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Abstract

In this paper we present an overview of various features of the structure of L1, magnetic phase. We discuss the various micro-
structural features which occur in these materials due to the changes in symmetry (translational and orientational domains) as well
as the relationship between the crystal symmetry and features such as the thermodynamic order of the disorder to order phase tran-
sition. We also show the various ways that the magnetic moments of the elements align themselves in these alloys producing ferro-
magnetic and antiferromagnetic materials. Finally we discuss the way that the atomic order, composition and magnetic order affect

the Curie temperatures of the FePd L1, alloys.
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1. Introduction

Because of their large magnetocrystalline anisotropy
energies, L1, magnetic alloys may play an important
role in future ultra-high density magnetic recording
media. These alloys are very different from the Co-based
hexagonal close-packed alloys utilized for the last two
decades or so, in that they are tetragonal in symmetry
and are atomically ordered structures. In this paper
some of the fundamental aspects of the crystallography
of the L1, structure will be explored. In particular we
examine the various kinds of domains that can form in
materials with these structures and present some mea-

* Corresponding author. Address: Department of Physics, 5000
Forbes Ave., Carnegie Mellon University, Pittsburgh, PA 15213,
United States. Tel.: +1 412 268 3135; fax: +1 412 268 3113.

E-mail address: mtanase@andrew.cmu.edu (M. Tanase).

! Present address: Department of Physics, Colorado State Univer-
sity, Fort Collins, CO 80523, United States.

2 Present address: Advanced Microsensors Inc., Shrewsbury, MA
01545, United States.

surements of the Curie temperature for FePd alloys in
both the face-centered cubic (fcc) and L1 states.

2. Crystallographic information

The fcc and L1y structures are shown in Fig. 1. The
fce structures have all their faces and their corner sites
occupied by the same atoms, or in the case of an alloy,
the probability of each site being occupied by a specific
type of atom is the same. L1 is a crystallographic deriv-
ative structure of the fcc structure and has two of the
faces occupied by one type of atom and the corner
and the other face occupied with the second type of
atom. If the two types of atoms were randomly arranged
the structure would be fcc. Derivative structures are or-
dered variants of a parent structure and are usually low
temperature phases, since their configuration entropy is
lower that that of the disordered fcc alloy parent phase.
On atomic ordering, the symmetry of the structure de-
creases. For the case of fce to L1, the decrease is in both
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Fig. 1. (a) The disordered fcc unit cell. All sites have equal occupation
probability of the two (or more) atoms of the alloy and (b) the L1,
structure showing the alternating stacking of (001) planes.

translational symmetry and point group symmetry; see
below for further discussion.

There are several ways of denoting the L1, structure.
The Strukturbericht designation L1 is that given in the
“Structure Reports™ series of the early 20th century [1].
The prototype structure is CuAu 1. The prototype is an
actual phase that is either the first to be discovered or is
an important phase with the structure that it denotes.
Pearson [2] has combined Bravais lattice information
and unit cell information in a notation which lists the
crystal system (¢ for cubic, ¢ for tetragonal, etc.), the
Bravais Lattice (P for primitive, F for face centered,
etc.) with the number of atoms in the unit cell. For the
L1, structure the Pearson symbol is either tP4 (if the
unit cell shown in Fig. 1b is used) or tP2 (if the smaller
unit cell with lattice parameters ¢ = ¢ and a = a\/2/2 is
used). The space group of the L1, structure is P4/mmm.

An important crystallographic feature of the Ll
structure is its c/a ratio. Since this structure is based
on a cubic one, if we use the unit cell shown in Fig. 1,
cla=~ 1. For most structures c/a is less than one, TiAl
being the well known exception. If the two atom unit cell
is used, the c/a ratio is about /2. It should be pointed
out that even if the values of a and ¢ were equal, the
symmetry of the unit cell is tetragonal since there is no
threefold axis and only one fourfold axis (along the c-
axis of the L1, structure). The ordering of the atoms
on specific sites has lowered the overall symmetry of
the structure.

Another important aspect of the structure is the num-
ber and type of near neighbors. Since the distortion is
small we can say that in the L1, structure there are 12
near neighbors (along the (110) directions) and six next
near neighbors (along the (100) directions) as in its par-

Table 1

Site symmetry and occupation® for P4/mmm space group

Atoms Wyckoff notation Symmetry X y z

Au 1(a) 4/mmm 0.0 0.0 0.0
1(c) 4/mmm 0.5 0.5 0.0

Cu 2(e) mmm 0.0 0.5 0.5

(4/mmm) 0.5 0.0 0.5

# Based on the four atom unit cell of Fig. 1b.

ent fcc structure. For the L1, structure, each atom has
eight opposite near neighbors and 4 similar near neigh-
bors. (The opposite near neighbor bonds have a slightly
smaller distance than the same near neighbor bonds for
c/la < 1). Each atom also has six similar next-near neigh-
bors. For energy calculations it is necessary to include at
least the second nearest neighbors, as there is at least
one other structure with the same number and type of
first neighbors, namely the A,B, structure that has the
space group / 4;‘md [3].

The positions of the atoms in the unit cell are summa-
rized in Table 1. For the P4/mmm space group the 2(e)
sites in general do not have the full space group symme-
try. However, in the case of the four atom unit cell of the
L1, structure, both types of atoms do have the site sym-
metry of 4/mmm. The unit cell shown in Fig. 1b is actu-
ally a base centered tetragonal one. However, since base
centered tetragonal cells can be redrawn as primitive
tetragonal cells, to keep the number of Bravais lattices
to a minimum, it has been decided by the International
Crystallography community to designate all lattices with
base centered tetragonal unit cells as primitive cells.

3. Changes in symmetry and the formation of domains

The fcc to L1, disorder to order atomic transforma-
tion produces:

o translational domains (also called anti-phase
domains) due to the lowering of the translational
symmetry;

e orientational domains (also called variants or mero-
hedral twins) due to a lowering of the point
symmetry.

In addition, the paramagnetic to ferromagnetic trans-
formation in magnetic L1y alloys produces magnetic
domains.

4. Crystallographic domains

4.1. Translational domains

The translational symmetry decreases by a factor of
two in going from the fcc structure to one of the struc-
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Fig. 2. The two translational domains of the L1, structure are
displayed along with its higher energy anti-phase boundary.

tural domains of the L1, structure. This can be seen
from Fig. 1 where there are four equivalent sites in
the fcc structure per unit cell and two equivalent sites
per unit cell in the L1, structure. This means that
one half of the translational symmetry elements in
the fcc structure are lost because of the atomic order-
ing. This loss in translational symmetry produces two
translational or anti-phase domains per structure vari-
ant, as shown in Fig. 2. The interface between these
domains has an energy associated with it, which is usu-
ally called the anti-phase boundary (APB) energy.
These translational domains can be observed by trans-
mission electron microscopy techniques. The local
atomic bonding is disrupted at an APB and hence
the local magnetocrystalline anisotropy energy is
expected to vary there.

5. Crystallographic domains
5.1. Orientational domains (or variants)

Another type of domain which arises due to the de-
crease in symmetry during ordering is called a structural
domain or variant. When the crystal is fcc it has three
fourfold axes: after ordering to the L1, structure it has
only one fourfold axis. This axis can be directed along
any of the original cubic (100) axes, giving rise to three
orientational or structural domains as shown in Fig. 3.
These variants each can have two translational domains
associated with them which means there can be six dis-
tinct domains in a materials undergoing the fcc to L1,
transformation.

Once again the boundary between orientational do-
mains is one of higher energy and also of a local change
in the local magnetocrystalline anisotropy energy. The
boundaries can be thought of as twin planes in that
the structure on one side of the boundary twins into that
on the other side of the boundary. These planes are of
the type {101} and in the fcc phase were mirror planes.
These domains are also called merohedral twins. They
are special twins, in that for other types of twins, such
as those formed during annealing or deformation, the
twin planes were not mirror planes before the formation
of the twins.

Fig. 3. The three orientational domains or variants that form when an
fce crystal orders to L1,.

6. Ferromagnetic domains

Magnetic domains form because of the symmetry
breaking that occurs during the magnetic ordering
process. The arrangement of the domains is a result of
minimizing some form of energy (magnetostatic, mag-
netoelastic, etc.).

When phases with the L1y structure are ferromag-
netic the magnetization vector usually is along the
[001] axis of the crystal. Since magnetic fields have the
symmetry of axial vectors (co/mm’ in the Curie limiting
group notation), the overall symmetry of the ferromag-
netic crystal is decreased to 4/mm’'m’ where the primed
mirror planes represent the so-called magnetic mirror
planes which take into account time reversal symmetry
for the magnetic phase; see [4-7]. In terms of the classi-
cal space groups, the symmetry of the ferromagnetic L1,
phase is P4/m, since the vertical mirror planes are lost on
magnetic ordering [8].

The magnetization can be directed along either
the [001] or [001] directions of the tetragonal phase
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Fig. 4. Schematic of ferromagnetic L1, crystal with magnetic moment
along [00 1]. On the left is the 4 atom unit cell (tP4) and on the right the
2 atom unit cell (tP2). The moments can also all be pointing down,
meaning that there are two possible ferromagnetic domains. In this
figure the axial magnetic vectors are indicated by polar vectors for ease
of drawing.

(see Fig. 4). Thus there are two possible magnetic do-
mains per structural domain when the phase is ferro-
magnetic. Since there are three possible structural
domains and two translational domains per structural
domain there are a total of twelve distinct domains of
a ferromagnetic phase formed from the fcc structure
with its magnetization along £[00 1]. The number of do-
mains can also be obtained by dividing the order of the
fcc paramagnetic group (96) divided by the order of
the tetragonal ferromagnetic group (16) and multiplying
the result by the change in translational symmetry on
atomic ordering to the L1, structure (2).

7. Phase diagram and transformations

It has been pointed out [9] that most L1, phases form
either by a peritectic transformation or from a high tem-
perature disordered fcc phase. No congruently melting
phase diagrams are known. Also, the single phase fields
of L1y often have considerable width (large range of
composition).

The phase diagrams for CoPt and FePt are given in
Ref. [10]. The FePt L1, phase becomes stable at temper-
atures less than about 1300 °C and the CoPt phase be-
comes stable at temperatures less than 825 °C. The fcc
to L1, transformation is a first order transformation
after the Ehrenfest designation [11]. This can be deter-

mined from one of the criteria developed by Landau
[12] and Lifshitz [13] and expanded on by Khactaturyan
[14] which, put in a simple form states that ratio of the
order of the point groups (i.e. their index) of the disor-
dered and ordered structures must be 2 if the phase tran-
sition is to have the possibility of being higher order. In
the case of fcc to L1 the index is 3 (48, the order of the
cubic point group, divided by 16 the order of the tetrag-
onal point group). This means that at equilibrium the
transition must be of first-order. It is for this reason that
the diagrams show two phase fields adjacent to the single
phase L1, field. These two phase fields are a necessary
consequence of the first order character of the transition.
It should be remembered that even though the transition
is of first order, the reaction can occur homogeneously
and continuously when the reaction temperature is away
from the equilibrium phase boundary and below the
instability temperature for the disordered alloy [15,16].
At temperatures near the solvus we expect the para-
magnetic L1, phase to form by the nucleation and
growth of highly ordered L1, phase. At larger undercoo-
lings the reaction may occur continuously as discussed
above. This means that it would start off with a small or-
der parameter and gradually build up with time. At even
larger undercoolings the transformation may occur in a
massive like way which is similar to the transition desig-
nated “congruent ordering” by Khachaturyan et al. [15].
Which of these types of transitions occurs will greatly af-
fect the resulting microstructure of the material and
hence its extrinsic properties. If an atomically disordered
thin film of a L1, alloy is sputtered onto a substrate and
is in biaxial tension it becomes tetragonal. Thus, the dis-
ordered tetragonal phase could atomically order via a
higher order transition, according to the Landau rules.
This may play a role in L1, thin film recording media.

8. Magnetic ordering

Both ferromagnetic and anti-ferromagnetic phases
with the L1 structure are known to exist. It would be
possible for a phase with the L1, structure to be ferri-
magnetic, but no unambiguous example could be found
at the time this paper was written.

The ferromagnetic phases have their easy axis along
the high symmetry axis of the structure, namely the
[001] direction. From the point of view of magnetic
symmetry this lowers the point group of the paramag-
netic L1y phase from 4/mmml’ (order 32 in magnetic
symmetry) to 4/mm’m’ in the magnetic symmetry nota-
tion, which is of order 16. The lowering of the symmetry
by a factor of two is the reason for the existence of two
magnetic domains in uniaxial materials.

The ordering of the spins in anti-ferromagnetic
phases is less certain. There are various possible arrange-
ments, summarized in Fig. 5 [17].
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Fig. 5. Schematic of possible anti-ferromagnetic L1, crystals. Again,
in this figure the axial magnetic vectors are indicated by polar vectors
for ease of drawing. In (a) the spins are along £[001]. In (b) the spins
are along £[100]. In (c) the spins are along £(110).

In Fig. 5a, only one of the elements is assumed to
have a magnetic moment associated with it. The spins
on a (001) plane are either directed up or down. The
symmetry of this arrangement remains 4/mmm, showing
that there is only one antiferromagnetic domain with
respect to the orientation of spins. However, in this case
there are two translational domains which could in prin-
ciple arise due to the loss of translational symmetry dur-
ing the magnetic ordering. These domains will have very
large interfacial energy because they will put parallel
spins as near neighbors.

In Fig. 5b both elements are assumed to have a mo-
ment, but of different magnitude. Again the spins are
thought to cancel in the (001) planes, but this time the
direction of the spins is thought to be along the [100]
direction of the unit cell. This lowers the symmetry to
mm'm’ (the m being perpendicular to the [100]-axis).
Thus in transforming from a paramagnetic L1, phase
to this antiferromagnetic structure the symmetry is low-
ered from 4/mmml’ (order 32 in magnetic symmetry) to

mm'm’ (order 8 in magnetic symmetry). Four domains
are possible, two with their spins along the [100] direc-
tion and two with their spins along the [010] direction.
Translational domains also exist for this structure, and
once again will be of high interfacial energy.

Fig. 5c shows a third possibility of the alignment of
the magnetic spins, this time along the face diagonals
of the (001) planes. This orientation of the spins results
in the same magnetic point group symmetry as in b. It
should be pointed out that the near neighbor spins
pointing to one another makes this structure highly
energetic from the point of view of dipolar interaction
energy.

9. Curie temperature

Magnetic ordering exists for both disordered fcc
phase and ordered L1, phase. It has been reported that
the Curie temperature of the L1, alloys can be affected
by the atomic ordering transformation [18]. Wang
et al. measured the Curie temperatures of disordered
and ordered FePd alloys and found that the disordered
(fce) alloys have a Curie temperature about 30 K higher

Table 2

Measured Curie temperatures of FePd alloys

Composition 50% Pd 55%Pd 60%Pd
Phase fce Ll fce Ll fce L1,

Curie T (K) 756 723 703 673 623 593
Values to = 5 K.
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Fig. 6. FePd phase diagram shows the measured Curie temperatures
for the fcc phase and the L1, phase. Open squares are the measured
Curie temperatures for the fcc phase. Solid squares are the mea-
sured Curie temperatures for the L1y phase. The dotted curves are
measured Curie temperatures for fcc and L1, phases from [18,9,20] and
[21].
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than those of the ordered alloys [19]. Higher Curie tem-
perature is closely related to the higher exchange cou-
pling between the magnetic spins. For the same
exchange coupling constant, the number of spin pairs
(i.e. atomic near neighbors) determines the ferromag-
netic exchange coupling strength. Table 2 and Fig. 6
show the results of the Curie temperatures measurement
of FePd alloys [20]. From Fig. 6, it can be seen that
increasing the Pd content from 50% to 60% decreases
the Curie temperature for both fcc phase and L1, phase.
This can be due to the decreasing number of the Fe-Fe
and Fe-Pd nearest neighbors. Similarly, the atomic
ordering transformation can also affect the atoms near
neighbors and induces different Curie temperatures.

10. Concluding remarks

The crystallographic features of the L1, structure has
several important aspects that affect its formation from
the disordered fcc phase. In particular the breaking of
the translational and orientational symmetry produces
a variety of domains which in combination with the
magnetic domains gives rise to a plethora of domain
boundaries which all may affect the resulting magnetic
properties. In this paper we reviewed the crystallography
of the transformation and leave it to for another time to
explore the specifics of the structure property relations
in these ferromagnetic materials.
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