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The investigation of the magnetic properties of the pseudobinary F®@,Pt; L1, ordered compounds
resulting from alloying the ferromagnet CgRind the frustrated antiferromagnet FgRtreported. dc suscep-
tibilities and zero field cooled and field cooled magnetizations as a function of temperature afa-&3dT)
have been investigated. On the Co-rich side 0.6), the compounds display a long-range ferromagnetic order
characterized by the occurrence of two reentrant spin-glass plasesxed magnetic phaseat low tem-
perature and magnetic field starting at very low iron concentration. This ferromagnetic region is closed by a
multicritical point located around=0.55 andT=120 K. On the iron-rich side, an antiferromagnetic region
with two antiferromagneti({%%O] and [:-ZLOO] structures is observed for=1x>0.8. Beyond 0.8 the basic
antiferromagnetic ordel %%O] changes progressively into a spin-glass ordering and the less stabﬂé(lﬁ]}e
persists at low temperature up to Fe concentrations as high as 0.6. Although the complex behavior of the
iron-rich side in the intermediate region is not totally elucidated, a tentative phase diagram is proposed and
discussed comparatively with the previously determigée-Mn)Pt; and (Co-Mn)Pt; phase diagrams. The
occurrence of a spin-glass phase that separates the long-range ferromagnetic region from the antiferromagnetic
one is specific to théCo-FePt; system in agreement with theoretical models. {@Ge-FePt; appears as the
most frustrated among the three systems consid¢81.63-18206)08129-5

. INTRODUCTION frustrated antiferromagnetic structures along[the;0] and
1 i ions3 - -

This investigation of the magnetic properties and mag-[ 2.|(|) (t))] dfwec:u:ng.t;l' he (?/In FePt; and (Co FetF:s Eystemts .
netic phase diagram of the pseudobiné@p-FePt; system Yv't et.rus a ?th yblja ure as, on a(\j/erage,d_ﬁe o[n_oa omic
closes the determination of the magnetic phase diagrams b -?rtﬁc lons o q teh |n£':1ry Ct?]mpf)ciﬁn ; ?re tl eren tm S'?.n’
tween the three binary compounds, namely, the ferroma Qut the sign and the strength of the heteroatomic interaction

netic CoPt and MnPt and the antiferromagnetic Fept tha%/iﬁ? r:?nnct? 2r qutththeifrﬁs'[ﬁfd éhalzacitr?tr.rwii Sr? a”r? thW
The (Fe-MnPt; system was investigated in 1985 by d% (ijramotho m ens?i Or erti o ?th etarcno cat ri
Schreineret al,! whereas we published recently a detailed educed tro € Magnetic properties ot the ternary system.

investigation of the(Co-Mr)Pt, systen? In such ordered This paper is organized as follows. The secz_)nd section is
devoted to metallurgy. It concerns the elaboration of the or-

(M-M")Pt; structures, theM and M’ 3d transition metals : . C : . S
, . . . dered phases via the investigation of their ordering kinetics,
that are mainly responsible for the magnetism are in the po-

o . . afnd their chemical, structural, and microstructural character-
sition of second nearest neighbors, occupying the corners (l)zation through chemical analysis, x-ray diffractiéiRD)
the fcc cubic lattice, having 12 Pt atoms in their first neigh- 9 ysIS, y '

bor shell. Thus from the point of view of magnetic interac- and ftransmission electron microscoyEM). All these

. . ) X .points are very important as the magnetic properties are
tions, the magnetic properties and the magnetic phase di trongly dependent on the degree of order and on the depar-
grams mainly result from the competition between the three[

i ) - " ] ures from stoichiometry. The study of the magnetic proper-
pge;jommant zdldrect magnetic exchange interactidf,  ties will be presented in Sec. IIl. After a rapid description of
Iy andJyy, . Whereas the signs of the homoatomic the equipment used and a survey of the magnetic behavior
interactions are known from the properties of binary com-over the whole concentration range in Sec. Il A, the detailed
pounds, the sign of the heteroatomic interactiona iori results will be presented in Secs. llI B and Ill C. Section
unknown, but it could be deduced from the shape of thdll B will be devoted to alloys that display a long-range fer-
magnetic phase diagram. For example, in the case of the@magnetic behavior, namely, a Curie temperature. It con-
(Co-Mn)Pt; system where both homoatomic interactions arecerns the iron concentration range 6£8<<0.6. The results
ferromagnetic, the occurrence of reentrant spin-glass phasebtained on the antiferromagnetic iron-rich side including
at low temperature can be clearly assigned to the presence tife occurrence of a spin-glass-like region will be presented
a random mean field exchange interaction originated by thand discussed in Sec. Il C. We will begin this section by a
negative sign of the Co-Mn interaction. The situation is morerecall of the magnetic properties of FgRhvestigated by
complex in ternary phases with iron as FgRevelops two  Bacon and Crangle through neutron diffracfiemd by pre-
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senting our own results on the binary compound. Such data Y : . v : r
are absolutely necessary to describe the magnetic behavior of Co. .Fe. .Pt .
the ternary phases on the iron-rich side. Section IV is a gen- 03" 02" "3

eral discussion of théCo-FePt; phase diagram in the frame 71.96 *
of various theoretical approaches, including a comparison
with the phase diagrams of the other tildn-Fe)Pt; and
(Mn-Co)Pt; systems.

71.94

IIl. METALLURGY E,=313+-013eV

p (nQcm)

Pure 99.99% Co, Fe, and Pt metals were arc melted to-
gether under argon atmosphere on a water-cooled copper
boat. The process was repeated several times to assure a 1.92}
good homogeneity. The weight losses during the melting
were negligible. L )

Chemical analyses using the induction coupled plasma * 13.6 140 104 148 132
(ICP) method were performed on most as-cast samples. They  71.90 L L
yield Co, Fe, and Pt concentrations in agreement with the

200 400 ‘ 600 800

nominal ones within the error bar, i.exp=0.75+0.015, Time (mn)

Xpe OF Xco=0.25+0.005. Two FePt samples hereafter la-

beled as FeRta or -b having a slight difference in stoichi- FIG. 1. An example of ordering kinetics in GgFe, Pt; set up
ometry (iron excess of 2% in FeRta) were prepared and by resistivity at 837.6 Kfull circles) and fitted through relatiofil)
studied. with 8=1 (full line). In inset, Arrhenius plot of the average relax-

After a homogenization anneal of some days at 1120 Kkation time 77 set up with increasing and decreasing temperature
the ingots were cut and shaped in the forms required for th&tePs, with its parameters.
further experiments, namely, powders for x-ray diffraction,
thin foils for TEM and ordering kinetics experiments through  An example of the kinetics set up in ggFeqPts is
resistivity measurements, and buttons for magnetic measurshown in Fig. 1. The temperature dependence of the center
ments. Then all the specimens were wrapped in Ta foils andf gravity of the distributions" is an Arrhenius law as illus-
sealed in evacuated silica tub€H)~* Torr residual pres- trated in the inset of the figure. The parameters of the
sure to undergo ordering thermal treatments. The temperaArrhenius laws, i.e.ry, the preexponential factor, arith ,
tures and the times necessary to get the samples in the mdbe activation energy, allow us to calculate the time neces-
ordered state of th& 1, structure were deduced from the sary to get the equilibrium state at any temperature, this time
investigations of the ordering kinetics along the methodologyoeing considered as about X@". Comparing with the
developed by Dahmarst al* equivalent quantities determined by Dahmaetial? in

The basic principle for studying ordering kinetics by re- CoPt, a slight decrease d&, with the Fe concentration is
sistivity is as follows: a thin foil sample is mounted in an observed. This trend, as well as the important increase of the
oven equipped foin situ automatized resistivity measure- order-disorder transition temperature with increasing iron
ments. One performs a first anneal at a given temperatureontent(980 K in CoPt and 1400 K in FeR)) implies that
T below the order-disorder transition temperature until thethe larger the Fe concentration, the greater the ability to de-
equilibrium state corresponding to the equilibrium value ofvelop the highest degree of order as well as the highest size
the long-range ordefLRO) parameterpt and characterized of antiphase ordered domains.
by a time invariant resistivity is attained. Then successive At the end of the thermal treatment, Debye-Scherrer dif-
increasing and decreasing temperature steps were appliedftaction patterns set up on powders show all the lines of the
the sample and the time variation gfthrough the measure- L1, structure, yielding a precise determination of the lattice
ment of resistivity was registered at eatl- AT and fitted constania as reported in Fig. 2. Tha(x) variation is repre-
with the generally observed exponential behavior: sented by the line drawn through the experimental points

taking into account an uncertainty @f2% on the stoichi-
1—ex;{—t
.

ometry as represented by the hatched area in the figure. The
P(7)dr. (1) Jattice constants present a monotonic variation withmost
In relation (1) the probabilityP(7) to observe the relax-
ation time 7 is given by the lognormal distribution of width

ApT(t) _F
Apift==)

0 of the experimental points displaying positive departures

from Vegard’s law. One compositiorx€0.7) falls clearly
below the uncertainty range, indicating an excessmetl-
) ments with respect to the stoichiometry that will have con-
B: sequences on its magnetic properties.
o TEM observations were performed on two compounds
P(T)ZLGX[{—(M(T/T ) } @ with x=0.2 and 0.4. Figure 3 .shows a diﬁraption pattern
ﬁ\/; B near the[001] zone axis, revealing the strong intensities of
the superstructure dots. Three dark field images formed by
and the other quantities represenfp’(t)=p'(t) using, respectively, the superstructure diffracted beéms
—p'(t=0) andAp(t=x)=pT(t=2)—p'(t=0). [110], [210], and [120] reveal the presence of antiphase
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3.88 ] ] . ] that the occurrence of irreversibilities between the field
cooled(FC) and the zero field coole@@FC) magnetization
measured in low magnetic fields are the signature either of
paramagnetic P) to spin glasgSG) transitions or of ferro-
magnetic F) or antiferromagnetidAF) to reentrant spin-
glass (RSQ transitions® To complete low field measure-
ments, high field magnetization was measured using two
other magnetometers set up on identical basic principles, i.e.,
by integrating the flux variation induced by the sample sub-
mitted to the magnetic field in a pick-up coil. One of these
magnetometers, equipped with a superconductor coil giving
a maximum field of 4 TSCM), works at 4 K. The high field
experiments were performed at the Service National des
Champs Magrtigues Pulse (SNCMP) in Toulouse(France
in the slowly decreasing part of a pulsed field cydleld rise
time, 5 ms; field decay time, 500 mat 4 K up to 35 T. ac
3.85h L susceptibilities have also been measured in low alternating
0.0 0.2 0.4 0.6 0.8 1.0 fields, but at a fixed frequency. As they did not bring
complementary information with respect to the static suscep-
tibilities, and as it is not the aim of the present contribution
FIG. 2. Variation of the lattice constaatas a function of the Fe  t0 study the dynamic response, such data are not presented
concentration. The dotted line is a fit of the experimental data. Solidiere.
lines represent the effect af 2% composition uncertainties. The field-dependent magnetization curves were set up at 4
K in the SCM equipment upot4 T for all concentrations
boundariesAPB'’s) and allow one to estimate the size of the covering the whole concentration range from0.02 to 1.
ordered domains: between some tens and 100 nm. Figure 4 illustrates the three shapes of curves that correspond
As quantitative determinations of are very time con- to three different magnetic states: those that display a clear
suming, its maximum values attained at the end of the lasterromagnetic behavior on the Co-rich side<(0.2), the
ordering thermal treatment were estimated as in Ref. 2 from
the theoretical curve calculated for thé, structure using a
cluster variation metho8l The maximum values ofy range
between 0.97 on the Co-rich side and 1 on the Fe-rich side
as mainly resulting from the different values Bfp in both
compounds. a.
In conclusion, the total concentration of order defects in
these alloys, including departures from stoichiometry, anti-
site defects, and atoms located at APB’s, should not exceed
few percent. But these defects, when they correspond to e:
cess of magnetic atoms with respect to stoichiometry, ma
have important effects on the magnetic properties, especiall
on the Fe-rich side.

3.87

a(Ad)

3.86

Fe

IIl. MAGNETIC PROPERTIES

A. Brief overview of the 4 K magnetic behavior
over the whole concentration range

After a rapid presentation of the experimental equipment
we present the main features of the magnetic phase diagra
at low temperature deduced from the field dependence of th
4 K magnetization.

The experimental equipment used to investigate the mac
netic properties over the whole concentration range are th
same as those described in Ref. 2. We used several magr
tometers working at various temperatures in magnetic fields

ranging between low static fieldsome mJ and pulsed high FIG. 3. (a) [001] zone axis diffraction patterns of GgFe, ;P
fields (35 T). A vibrating sample magnetometéSM),  gptained in a 200 kv TOPCON transmission electron microscope
equipped with a variable temperature cryo$at300 K and  (TEM) in two wave positiong000 and 011 (b), (c), and(d) Dark
magnetic fields ranging up to 2 T, was used to determine th@eld images obtained with the thré&10], [210], and[120] super-
Curie temperatures and the field dependence of the magnesitructure beams. The lines shown by the black arrows are the an-
zation in the low field range, and to detect the presence ofiphase boundarie6APB’s) as indicated by the fact that they are
irreversibilities on the magnetization curves. Let us mentiorhighlighted in two of the images and extinguished in the third one.
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FIG. 4. 0—4 T field dependences okth K magnetization set up FIG. 6. Thermal variation of the magnetization and of its deriva-
in the SCM equipment. The curves corresponce0.2 (O), 0.3  tive measured in an applied field of 5 mT in ey Pts. In (a)
(0), 0.5 (V), 0.6 (A), 0.75(*), 0.8 (@), and 1 (O). zero field cooled and field cooled magnetization curves are com-

pared. The arrows indicate the positions of magnetic transitions as

saturation being attained above 1 T, those that display afiescribed in the text.
antiferromagnetic behavior on the Fe-rich side-(0.8), and
those in the intermediate concentration range €x&0.8)
that display a field-dependent initial susceptibility, the satu
ration not being reached in 4 T. In that intermediate rang

where it does not occur below 4 T. The threshold field occurs
from aroundx=0.2 and increases witk, displaying an im-
Jortant change of slope betwegrs-0.5 and 0.6. We shall
the low field part of theo(H) curve displays a reentrant show in the following sections that the concentration domain
_below x=0.5 corresponds to the occurrence of a reentrant

spin-glass(RSG behavior characterized by an inverse cur-~". | h bel f tic oh h
vature and an inflection point, which is generally observed jpPiN-glass phase Dbelow a Ierromagnetic pnase, whereas
both F (Ref. 7 and AF RSG phasésThe field correspond- abovex=0.5 a m|xe.d AF and spin-glass region oceurs at
ing to this inflection point, which we call the threshold field low temperatgre unt.|l t'he occurrence of the pure antiferro-
(Hy,), is plotted in Fig. 5 as a function of the concentration magnetic region. This is the reason why the detailed results

for all the investigated samples, except in the AF rangeare presented in two different sections corresponding to iron
' concentrations below and aboxe=0.5.

B. Magnetic properties on the Co-rich side

First we present the low field properties that allow us to
Co FeXPt3 : determine the low field phase diagram. Then we present the
1-X ! high field properties to get the saturation magnetization.

03 . 1. Limit of existence of a ferromagnetic order:
H Determination of Curie temperatures
E and of other magnetic transitions;
: Low field properties and low field phase diagram

Hp (T)

; The Curie temperatures were deduced from the thermal
.,E variation of the magnetization set up in the VSM in an ex-
L ternal field of some mT. Most of the compounds display
01F EE T above T a superparamagnetic to paramagnetic transition
(Tsp. An example of the thermal variation of and of its
¥ temperature derivativea/dT is shown in Fig. 6. The two
0.0 M S P s temperature§ ;. and Tgp are identified by the minima of the
0.0 01 02 03 04 05 06 07 08 derivative curves as indicated by the arrows. The existence
Xpe of a superparamagnetic state abdlg is evidenced from
measurements performed in higher fields. As illustrated in
FIG. 5. Concentration dependence of the threshold field defineffig. 7 in Cay gFeg 1Pt; the superparamagnetic state disap-
as the inflection point of the 4 K(H) curves. pears in an applied magnetic field of 0.1 T and the derivative
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FIG. 8. Thermal variation of the ZFC magnetization and of its
] 3 . derivative measured in an applied field of 5 mT inGbeg 4Pt .

c(emu/g)

. ZFC Other striking characteristics of these ferromagnetic-like
4t ] compounds ar€) the occurrence of irreversibilities between
the zero field cooledZFC) and field cooledFC) magneti-
0 ey PP S W . zation measurementfigs. 6 and Y and(ii) the existence of
(d) an inflection point on the low field part of the(H) curves
<h. set up at 4 K(Fig. 4. Such behaviors are typical of the
o ) 2 |'c existence of reentrant spin-glass phases.
gyﬁ: . 4 Let us first consider the irreversibilities of(T) at low
’ ~d§g f‘“‘ fields. The first onset of irreversibility occurs for the lowest
! I value of iron content0.02 that we have investigated. This
@ first and unique level of irreversibility is observed up to the
“{‘i iron content of 0.1. Fok=0.2 and above, a second level of
irreversibility characterized by a sharp decrease of the ZFC
magnetization occurs at low temperature, as illustrated in
Temperature(K) Fig. 6. As these two irreversibility levels present the same
features as those generally observed in reentrant spin-glass
FIG. 7. (a) and(b) are the same as Figs(@ and Gb) measured phases, we label them, respectivellrsg: and Trsgo,
in Cog oFey 1Pt;. Trsai denotes the first onset of irreversibilities. in the same way as in the previous investigation of the
(c) and (d) show that the effect of a 0.1 T magnetic field is to (Co-Mn)Pt; systen?’ Trsg; is identified as the maximum
suppress the superparamagnetic state. value of the ZFCo(T) curve, i.e., as the zero value of its
derivative, andl rgg, is identified by the sharp decrease on
[Fig. 7(d)] displays a single broad minimum around 240 K, the ZFC curve, i.e., by the singularity on its derivative curve
corresponding to the Curie temperature. Bdih and Tsp  as indicated by the arrows in Figs. 7 and 8. Let us recall that
transitions are observed far=0.02, 0.05, 0.1, 0.2, and 0.3. these two reentrant spin-glass phases would correspond to
For x=0.4 and 0.5 the occurrence of a superparamagnetithe occurrence of the mixed phasé$,(andM,) described
state is not clearly evidenced. We have previously showty Gabay and Touloustthe phaseM; below Trsg; being
that, in the(Co-Mn)Pt; systen? the existence of superpara- characterized by the coexistence of ferromagnetic order and
magnetism was correlated to the degree of LRO and to tha spin-glass ordering of the transverse component of the
size of ordered domains. In order to check whether the samepins, and the phadd, below Trggs, Which has the same
correlation does exist also in the§@o-FePt; compounds, coexistence of orderings as phdde and has in addition the
we submitted the CggFe, -Pt; sample to an extremely long spontaneous breaking of the replica symmetry. The degree of
time anneal by multiplying by a factor of 10 the anneal timesfrustration in phaseM, is more important than in phase
at each anneal temperature: #€T) curve does not change M, as it is closer to the spin-glass regime.
at all, indicating that the presence of superparamagnetism is These two reentrant transitions were observed for
an intrinsic property of these compounds. The presence of=0.2, 0.3, 0.4, and 0.5. When increasingooth Tgsg; and
superparamagnetism was also observed in Ref. 1 i(Mine T decrease, wheredsg,increases, so that the three tran-
FePt; system on the Mn-rich side. sitions tend to collapse at a certain concentration. Whereas as

0.0

do/dT

0 ‘ 40 80 120 160 200 240 280 320
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Temperature (K) showing the existence ranges of the paramagnét); {erromag-
6 — . — netic (F), and reentrant spin-glag®kSG1 and RSG2phases and
(b) A o the occurrence of a multicritical point aroume-0.55 andT =120
a? K.
(oo Coy:sFe, sPt;
an® field (Hy,,), which increases rapidly witlx abovex=0.2.
4} an® g Ch ik This concentration corresponds also to the occurrence of the
‘ o =46K ; ihili
@ oA A £® =" A T=70K strong level of |rreverS|b|I|tyTRSGZ: . _
s p e T . 8 K To summarize the results obtained on the Co-rich side, we
g A o e have reported on Fig. 10 the temperatures of all the identified
‘; AA'A e . g Egzl; magnetic transitions observed 0 0.6. It seems clear that
sk ._.-E' - the linesT(X), TrsalX), andTrgeA{X) converge towards a
d = ' multicritical point which could be located around=0.55
® ¢® L 4 p
P R fd‘ andT~120 K. Above this concentration a long-range ferro-
P e o 1 magnetic order does not appear anymore, and as shown in
g..g-:9:1'§.8..8 Po S AN PSR Sec. lll C, the magnetic ordering is either a pure spin-glass
OE ST L ordering or a mixed spin-glass and antiferromagnetic order-
0.00 0.04 0.08 0.12 0.16 0.20 ing. Assuming that the ferromagnetic region is closed by a
H (T) vertical critical line, we delimit on this Co-rich side below

the paramagneti¢or superparamagnejid¢o ferromagnetic
- .. transition three regions corresponding to three magnetic
o e "4 Siates: feromagnetlegion) reenant spin-giass phase

) . of type 1(region RSG], and reentrant phase of type(/-
Coy sF6y 5Pts. _(b) 0-0.2 T field d_ependences of the magnetlzatlongion RSG2, as indicated on the figure. The phase diagram
set up at various temperatures in §sbey 5Pt . will be discussed in Sec. IV.

shown in Fig. 8 forx=0.4 the three transitions are still well
separated, fox=0.5 [Fig. 9a)] it is difficult to separate
Trse1 and Trsaz and both are close td. The low field More information on these mixed phases can also be ob-
parts of o(H) set up at various temperatures in tained from the high field behavior. On the Co-rich side
Co, sF& sPt; are shown in Fig. @). One observes the disap- (0.02<x=<0.2), the magnetization measured in the SCM
pearance of the reentrant spin-glass-like behavior between ®quipment displays a saturation above 1 T. The values of the
K and 125 K. At 125 K the field dependence is that of asaturation magnetization deduced from a zero field extrapo-
ferromagnetic compound, whose Curie temperature is lokation (o5 4—0) are plotted in Fig. 11 as a function rf For
cated between 136 K and 163 K, as revealed by the para&omparison, above=0.2, the values of in the maximum
magnetic behavior above 163 K. This composition is an infield of 4 T are also shown. A linear dependenceofy,_g
teresting one as it represents the highest iron concentration ofi x is observed below 0.2, whose extrapolationxte 1
the series, scanned with a 0.1 concentration step, that diyields an average magnetic moment of (u88in FePt.
plays a ferromagnetic behavior on a certain temperatur@his value corresponds to a moment of 2g90n the Fe
range. These results are in qualitative agreement with thostoms, assuming a moment of @z2on the Pt atoms, a result
shown on Fig. €a) that locateT at 130+ 10 K. which is in qualitative agreement with neutron diffraction
As already shown in Figs. 4 and 5, a field-dependent ini-data reported by Bacon and Crang€he linear behavior of
tial susceptibility is observed fox>0.1 until a threshold o -0 with x for x<0.2 would mean thati) a magnetic

2. High field behavior: Saturation magnetizations
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XFe
sition. As previously mentioned, this composition falls out of
FIG. 11. Concentration dependence o th K magnetization. the concentration range where a ferromagnetic order coexists
The dark circles represent the saturation values, and the open circlggth a spin-glass order. Its properties will be discussed in the
are the values of the magnetization in a fiefddoTl obtained with  following section. Trying to get th4 K saturation values, we
the SCM equipment. The open squares are the values extrapolatestrapolated the high field data towards infinite field by plot-
towards an infinite field deduced from the high field measurementsing o against 1. The results are shown as squares on Fig.
at the SNCMP, and normalized to the saturation value=a@.2 as 11, Forx= 0.3 and 0.4 the extrapolated values are superior to
measured with the SCM equipment. Bor0.7, the 4 K magneti-  the o(x) linear behavior observed in low fieldstraight line
zation is higher than expegted from an extrapolation between 0.5f Fig. 1) as if an infinite field aligns all the magnetic mo-
anq 0.75.‘ This can be explamgd by an excessdoin@tal as shown — hants along the applied field, even yielding an extra mag-
by its lattice parameter valugig. 2). netic contribution. The same kind of behavior was also ob-
served in the (Co-Mn)Pt; systen? For x=0.5, the
field of 1 T is sufficient to align all the magnetic moments extrapo]ated value departs S||ght|y from tb‘ex) linear be-
along the applied field, andi) on average the Co and Fe havior, indicating that the saturation limit is not totally at-
moments are concentration independent. Abree).2 the tained (probab|y due to the presence of some AF C|u$ters
magnetization values in a field @ T depart strongly from  Forx=0.6, the departure from saturation is higher, but this

the linear behavior and decrease rapidly with composition belongs to a different region of the phase dia-
The 4 K magnetization curves set up at the SNCMP Ofgram, discussed in the following section.

Toulouse up to 35 T are shown in Fig. 12. Bor 0.3, 0.4,
and 0.5 one observes a continuous increase of the magneti-
zation with the field without saturation being achieved in the
highest field of 35 T. Such a behavior is that of a reentrant
spin-glass phase, being the signature of randomly canted spgh
states as previously observed in the;Cgvin,Pt; system
for 0<x=<0.82 or in the canonical Au-Fe spin glass@s?
Forx=0.6 the shape of the(H) curve is different, showing
around 6~ T a field transition that could be a spin-flip tran-

C. Magnetic properties on the Fe-rich side

The magnetic properties of the €o Fe,Pt; compounds

the iron-rich sideX=0.6) were investigated by using the
same equipment as in Sec. Il B. It is clear, as we shall see,
that for compounds which display competing antiferromag-
netic and spin-glass orders, the measurement of macroscopic
properties is not sufficient to get a precise insight into the
magnetic orders. Neutron diffraction measurements should

28 T T T be performed. The results we present in this section have
I thus to be considered as preliminary ones.
241 In a first section, we present and discuss the properties of
H FePt around the stoichiometric composition. First we recall
20p the main features of its antiferromagnetic structure as inves-
~ 16 R tiggted by neutron diffraction by Bacon and Crarigied by
%" Mossbauer spectroscopy by Paladthal 22 Then we present
g 1 our susceptibility data. The following section will be devoted
-~ F to the magnetic properties of ternary compounds having be-
© g Co,_Fe Pt; tween 0.6 and 0.9 iron atomic fraction.
4 ] 1. FePt
0 y . ) , Previous studiesThe magnetic structural arrangements of

FIG. 12. 0-35 T field dependences oéth K magnetization set
up at the SNCMP of Toulouse for different concentrations.

10

20
H (T)

30

40

FePt as investigated by Bacon and Crarigler iron com-

positions between 24% and 36% are drawn in Fig. 13. At the
FePt stoichiometry the coupling of the iron moments gives
rise to (110 ferromagnetic sheets with adjacent sheets ar-
ranged antiferromagnetically. This ordering produces the
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$20] spin modulation[Fig. 13a)]. When iron atoms are 0.6 r r T
added to the system, they begin to occupy the face-center T=4K g
sites; nearest-neighbdNN) iron atoms couple intg100 @ g
ferromagnetic sheets which in turn couple with each other .
antiferromagnetically to give thg300] order [Fig. 13b)]. o FePt;-a .
With further increase of the iron concentration, increasing 0.4} = FePt;b a e
numbers of iron atoms go into face centers and ferromag-
netic ordering results as shown in Fig.(&3 The order in all
cases is long range. The iron moment was found to be
~(3.3£0.3)ug for both antiferromagnetic structures and
~2ug for the ferromagnetic one. The moment of platinum is 02k . .
less than 0.2 for all compositions. At the stoichiometry, o
the Nesl temperatures of thg;30] and[ 300] structures are, o "
respectively, 160 K and 100 K. THg00] structure is stabi- ol
lized with increasing iron content and its’ &leemperature ﬁ“&
increases until 130 K for 28 at. % Fe and saturates above this 0.0 ' . .
composition, whereas the ‘Mletemperature of thd 0] 0.0 0.5 1.0 15 20
structure decreases slightly with increasing iron content and H (T)
the[330] order is not present in the alloy with 28 at. % Fe.
Let us note that in thé330] structure, four of the Fe-Fe 80000
NN interactions are AF and two aie, i.e., are frustrated
bonds, whereas in tHg00] structure, there are only two AF
interactions and four frustrated bonds. In terms of frustra- 70000
tions, the[ 300] structure is more frustrated than th&s0]
structure. Surprisingly, thE331] structure which would not
be frustrated is not observed. o~
To summarize, the basic magnetic structure of stoichio- %ﬂ
metric and ordered FePts the[ 330] AF order, but, even for g
=
—

o (emu/g)

60000

the stoichiometric composition, the atomic disordering and
the presence of APB's introduce either {3©0] AF order or
ferromagnetism by creating nearest-neighbor iron
arrangements>14 It seems clear also that, even in the pres-
ence of frustrated bonds and even of some atom disorder, a 40000
collinear order along thELOQ] direction is preferred to some
canted or random spin state.

Our data The field dependence of@l K magnetization 30000
is shown in Fig. 14a) for the two prepared FeR#a and
FePg-b compounds. FeRtb displays a lineaw(H) curve Temperature (K)
as expected for a pure antiferromagnetic phase, whereas the £ 14. () Field dependence of ¢h4 K magnetization in
o(H) curve of FePj-a presents a small curvature at loW Fepga and FePs-b. (b) Inverse susceptibility versus temperature
field that could be assigned to the presence of some ferrgn FePt-b measured in a field of 2 T.
magnetic clusters. Such a behavior is not surprising for this
compound, which has been prepared with a small iron excesshserved in the stoichiometric FePtompound. From the
with respect to stoichiometry. If the iron atoms in excessCurie-Weiss law observed above 160 K, one deduces from
occupy the centers of the faces, a ferromagnetic behavior ihe Curie constant an effective number of moment carriers
expectedFig. 13c)]. Thus in the following we discard the (ngy) of 2.52ug. This value is high compared to the value of
study of FePj-a. This point also emphazises the important0.88ug obtained by extrapolation in Fig. 11, giving a ratio of
role played by the stoichiometry defects in the ternary AF2.9 between both values, which is in favor of an itinerant
phases when the departure from stoichiometry arises from amagnetism in these compounds, a ratio of 1 being expected

50000

0 . 40 80 .120.160 200 240 280 320

excess of Co or Fe atoms. in systems with localized magnetic mometts.
The temperature dependence of the inverse susceptibility
(1/x) of FeP-b measured in a fieldf@ T is plotted in Fig. 2. Ternary Co,_Fe,Pt; compounds for 0.6x<1

14(b). The curve displays two singularities: a sharp mini-  The 4 K field dependences of the magnetization shown in
mum is observed around 80-90 K, andi Heparts from a = gjg 4 display a clear change of behavior between 0.8 and
T-linear behavior at 160 K. In the following, we assign theseq 75 from a pure antiferromagnfinear o-(H)] to a mixed
two singularities,Ty; and Ty,, respectively, to the Ned spin-glass antiferromagnétS-shaped curve

temperatures of thgj30] and[ 300] antiferromagnetic struc- If the 4 K o(T) curves are similar fox=0.9 and 0.8, the
tures, as identified in Ref. 3. Let us recall that {Hg0] T dependences of their susceptibility in various magnetic
structure corresponding to the highesteNéemperature of fields are different. Figure 15 compares thg(T) curves set
160 K is the basic antiferromagnetic order which should beup in a field ¢ 2 T in Cog ;Fe; gPt; and in fields of 0.02 and
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sition changes progressively into a spin-glass—paramagnetic
80000 transition when increasing the Co content. Confirmation of
b. T the presence of a spin-glass-like phase belby from
(b) Co. .Fe. .Pt x=0.8 is shown by the existence of strong irreversibilities
027 708" 73 between the ZFC and FC magnetization curves as illustrated
in Fig. 18 forx=0.8, 0.75, and 0.7 and by ac susceptibility
60000 measurements. For example, fie=0.7 both components
x' andy” of the ac susceptibility set up in210~2 mT and
@ 80 Hz display a sharp maximum at 160 K. This temperature
s H =002T is slightly higher than the spin-glass—paramagnetic transition
540000 ext measured in 5 mT, but it is in agreement with the value
R expected from the field dependenceTaf; (see Fig. 1Y. The
- lower Neel temperatured, are not visible after cooling in
a magnetic field. Without more detailed measurements such
as neutron diffraction, it is difficult to identify the nature of
20000 - this transition in the 0.6—0.8 concentration range. As this
transition is not a fundamental transition of FeRnda for-
A ; ) ; A tiori of the ternary phase diagram, we did not further explore

0 40 80 120 160 200 240 280 320 this point.

Temperature (K)

FIG. 15. Inverse susceptibility versus
Coy sFey Pt measured in a field of 2 Ta) and in Cq,JFey gPts,

measured in fields of 0.02 and 1.7(0).

temperature in

Being aware of the complexity of the magnetic orders in
FePt and in ternary phases, the tentative iron-rich phase
diagram we propose is drawn in Fig.(@Btogether with the
Co-rich side drawn in Fig. 10. It seems clear that, in addition
to a narrow pure AF region spreading from FgRD
Coy JFe gPt, there is a spin-glass region between 0.6 and

1.7 T in CoyFepgPts. For x=0.9 the two Nel tempera- 0.8 over a relatively broad range which coexists with the
tures are observed at, respectively, 160 K and 60 K in a field00] AF or AF-SG order below 40 K. The spin-glass region
of 2 T. Forx=0.8 both Nel temperatures are observed in S€eéms to be the continuation of the RSG phd&8G2 ob-

the smaller field of 0.02 T at, respectively, 160 K and aroundserved on the ferromagnetic side below 0.55. We did not
30—40 K, whereas in the field of 1.7 T the transition at 160 Kobserve a RSG phase on the AF side.

has disappeared bl is still observed at 30 K. The dis-

appearance of y; with increasing magnetic field is also ob-

IV. DISCUSSION

served in other compounds with=0.75 (Fig. 16 and

x=0.7 (Fig. 17). For x=0.75, Ty, disappears between 0.1  The total (Co-FePt; phase diagram resulting from this
and 0.2 T, without observing an appreciable shift with thestudy is compared in Fig. 19 with the experimental
applied field. Fox=0.7, we clearly observe the decrease of(Mn-Fe)Pt; and (Co-Mn)Pt; phase diagrams previously de-
Tn1 With increasingH until it is indistinguishable from termined.

Tz in afield of 1 T. All these features, showing the extreme In the (Co-FePt; system, the occurrence of a spin-glass
sensitivity of Ty, to the magnetic field for 08x=<0.8, are  region separating the ferromagnetic and antiferromagnetic
the signature of a spin-glass to paramagnetic transi{ser, regions of anA;_,B, system, wheréA and B are, respec-

for example, Leflochet al!® and references therginThis tively, a ferromagnet and an antiferromagnet, is predicted by
indicates that thg130] antiferromagnetic-paramagnetic tran- many theoretical models, but has been rarely observed ex-
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netization curve in Cg{Fey Pts.

Temperature (K)

perimentally (see, for example, the Eu,Gd,S system). o

Most of the experimental metallic systems do not cover the F!C: 18. Ireversibilities between the ZFC and FC7 T) mag-
total concentration range for structural phase stability real€fization curves set up in a field of 0.02 T in GBeoePts,

sons, such as, for example, the well-known Ni-Mn, Au-Fe,C%:25 @7k, and CoeoPts.

or Fe-Mn systems. Many theoretical approaches have been

developed to describe the magnetic phase diagrams of sysimultaneously everywhere in the material. In inhomoge-
tems with competing magnetic interactions for both Isingneous pictures, the system is divided into two regions or
and Heisenberg spins. In order to describe the occurrence oktworks, one network where ferromagnetar antiferro-
spin-glass and reentrant spin-glass phases below ferromamagneti¢ interactions are strong and another network where
netic or antiferromagnetic order in systems presenting comrandom interactions giving rise to the SG order dominate.
peting magnetic interactions, one can say that, on the whold&ut both approaches give rise to similar phase diagrams
the theoretical models separate into two main classes: thgéharacterized by the occurrence of a spin-glass region that
homogeneous models such as, for example, the Gabageparates the ferromagnetic and antiferromagnetic sides as
Toulouse(GT) picture? and inhomogeneous picturé62°In  observed in théCo-FePt; phase diagram. More recently a
the GT model, the coexistence of long-range ferromagnetithree-dimensiona(3D) site-random Heisenberg mod&bf

(or antiferromagneticorder and spin-glass order takes placeferromagnetic and antiferromagnetic ions predicts, in an in-
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termination(Ref. 2 of the (Co-Mn)Pt; phase diagran(c).
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ori to say whether théCo-FePt; system is relevant for ho-
mogeneous or inhomogeneous models. In our previous in-
vestigation of the(Co-Mn)Pt; system, we found that its
phase diagram matches fairly well the GT model, i.e., it can
be treated as a homogeneous system. In this system, which is
a rare example of the occurrence of RSG phases when alloy-
ing two ferromagnetic compounds, the random mean ex-
change field was shown to arise from the negative sign of the
mixed Co-Mn interaction in simulations of the phase dia-
gram by using the approach developed by Basu and GHatak
for Ising spins on a disordered lattiée.The case of
(Co-FePt; seems to be somewhat different. The weakly frus-
trated RSG1 phase occurs at Fe concentration as low as
2% (Fig. 10 which corresponds to a very small concentra-
tion of frustrated bonds insufficient to induce a random ex-
change field throughout the whole material. It is clear that
the occurrence of irreversiblities at such low iron concentra-
tions would be in favor of a negative Co-Fe interaction, since
in that case, each iron atom introduces six frustrated bonds,
and 2% of iron atoms with respect to Co atoms represent
12% of frustrated bonds. This is enough to build a network
(or clusters of frustrated bonds but not to induce a homoge-
neous random exchange field throughout the sample. If
Jcoke IS positive, one does not expect the occurrence of a
frustrated phase before an appreciable concentration of NN
AF Fe-Fe pairs, i.e., at Fe concentrations clearly higher than
2%, in disagreement with the phase diagram. Below
x=0.2, i.e., before the occurrence of the RSG2 phase, the
magnetic state of the system would be inhomogeneous, the
percolated ferromagnetic regions being separated by either a
network or clusters of randomly canted spins. Between
x=0.2 and 0.55, the experimental phase diagram matches
the GT schematic phase diagram, as @e-Mn)Pt; does.
That means that the succession of phases encountered at
various temperatures is the same in both phase diagrams,
considering that the experimental Curie temperatures are an
indication of the average exchange interactidh ¢f the GT
model. Thus on the ferromagnetic side of tt@o-FePt;
phase diagram, one would pass progressively at low tem-
perature and low magnetic field from a mixed inhomoge-
neous magnetic state to a homogeneous randomly canted
spin state aroung=0.2.

On the iron-rich side, the stability of the AF structures
with increasing Co content up to 0.2 is also consistent with a
negative value ofc,c.as a negative sign df-.g.is expected
to have little influence on the AF structures. Only the occur-
rence of an appreciable concentration of NN F Co-Co inter-
actions will destroy the AF order, as observed by the occur-
rence of the spin-glass behavior around0.8.

Comparing théCo-FePt; ternary phase diagram with the
(Mn-Fe)Pt; one, whose terminal phases have the same mag-
netic properties, they are relatively different. Whereas a point
in common is the nonappearance of RSG phases on the AF
side, they have two main differences; a spin-glass region

termediate concentration range, the occurrence of a mixegseparates the ferromagnetic side from the antiferromagnetic
phase of longitudinal ferromagnetism and transverse antifeene in (Co-F@Pt; and not in(Mn-Fe)Pts; (ii) two broad
romagnetism with two decoupled order parameters, whichieentrant spin-glass regions occur on the ferromagnetic side

would be rather relevant for th@Mn-Fe)Pt; phase diagram.
Without more detailed investigations, it is difficudtpri-

of (Co-FePt; starting at very low iron content, whereas a
single narrow RSG phase is observed(Mn-Fe)Pt; from
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iron content as high as about 0.5. Let us also mention that theagnets and the FepPantiferromagnet, which display rela-
two kinds of antiferromagnetic order are not set up on the ARively different magnetic behaviors, emphasizing the
side of (Mn-Fe)Pt;. important role played by the sign and the strength of the

From this comparison we deduce that tff@o-FePt; mixed interaction. Further experiments such as neutron de-
system must be more frustrated than (vn-Fe)Pt; one.  polarization and magnetic neutron diffraction are still
The weakness of the ferromagnetic Co-Co interaction wittplanned to study the spatial fluctuations of the magnetization
respect to the Mn-Mn interactiohT-(CoPt)/T-(MnPt) density on a mesoscopic scale in reentrant spin-glass phases
=0.64],? could be one of the reasons for this. Another causeand to determine the different magnetic orders in the com-
might be the sign and strength of the mixed Co-Fe andhounds that display antiferromagnetism. In any case, even if
Mn-Fe interactions. The nonoccurrence of both a RSG phastaese compounds do not really belong to the family of local-
beforex~0.5 and a pure SG phase at the intermediate conized spin systems, we think that their phase diagrams can
centration range is in favor of a positive Fe-Mn interaction,serve as models for testing theoretical approaches, based on
as also claimed by Schreiner al! But one can also suggest Heisenberg or Ising spins, treated at various levels of point,
that the collineaF or AF orders are more stable than cantedpair, or larger cluster approximations. Until now the cluster
spin states in théMin-Fe)Pt; system, as described in Ref. 20. variation methodCVM), currently used to reproduce chemi-

To conclude, we have now on hand the three ternary magzal phase diagrams, was rarely applied to magnetic phase
netic phase diagrams built from the CgRind MnP% ferro-  diagrams.
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