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Rare earth-aluminum intermetallic compounds RAl, (R ; Lu, Ce, Gd) are prepared by the arc-melt
method and the magnetic properties and electronic structures are investigated by magnetic susceptibility
measurements using SQUID magnetometer., The magnetic susceptibility of LuAl, is weakly temperature
dependent and shows a Pauli susceptibility of 10.1 X 10 ® emu /mol, which means 3.2 states /eV /for-
mula unit. On the other hand, the susceptibility data of CeAl, and GdAl, show a Curie-Weiss behavior
for paramagnets. The magnetization data at low temperatures confirm that CeAl, undergoes an
antiferromagnetic phase transition near 4 K whereas GdAl, a ferromagnetic transition at 170 K. The dis-
tinctive magnetic behaviors of RAI, originate from the different 4f band filling.

I. Introduction

Recent years rare-earth compounds have drawn
a great deal of research interest due to a wealth of
exotic magnetic phenomena. Also the rare-earth
compounds have wide fields of application such as
magnetic memories and opto-magnetic disks. In
particular, rare-earth aluminum intermetallic
compounds RAl, have been investigated exten-
sively for understanding of complex magnetic
structures [1-3]. This complexity originates from
the distinct f band fillings and hybridization with
orbitals of aluminum. Depending upon the rare-
earth atoms R, RAl, exhibits various ground states
and magnetic ordered structures. This comes from
the magnetic instability of f moments.

RAl, has a cubic Laves-phase structure co-
nsisting of two interpenetrating fcc lattices [4].
Considering Al*® ions are nonmagnetic, we conjec-
ture that R ions are weakly interacting with met-
allic surroundings. Thus these systems are ideal to
investigate the physical properties of R ion in
solids. In RAIl,, f orbitals hybridize with aluminum
3p orbitals. Depending upon a degree of hybr-
idization, RAl, displays various exotic magnetic
phenomena such as mixed valences and spin
fluctuations [5].

Among RAl,, a number of systems such as CeAl,

and GdAl, are magnetic metals due to the partially
filled 4f bands and their hybridization with
intervening aluminum orbitals. The ground states
of CeAl, and GdAl, are reported to be antiferr-
omagnetic [6] and ferromagnetic states [7], re-
spectively. Also the dynamical behaviors and the
physical properties in paramagnetic states are
expected to be dominated by the 4f spin
fluctuations. From the orbital picture, Ce*® and
Gd*® ions carry the 4f moments due to the respect-
ive 1 and 7 electrons partially filling the 4f shells.
On the other hand, LuAl, is expected to be a
nonmagnetic metal since Lu™ does not carry local
moments due to the completely filled 4f bands by
14 electrons [8]. Therefore LuAl, is taken as a ref-
erence to compare the roles of 4f moments in vari-
ous rare-earth aluminum compounds. Thus the mo-
tivation of this study is to understand the roles of
4f bands in rare earth-aluminum compounds by the
magnetic susceptibility and magnetization mea-
surements,

II. Experiments

RAl, sample is grown by the arc-melt tech-
niques, The ingot sample is ground into a fine pow-
der for magnetic property measurements. The
magnetic susceptibility is measured by a DC
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SQUID (superconducting quantum interference de-
vice) magnetometer at Korea Basic Research
Center, The powder samples of 47220 mg,
depending upon magnitude of moment, are loaded
into sample containers of transparent gelatine cap-
sule for the magnetic moment measurement as a
function of magnetic field and temperature. The
sample container weighs ~50 mg but the back-
ground signal from the container is small and dia-
magnetic ; —4.35 X 1077 emu /gram. Furthermore,
it shows no evidence of paramagnetic tails at low
temperatures., Nevertheless, the background signal
from the container is separately measured and
carefully subtracted. Since the magnetic suscepti-
bility of GdAl, sample is huge, care should be
taken to avoid SQUID coil saturation. Thus the
magnetization curve, magnetic moment versus
field, is scanned and then a correct sample amount
and field strength are selected in a linear region of
the curve. The spontaneous magnetization is
measured at 5 Oe as temperature decreases. De-
gaussing the magnetometer by a field alternating
sequence is executed before this measurement to
obtain a small field of 5 Oe.

[I. Resuits and Discussion

The DC magnetic susceptibility data for LuAl,
are shown in Fig. 1. The magnetization curve,
magnetic moment versus field, of LuAl, is linear
crossing the origin for a range of magnetic field —
5.57 +5.5 T. This rules out a possibility of con-
tamination by ferromagnetic particles into the
sample, Thus the magnetic susceptibility of LuAl,
is measured at a fixed field of 1 T as a function of
temperature,

The data are temperature independent, which in-
dicate a metallic susceptibility, At low temp-
eratures the data show a Curie upturn, which is
due to a small amount of paramagnetic impurities.
From the slope of the Curie increase, the impurity
concentration is estimated to be less than 0.03 %.
The temperature independent part of susceptibility
is 8.0 X 107® emu /mol. Accounting for the diama-
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Fig. 1 The DC magnetic susceptibility of LuAl, at 1 T
as a function of temperature. The core diamagnetic
susceptibility is not corrected.

gnetic susceptibility [9] from core-electrons —2.1
x 107% emu /mol, we get 10.1 x 107° emu /mol for
the Pauli contribution to the susceptibility. From
this value, the density of states at Fermi energy is
deduced to be 3.2 states /eV /formula unit. The
magnetic susceptibility data of CeAl, are shown in
Fig. 2. The inverse susceptibility as a function of
temperature, 1/x(T), is plotted in Fig. 3. The sus-
ceptibility of CeAl, follows a Curie-Weiss law with
a Curie constant C of 0.671 emu. K /mol and a
Curie-Weiss temperature of 8 = —24.4 K. Equ-
ating the Curie constant C with Nap? ug’ /3ks and
p=g[J(J+1)]"% where N, is the Avogadro
number, p the effective number of moments, ug
the Bohr magneton, kg the Boltzmann constant, g;
the Lande g factor, we obtain p=2.39, which is
close to p==2.54 for *F5,, of Ce*® The negative
sign of the Curie-Weiss temperature 6 indicates
the interaction between 4f moments at Ce™® is
Indeed the susceptibility
deviates from the Curie-Weiss behavior as tem-

antiferromagnetic.

perature decreases, and exhibits a maximum at 4 K
then decreasing at lower temperatures. This
behavior is a classical signature for an antife-
rromagnetic transition. The temperature at which
the susceptibility is maximum, 4 K is identified as
the Neel temperature Ty. Magnetization versus
field above 4 K shows a linear increase whereas
that below 4 K clearly indicates an abrupt jump of
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magnetization (Fig. 4). This kind of jump in The magnetic susceptibility of GdAl, is mea-
magnetization at 2.1 K in Fig. 4 is often observed sured at 1 kOe and shown in Fig. 5. The inverse
in the antiferromagnetic states and attributed to a susceptibility as a function of temperature, 1/x
spin-flop transition. (T), is plotted in Fig. 6. The susceptibility of
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Fig. 2 The DC magnetic susceptibility of CeAl, at 1 T
as a function of temperature. The core diamagnetic Fig. 5 The DC magnetic susceptibility of GdAl, at 1
susceptibility is not corrected. kQOe as a function of temperature. The core diamag-

netic susceptibility is not corrected.
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as a function of temperature. The core diamagnetic

susceptibility is not corrected. Fig. 6 The inverse susceptibility 1/x of GdAl, at 1

kQOe as a function of temperature. The core diamag-
netic susceptibility is not corrected.
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Fig. 4 The magnetization curve of CeAl, above and Fig. 7 The spontaneous magnetization curve of GdAl,.

below the Neel temperature. The Curie temperature T, is found to be 170 K.
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GdAl, also follows the Curie- Weiss behavior with a
Curie constant C of 3.07 emu. K /mol and a Curie-
Weiss temperature of = 163 K. From the Curie
constant C we calculate p =5.11, which roughly
agrees with p = 7.94 for ®S,,, of Gd*® The suscep-
tibility blows up near 170 K suggesting a magnetic
transition, Indeed the magnetization measurement
at lower temperatures using 5 Oe (Fig. 7) supports
that the ordered state is ferromagnetic and the
transition temperature is T. = 170 K.

The temperature dependence of spontaneous
magnetization [10] for ] =7 /2 from the orbital
picture, *S,,, of Gd** is given by

M(T) _ 8 BT.M(T)
M _ 8 opn  STMD,
M(0) 7 3TM(0)
- L ot (IMD
7 3TM(0)

This curve is drawn and compared with data in
Fig. 8. The discrepancy between the curve and
data points seems to be due to undercooling of
sample while the magnetic moment is measured as
temperature decreases. From the magnetization
curve in the ferromagnetic state, Fig. 9, the satu-
rated magnetization is measured to be 1.5 x 10*
emu /mol. Since the lattice parameter is a, = 7.87
A and there are 8 formula units per cell[11], this is
equal to 410 emu/cm’® at 5 K, which means 2.7 pp
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Fig. 8 The spontaneous magnetization versus tem-
perature of GdAl, in the ferromagnetic state. The line
is the theoretical curve for ] =7 /2.
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Fig. 9 The magnetization curve of GdAl, in the ferro-
magnetic state.

per Gd ion. This is a factor of 2.6 smaller than the
reported value, 7.2 pg [12]. This seems to originate
from unsaturated domains due to pinning centers
developed while grinding the brittle ingot sample.
In the ferromagnetic state of GdAl, the internal
field sets in due to the spontaneously ordered
moments, Utilizing this internal field, we also
observed Al NMR signal around 36 43 MHz in a
zero external field (Fig. 10). This means that the
internal field at the aluminum sites in the ferro-
magnetic states is approximately 4 T [13, 14]. The
zero-field “Al NMR frequency decreases at high
temperatures. The temperature dependence of the
zero-field ¥ Al resonance frequency comes from the
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Fig. 10 The temperature dependence of zero-field Al
NMR frequency for GdAl, in the ferromagnetic state.
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thermal excitation of spin wave, of which an en-
ergy quantum is so called the magnon. The aver-
age number of thermally excited magnons incr-
eases as temperature increases, which decreases
the magnitude of spontaneous magnetization and
consequently the internal field strength. The de-
crease of spontaneous magnetization is known to
be proportional to T3 Hence the zero-field “Al
NMR frequency decreases at high temperatures,
as observed in Fig. 10, since it is just proportional
to the internal magnetic field at the probing nu-
clear site, aluminum.

In summary, LuAl, exhibits the characteristic
behavior of nonmagnetic metals whereas CeAl, and
GdAl;, show prominent magnetism due to the 4f
moments as well as conductivity due to the
intervening aluminum orbitals. Both CeAl, and
GdAl, undergo magnetic orderings. However, the
ground states of two systems are different ; the
antiferromagnetic state below 4 K for CeAl, and
the ferromagnetic state below 170 K. Also the ef-
fective numbers of magnetic moments in the para-
magnetic states are observed to be consistent with
the orbital picture of Ce*™ and Gd*®. As mentioned
in the introduction, Ce*® and Gd™® ions have the
partially filled 4f bands by 1 and 7 electrons, re-
spectively. On the other hand, Lu™® does not carry
any local moments due to the completely filled 4f
bands by 14 electrons [8]. Therefore the distinc-
tive magnetic properties observed from RAL (R ;
Lu, Ce, Gd) originate from the different 4f band
fillings.

IV. Conclusions

The magnetic susceptibility of LuAl, is tempera-
ture independent and shows the Pauli suscepti-
bility. The value of spin susceptibility for LuAl, is
10.1 X 10°% emu/mol after the core diamagnetic
susceptibility correction, which means 3.2 stat-
es /eV /formula unit. On the other hand, the sus-
ceptibility data of CeAl, and GdAl, show a Curie-
Weiss behavior in the paramagnetic states. The
Curie constants and Curie-Weiss temperatures are
respectively 0.67 emu. K /mol and —24 K for CeAl,
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and 3.07 emu. K /mol and 163 K for GdAl,. From
the Curie constants the effective numbers of
moments are calculated to be 2.39 and 5.11 respect-
ively for CeAl, and GdAl,, These values are
roughly consistent with the orbital pictures of Cet®
and Gd**. The susceptibility data suggest that
CeAl, undergoes an antiferromagnetic phase tran-
sition near 4 K whereas GdAl, does a ferromag-
netic transition at 170 K. The zero field ¥ Al NMR
frequency for GdAl, indicates the internal field in
the ferromagnetic state of GdAl, is roughly 4 T at
the aluminum sites. The observed magnetic prop-
erties and structures of RAl, (R ; Lu, Ce, Gd) are
distinctively different. These originate from the
different 4f band filling,
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