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ABSTRACT

Magnetic properties of the Laves phase system Ce(Fel_xAlx were

53
investigated by means of magnetization and electrical resistivity
measurements for 0.60< x<0.90. X-ray powder diffratograms reveal
that at 1least up to 40% of iron in CeAlz(x=O.60) the samples are
single-phase. A magnetic phase diagram is proposed where, in
this range of concentration, the system changes from a ferromagnetic
to a gquasi ferrimagnetic phase around x=0.80. At low tempera-

tures the mixed phase character wwas indicated by spin-glass

behaviour, walls pinning of ferromagnetic domains and frustration.

Key-words: Ce(Fel_xAlxizz.Magnetism-—phase diagram; Electrical'rg
sistivity:; Spin-glass,
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INTRODUCTION

The pseudo-binary intermetallic compounds R(Fe,Al)z. {R=Rare
Earth or Y, Zr) have been extensively investigated in recent
yéars {1-4]. The gradual substitution of Fe by non magnetic
elements like Al allows the observation of changes in magnetic prop
erties as a function of concentration.

The measurements performed in these systems show that distinct
behaviours are found in the Al-rich side as compared'to the Fe-
rich side. For the Fe-rich side one has:

i) For the general case (any R), decrease of the Curie temperature
Tc and increase of the saturation magnetization with increasing
Al concentration; ii) Critical values of the stoichiometry 2z in
the systems R{(Fe,Al) 7_, Can imply in different crystal structure and/or
different magnetic properties; iii) occurrence of rTeentrant spin.glass.
behaviour in the system Y(Fe,Al)2 at low temperatures; iv) Ferri-
magnetic behaviour originating from the antiparallel coﬁpling be-
tween heavy rare earth moments and Fe moments. For the Al-rich
side one has: i) comparatively 1ower-Tc and higher saturation mag-
netization; ii) Initial decrease followed by an increase in the
critical temperature Tc with the Fe concentration. The initial
decrease is less pronounced than that in the Fe-rich side; iii) Fe
usually exhibits a magnetic moment; this was verified in Y(F‘e,Al)2
by Mbssbauer_measurements-[S]; iv) As compared to the Fe-rich side,
the magnetic behaviour shows moré delicate aspects. In previous
papers of A.Y.Takeuchi et al.[6] and D.F.Franceschini et al. [7],
measurements of electrical resistivity and magnetizatioﬁ were re-
ported for the éystem Cé(Fe,Al)2 in the Fe-rich side. The low

T, (230 K) found in the ferromagnetic CeFe, as compared to other:
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RFe, is atiributed to the abnormal behaviour of the Ce ion: charge

2
transfer from the A site to the d-band of iron at the B site of
the AB2 compound. . In this system, the normal decrease of the
T. with the substitution by Al 1s followed by the occurrence of
spin-canted coupling -or "antiferromagnetic component” of the
iron moments at low temperatures. The existence of the spin—canted
phase in this concentration range was later discussed by'S.F. da
Cunha et al [8] in terms of competing exchange and anisotropy.
On the other hand, CeAl2 exhibits a quite distinct behaviour
as compared to CeFez. Peculiarities like the Kondo effect at a
temperature near 6K and modulated antiferromagnetic structure (MAS)
at low temperatures [9] make this system very interesting. Dif-
ferently from the other side (x=0) of the systenm Ce(Fel__me)2 thg
Ce ion in CeAl, shows a +3 configuration and is antiferrcmagnetically
coupled, with a TN=3.8K. This kind of magnetic ordering is rather
unique in the sense that all Al-rich R(Fe,Al)2 R with moment, are ferromag-
netie. This suggest. that the unstable rare earth 54 electrons strongly
interact_with the conduction electrons thus modifying. the mag-—
netic coupling. The investigation of these two opposite pro-
".and thé study the effect of

cesses in the system Ce(Fe, _Al)

2
Fe substitution ' for Al in the Kondo effect,.in' the magnetic

1-x

phases, valence changes and also cristalographié ﬁhase changes,
are some of the motivations of this stuﬁy.

In an earlier work A.Y.Takeuchi et al.[10] studied the Al-rich side
with Al substituted by Fe up to 10% in CeAl,. ' Electrical resistivity
and magnetization measurements revealed that changes in the elec-

tronic density allow a decrease of T, and an increase of the Kondo

N
effect and of the residual resistivity. In this paper we report

results for Al concentrations from x = 0.60 to x = 0.88,
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EXPERIMENTAL

- The Ce(Fel__xA1x)2 compounds were prepared by arc-melting in
purified argon atmosphere stoichiometric amounts of Ce, Fe and Al.
The samples wWere annealed at 800°C for one week. Phase homogeneity was
checked by X-ray vowder diffractometry using CuKu.radiation. The
magnetization measuremeﬁts of‘bulk_samples were performed in a vi-
brating sample magnetometer in static fields up to 13 kOe .in the
temperature range of 2-300K. Some measﬁrements.at 4.2K were car-
ried out in fields up to 80kOe. The elec£rical resistivity measu
rements were made by the d.c. four probé technique in the same tem
perature range. Ingoks (2x2x10mm?) witﬁ.indium solder for cur-
rent contacts and pressure assembly for potential contacts were
used. The temperature was munitored with Ga and:Pf senscors in  the:

registivity measurements and GaAsAl in. the magnetsization measurements.
RESULTS AND DISCUSSION

Powdered samples analyzed by X-ray diffraction present a single
cubic Mg‘Cu2 structure. The lattice parameters deduced using Nel-
son-Riley extrapolaﬁion are shown in fig.l. Clear deviations from
Vegard's law (dotted 1line) can be observed in both.end concentra-
tions. Note in the figqure the appearance of a mixed phase .around
15% al, ihdependently of the preparation techniques, annealing pro-
cedures, etc; In the intermediate concentration range'we1niad o
prepare some samples, but without success.

The question of how to attribute the valence to Ce .in. this
system is very delicate. Note that in one.end (CeFe,), Cé is al-

most tetravalent and in the other one {CeAl,) is trivalent, and that
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the deviations from Vegard's law are negative and positive res-
pectively. The estimate of the walence by using only the lat-
tice parameter results is controversial and requires a desper
discussion. In the present work the use of X-ray diffraction is
limited to the quality control of the sample and to obtain - the
lattice parameters.

Experimental results will be presented and discussed for
0.60 < x < 0.90, but before that we would like recall some results Hor
0.90 < x < 1.0 [[10]. The substitution by Fe in CeAl, induces an
increase of the residual resistivity and of the magnetic suscep-
tibility (Mé/H)' The Kondo effect and the  antiferromagietic
structure, with TN decreasing with x, are also preserved. A

transition at high temperatures however, appears for x < 0.95.

0.80<x<0.90

The temperature dependence cof the magnetic suscepbibility:
xg = Mg/H (Fig. 2) in a magnetic field of 0.lkOe presents in
this range of concentration, a broad maximum at intermediate tem
peratures and increases with inéreasing Fe concentration.: The
zero field cooling {ZFC) measurements and thermoremanent effects
for field cooling (FC) can be observed. Hysteresis loops.at 5K
for ZFC samples (Fig. 3) are of S-type with coercitive field H,
decreasing with decreasing Al concentration up to x=0.80 where H,
is practically indetectaq;e. For FC measurements up to 13kOe
no difference from that of_ZFC was Observed, for alljconcantrations.

At temperatures above 150K magnetization drops (Fig. 2) in-
dicating a transition at a critical temperature Tc to a paramag-
netic phase. A broadening of this transition, particularly for higher Al
concentrations, is cobserved even at low applied field. This fact

indicates that the exchange integral J of the 4f moments of Ce
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is weak. As the coupling between these moments is through < the
"RKKY interaction, the reduction of J can be due to the perturba
tion of the conduction eledtrons caused by the substitution by Fe.
This initial perturbation decreases with increasing Fe concentra
tion.

The field dependence of the magnetization up to 13kOe for
various temperatures shown in fig. 4 is in agreement with the x
versus T curves. Above TC a paramagnetic behaviour is observed
and below Tc the curves Mg versus H bend but do not show sign of
saturation for any concentration, We have also made experiments
of Mg versus H at 4.2 for fieldsup to 80k0é and no saturation was
observed |_11].

The variation of Tc with Al concentration obtained by extra-
polation of Mg2 versus T to Mg==0 shows that the effect of the
substitution of Al by Fe for x < 0.90 is an initial increase of
TE up to x = 0.86; beyond this point Tc increases slowly.

The l/xg versus T curves gives positive paramagnetic . tam-
peratures in this range of concentration, between 172K (x =0.88)
to 245K (x =0.80) that allow us to infer, supposing no ordering.
of the Fe moments, a ferromagnetic coupling of the Ce moments.

The temperature dependence of the total electrical resistivity
over the temperature range of 2 - 300K is shown in fig. 5. We
have presented these curves in several figures with different re
sistivity scales since the variation of the total resistivity is
very different for each concentration. The absolute error was
estimated tc be about 1% maximum and no thermal hysteresis was
observed. At low temperatures the resistivity increases with

decreasing temperatures giving rise to a minimum which is pre-
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sented in fig.. 6. The variation of the temperature - of . ‘:these
minima Tmin with Al concentration is inserted in the same figure.

In the curves p versus T we do not observe any anomaly at tem
peratures where the magnetization shows a paramagnetic transitiomn
On the other hand the minima at low temperatures are a remaining
Kondo effect of the range of concentration 0.90 < x < 1.0, as
checked by plots of p versus #n T.

Tt is interesting at this point to remark that the sample x =
0.86 that presents the lowest value of xg and of effective moment
Wogs = l.33uB/form}, presents at the same time the highest wvalue
of Tmin {Fig. 6). As Tmin is directly related to the Kondo tem-
perature and the magnetic interaction and Kondo effect atre compe-
titive processes, these results are totally coherent. Therefore
at low tempe:atures the XKondo effect persists up to x =0.86; from
that point the magnetic order begins to takes place and Tm. or

in

TK decreases.

The strong increase of the residual resistivity pot}(Tr=2K)]
with concentration can be observed in fig. 7 where results of the
Fe-rich side [ 6] are included.

The positive paramagnetic temperatures and the values of mag-
netic effective moments indicate that the Ce moment persists with
addition of Fe, with a weak ferromagnetic Ce~Ce coupling assisted
by the m, moment of the Fe.

Although the characterization of a reentrant spin glass® phase [12]
is not always obvious the characteristics of the xg versus T with

thermomagnetic irreversible effects suggest that this . is the case

here.
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b) 0.60< x< 0.80.

The temperature dependence of the susceptibility in this range
of concentration presents a well pronounced maximum (Tmax) at
low temperatures that increases and shifts to lower temperature
when the Fe concentration increases (Fig.2). At intermediate tem
peratures the value of Xg decreases with increasing Fe concentra-
tion and, at higher temperatures, a second transition occurs which
width increases with the addition of Fe up to x=0.65; at this concen
tration it beoomes increasingly difficult to detemmine a critical temperature.

At low temperatures the irreversible susceptibility component
X1R is strongly time dependent, and therefore affected by the time scale
of measurements. Aithough similar behaviour was observed in the pre
vious range, these effects are more striking here. Also, meésu—
rements in higher magnetic applied field on the sample x=0.60
(Fig.8) show that a broader peak with lower intensity was ob
tained and that T ax shifts to lower temperatures., These behav-
iours suggest a possible reentrant spin glass phase,

Afterwards, hysteresis loops were obtained for T< T oax with
applied fields up to 13kOe (Fig.3) and no displaced loops for
field cooling experiments were observed. However, a loop at T=4.2K
for x=0.70 performed with FC of 1.25 kOe (Fig.9) has a spimglass—
~like form similar to that of ¥ (FeCc:)2 {13]1. In this same sample the va-
tiation of the thermoremanent magnetization (TRM} with time (fig.9) does
not depend as —Int, but this fact is not decisive since.several different
dependences were proposaed, for exarple that of Chamberlin et al. E.{I}

It is known that the experimental characterization of' a spin
glass is not easy, the loss of magnetization at low temperature

with irreversible effects can be, for example,related to a spin-

canted phase or an antiferromagnetic phase. However, the existen
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ce of a canted phase in this range of concentration can be . discarded |
as Mg in the Mg versus H curves always increases for decreasing tem
peratures and that the electrical resistivity do not show an addition
al scattering due to the magnetic moments disorder [8]. The high
values of the susceptibility suggest the coexistence of a

possible ferromagnetic coupling between some Fe moments; this co=

existence is in agreement with the observed gradual increase of

xg with Fe concentration.

The hysteresis loops in this concentration range (Fig.3) pre-
sent interesting features, different from the previous one. The
virgin curve have a posSitive initial curvature, the remanent mag-
netization is bigger and, more important, the width of the loop
increases with Fe concentration from zero (x =0.80) up to 4kOe
(x =0.60). These behaviours are attributed to the presence of
ferromagnetism in this concentration range.

The field dependence of the magnetization (fig. 4) also presents
a distinct behaviour mainly at low fields where a positive curva-
ture becomes more marked with increasing Fe concentration, a fact
that can be related to the existence of Bloch walls.

At intermediate temperatures (v100-200K) belocw the transition
to a paramagnetic phase, the value of the magnetic susceptibility
decreases with increasing iron concentration. On the other hand
the field dependence of the magnetization in this range of tempe~
ratures (Fig. 4) presents non linear curves., These results indi-
cate that the magnetic phase in this concentration and temperature
range is composed of a ferromagnetic ordering of the Ce moments with
antiparalle]l coupling with some Fe moments, that is, a quasi-fer-
rimagnetic¢ phase.

The electrical resistivity as a function of . temperature for
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x=0.65 and x=0.60 (fig. 5) presenté an "anomaly" in plﬁce cof the minimum
of the previous concentrations and below this temperature the re-
sistivity drops, indicating some magnetic order in the system. Ob-
serve, however, that for x=0.65 the residual resistivity has ' the
highest wvalue of the series, po='175.2u$?cm. Also in this rangé. »f concen-
tration no anomaly was observed at the High temperature tran-

sition.

CONCLUSION

The resuits of x-ray'diffraction-show-that the pure cubic €15
structure of the end compound persists up to 40% at of Fe in the
Al-rich side. 1In this side of the series line intensities gradu-
ally decrease: with increasing Fe concentration indicating the pfg-
bable proximity of the solubility limit of the cubic phase Cl5.

The substitution of Al by Fe is not a simple dilution process.
A large change of the density of states with a high value ' of the
residual resistivity and enormous.changes“of.the complex magnetic
structure of the CeAl2 is observed. The paramagnetic temperatures
change from negative to.poéitive values-axound x=0.90, the coup-
ling of the Ce moments changing from antiferromagnetic (TN<2K) to
weak ferromagnetic for x< 0.90.

The weak ferromagnetism of Ce persists for 0.60< x< 0.80 but
the Ce moments couple with some Fe moments giving rise lto a guasi-
ferrimagnetic phase. |

In addition to the differences above described in the discus-
sion between the two ranges of concentration, as for example, the
behaviour of the coercitive field at low temperatures as a func-

tion of the concentraticn, we have observed that the irreversible
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susceptibility component, defined ag Ay =Xg " Xqg’ @ 2 function of tem
perature is much higher of x €0.80 than for x >0.80, suggesting two different.ori

gins for this remanent magnetization, So, at low.temperatures if ‘for = x >0.80

wechad. a reentrant spin glass-like behaviour, for x <0.80 it is
more probable &hat. iron | “férromagnetism mixed with pinning
of domain wallg and "frustration" take place. Moreover, ‘the

critical high temperature-'rc changes abruptely for x > 0.80 whereas
for x < 0.80 we observe a fairly cohstant= value.

We propose a preliminary magnetic phase diagram for Oeahlﬂguklz
(fig. 10) including the Pe-rich side [7]. The dashed line peparates
roughly the two magnetic regions. It is worthwhile further in;
vestigations to define with precision the threshold of the various

magnetic phases of this complex diagram.
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Concentration dependence of the lattice parameter for

Ce(Fel_xAlx) and crystallographic structure including

2

the Fe-rich side (M) mixed phase.

Temperature dependence of the magnetic susceptibility
-M /H. (a) 0.80< x< 0.9 (b) x<0.80. For each concentyation,

zﬁ:lcw Uamxﬂfduxes thetimﬂlcurmecxmreﬂqnﬁbix:the ZFC extperiment.
Hysteresis lcops at 5K and ZFC samples for various concentrations.

Field dependence of the isothermal magnetization for

various temperatures and concentrations.

Temperature dependence of the total electrical resis-

tivity for various concentrations.

Low temperature dependence of the total electrical re

sistivity. Insert: concentration dependence of Tmin‘

Concentration dependence of the residual resistivity.

Temperature dependence of xg=Mg/H for x=0.60 and ap-
plied field of 1kOe and 0.1kOe. Open symnbols are FPFC

and full symbols are ZFC experiments.

ZEC Hysteresis loop (a).and tine dependence (b) of the
remanent magnetization at 4.2K and at applied field of

3,5er for x = 0.70.

cluding the Fe-rich side [7].
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