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The magnetic and thermal properties of Ce; _,Er;Als compounds have been studied using electrical
resistivity and magnetic susceptibility measurements. The magnetic ordering temperature continu-
ously changes with a change from antiferro-magnetism (CeAls) to ferro-magnetism (ErAls) appears.
The magnetic ordering temperature is continuously changed as a function of Er concentration x. A
spin glass behavior was found between x= 0.08 and 0.4. The magnetic phase diagram was compiled
as a function of z.
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1. Introduction

The magnetic properties of intermetallic compounds containing rare-earth elements have been
an subject of great interest [1-3]. In particular, the binary compounds of RAly have attracted much
attention due to their simple structure. The crystal structure of these compounds is isomorphic with
the MgCus Laves phase (C15 phase). It belongs to the F'd3m group [4]. The rare-earth spins in most
RAIls; compounds are assumed to be parallel to each other so that they become ferromagnetic below
Curie temperatures T¢ [5, 6]. It is well known that the exchange coupling between the localized
4 f-electron shells of the rare-earth ions is due to the conduction electrons (Ruderman-Kittel-Kasuya-
Yoshida interaction). ErAls exhibits ferromagnetic ordering at approximately 13 K [7], and the easy
axis of ErAly is [111].

On the other hand, CeAls is a special case among these compounds. Since the f-level of CeAls
is energetically close to the conduction-electron band, both magnetic and hybridization interactions
between f levels and the conduction-electron band are vital for the determination of the ground state.
Considerable attention has been focused on CeAl; as a system that shows the competition between
these magnetic and nonmagnetic interactions. An antiferromagnetic ordering due to a spin density
wave occurs at Ty = 3.8 K [9-11], while Kondo-type conduction-electron screening of the localized
moments occurs above T\, which is suppressed by applying pressure since Tx is merged to the
Kondo temperature Tk [10]. Below Ty, a pronounced jump in the magnetization has been observed
at a magnetic field approximately 5 T in a CeAls single crystal. It indicates a metamagnetic phase
transition from the antiferromagnetic to the paramagnetic ordering phase [12]. At higher magnetic
phases, the magnetization curve along the easy axis [111] is the highest.
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In the pseudobinary system Ce;_,Er,Als, the substitution of Er by Ce causes changes in the
magnetic interaction. Because of the competition between the ferromagnetic interaction of ErAls (x
= 1) and the antiferromagnetic interaction of CeAls (x = 0), we expect to observe interesting magnetic
properties by changing the substitution of Er and Ce. In this paper, we present electrical resistivity
and magnetic susceptibility for Ce;_,Er,Als with 0 < z < 1. We also describe the influence of
Er substitution on the magnetic properties of the Ce;_,Er,Aly system, which presents a complex
magnetic phase diagram with anti ferromagnetism, ferromagnetism, and spin-glass states.

2. Experimental method

Single crystals of Ce;_,Er,Als and LaAl; were grown by Czochralski pulling method from the
melt of stoichiometric amounts of the constituent elements in a tetra-arc furnace. All ingots were
confirmed as single crystals by means of their Laue pattern. The crystal structures are confirmed to
be the cubic C15 Laves phase. The lattice parameter a of CeAly and ErAl, are 8.066 A and 7.791
A, respectively, which is comparable with those in the previous reports [4]. For Ce;_;Er;Als, a
decreases by increasing x, which is due to the lanthanide contraction. The electrical resistivity was
measured for current parallel to the [100] axis in the temperature range between 2 and 300 K by a
standard four-probe method using copper wires (diameters 50 pm) or gold wires (diameters 20 pm).
The dc magnetization was measured at a magnetic field 1 kOe along the easy axis [111] using the
Quantum-Design MPMS. The ac magnetic susceptibility was measured at a modulation field of along
[111] using the Quantum-Design PPMS.

3. Results

The temperature dependence of the electrical resistivity p(7") for Ce;_,EryAly and LaAly is
shown in Fig. 1. The p(T") changes drastically with the composition z. For z =0, p(7") decreases with
decreasing temperature, and shows a peak around 5 K and a shoulder around 60 K due to combination
of Kondo effect and crystal field splitting. The p at low temperature tends to increase with increasing
Er concentration up to x = 0.4. For « = 0.4, the p increases down to 2 K with decreasing temperature
without the decrease of p(7"). On the other hand, for = = 0.6 and 0.8, the anomaly of p(7") due to the
ferromagnetic ordering is observed around 7= 7.1 K and 9.2 K as the sudden decrease and the kink
of p(T), respectively. The p(T') for x = 1 decreases monotonically with decreasing temperature, and
the sudden decrease due to the ferromagnetic ordering is observed below Tc= 13 K.

Fig. 2 (a) shows the magnetic susceptibility x of Ce;_,Er,Als as a function of temperature. The
expanded scale below x < 0.1 is shown in Fig. 2 (b). For x = 0 and 0.02, the rapid decrease due to
antiferromagnetic ordering is observed at 3.9 and 3.3 K, respectively. The x(7) for 0.1 < = < 0.4
increases monotonically with decreasing temperature, and the value of x is larger than that for CeAls.
It indicates that the ferromagnetic interaction is enhanced by substituting Er. For x > 0.6 where the
ferromagnetic transition is observed, x(7') shows a maximum since all x(7") curves in Fig. 2 are
taken from the zero field cooling data. T corresponds to the inflection point on the x(7") curve.

To investigate the magnetic ordering state in depth, we performed the ac susceptibility measure-
ments for several frequencies. Fig. 3 shows a typical example of the temperature dependence on the ac
magnetic susceptibility x'(7") curve of Ceq gErg 2Al; below 4.0 K for several frequencies. All x/(7')
of the Ce;_,Er,Aly compounds show a similar behavior, which have a single maximum. Here we
define Ty; which shows a maximum on x’(7'). As shown in Fig. 3, x’ exhibits pronounced maximum
with amplitude and positions depending on the frequency of the applied magnetic field, especially
in the low-frequency range. This result indicates the formation of a spin-glass state in Ceg gErg 2Als
with the spin freezing temperature T3 = 2.50 K (at f = 100 Hz).
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Fig. 1. Temperature depnedence of the electrical resistivity p(T") in Ce;_,Er,Als. Right plot shows the
expanded scale of p(T) below 30 K
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Fig. 2. (a) Temperature dependence of dc susceptibility x(7") for Ce;_,Er,Als. The arrow shows the inflec-
tion point which corresponds to the ferromagnetic temperature 7¢. (b) The expanded scale of x(T) below z <
0.1. The arrow shows the antiferromagnetic temperature 7Ty .

4. Discussion

We inspected the spin dynamics by applying a simple formula, which corresponds to a shift of
the ac-susceptibility maxima per a frequency decade,

ATy

Ty = —— M
M~ TuAlog f

€]
For example, the obtained 67 is 0.042 for Ceg gErg.oAls. It is comparable to those reported for other
metallic spin glass systems [13—17]. To investigate the nature of the spin-glass state more deeply, the
well-known Vogel-Fulcher law [18] was applied to the data as follows:

—-E,
f=oepi

——— 2
T @

where f is the applied frequency, fy is the characteristic frequency; E, is the activation energy,
which determines the energetic barrier for spins to align with the external magnetic field; Ty is the
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Fig. 3. Temperature dependence of ac susceptibility x’ of Ceq gErg.oAl, for several frequencies.

Vogel-Fulcher temperature, which corresponds to the interspin or intercluster interaction; and kp is
the Boltzman constant. We tested a few different fy values near the characteristic value 103 Hz,
which is typical for a spin-glass system [19]. Although the activation energies change by varying fo,
they still lie in reasonable ranges when considering the freezing temperatures. Fig. 4 shows the fit of
freezing temperatures by Equation (2) in several Ce;_,Er, Al series, where the fy parameter is fixed
at 10'3 Hz. The slope gives the value of the activation energy E,. The interception with the y axis
corresponds to 7j.
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Fig. 4. Plot of Ty vs 100/ In(fo/f) in the Ce;_,Er, Al series. The solid line is the least-squares fit of
Equation (2). The f parameter was fixed at the value of 101 Hz. The obtained parameters are summarized in
Fig. 5.

In Fig. 5, the obtained parameters F, and Ty are plotted as a function of the Er concentration .
Tj is continuously changed as a function of Er concentration x, and shows a minimum at x = 0.2.
On the other hand, it is found that the value of E, shows a peak at x = 0.2. In general, the activation
energies, I, are of one order higher than the values of 7 for compounds which shows the spin-glass-
like behavior. For example the values of E, and 7 are obtained to be 39 K and 3.6 K for PdMngy,
and 81 K and 29.1 K for AuFe,q, respectively [13]. In the case of Ce;_ Er;Als, it is reasonable to
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assume that a spin glass behavior was found between z= 0.08 and 0.4.
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Fig. 5. The activation energy F, and the Vogel-Fulcher temperature T, obtained from fitting of freezing
temperatures using the Vogel-Fulcher law.
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Fig. 6. Schematic phase diagram of Ce;_,Er, Al systems.

Fig. 6 shows several characteristic temperatures considering the present data of Ce;_,Er,Aly as a
function of the Er concentration x. In general, T, which is obtained by ac susceptibility, corresponds
to Kondo temperature 7. However, Ty can be influenced not only by the Kondo effect but also
by antiferromagnetic interactions, since Tk is close to Ty which is observed in the dc-magnetic
susceptibility of CeAls(z = 0). As Er concentration increases from x = 0 to 0.2, Ty decreases and
the coefficient dTy;/dz approaches dT /dxobtained from the dc magnetic susceptibility. Between x
= 0.08 and 0.4, where spin-glass like behavior is observed, the Ty —  curve shows a minimum at
x ~ 0.2. In this region, 71 corresponds to the freezing temperature. For z > 0.2, Ty increases with
increase in x. Above = = 0.6, T is close to the Curie temperature 7, which is obtained from the
results of the electrical resistivity. It indicates that the ferromagnetic state is stable in this region.



5. Summary

In this work we have performed electrical resistivity, and magnetic susceptibility measurements
on single crystal of Ce;_ Er, Al>. A magnetic behavior was determined with a change from an anti-
ferromagnetic (CeAls) to ferromagnetic (ErAly) ground state. The magnetic ordering temperature is
continuously changed as a function of Er concentration x. A spin glass behavior was found between
x=0.08 and 0.4.
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