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Chemical and magnetic phase diagrams ofAB3 and A3B anisotropic thin films
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We present a double Ising model treated in the Bragg-Williams approximation with aim to describe the
composition modulations and the magnetic properties of MBE codeposited fcc~111! oriented alloy thin films.
First the chemical and magnetic phase diagrams of isotropicAB3 andA3B fcc structures withA the magnetic
component are calculated. Then the effect of anisotropic chemical interactions that are different in the basic
~111! planes and between these planes is investigated. It yields the formation of a superlattice-like system
analogous to those experimentally observed in some Co-based alloy films. On theB-rich side, the magnetic
phase diagrams are strongly modified with respect to the isotropic case. Comparison is made with experimental
data.
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I. INTRODUCTION

Recent investigations of hcp and fcc Co-based MBE
evaporated thin films~Co-Ru, Co-Pt!, grown in the hexago-
nal @0001# or @111# plane, have shown the presence of
composition modulation along the growth direction with
amplitude which is strongly dependent on the growth te
perature and the alloy composition. Such a modulation,
name anisotropic long range order~ALRO!, does not exist in
the corresponding equilibrium bulk phase diagrams. T
Co-Ru equilibrium bulk phase diagram displays a compl
hcp solid solution over the whole concentration range at
temperature1 whereas the Co-Pt equilibrium bulk phase d
gram presentsL12 , L10, andL12 structures ordered on th
fcc lattice for respectively theA3B, AB, and AB3
compositions.2 This ALRO has been observed in hc
Co12xRux alloys3,4 over the whole explored concentratio
range (0.05<x<0.95) and in hcp and fcc Co12xPtx on the
Co-rich side5–7 and with a very weak intensity in fcc
Co50Pt50.6 LRO was never observed in the hexagonal grow
plane. On the Pt-rich side of@111# Co-Pt films (x;0.75) one
does not observe a composition modulation, but a str
enhanced perpendicular magnetic anisotropy7–9 and anoma-
lous high values of the Curie temperatures.8 Perpendicular
magnetic anisotropy was assigned to the presence of an
isotropic chemical short range order10 ~ASRO! whereas the
high values of the Curie temperatures have been expla
by Ref. 8 in terms of the presence of a miscibility gap at lo
temperatures, that could be either an equilibrium state no
observed in bulk alloys for lack of diffusion, or a metastab
phase separation driven by surface magnetic interaction
fects. Some structural and magnetic properties of these
films are summarized in Fig. 1. As illustrated, all propert
display the same kind of dependence with the growth te
perature but the concentration dependence of the AL
measured at the optimal growth temperature is typical
each system.

Both LRO and ASRO were presumed by Ref. 11 to ha
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qualitatively the same physical origin. They are qualitative
described in terms of a double competition between surf
and bulk diffusion, and surface and bulk interactions. T
surface interactions produce preferential occupation of
surface plane by one of the two components~surface segre-
gation effect! at the detriment of the underlying plane, lea
ing to alloy thin films that could be seen as surface allo
stacked above each other bilayer by bilayer and prog
sively frozen-in as the free surface is advancing.

To observe this metastable alloy, the surface diffus
compared to the deposition rate of a bilayer must be h
enough to allow the surface atomic equilibrium rearran
ment to take place during the growth time and the bulk d
fusion low enough to prevent from the diffusion in burie

FIG. 1. Experimental results: temperature dependence of l
range order in Co3Pt @~a! s ~Ref. 5!# and magnetic anisotropy in
CoPt3 @~b! d ~Ref. 8! and s ~Ref. 9!# and their simulation in a
thermoactivated model~Ref. 11! ~full lines!, concentration depen
dence of long range order in Co-Ru~Ref. 4! @the results of
two different series (d and s) are normalized# ~c!, and Co-Pt
~Ref. 6! ~d!.
9015 ©2000 The American Physical Society
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layers that would tend to restore the bulk equilibrium th
modynamic state. A thermoactivated model that takes
account both surface and bulk effects describes the temp
ture dependence of observed structural and magnetic pro
ties ~Fig. 1!.11

In order to describe the properties of the anisotropic s
tems built in this way and to get a rough estimate of the r
played by the presence of anisotropic chemical interacti
~superlattice like system!, we have developed a simple mod
~Bragg-Williams approximation! to calculate phase diagram
in presence of chemical and magnetic interactions, focus
on systems with a fcc structure. This model, presented
Sec. II, is presumed to represent the Co-Pt system whic
magnetic over the whole composition range, treating theA3B
~Co-rich side! andAB3 ~Pt-rich side! compositions,A being
the magnetic component. The results are given in Sec.
First we present the results obtained in the case of an iso
pic bulk system, illustrating the effect of the hierarchy b
tween first nearest neighbor chemical interactions and
and second nearest neighbor magnetic interactions. The
calculate the phase diagrams in presence of anisotr
chemical interactions along the@111# direction that induce
composition modulations between adjacent planes, in o
to reproduce those observed in alloy thin films. Section IV
devoted to the discussion and conclusions.

II. MODEL

We consider two binary alloysA12xBx with one magnetic
component~A! and x50.25 andx50.75 in a fcc structure
which are ordered in theL12 structure at low temperature
With the aim of studying the different ordered phases, the
lattice is subdivided into two interpenetrating nonequival
sublatticesa andb, such that the number ofa andb sites
are respectively 1/4 and 3/4 of the total number of sites in
system. Thea sites have twelveb sites as first nearest neigh
bors, and theb sites have foura and eightb sites as first
nearest neighbors and thea (b) sites have sixa (b) sites
as second nearest neighbors. In the ordered state the min
atoms (B for x50.25 andA for x50.75) are placed in thea
sublattice, whereas the majority atoms are placed in thb
sublattice. Therefore no first nearest neighborA-A pairs are
present in the spatially orderedAB3 alloy, that will have
drastic consequences on the interplay between chemica
magnetic orderings, comparing with theA3B phase. We
study the effects of chemical and magnetic interactions
chemical and magnetic phase diagrams, within the Bra
Williams approximation. For the chemical interactions, w
consider two cases: the bulklike system~isotropic system!
and the superlattice-like system~anisotropic system!.

To describe the different ordered states of the system
probabilities to have aI atom with a m spin state (m
5↑, ↓) in then sublattice are noted byPn

Im . Only first near-
est neighbor interactions are considered for the chem
contribution as it is sufficient to get the orderedL12 equilib-
rium state. Expressions are given for theAB3 case.

The chemical energy in terms of the probabilities is giv
by

UC523NU@~Pa
A↑1Pa

A↓!Pb
B1~Pb

A↑1Pb
A↓!~Pa

B12Pb
B!#,
-
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whereN is the total number of lattice sites,2U is the energy
needed to form anA-B pair. UAA and UBB , the energies
needed to form theA-A and B-B pairs, have been take
equal to zero for the sake of simplicity without lost of ge
erality.

For the magnetic energy, we consider first and sec
nearest neighbor ferromagnetic interactions, the magn
contribution is written as

UM523NJ1@~Pa
A↑2Pa

A↓!~Pb
A↑2Pb

A↓!1~Pb
A↑2Pb

A↓!2#

2
3

4
NJ2~Pa

A↑2Pa
A↓!22

9

4
NJ2~Pb

A↑2Pb
A↓!2,

where 2J1 and 2J2 are the energies associated with fir
and second neighbor pairs of parallel spins, respectively.
total internal energy isU5UC1UM .

The entropy is given by the Boltzmann equationS5
2kBln V, whereV is the number of different configurations
To get the equilibrium state of the system, the free ene
(F5U2TS) is minimized with respect to the probabilities
Additional conditions such as concentration and normali
tion have to be included in the minimization. Thus, at ea
temperature, the probabilities are deduced from a matrix
version.

Two types of order parameters are defined to study
system, one chemical and two magnetic parameters. The
tial order parameter is defined as

h5~Pa
A↑1Pa

A↓!2~Pb
A↑1Pb

A↓!,

and the magnetic order parameter for each sublattice is
fined as

mn5~Pn
A↑2Pn

A↓!, n5a,b.

The order-disorder transition temperature (TOD) and the
Curie temperature (TCM) correspond to the cancelling of th
respective order parameters.

In the anisotropic case, the model corresponds to a su
lattice with a basic unit of two~111! parallel planes~Fig. 2!.
This anisotropy should roughly mimic the difference b
tween the chemical interactions inside the surface and
subsurface planes. We define different interaction ener
inside the@k# and @k11# planes with an anisotropy ratio
RA5Uk /Uk11 andW5U between the two planes. Differen
anisotropy ratios will be considered.

III. RESULTS

A. Isotropic case

The shapes of chemical and magnetic phase diagr
have been explored over a very broad range of magneticJ1 ,
J2) and chemical~U! interaction parameters. The detaile
results are presented in Master degree thesis of Gonz
Ochoa.13 Here we focus on results that are as close as p
sible of the Co-Pt system on both concentration sides, be
aware of the oversimplification of the model which assum
concentration independentJ and U parameters.12 In all cal-
culated cases, as expected, the chemical O-D transition
first order whereas the magnetic transition is of second or
When both transition temperatures are superimposed,
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transition is of first order. In Fig. 3, we present theAB3
phase diagram forkBT/U vs J1 /U with J250 @Fig. 3~a!#
andJ250.15U @Fig. 3~b!#. As expected, a nonzeroJ2 inter-
action is necessary to introduce magnetic order in the
dered state. In Fig. 3~b!, for J1,0.55U there still exists a

FIG. 2. Illustration of the model used in this work for th
superlattice-like systems with basic unit of two parallel planes. T
value of the chemical interactions areUk for the@k# plane,Uk11 for
the @k11# plane andW for the interplanar interaction.

FIG. 3. Phase diagram of isotropicAB3 system forkBT/U vs
J1 /U with J250 ~a! andJ250.15U ~b!. The transition order~first
or second order! are indicated by the numbers in the figures. T
state of the alloy in the different ranges are indicated by cap
letters: chemically ordered~O! or disordered~D!, and magnetically
ordered~M! or paramagnetic~P!.
r-

paramagnetic phase in the order state: the Curie tempera
(TCM) is lower than the order-disorder transition (TOD).
This situation corresponds to the CoPt3 case14 for which the
value of the experimental (TCM /TOD) ratio is 0.3. It would
be possible to stay closer of the experimental value by
creasingJ2, but without physical interest, on account of th
approximations of the model. When increasingJ2 the OP
~ordered paramagnetic! region of Fig. 3~a! disappears at the
detriment of the OM~ordered magnetic! region. TheJ2 de-
pendence of the phase diagrams for a peculiar value ofJ1 is
shown in Fig. 4~a!. It illustrates both the strong sensitivity o
TCM with J2 and the possibility that the magnetism reappe
at high temperature in the disordered state. As an examp
a given alloy system, the temperature dependence of the
der parameters is presented in Fig. 4~b!, for J150.55U and
J250.157U, illustrating a system that shows two Curie tem
peratures, a low Curie temperature for the ordered state a
high Curie temperature for the disordered state. It is worth
notice that the magnetic order reappears with a spatial o
similar to the order present at low temperature; although b
of them are equal, we call it OM2 to differentiate it from th
OM1 that corresponds to the low temperature order state

Figures 5~a! and 5~b! are the equivalents of Figs. 3~a! and
3~b! in A3B. The effect ofJ2 is obviously less important than
in AB3 and forJ1>0.1U or 0.2U, depending onJ2 , TCM is
higher thanTOD . The couple of valuesJ250.15U and J1
between 0.2 and 0.3U corresponds to the experimental rat
TCM /TOD51.4 in Co3Pt.14 This couple ofJ1 andJ2 values
is also convenient to describe CoPt3 as seen in the previou
section.

e

l

FIG. 4. ~a! Phase diagram for isotropicAB3 system forkBT/U
vs J2 /U with J150.55U. ~b! Long range order parameters as
function of the temperature forJ150.55U and J250.157U, as
indicated by the vertical line in~a!. Notice the presence of two
Curie temperatures.
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9018 PRB 62H. O. GONZALEZ OCHOAet al.
To summarize, our model shows that, for the isotro
case, one can find a unique set of parameters than reprod
the orders of magnitude of the Curie and order-disorder t
peratures on both sides of the Co-Pt phase diagram. As f
J1 and J2 are smaller thanU, the presence of magnetism
slightly influences the chemical phase diagram, but the
gree of chemical disorder and the relative values ofJ1 andJ2
strongly modify the magnetic phase diagram especially
the AB3 side.

B. Anisotropic case

We have chosen to treat in detail both systems with a h
anisotropy ratio:RA5Uk /Uk1153 with Uk51.5U for the
@k# plane, andUk1150.5U in the @k11# plane andW5U
between the two planes. A case with a small anisotro
~RA51.22! is treated for theAB3 composition only.

1. AB3 composition

The anisotropic cases (RA53) of the phase diagrams pre
sented in Figs. 3~a! and 3~b! are shown in Figs. 6~a! and 6~b!.
For J250 @Fig. 6~a!# an important difference lies in the ap
pearance of magnetic ordering~OM phase! in the chemically
ordered phase. This OM phase appears as a consequen
the modulation in concentration of the magnetic compone
that induces the formation of first nearest neighborA-A pairs
not present in the isotropic case at lowT. For J250.15 @Fig.
6~b!#, the Curie temperatures of a quenched disordered s
are also shown for comparison. In the anisotropic case,
Curie temperature of the ASRO phase quenched from h
temperature is also the prolongation of the high tempera

FIG. 5. Phase diagram of isotropicA3B system forkBT/U vs
J1 /U with J250 ~a! andJ250.15U ~b!.
c
ces
-
as

e-

n

h

y

e of
t,

te
e
h
re

straight line~not shown in the figure!. For the set ofJ1 /U
values we are interested in, i.e., around 0.3, the Curie t
peratures of the anisotropic case are clearly higher than th
of the isotropic case, but remain lower than those of
quenched disordered state. Let us note that the experime
ratio of 1.4 between the Curie temperatures in the quenc
disordered bulk CoPt3 phase and in theL12 ordered phase14

is also well reproduced by the same set ofJ1 (0.3U
20.35U) and J2 (0.15U) parameters. ThekT/U depen-
dence of LRO parameters and concentrations in respecti
@k# and @k11# planes for theseJ1 andJ2 values are shown
in Figs. 7~b!,7~c! and 7~d!,7~e!, for two different anisotropy
ratios, respectively 3 and 1.22. Figure 7~a! shows the isotro-
pic case for comparison. As expected, a concentration mo
lation is actually observed, giving rise to different avera
concentrationsc in the @k# and @k11# planes. The aniso-
tropic long range order parameter (hA), given by (ck
2ck11)/2x, which is experimentally determined in the allo
films ~Fig. 1! is also represented in Figs. 7~b! and 7~d!. It
increases with the disorder in theL12 region and decrease
slowly with the temperature in the disordered state, dis
pearing at temperatures quite higher than the O-D transit

2. A3B composition

Figure 8 compares the anisotropic case (RA53) to the
isotropic case@Fig. 5~b!#. The effect of a large anisotropy o
both Curie and order-disorder transitions is very small. F
ure 9 shows thekT/U dependence of order parameters fo
given set ofJ1 and J2 values that shows the persistence
anisotropic long range order quite above the O-D transiti

FIG. 6. Phase diagram inAB3 system forkBT/U vs J1 /U with
J250 ~a! andJ250.15U ~b!, for isotropic~dashed line! and aniso-
tropic ~full line, RA53) cases, the circles correspond to the dis
dered alloy. In the anisotropic case withJ250 ~a!, the OM phase
appears as a consequence of the concentration modulation.
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FIG. 7. Order parameters as a function of the temperature
the isotropic ~a! and anisotropic~b!–~e! AB3 system with J1

50.3U andJ250.15U. The @k# plane is shown in~b!,~d! and the
@k11# plane in ~c!,~e! for two values ofRA5Uk /Uk11 : RA53
~b!,~c! and RA51.22 ~d!,~e! and the ALRO parameterhA5(ck

2ck11)/2x is plotted in~b!,~d!.

FIG. 8. Phase diagram for the isotropic~dashed line! and aniso-
tropic ~full line! A3B system forkBT/U vs J1 /U with J250.15U
andRA53.
IV. DISCUSSION AND CONCLUSION

Introducing anisotropic chemical interactions induces n
interesting features in both chemical and magnetic phase
grams as the observed composition modulation correlate
the anisotropic LRO parameter (hA). In both AB3 andA3B
phases, we observe similar effects of the anisotropy an
competition betweenL12 ordering and anisotropic orde
@Figs. 7~b! and 9~b!#: ordering of theL12 structure destroys
the anisotropic order which is maximum at the O-D tran
tion and decreases slowly with temperature at high temp
ture. The effect of the chemical anisotropy on the magne
properties is mainly visible on the Pt-rich side and enlarg
the OM range.

or

FIG. 9. Order parameters as a function of the temperature
the isotropic ~a! and anisotropic~b!,~c! A3B system with J1

50.2U andJ250.15U. The @k# plane is shown in~b! and the@k
11# plane in~c! for RA5Uk /Uk1153 and the ALRO paramete
hA5(ck2ck11)/2x is plotted in~b!.
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9020 PRB 62H. O. GONZALEZ OCHOAet al.
Comparing with experimental results in thin films, th
maximum value ofhA close to 0.6 measured at a grow
temperature of about 600 K in Co3Pt @Fig. 1~a!# is in agree-
ment with the results of the simulation for the set of para
eters of Fig. 9 (RA53). The situation is different in CoPt3.
Experimentally, no composition modulation has been fou
only ASRO is observed, whereas the simulation data disp
large values ofhA as in Co3Pt. A quite smaller value of the
anisotropy ratio should be introduced to get nonobserva
values ofhA @Fig. 7~d!#.

Surface segregation is presumed to be at the origin of
composition modulations in these Co-Pt films. Surface s
regation measurements on~111! surfaces of Co-Pt alloys15

have shown a strong Pt enrichment of the superficial pl
and a Co enrichment in the underlying plane; the Pt conc
trations are respectively 0.46 and 0.03 in Co3Pt and of 1 and
0.48 in Co20Pt80. That would lead tohA values close to their
maximum value of 1. The reason why ASRO instead of co
position modulations was observed until now in CoPt3 films
is thus not clear since surface segregation trends are co
rable on both sides of the Co-Pt phase diagram. Never
less, as probed by polarized XAFS,10 the presence of prefer
ential Co-Pt pairs out of the~111! plane balanced by
preferential Co-Co pairs in the film plane is also in favor
local concentration differences between two adjacent pla
but their planar coherency would be too small to give rise
a superstructure line.

This different behavior in Co3Pt and CoPt3 films could be
originated by their different structure, respectively hcp a
fcc. Whereas a bilayer by bilayer growth mode, that ori
nates the composition modulations as proposed by Re
would be favored by aABAB stacking of~0001! planes in a
hcp structure, it would be less favored by theABC stacking
of a fcc structure. As a matter of fact, in Co-Ru alloy th
films that have a hcp structure over the whole concentra
range, and that we do not intend to model here, an an
tropic LRO parameter is observed over the whole comp
tion range, with smaller values ofhA ~0–0.4! @Fig. 1~c!#.
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Another result of this model lies in the effect of th
chemical anisotropy on the magnetic properties. As seen,
effect is important on the Pt-rich side. The magnetic prop
ties of CoPt3 films investigated by Rooneyet al.,8 as men-
tioned in the introduction, are characterized by Curie te
peratures that are much higher than those of the disord
state. In our model, for the set of parameters that desc
CoPt3 ~Fig. 6! the presence of a chemical anisotropy i
creases the Curie temperatures with respect to the isotr
phase, butTCM stay smaller than in the quenched disorder
state: even when changing the ratioJ2 /U and when increas-
ing the anisotropy ratio, our model does not reproduce Cu
temperatures superior to those of the disordered state.
high values ofTCM experimentally observed in CoPt3 films
would correspond to a strong local order~clustering Co at-
oms! that cannot be described by our model.

To conclude, the simple model we have developed to c
culate chemical and magnetic phase diagrams of anisotr
A3B and AB3 thin films is able to describe the presence
composition modulations as in built thin films. The absen
of ALRO in CoPt3 films can have a structural origin. More
over when magnetic interactions are clearly smaller th
chemical interactions, i.e., when the magnetic order is l
stable than the chemical order, the magnetic properties
very sensitive to the degree of chemical order, that induce
great variety of situations for the magnetic phases. Ove
broad range of interaction parameters, the Curie tempera
in AB3 anisotropic films are higher than inL12 ordered iso-
tropic films, but always lower than in the disordered pha
A model that takes into account the pair correlations~Bethe
or higher order approximation of the cluster variatio
method! has still to be built to treat more precisely the ma
netic properties of these thin films. The case of hcp films w
be treated in the near future.
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