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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 compoundACeDetailed 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 anomalyTat 2.2 K, but the calculated magnetic entropy is much
smaller than the expectel In 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 alorgdhdc axes, and contains

48 Ce ions. Only the Ce ions in the Ce—Al chains patrticipate in the ordering at 2.2 K, and they are
coupled antiferromagnetically. @998 American Institute of Physids$0021-89788)21011-5

The unusual properties found in heavy-fermion systemsample was characterized using high resolution neutron dif-
continue to generate renewed interest in ftkedectron mate-  fraction and Rietveld analysfscovering a range in tempera-
rials. Their physical origin is believed to effectively arise ture from 300 to 12 K. At 300 Ka-CeAl was found with
from the strong coupling between the conduction electrongssentially no unexpected peaks present. We estimated the
and the fluctuating -electron moments? Among the Ce- impurity levels to be less than 1%. Below 110 K, both
based compounds, the family @¢, has attracted consider- @-Ce&Al and y-Ce;Al were present, with the phase gradu-
able attention. On the magnetic side, antiferromagnetic orde?!ly becoming dominate with reducing temperature. At 12 K,
has been observed in CeAl and CgAlhereas no ordering it Shows 92%y-CesAl phase and 8%x-Ce,Al phase, with
was found down to 0.6 K in CeAl Previous studiéé have ~ monoclinic  lattice parameters a=6.8212(6) A, b
shown that the thermodynamic, magnetic, and transport 12-458(1) A,c=5.3587(4) A, and the angle between the
properties of intermetallic Gl behaves as a heavy-fermion & andb axesy=89.9q1)°. _ _
system. Above 520 K, GAl crystallizes into the cubic The specific heat data were takem @ 9 mgthin speci-
CuAu type of structure 8-CegAl), below which it trans- men employing the time constant techmcﬁﬁht_)wn in Fig.
forms into the hexagonal hBn type of structured-Ce;Al). 1 is the temperature dependence of the specific heat below 25

Another structural transition occurs at 115 K, below which K, Th? main feature seen IS the peakTat2.2_ K, which is
- . associated with the ordering of the Ce spiisee below.

monaclinic (but very close to orthorhombicsymmetry was

found (y-CeAl).° A Kondo effect develops below 20 K,

and antiferromagnetic ordering is expected~a2.5 K. In

this article, we report studies made on the ordering of the Ce 12000 — T T

spins iny-Ceg;Al, by using specific heat and neutron diffrac- L .

tion measured at low temperatures. A relatively small value 10000 | 5 :// i

for the magnetic entropy was observed, and only a portion of {2 2000 _ g i

the Ce spins orders in a simple antiferromagnetic arrange- o FRT

ment atTy~2.2 K. 8 6000 | e i
Temperature (K)

A polycrystalline sample of GAIl was prepared by arc g |
melting high-purity cerium (99.99% and aluminum = 4000
(99.9999% in a helium atmosphere. The arc-melting process © I
was repeated 20 times to obtain a more homogeneous 5|
sample. After arc melting, the ingot was sealed in vacuum, I
followed by annealing at 500 °C for 3 days and then 200 °C 0
for another three weeks to relieve strains and promote con- 0
version from the cubic to hexagonal phase;Aas highly

ductile, and is quite stable against oxidation. The fabricatedIG. 1. Temperature dependence of the specific heat. The peak at 2.2 K is
associated with the ordering of the Ce spins. The solid curve shows the
contributions from phonons and conduction electrons. Shown in the inset is
3E|ectronic mail: whli@joule.phy.ncu.edu.tw the magnetic entropy calculated from the magnetic specific heat data.
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FIG. 2. Magnetic diffraction pattern obtained B 0.4 K, where the indi- o ° o o $
ces shown are based on the nuclear unit cell. The solid curves are fits of the $ * - ;
peaks to the Gaussian instrumental resolution function. o $ ° o °
o ° o o 5
Above 10 K, the contribution from phonons becomes domi- 7=1.5 7=2 Y

nate. The solid curve shown is a fit of the data obtained
between 15K T<40K (not shown to the expression FIG. 3. The proposed spin configuration. Only the Ce in the Ce—Al chains
C(T)= 1T+ BT3, with y=95 mJ/mol-Ce—R for the contri-  °'de" WithTv=2.2K.
bution from electrons and3=0.77 mJ/mol-Ce—K from
phonons. The value obtained for the linear coefficigris
about two orders of magnitude larger than that for ordinarycurves shown are fits of the data to the Gaussian instrumental
metals. It is, however, still smaller than what is usually ob-resolution function, and the peaks may all be indexas
tained for heavy-fermion compounds. shown) based on the monoclinic nuclear unit cell. A half-
The magnetic contribution to the specific h&at may  integer value for the Miller’'s index means that the length of
be isolated by subtracting the phonon and electron termthe magnetic unit cell along the corresponding axis is double
discussed above from the observed data. Shown as an ingbat of the nuclear one. The magnetic unit cell is then double
in Fig. 1 is the magnetic contribution to the entropy, deter-the nuclear one along both tleeand b axis directions. It
mined by calculating the area beneath g/T versusT  contains 48 Ce ions, since there are 12 in each nuclear unit
curve. We may expect that the low crystal symmetry ofcell.
monoclinic y-Ce;Al should split theJ=5/2 line for Ce into The arrangement of the Ce spins can be determined from
three doublets. An integrated entropy oRIn2 the relative intensities of the magnetic pefi&ithough the
=5.76 J/mol K is then anticipated for the ground state. Thestructure of they phase is complicated, it, however, can be
observed value, however, is substantially smaller at all temviewed as consisting of slightly tilted Ce—Al and Ce—Ce
peratures shown. This may indicate only a fraction of thechains (hence CgAl) along thea axis alternately stacked
entropy of a doublets is liberated at the magnetic phase traralong both theb andc axis directions, as shown in Fig. 3.
sition. Finding the spin arrangement is not a simple matter in the
Neutron diffraction experiments were conducted at thepresent case, since there are 48 Ce ions in the magnetic unit
US NIST Research Reactor. Data were collected on the BT-8ell. We tried over 80 models, each with a different spin
triple-axis spectrometer operated in double-axis mode witharrangement, considering essentially all possible arrange-
out using an analyzer crystal. The incoming neutrons had aents including collinear and noncollinear structures. Start-
wavelength of 2.352 A defined by a pyrolytic graphiRG) ing with the assumption that all Ce spins are ordered, we
(002 monochromator, with a PG filter placed in front of the found two models that could describe the cormapacings
monochromator to suppress higher-order wavelength corfer the observed magnetic pattern. However, the spin direc-
taminations. Collimators with horizontal divergences of,40 tion was found to be arbitrary, leading us to believe that the
48, and 48 full width at half maximum acceptance were models were not physical. We next tried models assuming
used for the in-pile, monochromatic, and diffracted beamsgither only the Ce in the Ce—Ce chains or those in the Ce—Al
respectively. The samples were mounted in an aluminum cachains order. No satisfactory models were found in the
filled with helium exchange gas to facilitate thermal conduc-former case, while the model in which the Ce spins in the
tion at low temperatures. A pumpéHe cryostat was used to Ce—Al chains are aligned antiparallel with no moments on
cool the sample, and the lowest temperature achieved wdke Ce in the Ce—Ce chains, was found to describe the ob-
0.4 K. served pattern fairly well. The spin structure of this proposed
Figure 2 shows the magnetic diffraction peaks that desmodel is shown in Fig. 3, and comparisons between the ob-
velop as the temperature is reduced from 4 to 0.4 K. Thesserved and calculated intensities are listed in Table |. We
data are obtained by subtracting the diffraction pattern takenote that the goodness of the fit of this proposed model is the
at 4 K from the one taken at 0.4 K. This magnetic diffractionbest among all models studied. This result of only a portion
pattern originates from the Ce spin ordering. The solidof the Ce spins participates in the magnetic order at this
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TABLE I. Observed and calculated magnetic integrated intensities at 0.4 K. T T T T T T T T T
The intensities are normalized with respect to {hé& 2 1/2 intensity. 38001 E Ce,Al 1 4500 - gii Ce,Al
: _ _ E (122 0 172) 3 (1221172
o Scattering anglédeg) Integrated intensity 3600 A=2.352A r=2.352A
Miller index 20=16.1° 4300 - T 20=191°
(hkl) Observed Calculated Observed Calculated o E
g 34001 t 1 3800} s
(21/201/2) 16.1 15.9 1.18 1.29 -
(1/211/2) 19.1 19.3 2.81 2.98 2 32001 1 ] | L2
(1/2 2 1/2) 27.1 27.1 1 1 g i 3300 IE
(3/211/2) 34.1 34.4 0.30 0.27 3 30000 ] 3
(1/2 3 1/2) 36.8 36.8 0.96 0.90 % 2800 ¢ .
(3/22 1/2)+(1/203/2) 39.2 395 1.04 0.76 L)
(1/2 2 312) 45.4 45.7 1.05 1.19 28001 } i [ § ] moof 5, T
(3/231/2) 47.0 46.9 0.19 0.26
(1/2 4 1721+ (2/2 1 3/2) 475 475 0.23 0.58 2600 e 1800 i
0 1 2 3 4 5 0o 1 2 3 4
Temperature (K) Temperature (K)

b . . . . FIG. 4. Temperature dependence of {383} and {313} peak intensities,
transition is consistent with the conclusion made in & sepaghowing the variation of the square of the staggered magnetization with
rate stud§ based on specific heat and resistivity measuretemperature.

ments. Dividing the rare-earth ions into two sublattices has

been suggested for the Ce in CeAl as well, where differenfransition associated with the ordering of the Ce spins was
magnetizationgmagnitude and directiorwere proposed for  ghserved to occur d~2.2 K. Only those Ce ions located
the two sublattice$. on the Ce—Al chains participate in this ordering. The cou-
The variations of thg 303} and {313} peak intensities pling is antiferromagnetic in nature, and a simple collinear
with temperature are shown in Figsiatand 4b), respec- antiferromagnetic spin arrangement was found. However, the
tively. Both plots reveal basically the same temperature deealculated entropy is about 40% smaller than the observed
pendence, and a typical order-parameter curve for polycryssalue. We believe that crystalline electric field effect plays
talline samples. On cooling, the intensity starts to growan important role in this issue, and inelastic neutron scatter-
around 2.5 K, increasing in the usual way, and reaching sating measurements are needed to resolve this point.
ration around 1 K. The ordering temperature for the Ce
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