial transition occurs at TAFB, with T,,>T&"B>T,,,
there the magnetization profile vanishes everywhere.
The critical exponent with which the APB magnetiza-
tion vanishes is that corresponding to a two-dimensional
system,® however within the mean-field approximation
we employ this exponent takes the classical value. In
Fig. 4 we show the temperature dependence of m for
four different layers close to the center of the APB for
the temperature interval T,,<T <T&F®  when
Jgq=—0.2, Jpp=0.2, and J 45 =0.05.

Thus, at vanishing applied field, a sample consisting of
a multidomain structure separated through APB’s exhib-
its within T,,, < T < TAPB a net magnetization if the ma-
joritary species couples spins parallel to each other.
Lowering the temperature, but still keeping it above
T,.,, produces an increment in the width of the magnet-
ized strips along the APB’s. This is as if a magnetic
phase with critical temperature T&F2 grows always with
the APB’s acting as the ‘“‘nuclei.” In Fig. 5 we show
composition and magnetization profiles for the antisym-
metric example J,,= —Jpp when the majoritary com-
ponent is the ferromagnetic species. We observed two
magnetic domains pinned to the APB and coupled fer-
romagnetically which result in a net magnetization of
the sample. When a weak external magnetic field is ap-
plied to these alloys, lowering the temperature below
T,, may result in a sample with net magnetization with
direction opposed to that of the field. The opposite pro-
cess, i.e., raising the temperature from T <T,, to
T,, <T <T&B also produces a self-reversal which
leaves the APB magnetized against the field. The oc-
currence of this phenomenon is restricted to a range of
compositions, as shown in Fig. 3.

IV. ILMENITE-HAEMATITE SOLID
SOLUTION SERIES

In relation to the APB behavior studied in the preced-
ing section we describe briefly some magnetic properties
of titanohaematites.>~> Natural remanent magnetization
of terrestrial rocks corresponds to that acquired in the
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geomagnetic field. Minerals containing titanohaematite
make an exception and often acquire a remanent mo-
ment opposed to the field. Synthesized samples of
ilmenite-haematite with compositions near the center of
the solid-solution series can show a reverse ther-
moremanent magnetization which results when a sample
is cooled from above its Curie temperature.
Ilm, Hem,_, solutions undergo an ordering transition
over the cations at 1100°C for x =65 and at 600°C for
x =45, and their ferrimagnetic Curie temperature is sen-
sitive to the thermal history of the sample. Both end
members of the series are antiferromagnetic but speci-
mens with 1>x >0.5 are strongly ferromagnetic, while
samples with 0.5>x >0 are again antiferromagnetic.'?
Ishikawa and Syono!'* have proposed a mechanism of
self-reversal that involves the growth of an x phase along
the boundaries of ordered regions but Hoffman? and
later Lawson and Nord*® identified the x phase as an
haematite-enriched region along the APB’s. As in our
model calculations, low concentrations of haematite in
the solid solution do not lead to self-reversal, however, a
remanent magnetization at T > T,,, (where the specimen
is expected to be paramagnetic) is obtained. In many
other respects our model calculations agree both with
experimental findings and with their current interpreta-
tion.
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V. CONCLUSION

Antiphase boundaries are metastable features of the
microstructure of ordering alloys, thermal history and
treatment may generate or destroy them.!! The forma-
tion of these out of phase ordered domains and their
effect on the growth of magnetic domains in magnetic al-
loys determines magnetic properties of these substances.
We have modeled here an interfacial structure for this
situation and studied the thermodynamic behavior of the
magnetization near the APB’s. We found that the criti-
cal properties are analogous to those of the surface of a
simple Ising ferromagnet with a positive enhancement
factor g, and a pure interfacial magnetic transition devel-
ops. We believe that besides the titanohaematites other
magnetic solution series may show similar properties at
their APB’s. The universality of this kind of effect may
lead one to consider other examples of interfaces, like
those found in magnetic alloys in which the Curie tem-
perature lies above the ordering temperature. In gen-
eral, all that is required to generate the situation studied
here is the interplay of two different order parameters in
a given material.
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