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Chemical and magnetic phase diagrams oAB; and A;B 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 codepositéd ¥dcoriented alloy thin films.

First the chemical and magnetic phase diagrams of isotBicand A;B fcc structures withA the magnetic
component are calculated. Then the effect of anisotropic chemical interactions that are different in the basic
(11D 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. @nritteside, the magnetic

phase diagrams are strongly modified with respect to the isotropic case. Comparison is made with experimental
data.

[. INTRODUCTION qualitatively the same physical origin. They are qualitatively
described in terms of a double competition between surface
Recent investigations of hcp and fcc Co-based MBE coand bulk diffusion, and surface and bulk interactions. The
evaporated thin film$Co-Ru, Co-PY, grown in the hexago- surface interactions produce preferential occupation of the
nal [0001] or [111] plane, have shown the presence of asurface plane by one of the two componefsisrface segre-
composition modulation along the growth direction with angation effect at the detriment of the underlying plane, lead-
amplitude which is strongly dependent on the growth tem4dng to alloy thin films that could be seen as surface alloys
perature and the alloy composition. Such a modulation, wétacked above each other bilayer by bilayer and progres-
name anisotropic long range ord&l_RO), does not exist in ~ sively frozen-in as the free surface is advancing.
the corresponding equilibrium bulk phase diagrams. The To observe this metastable alloy, the surface diffusion

Co-Ru equilibrium bulk phase diagram displays a completecompared to the deposition rate of a bilayer must be high
hcp solid solution over the whole concentration range at lonenough to allow the surface atomic equilibrium rearrange-
temperaturbwhereas the Co-Pt equilibrium bulk phase dia-ment to take place during the growth time and the bulk dif-
gram presents 1,, L1,, andL1, structures ordered on the fusion low enough to prevent from the diffusion in buried
fcc lattice for respectively theA;B, AB, and AB; . .

compositiong. This ALRO has been observed in hcp " Co,Pt CoPt

Co,_,Ru, alloys™* over the whole explored concentration | ® . ’

range (0.05:x=0.95) and in hcp and fcc Go,Pt, on the ' ®

Co-rich sidé’ and with a very weak intensity in fcc

CosPtso.6 LRO was never observed in the hexagonal growth

plane. On the Pt-rich side £11] Co-Pt films k~0.75) one oo |

does not observe a composition modulation, but a strong 3% 500 gy 00 900 300 5

enhanced perpendicular magnetic anisotfopgnd anoma- ¢

lous high values of the Curie temperatufeBerpendicular T = 590K T = 650K

magnetic anisotropy was assigned to the presence of an af|e ‘CoRu ¢ n ©CoPt

isotropic chemical short range ord®(ASRO) whereas the

high values of the Curie temperatures have been explaine: °s °

by Ref. 8 in terms of the presence of a miscibility gap at low o o }

temperatures, that could be either an equilibrium state not ye

observed in bulk alloys for lack of diffusion, or a metastable 0'00 X R ;

phase separation driven by surface magnetic interaction ef- "

fects. Some structural and magnetic properties of these thin g1 1. Experimental results: temperature dependence of long
films are summarized in Fig. 1. As illustrated, all propertieSyange order in CfPt[(@) O (Ref. 5] and magnetic anisotropy in
display the same kind of dependence with the growth temeopy, [(b) @ (Ref. 8 and O (Ref. 9] and their simulation in a
perature but the concentration dependence of the ALRGhermoactivated moddRef. 11 (full lines), concentration depen-
measured at the optimal growth temperature is typical otlence of long range order in Co-R(Ref. 4 [the results of
each system. two different series @ and O) are normalizefl (c), and Co-Pt
Both LRO and ASRO were presumed by Ref. 11 to havegRef. 6 (d).
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layers that would tend to restore the bulk equilibrium ther-whereN is the total number of lattice sites,U is the energy
modynamic state. A thermoactivated model that takes intmeeded to form am-B pair. Ua, and Ugg, the energies
account both surface and bulk effects describes the temperaeeded to form theA-A and B-B pairs, have been taken
ture dependence of observed structural and magnetic propeggual to zero for the sake of simplicity without lost of gen-
ties (Fig. 1).1 erality.

In order to describe the properties of the anisotropic sys- For the magnetic energy, we consider first and second
tems built in this way and to get a rough estimate of the rolenearest neighbor ferromagnetic interactions, the magnetic
played by the presence of anisotropic chemical interactionsontribution is written as
(superlattice like systemwe have developed a simple model
(Bragg-Williams approximationto calculate phase diagrams Uy =—3NJ;[(P,'—PLH)(P5' —P5h +(P3 = P3H?]
in presence of chemical and magnetic interactions, focusing
on systems with a fcc structure. This model, presented in _§ Al _ pAl 2_? AT _ pAly2
S X S NI, (P, —P,") NJI,(Pp' —PgH)%,

ec. Il, is presumed to represent the Co-Pt system which is 4 4

magnetic over the whole composition range, treatingi§# where —J; and —J, are the energies associated with first

(Co-rich side and AB; (Pt-rich sid¢ compositionsA bein . . ) .
the magnetic composﬁent. The results gre given in Se%. III‘fde second neighbor pairs of parallel spins, respectively. The
otal internal energy it =Uc+Uy,.

First we present the results obtained in the case of an isotrd Th i 9 by the Bolt tiSa
pic bulk system, illustrating the effect of the hierarchy be- € entropy 1S given by the bollzmann equatior
+ kgIn Q, whereQ) is the number of different configurations.

tween first nearest neighbor chemical interactions and fir h ilibri f th he f
and second nearest neighbor magnetic interactions. Then @ get the equilibrium statg of the system, the ree energy
=U-TY) is minimized with respect to the probabilities.

calculate the phase diagrams in presence of anisotrop o . . ;
dditional conditions such as concentration and normaliza-

chemical interactions along tHa11] direction that induce h be included in th O Th h
composition modulations between adjacent planes, in orddfon have to be included in the minimization. Thus, at eac
temperature, the probabilities are deduced from a matrix in-

to reproduce those observed in alloy thin films. Section 1V is

devoted to the discussion and conclusions. version. '
Two types of order parameters are defined to study the

system, one chemical and two magnetic parameters. The spa-
Il. MODEL tial order parameter is defined as

We consider two binary alloy&, _,B, with one magnetic n=(PAT+ PAL —( p2T+ pgi),
component(A) and x=0.25 andx=0.75 in a fcc structure
which are ordered in the1, structure at low temperature. and the magnetic order parameter for each sublattice is de-
With the aim of studying the different ordered phases, the fcdined as
lattice is subdivided into two interpenetrating nonequivalent AT oAl
sublattices and 3, such that the number af and 8 sites m,=(P, =P, v=a,B.
are respectively 1/4 and 3/4 of the total number of sites in the i N
system. Thex sites have twelvgs sites as first nearest neigh- _ The order-disorder transition temperatui,p) and the
bors, and thes sites have four and eightg sites as first Curie tgmperatureKCM) correspond to the cancelling of the
nearest neighbors and the () sites have sixe (3) sites respective order parameters.
as second nearest neighbors. In the ordered state the minority /" the anisotropic case, the model corresponds to a super-
atoms @ for x=0.25 andA for x=0.75) are placed in the lattice with a basic unit of tw@111) parallel planegFig. 2).

sublattice, whereas the majority atoms are placed inghe This anisotropy should roughly mimic the difference be-
sublattice. Therefore no first nearest neighBeA pairs are tween the chemical interactions inside the surface and the

present in the spatially ordere®iB; alloy, that will have _sut_)surface planes. We define difft_arent inte_raction ene_rgies
drastic consequences on the interplay between chemical afgfide the[k] and [k+1] planes with an anisotropy ratio
magnetic orderings, comparing with th&,B phase. We Ra=Ui/Uk:1 andW=U between the two planes. Different
study the effects of chemical and magnetic interactions o/RNiSOtropy ratios will be considered.
chemical and magnetic phase diagrams, within the Bragg-
Williams approximation. For the chemical interactions, we . RESULTS
consider two cases: the bulklike systdmotropic system
and the superlattice-like systefanisotropic systeim

To describe the different ordered states of the system the The shapes of chemical and magnetic phase diagrams
probabilities to have d atom with am spin state fn  have been explored over a very broad range of magnéic (
=1, 1) in the v sublattice are noted bpy'vm, Only first near- J») and chemical(U) interaction parameters. The detailed

est neighbor interactions are considered for the chemica{BSU“Slsare presented in Master degree thesis of Gonzalez
contribution as it is sufficient to get the orderetl, equilib- ~ Ochoa:” Here we focus on results that are as close as pos-

A. Isotropic case

rium state. Expressions are given for #h&; case. sible of the Co-Pt system on both concentration sides, being
The chemical energy in terms of the probab”ities is givenaware of the OyerSimpliﬁcation of the model which assumes
by concentration independedtand U parameters? In all cal-

culated cases, as expected, the chemical O-D transition is of
AT L DAL OB AT+ oAl BB 8 first order whereas the magnetic transition is of second order.
Uc=—3NU[(P, + P, )Pg+ (P + P )(P,+2Pp)], When both transition temperatures are superimposed, the
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FIG. 2. lllustration of the model used in this work for the 02} m,, 1
superlattice-like systems with basic unit of two parallel planes. The r m, @B
value of the chemical interactions dug for the[k] plane,U, ., for 0-00 5 1‘0 '1*'5 Y
the[k+1] plane andW for the interplanar interaction. . . kT/U - .

transition is of first order. In Fig. 3, we present tAd3;
phase diagram fokgT/U vs J;/U with J,=0 [Fig. 3a)]
andJ,=0.15U [Fig. 3(b)]. As expected, a nonzerd inter-

FIG. 4. (a) Phase diagram for isotrop#&B; system forkgT/U
vs J,/U with J;=0.55U. (b) Long range order parameters as a
function of the temperature fa#;=0.55U and J,=0.157U, as

action is necessary to introduce magnetic order in the orindicated by the vertical line ii@). Notice the presence of two
dered state. In Fig.(8), for J;<0.55U there still exists a Curie temperatures.

1.5

J,U

FIG. 3. Phase diagram of isotropkB; system forkgT/U vs
J; /U with J,=0 (a) andJ,=0.15U (b). The transition orde(first

paramagnetic phase in the order state: the Curie temperature
(Tcwm) is lower than the order-disorder transitioff op).
This situation corresponds to the CgRasé* for which the
value of the experimentally /Top) ratio is 0.3. It would
be possible to stay closer of the experimental value by de-
creasingJ,, but without physical interest, on account of the
approximations of the model. When increasidg the OP
(ordered paramagnejicegion of Fig. 3a) disappears at the
detriment of the OM(ordered magnetjcregion. TheJ, de-
pendence of the phase diagrams for a peculiar valug of
shown in Fig. 4a). It illustrates both the strong sensitivity of
Tcwm With J, and the possibility that the magnetism reappears
at high temperature in the disordered state. As an example of
a given alloy system, the temperature dependence of the or-
der parameters is presented in Figb)4for J;=0.55U and
J,=0.157U, illustrating a system that shows two Curie tem-
peratures, a low Curie temperature for the ordered state and a
high Curie temperature for the disordered state. It is worth to
notice that the magnetic order reappears with a spatial order
similar to the order present at low temperature; although both
of them are equal, we call it OM2 to differentiate it from the
OM1 that corresponds to the low temperature order state.
Figures %a) and 8b) are the equivalents of Figs(é88 and
3(b) in A3B. The effect ofJ, is obviously less important than
in AB3 and forJ;=0.1U or 0.2U, depending 0d,, Tcy is
higher thanTop. The couple of valued,=0.15U andJ,

or second orderare indicated by the numbers in the figures. ThebPetween 0.2 and 013 corresponds to the experimental ratio

state of the alloy in the different ranges are indicated by capitail cm/Top=1.4 in CgP
letters: chemically ordere@D) or disorderedD), and magnetically

ordered(M) or paramagneti¢P).

t1* This couple ofJ; andJ, values

is also convenient to describe CgRis seen in the previous
section.
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J /U FIG. 6. Phase diagram iAB; system forkgT/U vs J, /U with
J,=0 (a) andJ,=0.15U (b), for isotropic(dashed lingand aniso-
FIG. 5. Phase diagram of isotropf;B system forkgT/U vs tropic (full line, R,=3) cases, the circles correspond to the disor-
J,/U with J,=0 (a) andJ,=0.15U (b). dered alloy. In the anisotropic case wilp=0 (a), the OM phase
appears as a consequence of the concentration modulation.
To summarize, our model shows that, for the isotropic
case, one can find a unique set of parameters than reproducgisaight line(not shown in the figure For the set ofl; /U
the orders of magnitude of the Curie and order-disorder temvalues we are interested in, i.e., around 0.3, the Curie tem-
peratures on both sides of the Co-Pt phase diagram. As far geratures of the anisotropic case are clearly higher than those
J; and J, are smaller tharl, the presence of magnetism of the isotropic case, but remain lower than those of the
slightly influences the chemical phase diagram, but the dequenched disordered state. Let us note that the experimental
gree of chemical disorder and the relative value3,adndJ,  ratio of 1.4 between the Curie temperatures in the quenched
strongly modify the magnetic phase diagram especially orlisordered bulk CoRtphase and in the1, ordered phagé
the AB; side. is also well reproduced by the same set bf (0.3U
—0.35U) and J, (0.15U) parameters. Th&T/U depen-
dence of LRO parameters and concentrations in respectively
[K] and[k+1] planes for thesd,; andJ, values are shown
We have chosen to treat in detail both systems with a higln Figs. 1b),7(c) and 7d),7(e), for two different anisotropy
anisotropy ratioR,=U, /U, ;=3 with U,=1.5U for the ratios, respectively 3 and 1.22. Figur&)/shows the isotro-
[K] plane, andJ,, ;=0.5U in the [k-+1] plane andW=U pic case for comparison. As expected, a concentration modu-
between the two planes. A case with a small anisotropyation is actually observed, giving rise to different average

B. Anisotropic case

(Ra=1.22) is treated for theA B; composition only. concentrations in the [k] and [k+ 1] planes. The aniso-
tropic long range order parametem{), given by (.
1. AB3; composition —Cy+1)/ 2%, which is experimentally determined in the alloy

films (Fig. 1) is also represented in Figs(bj and 7d). It
increases with the disorder in ttel, region and decreases
slowly with the temperature in the disordered state, disap-
pearing at temperatures quite higher than the O-D transition.

The anisotropic caseff,= 3) of the phase diagrams pre-
sented in Figs. @) and 3b) are shown in Figs. @) and Gb).
For J,=0 [Fig. 6(@)] an important difference lies in the ap-
pearance of magnetic orderii@M phaseg in the chemically
ordered phase. This OM phase appears as a consequence of
the modulation in concentration of the magnetic component,
that induces the formation of first nearest neighheh pairs Figure 8 compares the anisotropic cas&€3) to the
not present in the isotropic case at IdwForJ,=0.15[Fig.  isotropic cas¢Fig. 5b)]. The effect of a large anisotropy on
6(b)], the Curie temperatures of a quenched disordered stateoth Curie and order-disorder transitions is very small. Fig-
are also shown for comparison. In the anisotropic case, there 9 shows th&T/U dependence of order parameters for a
Curie temperature of the ASRO phase quenched from higlgiven set ofJ; andJ, values that shows the persistence of
temperature is also the prolongation of the high temperaturanisotropic long range order quite above the O-D transition.

2. A;B composition
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FIG. 8. Phase diagram for the isotrofg@ashed lingand aniso-
tropic (full line) A;B system forkgT/U vs J; /U with J,=0.15U

andR,=3.

0.5 1
JU

0.0
kT/U

FIG. 9. Order parameters as a function of the temperature for
the isotropic (a) and anisotropic(b),(c) As;B system with J;
=0.2U andJ,=0.15U. The[K] plane is shown ir(b) and the[k
+1] plane in(c) for R,=U, /Uy, ;=3 and the ALRO parameter
na=(Cx—Cy11)/2x is plotted in(b).

IV. DISCUSSION AND CONCLUSION

Introducing anisotropic chemical interactions induces new
interesting features in both chemical and magnetic phase dia-
grams as the observed composition modulation correlated to
the anisotropic LRO parameterf). In both AB; and A;B
phases, we observe similar effects of the anisotropy and a
competition betweerL1, ordering and anisotropic order
[Figs. 7b) and 9b)]: ordering of thelL. 1, structure destroys
the anisotropic order which is maximum at the O-D transi-
tion and decreases slowly with temperature at high tempera-
ture. The effect of the chemical anisotropy on the magnetic
properties is mainly visible on the Pt-rich side and enlarges
the OM range.
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Comparing with experimental results in thin films, the  Another result of this model lies in the effect of the
maximum value ofn, close to 0.6 measured at a growth chemical anisotropy on the magnetic properties. As seen, this
temperature of about 600 K in gRt [Fig. 1(a)] is in agree-  effect is important on the Pt-rich side. The ma%netic proper-
ment with the results of the simulation for the set of param-ies of CoPj films investigated by Roonegt al.” as men-
eters of Fig. 9 Ry=3). The situation is different in Copt tioned in the introduction, are characterized by Cu_rie tem-
Experimentally, no composition modulation has been foundPeratures that are much higher than those of the disordered
only ASRO is observed, whereas the simulation data displa%tate- In our model, for the set of parameters that describe
large values ofy, as in CaPt. A quite smaller value of the COP% (Fig. 6 the presence of a chemical anisotropy in-
anisotropy ratio should be introduced to get nonobservabl&'€2ses the Curie temperatures with respect to the isotropic
values of, [Fig. 7(d)]. phase, buf ¢\, stay smaller than in the quenched disordered

Surface segregation is presumed to be at the origin of thgta(€: €ven when changing the ralifU and when increas-
composition modulations in these Co-Pt films. Surface segd the anisotropy ratio, our model does not reproduce Curie
regation measurements ¢h11) surfaces of Co-Pt allof/é temperatures superior to those of the disordered state. The

have shown a strong Pt enrichment of the superficial plan8i9h values offcy experimentally observed in Cofiilms
and a Co enrichment in the underlying plane: the Pt concenould correspond to a strong local ordefustering Co at-
trations are respectively 0.46 and 0.03 in;Boand of 1 and ©M9 that cannot be described by our model.

0.48 in CogPtyy. That would lead tap, values close to their To conclu.de, the simple ”.‘Ode' we hgve developeq to Cal.'
maximum value of 1. The reason why ASRO instead of Cc)m_culate chemical and magnetic phase diagrams of anisotropic

position modulations was observed until now in Gofitns AzB and AB; thin films is able to describe the presence of

is thus not clear since surface segregation trends are compS2MmPosition modulations as in built thin films. The absence
rable on both sides of the Co-Pt phase diagram. Neverth& ALRO in CoP% films can have a structural origin. More-
less, as probed by polarized XAESthe presence of prefer- over when magnetic interactions are clearly smaller than
ential Co-Pt pairs out of thg1ll) plane balanced by chemical interactions, i.e., when the magnetic order is less
preferential Co-Co pairs in the film plane is also in favor of stable tha_n_ the chemical order, the_magnetic prop-erties are
local concentration differences between two adjacent plane¥€Y Sensitive to the degree of chemical order, that induces a
but their planar coherency would be too small to give rise tgdr€at variety of situations for the magnetic phases. Over a
a superstructure line. broad range of interaction parameters, the Curie temperature
This different behavior in Cgt and CoRgfilms could be N ABj; anisotropic films are higher t_han Lnlz_ ordered iso-
originated by their different structure, respectively hcp andioPic films, but always lower than in the disordered phase.
fcc. Whereas a bilayer by bilayer growth mode, that origi-~ Model that takes into account the pair correlatioBsthe
nates the composition modulations as proposed by Ref. 4 higher order approximation of the cluster variation
would be favored by & BAB stacking of(000)) planes in a mthod has .St'" to be bunt.to treat more precisely th_e mag-
hep structure, it would be less favored by #hBC stacking netic properties of these thin films. The case of hcp films will
of a fcc structure. As a matter of fact, in Co-Ru alloy thin 2€ treated in the near future.
films that have a hcp structure over the whole concentration
range, and that we do not intend to model here, an aniso-
tropic LRO parameter is observed over the whole composi- This work has been partially supported by CONACyT,
tion range, with smaller values of, (0-0.9 [Fig. 1(c)]. Mexico, Grant No. 25851-E.
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