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Magnetic ordering of Ce in the heavy-fermion compound Ce 3Al
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Neutron diffraction and specific heat measurements have been performed to study the magnetic
ordering of the Ce ions in the heavy-fermion compound Ce3Al. Detailed crystal structure analysis,
determined using high resolution neutron diffraction patterns and Rietveld method, shows that the
Ce ions may be grouped into two types: one in the Ce–Al chain, the other in the Ce–Ce chain. The
specific-heat data reveal an anomaly atT'2.2 K, but the calculated magnetic entropy is much
smaller than the expectedR ln 2 if all Ce spins ordered. Low temperature neutron diffraction
measurements confirm that the transition at 2.2 K is magnetic and is associated with the ordering of
the Ce spins. The magnetic unit cell is double the nuclear one along thea andc axes, and contains
48 Ce ions. Only the Ce ions in the Ce–Al chains participate in the ordering at 2.2 K, and they are
coupled antiferromagnetically. ©1998 American Institute of Physics.@S0021-8979~98!21011-5#
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The unusual properties found in heavy-fermion syste
continue to generate renewed interest in thef -electron mate-
rials. Their physical origin is believed to effectively aris
from the strong coupling between the conduction electr
and the fluctuatingf -electron moments.1,2 Among the Ce-
based compounds, the family CexAl y has attracted consider
able attention. On the magnetic side, antiferromagnetic o
has been observed in CeAl and CeAl2, whereas no ordering
was found down to 0.6 K in CeAl3. Previous studies3,4 have
shown that the thermodynamic, magnetic, and trans
properties of intermetallic Ce3Al behaves as a heavy-fermio
system. Above 520 K, Ce3Al crystallizes into the cubic
Cu3Au type of structure (b-Ce3Al), below which it trans-
forms into the hexagonal Ni3Sn type of structure (a-Ce3Al).
Another structural transition occurs at 115 K, below whi
monoclinic ~but very close to orthorhombic! symmetry was
found (g-Ce3Al). 5 A Kondo effect develops below 20 K
and antiferromagnetic ordering is expected at;2.5 K. In
this article, we report studies made on the ordering of the
spins ing-Ce3Al, by using specific heat and neutron diffra
tion measured at low temperatures. A relatively small va
for the magnetic entropy was observed, and only a portio
the Ce spins orders in a simple antiferromagnetic arran
ment atTN'2.2 K.

A polycrystalline sample of Ce3Al was prepared by arc
melting high-purity cerium ~99.99%! and aluminum
~99.9999%! in a helium atmosphere. The arc-melting proce
was repeated 20 times to obtain a more homogene
sample. After arc melting, the ingot was sealed in vacuu
followed by annealing at 500 °C for 3 days and then 200
for another three weeks to relieve strains and promote c
version from the cubic to hexagonal phase. Ce3Al is highly
ductile, and is quite stable against oxidation. The fabrica
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sample was characterized using high resolution neutron
fraction and Rietveld analysis,6 covering a range in tempera
ture from 300 to 12 K. At 300 K,a-Ce3Al was found with
essentially no unexpected peaks present. We estimated
impurity levels to be less than 1%. Below 110 K, bo
a-Ce3Al and g-Ce3Al were present, with theg phase gradu-
ally becoming dominate with reducing temperature. At 12
it shows 92%g-Ce3Al phase and 8%a-Ce3Al phase, with
monoclinic lattice parameters a56.8212(6) Å, b
512.458(1) Å,c55.3587(4) Å, and the angle between th
a andb axesg589.96(1)°.

The specific heat data were taken on a 9 mgthin speci-
men employing the time constant technique.7 Shown in Fig.
1 is the temperature dependence of the specific heat belo
K. The main feature seen is the peak atT52.2 K, which is
associated with the ordering of the Ce spins~see below!.

FIG. 1. Temperature dependence of the specific heat. The peak at 2.2
associated with the ordering of the Ce spins. The solid curve shows
contributions from phonons and conduction electrons. Shown in the ins
the magnetic entropy calculated from the magnetic specific heat data.
6 © 1998 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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Above 10 K, the contribution from phonons becomes dom
nate. The solid curve shown is a fit of the data obtain
between 15 K<T<40 K ~not shown! to the expression
C(T)5gT1bT3, with g595 mJ/mol-Ce–K2 for the contri-
bution from electrons andb50.77 mJ/mol-Ce–K4 from
phonons. The value obtained for the linear coefficientg is
about two orders of magnitude larger than that for ordin
metals. It is, however, still smaller than what is usually o
tained for heavy-fermion compounds.

The magnetic contribution to the specific heatCm may
be isolated by subtracting the phonon and electron te
discussed above from the observed data. Shown as an
in Fig. 1 is the magnetic contribution to the entropy, det
mined by calculating the area beneath theCm /T versusT
curve. We may expect that the low crystal symmetry
monoclinicg-Ce3Al should split theJ55/2 line for Ce into
three doublets. An integrated entropy ofR ln 2
55.76 J/mol K is then anticipated for the ground state. T
observed value, however, is substantially smaller at all te
peratures shown. This may indicate only a fraction of
entropy of a doublets is liberated at the magnetic phase t
sition.

Neutron diffraction experiments were conducted at
US NIST Research Reactor. Data were collected on the B
triple-axis spectrometer operated in double-axis mode w
out using an analyzer crystal. The incoming neutrons ha
wavelength of 2.352 Å defined by a pyrolytic graphite~PG!
~002! monochromator, with a PG filter placed in front of th
monochromator to suppress higher-order wavelength c
taminations. Collimators with horizontal divergences of 408,
488, and 488 full width at half maximum acceptance wer
used for the in-pile, monochromatic, and diffracted beam
respectively. The samples were mounted in an aluminum
filled with helium exchange gas to facilitate thermal condu
tion at low temperatures. A pumped3He cryostat was used t
cool the sample, and the lowest temperature achieved
0.4 K.

Figure 2 shows the magnetic diffraction peaks that
velop as the temperature is reduced from 4 to 0.4 K. Th
data are obtained by subtracting the diffraction pattern ta
at 4 K from the one taken at 0.4 K. This magnetic diffracti
pattern originates from the Ce spin ordering. The so

FIG. 2. Magnetic diffraction pattern obtained atT50.4 K, where the indi-
ces shown are based on the nuclear unit cell. The solid curves are fits o
peaks to the Gaussian instrumental resolution function.
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curves shown are fits of the data to the Gaussian instrume
resolution function, and the peaks may all be indexed~as
shown! based on the monoclinic nuclear unit cell. A ha
integer value for the Miller’s index means that the length
the magnetic unit cell along the corresponding axis is dou
that of the nuclear one. The magnetic unit cell is then dou
the nuclear one along both thea and b axis directions. It
contains 48 Ce ions, since there are 12 in each nuclear
cell.

The arrangement of the Ce spins can be determined f
the relative intensities of the magnetic peaks.8 Although the
structure of theg phase is complicated, it, however, can
viewed as consisting of slightly tilted Ce–Al and Ce–C
chains ~hence Ce3Al ! along thea axis alternately stacked
along both theb and c axis directions, as shown in Fig. 3
Finding the spin arrangement is not a simple matter in
present case, since there are 48 Ce ions in the magnetic
cell. We tried over 80 models, each with a different sp
arrangement, considering essentially all possible arran
ments including collinear and noncollinear structures. St
ing with the assumption that all Ce spins are ordered,
found two models that could describe the correctd spacings
for the observed magnetic pattern. However, the spin dir
tion was found to be arbitrary, leading us to believe that
models were not physical. We next tried models assum
either only the Ce in the Ce–Ce chains or those in the Ce
chains order. No satisfactory models were found in
former case, while the model in which the Ce spins in t
Ce–Al chains are aligned antiparallel with no moments
the Ce in the Ce–Ce chains, was found to describe the
served pattern fairly well. The spin structure of this propos
model is shown in Fig. 3, and comparisons between the
served and calculated intensities are listed in Table I.
note that the goodness of the fit of this proposed model is
best among all models studied. This result of only a port
of the Ce spins participates in the magnetic order at

the

FIG. 3. The proposed spin configuration. Only the Ce in the Ce–Al cha
order, withTN'2.2 K.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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transition is consistent with the conclusion made in a se
rate study4 based on specific heat and resistivity measu
ments. Dividing the rare-earth ions into two sublattices h
been suggested for the Ce in CeAl as well, where differ
magnetizations~magnitude and direction! were proposed for
the two sublattices.9

The variations of the$ 1
20

1
2% and $ 1

21
1
2% peak intensities

with temperature are shown in Figs. 4~a! and 4~b!, respec-
tively. Both plots reveal basically the same temperature
pendence, and a typical order-parameter curve for polyc
talline samples. On cooling, the intensity starts to gr
around 2.5 K, increasing in the usual way, and reaching s
ration around 1 K. The ordering temperature for the

spins, as determined by the inflection point of the$ 1
21

1
2%

curve, isTN'2.2 K. This ordering temperature matches t
temperature at which the peak inC(T) occurs. By comparing

the $ 1
22

1
2% integrated intensity to the$110% nuclear one, we

obtained the low temperature saturated moment of^mz&
51.24(3) mB for each Ce ions.

In summary, we have performed specific heat and n
tron diffraction measurements to study the ordering of the
spins in a polycrystalline Ce3Al. Intermetallic Ce3Al may be
classified as a heavy-fermion system, as its electronic
cific heat is much larger than that of ordinary metals. Ho
ever, the electrons in Ce3Al are not as heavy as those in oth
heavy-fermion systems like CeAl3 and UPt13. Below 110 K,
Ce3Al transforms gradually from hexagonala phase into
monoclinic g phase with reducing temperature. A magne

TABLE I. Observed and calculated magnetic integrated intensities at 0.
The intensities are normalized with respect to the$1/2 2 1/2% intensity.

Miller index
(h k l)

Scattering angle~deg.! Integrated intensity

Observed Calculated Observed Calculat

(1/2 0 1/2) 16.1 15.9 1.18 1.29
(1/2 1 1/2) 19.1 19.3 2.81 2.98
(1/2 2 1/2) 27.1 27.1 1 1
(3/2 1 1/2) 34.1 34.4 0.30 0.27
(1/2 3 1/2) 36.8 36.8 0.96 0.90
(3/2 2 1/2)1(1/2 0 3/2) 39.2 39.5 1.04 0.76
(1/2 2 3/2) 45.4 45.7 1.05 1.19
(3/2 3 1/2) 47.0 46.9 0.19 0.26
(1/2 4 1/2)1(1/2 1 3/2) 47.5 47.5 0.23 0.58
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transition associated with the ordering of the Ce spins w
observed to occur atTN'2.2 K. Only those Ce ions locate
on the Ce–Al chains participate in this ordering. The co
pling is antiferromagnetic in nature, and a simple colline
antiferromagnetic spin arrangement was found. However,
calculated entropy is about 40% smaller than the obser
value. We believe that crystalline electric field effect pla
an important role in this issue, and inelastic neutron scat
ing measurements are needed to resolve this point.
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FIG. 4. Temperature dependence of the$ 1
20

1
2% and $ 1

21
1
2% peak intensities,

showing the variation of the square of the staggered magnetization
temperature.
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