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ABSTRACT

The electrical and magnetic properties of the Laves pha-
se system Ce(Fel_XAlX)2 for x £0,20 have been studied by means

of electrical resistivity measurements from 1.5 to 300K. It is

.

shown that the long range magnetic order of CeFe2 is destroyed
and that a spin glass phase leads to .a minimum in the total re-

sistivity with T proportional to x. The freezing temperétu—

2min
res T_ are always smaller than T2min and it appears a negative

3/2

£

coefficient of the AT dependence below T The minimum in

£°

dp/dT is well correlated with Tf-
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erties; Electrical resistivity; Spin glass.
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INTRODUCTION

The pseudo-binary systems M(Fel-xAlx)é with M=rare earth
or 3d transition metal have their crystal structures and magne-
tic properties recently reviewed by Buschow (1974), Steiner (1979
and Hilscher (1982),Structural changes from C1l5 MgCu, to Cl4 MgZn
type in the intermediate concentration range were observed for
all these systems. A great variety of magnetic behavior is pre-
sent in these series of intermetallic compounds. Breakdown of
long range magnetic order in the disordered range takes place
independently of the crystal structure changes. Remanence effects
for M=Er, Tb, Dy and Ho (Steiner 1979) and irreversible effects
for M=Y (Besnus et al. 1978) in magnetization was observed. A
different but interesting system is Fe-Al with [Fe3Al] structure
with 30 at % Al which becames ferromagnetic below 400K; and
shows a mictomagnetic phase below 92K (Shull et al. 1976, Child
1981). '

Little work has been done on pseudo-binary compounds, to
our knowledge, using the electrical resistivity technique. Some

results in M (Fe Alx)2 for M=Gd, Dy on the Al rich side; have

1-x
been reported (Gratz et al. 1981).

In compounds that present magnetic irreversible effects,
the majority of electrical measurements has been made on canoni-
cal spin-glasses binary alloys of noble metals with 3d transition
metals (Ford et al. 1976). In previous papers we present results
- of electrical resistivity (Takeuchi et al. 1982) and magnetiza-
tion (da Cunha et al. 1982) measurements for Ce(FeO.SAlo.Z)Z .

This compound does not shows a true long range magnetic order.



CBPF~-NF-066/83
-2 -

At low temperatures a peak in the static susceptibility with

all characteristics of a spin-glass or mictomagnetic state
was observed, whereas the resistivity behaves as AT3/2 in this
same range of temperature.

Now, in this work, we report resistivity experiments on
compounds for the iron rich'side, x<0.20, with

Ce (Fe 1

1—xA x)2
the aim of studing the electrical and magnetic behavior due

to the gradual substitution of Fe by Al in ferromagnetic CeFez.
More specifically, we are interested in investigating the evo-

lution in concentration of the ferromagnetic order and of the

spin-glass or mictomagnetic state observed previously for x=0.20.

EXPERIMENTAL

Samples for x=0.02, x=0.035; x=0.07, x=0.10, x=0.125,
x=0.15 were prepared. Casting in a cylinder form (1.5 mm diame-
ter and 12 mm long) after remelting three or four times; was
used for the sample preparation. Specimens were cut followed by
annealing at 7009C in argon atmosphere for one week. Weight los-
ses were typically less than 1%. Quality and lattice parameter
of all samples was observed from X-ray diffraction patterns at
room temperature.

The electrical resistivity p(T) was measured using a dc
four-point method over the temperature range 1.5 - 300K using
Ge and Pt as temperature sensors. Pressure contacts are used

for voltage and In solder for current probes.

RESULTS

Powder X-ray diffraction of Ce(Fel-xAlx)Z for all samples
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reveals the crystal structure of cubic MgCu2 Laves phase with
small amount of other phase for samples with higher Al concen-
tration.

Lattice parameters aq derived by least-square analysis
of the Nelson-Riley function are presented in figure 1. If we
extrapolate to Ce, from plots of a, versus atomic number for

3+

the R3+Fe compounds (Burzo et al. 1971), the a, of "Ce Fez"

2
would be of the order of 7.5 g. In the same figure we trace the
Vegard's law for tetra and trivalent Ce. We observe in our re-
sults a negative deviation from Vegard's law so, probably, the
cerium ion persists tetravalent, as in CeFez, for the low Al
concentration side of the series.

The temperature dependence of the total electrical resis-
tivity over a temperature range 1.5 - 300K is shown in figure 2
where results for x=0 (Takeuchi et al. 1981) and x=0.20 (Takeu-
chi et al.1982) are included. No thermal hysteresis was observed and
absolute error are estimated to be about 1% maximum. If we com-
pare the curves of the ferromagnetic CeFe, and x=0.02 with tho-
se for the others concentrations we can at first observe the
strong contrast of behavior mainly from T=0 just to intermedia-
te temperatures. Also, the total variation that is of 11l6ufcm
for CeFez, is of 44uQcm for x=0.035, and jﬁst only of 4.6uficm
for x=0.20. We remark too that whereas the residual resistivity
of CeFe2 is 4.2ufkcm it reaches 146.3uf2cm for x=0.20,

As the temperature decreases from 300K, the resistivity

for x >0.02 drops until it attains a minimum at T below

Imin
which it increases to a broad maximum with further decrease of
temperature. The derivative dp/dT, computed point by point in

a three-point span to a third-order polinomial fit, is shown
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also in fig. 2 for high temperatures. We can observe for x £0.035
a broad maximum at a temperature T4 followed by a sharp maximum
which is characteristic of a magnetic order-disorder transition.
For x §0;07 only a very spread maximum at Td appears.

The low temperature (0 to 50K) total resistivity and dp/dT
are shown in fig. 3. For x 20.125, a second minimum in the total

resistivity appears at T followed by a maximum before the

2min
resistivity drops to o (residual resistivity) whereas for
0.02<x £0.10 this behavior is not so evident, the presence of

a minimum in p been suggested by a minimum in dp/dT rather than
by dp/dT=0. Only for x20.125 negatives values of dp/dT are pre-

sent in the low temperature range. Values of Tl ., and T are

min 2min

listed in Table I.

DISCUSSION h

I) High Temperatures

Curié temperatures (Tc; associated with the sharp maxima
of dp/dT for x£0.035 are shown in figure 4. The concentration
dependence is similar to that found in others M(Fe,Al)2 (Hils-
cher 1982). For x 20.10 we have only the broad maximum of dp/d4T
at Td and no transition to long range order was observed. These
results are in agreement with magnetization measurements on the
same samples (Franceschini et al.). In this way the determina-
tion of Tc for x=0.07 would be ambiguous because only one ma-
ximum is observed although his temperature is that of a T, ex-
trapolation as can be seen in figure 4 and also confirmed by

magnetization measurements. As in CeFe., (Takeuchi et al.1981)and

2

x=0.02 the maximum at Td is a reflexe of the negative curvature
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of the p versus T curve in this range of temperature and a theo

retical explanation is not clear yet.

A plot of T4 and Tlmin versus concentration is shown in
figure 4 where we plot also Po to see that the three parameters
varies in the same way.

The minimum of p at Tlmin can be explained in the following
way. Starting from high temperature as the temperature is lowered
the alloy tends to order magnetically. (diminishing the magnetic
resistivity), up to Tipin: where this process is inhibited by
a new magnetic phase that introduce disorder and the resistivity
increases, resulting in the appearence of a minimum in the p ver
sus T curve. The degree of magnetic order that the alloys rea-
ches depends on the concentration. In another way,6the substitu-
tion of iron by aluminium uncdergoes a loss of long range magne-
tic order at low temperatures, (that begins to bring about for
x=0.035) and, for higher Al concentrations, this range of the
temperature extends to high temperatures until no long range
order exists up to 300K. The contribution due to the phonon
scattering obtained from the slope of the linear dependence of

p at high temperatures is shown in table I as (dp/dT) This

T>T °
contribution diminish roughly linear as the Al concentrazion
increases.

Using Mathiessen's rule the spin disorder resistivity
p'dis was extracted from the extrapolation to T=0 of the linear
dependence of the p at high temperatures and the results are in
figure 4. We can observe that for x 2 0.07 negative values appear.
As we shall see in part II, at low temperatures, compounds with

x 20.125 exhibit a spin glass or mictomagnetic behavior. It is

known (Mydosh et al. 1974) that scattering due to magnetic clus-
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ters gives a contribution to the residual resistivity and this
contribution must take place even for concentrations lower than
x=0.125. Also effects of deviation from Mathiessen’s rule may
occurs.

A tentative estimate of the spin disorder resistivity has
been made by using a simple extension of the expression for the
effect of potential scattering on the spin disorder resistivity
obtained by A. Troper et al. (1975). In our case, impurity potential
acts at sites which do not coincide with spin scattering centers.

The spin disorder resistivity may be written as:

: 2
Paig (%) =ﬂA(l_x)So(So+l)Jeff(>x) ps(EF) (1)
where
A= —- 2'9
e"v.pg (EF)
and

2
J o
( gff)s (1 +XA)2

A being a parameter to be fitted.

Using the experimental data for the concentrations x=0
and x=0.02 (ferromagnets) we have A = -11.3. So we can write
the expression (1) in terms of the spin disorder resistivity

of the CeFe, (pdis(x=0)),

pgig (X) = (l-X)(l—ll.3X)2pdis(0) (2)

The fitting obtained with this equation is shown in figure
4, for concentrations up to x=0.07. As expected, for x> 0.02

this gives values higher than p'd's'
i
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On the other hand the residual resistivity Por which con-
tains two contributions, scattering by impurities and by clus-
ters, was described with a polinomial expression that takes in-
to account scattering by one site (term ax) and by two sites

(term sz):

po(x) = 4.2 + ax - sz (3)

The better fit was obtained with o = 2067.8 and B = 5785.7. Good

agreement with the experimental results was attains. See figure 4.
Finally, if we subtract the spin disorder resistivity p'dis

from the calculated one, using equation (2) we obtain just the

residual resistivity due to scattering by the clusters (pOCI) .

In figure 4 we plot pocl and also the pimp =Py~ pocl. We can

observe that the effect of the residual resistivity due to the

clusters becames important for x >0.02, just where the p versus

T curves begin to show the anomalous behavior. We remark that

the expressions (1) and (3) are valid only for low concentrations.

Results for x >0.05 may be misleading.

I1) Low Temperature

The low temperature variation of the total resistivity and

N

dp/dT for x z 0.035 are shown in fiqure 3. At first, we can
observe the strong difference in behavior compared with that of
the purely ferromagnetics alloys CeFe2 or x = 0.02 where the
electrical resistivity presents a initial behavior due to scat-
tering by spin waves, proportional to Tzlwith large coefficients

2 2

of 1.2 x 10 %ugem/K% (T2 up to 32K) and 0.5 x lO_ZuQcm/K2 (T

up to 35K) respectively.



CBPF-NF-066/83 8

Low field magnetization measurements made in the samples
x=0.20, 0.15, 0.125 (Franceschini et al.) have shown the exis-
tence of freezing, a spin glass or mictomagnetic state with
freezing temperatures Tf characterized by a peak in the magne-
tic susceptibility with irreversible and remanent effects. The
existence of this phase alters considerably the behavior of the
p versus T curve in the range of temperature that these clusters
are forming. The large residual resistivity with Fe substituted
by Al is due in part to the disorder scattering from the randomly
frozen spins and magnetic clusters.

In canonical spin glass systems (e.g. AuCr, AuFe, CuMn,
etc) the variation of the electrical resistivity with the tempe-
rature, at low temperature, presents an initial behavior propor-

tional to T3/2

, followed at higher temperatures by a broad maxi-
mum. Ford et al. (1976) have observed that this is a typical
variation of p versus T in spin glass alloys. A theoretical des-
cription of the origin of the AT3/2 behavior in p is given by
Rivier et al. (1975) based in a spin diffusion model, where the

3/2

appearance of the negative coefficient A in the T term is
explained. But this theory is unable to describe systems where
the impurity introduces very strong potential.

Comparing the experimental results obtained in electrical
resistivity with others technics, for example, magnetization or
M8ssbauer effect, the temperature of the maxima in dp/dT is
often associated with the freezing temperature of the spin glass
phase determined by these technics. Recent results of electrical
resistivity experiments in the system PtMn seem to lead to the
conclusion that not only the meximum in dp/dT corresponds to

spin glass freezing temperature but the minimum in p too (Sarkis

sian et al. 1974). Also, a negative T3/2 behavior below about
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(1/2)Tmin and T, at smaller temperatures than the minimum was

observed.

As we can observe in figures 3 and 5, the results present
by our concentrated system are similar to the PtMn ones. For
x 20.125, below the temperature where dp/dT passes by a minumum,

3/2, with A negative, followed by

the resistivity behaves as AT
a minimum at a higher temperature. So we associate Tf with the
temperature of the minimum of dp/dT and this results agree with

the T_ determined by magnetization measurements. We observe that

b
in the range x 2 0.125, where typdcal spin glass behavior appears
in magnetic measurements, we have negative values of dp/dT. For
lower concentrations of Al, 0.02<:x§v0.10, dp/dT has only posi-
tive values and also with a minimum. If we continue to associate

a freezing temperature to the minimum in dp/dT the variation of

Tf with concentration gives as shown in figure 4.

For concentrations x < 0.10 the preliminary measurements
in magnetiiation are ﬁot enough to characterize a well definite
magnetic freezing temperature, so we believe that the associa-
tion of the freezing temperatures given by magnetic and resisti-
vity experiments in this range of concentration; must wait for

3/2

confirmation. The coefficients of the AT term are listed in
Table I. These values are of the same magnitude of the canoni-
cals spin glass (Ford et al. 1976).

In general if we regard the data of resistivity measure-
ments in spin glass systems where a minimum appears, as e.g.
PtMn (Sarkissian et al. 1974 , Kdstner et al. 1978), RhFe (Mu-

rani et al. 1970) we can say that the freezing temperatures as

determined from magnetic measurements, may fall in this minimum,
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after or before, it depends on the concentration. This dependen
ce is related to the range of temperature where superposing
effects like Kondo, spin-glass and phonon scattering are domi-
nant. We can argue in a simple way, at least for the iron con-
centrated alloys, that as temperature increases from T=0 to

Te the rate of the spin correlation length to the mean free

path £/X decreases and after Tf the phonon scattering dominates.
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CAPTIONS

Lattice parameter of Ce(Fel_xAlx)2 as a function of

concentration at room temperature (e). Dwight (A).

"Ce3"Fe2 (A).

Total electrical resistivity as a function tempera-
ture. The full curves represent dp/dT in arbitrary

units.

Low temperature p versus T curves and dp/dT in arbi

trary units.

o Td’ Tlmin' Tf and residual and mag-

netic resistivities in function of concentration x.

Variation of T

3/2

Low témperature resistivity plotted against T for

some concentrations.
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TABLE I
0 0.02 0.035 0.07 0.10 0.125 0.15 0.20
T, ._ (KRY - - 72.0 130.0 {143.0 {144.5 143.0 | 152.0
1min
TZmin(K) - - - - - 24.5 27.5 42
fdo/dT)T:>Tc
2 9.0 6.4 8.0 5.5 5.3 4.1 4.8 2.2
x10 uQcm/K
A
/2 - - -3.4 -9.9 -20.7

chm/K3




