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The intermetallic Laves phase compound CeAll presents some unusual properties, which makes the exact 
nature of its ground state a matter of great interest. A first step towards an explanation would be the 
knowledge of any magnetic structure below 3.8 K (phase transition temperature). We have carried out 
very accurate neutron diffraction experiments on a polycrystalline sample, completed by experiments on a 
single crystal. Several magnetic reflections have been found which are characteristic of the propagation 
vector k = 1/2 + T, 1/2 - T, 1/2. The corresponding magnetic structure consists of antiferromagnetic 
(110) planes in which the magnetic moments, lying along [Ill], are modulated according to a sine wave 
propagation along [110]. No variation of k nor any tendency towards antiphase structure appear down to 
0.4 K. This result is not coherent with the Kramers' degeneracy of the Ce3+ ion because it implies a non 
magnetic level as a ground state. On the other hand previous polarized neutron experiments have shown 
an anti parallel coupling between the spins of the cerium and the conduction electrons. Both results, as 
well as other physical properties, agree with the existence of a singlet ground state associated with a 
strong d-f coupling. 

PACS numbers: 75.25. + z, 75.30.Kz 

INTRODUCTION 

The Kondo effect was introduced first [1J to explain 
the resistivity minimum in dilute alloys. It has been 
extended recently to the case of concentrated systems. 
In particular there is evidence of such an effect in the 
compound CeAl2 [2,3]. 

At temperatures where concentrated magnetic alloys 
usually undergo a phase transition towards a magnetic 
order, the Kondo effect in dilute systems results in a 
vanishing of the magnetic moments. It is therefore 
interesting to study what happens to concentrated Kondo 
systems when the temperature decreases to zero. This 
paper first summarizes neutron diffraction experiments 
which give an answer to this ~uestion in the case of 
CeAI2• With the help of the experimental results it 
then discusses some of the peculiar properties of this 
compound. 
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The magnetization of a CeAl2 single crystal was 
measured at the S.N.C.I. in fields up to 150 kOe for 
the different orientations [100J, [110J and [111] of 
the crystal [4J. The magnetization is anisotropic and 
shows different ~ualitative behaviours above and below 
3.8 K. Above this temperature the magnetization 
increases steadily with increasing field. Below 3.8 K 
the magnetization curves present an inflexion point 
most pronounced at the lowest temperatures, characte
ristic of a metamagnetic type behaviour (fig. 1). In 
larger fields the behaviour is typically paramagnetic. 
The variation of the position of the inflexion point in 
the field-temperature plane corresponds to the 
boundary between the paramagnetic phase and a low 
temperature phase which will be shown later to be 
ordered. This curve is presented as an insert in figure 
1 for the field along [111]. Such a phase boundary was 

Fig. 1 Magnetization curves measured along the three 
principal directions in a single crystal of 
CeAl2 at 1.7 K 141. The insert shows the varia
tion of the threshold field for the direction 
[111J obtained from magnetization curves 
(triangles) 141 and from specific heat measu
rements (circles) 161. 
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also determined from specific heat 1:5,6J and dilatation 
measurements [7] under magnetic fields. 

In the cubic crystal field the sixfold degeneracy 
of Ce3+ (J = 5/2) splits into a quartet f8 and a doublet 
f7' The value of the magnetization at low temperature 
extrapolated from high fields to II = 0 indicates that 
the ground state is the doublet [4]. This confirms 
previous specific heat results [8J. 

However, several neutron experiments were unable 
to observe any magnetic ordering. In order to throw some 
light on the nature of magnetism in CeA12, a study of 
the magnetization density around the cerium atoms was 
undertaken. 

This study was performed with the sensitivity of 
polarized neutrons and using an applied magnetic field 
to induce a ferromagnetic component. One defines for 
each Bragg reflection of the crystal structure, a 
magnetic structure factor FM(hkl) besides the nuclear 
structure factor FN(hkl). 

The intensities of the Bragg reflections for the 
two possible polarization directions of the beam are : 

I±(hkl) = F;(hkl) ± 2FN(hkl)FM(hkl) + F~l(hkl) 

From the flipping ratio R(hkl) = I+(hkl)/I-(hkl) one 
deduces the value y(hkl) = FM(hkl)/FN(hkl) and then, 
knowing FN(hkl) from the crystal structure, one 
obtains FM(hkl) with a high accuracy. 

The experiment was carried out on the polarized 
neutron diffractometer D5 of the high flux reactor of 
the I.L.L. A 48 kOe vertical field, provided by a 
superconducting Helmholtz split £oil, was applied along 
either the lOOll axis or the lOlll axis of a CeAl2 
single crystal cooled down to a temperature of 1.5 K. 
The data have been corrected for imperfect polarization 
and A /2 contamination of the neutron beam. Extinction 
corrections have also been carried out taking advantage 
of the short wavelength provided by D5. 
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Fig. 2 Magnetization densities in CeA12 projected on 
the (001) plane (in 10-3 UB/~2) : the left 
part is the total density (a) and the right 
part the difference between the total and the 
4f densities (b). (The errors are about 
5.10-3 UB/~2). 

The magnetic structure factors were measured in 
the horizontal plane of the diffractometer. Thus by 
Fourier transformation of these data, one can obtain 
the projection of the magnetization density onto the 
basal plane for the two experiments. The density maps 
show that the magnetization is mainly localized around 
the cerium nuclei (for the (001) plane the map is 
presented in figure 2a). This result allows an analysis 
of the magnetic structure factors in an ionic model 
using tensor opetator methods [9J. In this approach the 
structure factors are related to the angular wave 
function of the 4f shell, I~> = ~ ~IJ,M>, using 
i) quantities which depend only on the 4f electron 
configuration in the free ion (tabulated for rare 
earths in reference 10), and ii) the radial integrals 
which dep~nd on the radial part of the wave function 
(calculated for the free ion with the relativistic 
Dirac Fock method [11J). In the case of Ce3+ ion in 
CeA12 the degeneracy of the f7 crystal field ground 
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state is removed by the exchange and applied fields, 
and the wave functions of the resulting ground states 
are, for the two orientations of the field: 

a3/ 2 15/2 , 3/2> + a-5/ 2 15/2, -5/2> 

a'5/215/2, 5/2> + a'1/215/2, 1/2> 

+ a'_3/215/2, 3/2> 

It is therefore easy to determine the values of aM 
which give the best fit to the observed magnetic 
amplitudes for each of the two cases [12J. As the 
moments are polarized by the 8,pplied field a normaliza
tion factor has to be refined too. The wave functions 
obtained are (for the two ground states) : 

'1'[001] 

'I' [011J 

0.945(12)15/2, 3/2> - 0.328(35)15/2, -5/2> 

0.691(6)15/2,5/2> - 0.627(10)15/2, 1/2> 

- 0.358(21)15/2, -3/2> 

Such wave functions, with similar coefficients, can be 
obtained also by a direct diagonalization of an 
Hamiltonian consisting of crystal field, external and 
exchange fields 1121, if one assumes an exchange field 
of about 75 kOe. 
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Form factors of CeAl2 with field applied along 
[OOlJ (upper part) and [011] (lower part). The 
full circles are experimental values and the 
open circles are the calculated ones. 

The agreement between calculated and observed 
values for the magnetic structure factors (figure 3) is 
very good, especially considering the enormous scatte-
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ring of points when the field is parallel to [0111. The 
only discrepancies occur for reflections corresponding 
to low values of sin 0/A. Such discrepancies have 
already been found in gadolinium [13J, NdAl2 [14] and 
HoA12 [15]. They indicate that beside the 4f magneti
zation density there exists a more diffuse density which 
varies slowly throughout the cell. The corresponding 
densi ty map can be obtain by a Fourier transformation 
of the difference between the observed structure factors 
and the values calcul.ated for the 4f electrons. Such a 
map is presented on figure 2b for the (OOl) projection. 
For the two cases, the density shows a positive contri
b~tion around the cerium atoms, which is more expanded 
than the 4f shell. Most of this density can be attri
buted to electrons of 5d character.~The polarization of 
these electrons is due to the spin S of the 4f shell. 
It is very interesting to compare the sign and the 
magnitude of this polarization in different rare earth 
systems. Such a comparison appears' in table I which 
gives values of the diffuse magnetization density at 
l he rare earth position. As the coupling between j and 
S changes from the first to the second half of the 
series one expects a change of sign for the diffuse 
magnetization. Indeed such a change is observed, but 
one can see that cerium does not behave like the other 
rare earths : one expects a negative magnetization as 
in NdAl2, but the contrary is observed. This discrepancy 
can be attributed to a ~hange of the exchange coupling 
~ between the 4f spins S and conduction electrons spins 
o. 

TABLE I 

Diffuse magnetization densities at the ra.re earth site. 
Values in ~B/~2 corres~ond to a~rojection. The factor 
(gJ- 1) is also given (S = (gJ-1)J). 

System Value of PD gJ- 1 

CeAl2 [001] 0.020 (8) °2 
~B/A -1/7 

CeA12 [011] 0.043(15) °2 
~B/A -1/7 

NdA12 [001] -0.09 (2) °2 
~B/A -3/11 

-0.030 (5 ) ~ /J..3 
B 

HoA12 [011] 1.60 (20) °2 
~B/A +1/4 

Gd 0.056(12) °3 
~B/A + 1 

This study of the magnetization distribution in 
CeA12 clearly shows that most of it is due to the 4f 
electrons of trivalent cerium atoms whose wave 
function can be determined in a very classical way. 
There is in addition a more diffuse magnetization due 
to the polarization of conduction electrons of d 
character by the 4f spins. Contrarily to the other rare 
earth the coupling constant is negative in CeA12' This 
constitutes a direct observation of the negative 
coupling already established by indirect means in 
several Ce compounds [2,16,17 ,3J. 

II. DETERMINATION OF THE MAGNETIC STRUCTURE 

In order to investigate further the magnetic 
properties, we have determined the magnetic structure 
by classical neutron diffraction. An experiment on a 
powder allows observation of all directions of the 
reciprocal space in a single pattern. But due to the 
low value of the Ce3+ moment a very sensitive apparatus 
was necessary. Such an apparatus allowed us to observe 
very weak magnetic lines. Following these results more 
accurate measurements were possible using a single 
crystal, and the structure was completed. 
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Fig. 4 Neutron diffraction patterns of CeA12 measured 
at 1.9 K and 8.2 K and their difference. 

1. Powder experiments 
The powder experiments have been performed on the 

ultra-sensitive multidetector D1B, located on a thermal 
neutron guide tube of I.L.L. high flux reactor. This 
diffractometer allows simultaneous recording of 80° of 
the diffraction patterns. 

Two different diagrams (between 20 = 5° and 
20 = 85°) have been recorded [181, above (T = 8.2 K) 
and below (T = 1.9 K) the temperature gf the transition 
(T = 3.8 K). The wavelength was 2.397 A. At 'r = 8.2 K 
only the nuclear peaks are present, but at T = 1.9 K 
numerous but very weak extra lines appear. They 
are clearly shown in the difference pattern (figure 4). 
These magnetic lines correspond to a magnetic cell not 
commensurate with the chemical one; they have been 
identified as first order satellites of the propagation 
vector 

k = (1/2+" 1/2-" 1/2) with, = 0.112 (1). 

The experimental intensities of the magnetic satellites 
are compared with the calculated ones for different 
models of magnetic structure. The best agreement 
corres~onds to a modulated structure with the moments 
along L 111J and an antiparallel ordering of the two 
Bravais lattices corresponding to Ce atoms in (OOO) and 
(1/4 1/4 1/4) (figure 5). The maximum value of the 
moment is 0.89 (0.05) ~B' This st!ucture can be 
described by anti ferromagnetic (110) planes together 
with a modulation perpendicular to those planes. 

However, due to the weakness of the magnetic lines, 
possible higher order satellites could not be detected 
by this powder experiment. A more accurate experiment 
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moments dirlction 

Fig. 5 Crystallographic and magnetic structure of CeAl2' 
The magnetic structure cons~sts of type II 
anti ferromagnetic planes (110) with moments 
along r1111 (hatche~ ~lanes) with a transverse 
modulation along [110j. The moments of the atoms 
(0,0,0) and (1/4, 1/4, 1/4) are entiparallel. 

was therefore necessary. On the other hand the value of 
the temperature (T = 1.9 K ~ TN/2) is not low enough in 
order to characterize the ground state of CeA12' 

2. Single crystal experiment 
An experiment has been done on a large 

single crystal (0.4 cm3) and at very low temperature 
(T ~ 0.4 K ~ TN/10) using a He 3 cryostat. Neutron 
diffraction measurements were performed on the DN3 
diffractometer at the Siloe reactor of the C.E.N. 
Grenoble. To obtain the magnetic reflections from a 
single crystal the different magnetic domains mu~t be 
considered by studying the number of equivalent k 
vectors. In CeA12 the k vectors are on the first 
Brillouin zone boundary (figure 6) and ther: is 24 . 
components in the star of k. The correspond~ng magnet~c 
satellites are presented in figure 6 for the A zone. A 
scan in the 1 = 0.5 plane along a diagonal of A zone 
from (3, -2, 1/2) to (2, -1, 1/2) goes through the po
sitions of two first order and two third order satel
lites. Such scans are presented in figure 7 at T = 
0.42 K and T = 1.53 K together with partial scans for 
other temperatures. The first order satellites allow 
the determination of T. Its value (T = 0.110(2)), in 
good agreement with the powder results, is constant 
within experimental errors (figure 8). The third order 
satellites expected in the hypothesis of a squaring up 
of the sinusoidal structure would appear in position 
indicated by an arrow in figure 7. Their estimated 
intensities, approximately 1/10 of the corresponding 
first order satellites, are indicated by dotted lines. 
Such reflections are absent and they have not been 
observed for a number of different scans at T = 1.5 K 
nor at T = 0.4 K. This result shows clearly that the 
sine wave modulation remains stable down to very low 
temperature. The only variation concerns the intensities 
of the magnetic satellites which decrease slowly from 
1.5 K to reach zero near 3.8 K (figure 8),the transition 
temperature of CeAl2 . 

3. Group theory 
The modulated structure found for CeAl2 is 

compatible with the symmetry considerations resulting 
from group theory. Actually the space group of the 
crystal structure is Fd3m with 2 Bravais lattices in 
(000) an~ (1/4 1/4 1/4). The only symmetry elements 
leaving k invariant are the identity (E) and a twofold 
axis (C2b) parallel to [110J. The ~ group constituted 
from E and C2b has two one dimensional representations 
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f1 and f2 an~ the 6 dim~nsional re~resentations f of the 
components ~(1) and ~\2! of the magnetic moments of 2 

.K,~ .K,~ 

Bravais lattices can be .decomposed in f = 3(f1 + f2)' 
It is possible to show 1.19] that the general solution 
for the magnetic structure is not collinear but that 
one may obtain collinear modulated structures : 

Fig. 6 

• 
1 020 

Brillouin zone and reciprocal lattice of CeA12' 
On the 1st Brillouin zone boundary (upper part) 
the extremity of equivalent propagation vectors 
are represented by open circles ; the full 
circles correspond to the equivalent (1/2, 1/2, 
1/2) points. In the reciprocal lattice perpen
dicular to [001] (lower part) the magnetic 
reflections are presented in the A zone. Thre~ 
of them (circles I, II, III) correspond to (220) 
nuclear reflection with three propagation 
Xecto,s: 1 1 
k1 = 2 + T, 2 - T, 2 

-+ 1 1 1 
k3 = 2 - T, 2' 2 + T 

it 1 1 1 
2 = 2' 2 + T, 2 - T 

and the three others (squares 1,2, 3) corres
pond to (311) nucl~ar r~flections with the pro
pagation vectors -k1, -k2, -k3. These magnetic 
reflections are in 1 = 0.39 (., • ).1 = 0.50 
(0,0 ) and 1 = 0.61 (m, 0 ). The triangles 
indicate, for 1 = 0.50, the positions of the 
third order satellites in the case of an anti-
phase structure. 

i) a longitudinal modulated structure with moment 
parallel to [110J, ii) transver~e modulated structures 
with moments perpendicular to [110j. In both cases the 
coupling between the 2 Bravais lattices is either 
parallel or antiparallel. The magnetic structure found 
for CeA12 with a transverse modulation and magnetic 
moments parallel to [111J corresponds to the second of 
the possible cases. 

III. CONDITIONS FOR THE EXISTENCE OF A MODULATED 

MAGNETIC STRUCTURE IN CeA12 

Three conditions are necessary for a modulated 
structure: i) A competition between positive and 
negative long range interactions. This corresponds to 

Magnetism & Magnetic Materials-1978 2303 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

131.94.16.10 On: Sat, 20 Dec 2014 20:06:37



a maximum of the Fourier transform of exchange inter
actions 2( q) for q F O. ii) An anisotropy large enough 
to produce a preferer.tial direction for the magnetic 
moment and consequently to favour a modulated rather 
than an helical magnetic structure. iii) A possibility 
of reduction of the magnetic moments. These three 
conditions are now discussed in the case of CeA12_ 
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Fig. 7 Scan along the diagonal line of the A square 
(see figure 6) at different temperatures. 
Positions and intensities of the third order 
satellites in the case of an antiphase 
structure are indicated by arrows and dotted 
lines respectively. 
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1. Exchange interactions 
~lagnetiza_tion l)oJ and neutron diffraction 

measurements IJ1J have shown that the RAl2 compounds 
are all ferromagneti c except Ybt.l2 whi ch is not ordered 
and CeA12 . Or. the one hand, in field less than 50 kOe, 
the qualitative features of the magnetization of CeAI2, 
similar to those of an antiferromae;netic, show the 
existence of negative long range interaction,·, l:hJ. On 
the other hand the extrapolation to x = 0 of the Curie 
temperature of the alloy PrxCel-xAl2 [22J see!!'s to 
indicate tha.t strong posi ti ve interactions exist in 
CeAI2' 

The magnetic structure confirms the coexistence of 
both types of interaction. However the origin of a 
strong negative long range int.eract.ion needed to 
stabilize the essent.ially ant.iferromagnetic structure 
found for CeAl2 is unknown. It could be associated with 
resonant. exchange, as t.he negat.ive sign of J is. 

2. Anisotropy 
The anisotropic charact.er observed on single 

crystals of CeA12 in an applied field is evident from 
magneti zation measurements [4 J and confirmed by specific 
heat measurements [23J. However, t.he f7 crystal field 
ground state is isot.ropic. The observed anisotropy is 
induced by the field. 

The magnetic structure implies a large anisotropy 
even at zero applied field, possible only if the 
exchange field is itself sufficient to induce this 
anisotropy. 

This result may be demonstrated by a detailed 
calculation of the anisotropy of CeA12 performed by 
using a crystal field model for a two sUblattices 
anti ferromagnet [61. Frorr. this calculation, a molecular 
field coefficient A (A = sum of the exchange coeffi
cients AA between sublat.tices and AF inside each of 
them), corresponding to a Neel temperature of about 
6.5 K, is sufficient to induce an anisotropy energy of 
the same order of magnitud.e as the eXChange one. 

Fig_ 8 
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Thermal variation of T (involved in the 
propagation vector) and of the intensity of 
the (111)+ satellite. 

3. Nature of the ground state 
The modulation of the magnetic structure obtained 

implies also that the magnetic moments associated with 
some sites of Ce3+ have amplitudes smaller than that 
corresponding to the r7 Kramers' doublet. Given the 
very low temperature reached in the neutron experiment 
(T ~ TN/10) this cannot be a thermal effect as accor
ding to Elliott [24] and Kaplan [25J. Such effects are 
possible only near TN. This result constitutes there
fore a violation of the concept of Kremers' degeneracy 
in metals. It is obviously due to the interaction with 
conduction electrons. 

Before proceeding it is appropriate to remark that 
modulated magnetic structures can remain stable down to 
zero Kelvin for non Kremers' ions [261. For instance, 
as shown for TbNiO.6Cuo.4 [271, the reduction of the 
magnetic moment may occur at low temperature without 
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loss of entropy on condition that the crystal field 
ground state is non magnetic. 

In the case of the Ce3+ Kramers' ion the crystal 
field ground state cannot be non magnetic. However 
strong coupling -~~ of the cerium spin S with the 
conduction electrons spins ; may lead to a new ground 
state. The coupling constant ~ beeing negative in 
CeAl2 (see paragraph II) the ground state, which is a 
r7 doublet in the ionic representation may become a 
s~nglet in the metal [28]. A magnetic field mixes the 
singlet with the excited magnetic states. Such a mixing 
will result in zero applied field from the moelcular 
field due to long range Ce3+ - Ce3+ exchange inter
actions. The cerium magnetic moments are then inter
mediate between zero (for A<J>2 « kTK. TK : Kondo 
temperature), and a maximum value (for A<J>2» kTK). 
The molecular field may be different from site to site 
(see paragraph 111.1) and gives a modulated structure. 

In this description, the ground state of ce3+ in 
CeA12 arises from the competition between exchange 
interactions (tending to anti ferromagnetic ordering) 
and a Kondo effect (tending to vanishing of the Ce3+ 
magnetic moment). This implies a Kondo temperature 
comparable to the ordering one (characteristic of the 
exchange energy), i.e. of some Kelvins. 

IV. COMPETITION BETWEEN THE KONDO EFFECT AND 

MAGNETIC ORDERING 

In order to estimate the value of the Kondo tempe
rature in CeAl2. we examine below some of its proper
ties such as magnetization and specific heat, and we 
relate these properties to theoretical models. Three 
main types of theoretical approach exist. i) A one 
dimensional Kondo lattice treated in a mean field 
approximation [29J and later completed by a renormali
zation technique 130]. ii) A phenomenological 
"resonance level" -model [31J recently developed 15,32, 
33J. iii) A standard c.alculation [34], starting from 
that of Schlottmann [35] describing single impurity 
Kondo properties, and extrapolated to concentrated 
systems. 

In all these models an ordered state is obtained 
for low values of ~ and a Kondo state for large values 
of n . Moreover the magnetization at T = 0 K is always 
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Fig. 9 Magnetization curves under pressure measured 
along the [lllJ axis of a single crystal of 
CeAl2 1361. The insert shows the thermal 
variation of the initial susceptibility for 
the same hydrostatic pressures 1341. The Neel 
temperature is indicated by an arrow. 
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expressed as a function of the Kondo temperature by an 
expression of the type : 

m/m = 2/IT Arctg [~!'l..) (1) 
o mo 

where the remaining undefined parameters are 
me = SJ~B<J>,the moment of the initial doublet,and 
t. = kTK. 

1. Evaluation of the Kondo temperature from measurements 
under hydrostatic pressure 

The magnetization curves M(R) were measured at 
1.7 K under hydrostatic pressure up to 6 kbar, with the 
field parallel to the [111J axis of a single crystal 
[36J. They decrease when the pressure goes up (figure 9). 
A linear extrapolation of the M(P) variation indicates 
a non magnetic state at about 40 kbar. 

According to expression (1) the magnetization 
decreases at 0 K when TK increases. Such a variation 
would be important only if t. ~ A • This leads to two 
consequences for CeA12 : i) the Kondo temperature 
increases with pressure, ii) the two temperatures TK 
and TN are close to 4 ~. The increase of TK with 
pressure (TK '" (p J )-1/p3 [341) is a consequence of 
an augmentation of both the density of state at the 
Fermi level p and of the exchange coupling ~ [36 ,341. 
The exchange ::s increases because of the larger 
admixture of conduction band state with the 4f level, 
while p gets larger due to decrease in the volume 
available for conduction electrons. This last effect, 

negligible for the delocalized s electrons, becomes 
important for the 5d electrons which are localized in 
the Ce3+ "sphere" (see paragraph II). In particular 
the large difference in the Kondo temperatures of CeA12 
and CeLaA12 [37] must be associated with the d-character 
of conduction electrons. 

By resistivity and specific heat measurements a 
similar value has been found for the Kondo temperature 
of CeA12 (TK = 5 ± 2 K) [38,5]. 

Associated with the reduction of the moment at 0 K 
a reduction of the Neel temperature is expected [;34]. 
This has been evaluated from the function TK(P';) and 
TN(p 'J) given by the model iii) (figure 10). Using the 
variation of p!J with pressure [39} it is possible to 
obtain the curve dLnTN/dP as a function of p J (insert 
of figure 10). The experimental value deduced from the 
susceptibility measured under pressure (insert of 
figure 9) gives a value of p ~ and so the Kondo tempe
rature is found here close to 7 K and the reduction of 
the Neel temperature is ~/TN = 0.65. In the absence 
of the Kondo effect, the NeelOtemperature would be near 
6 K. 
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Fig. 10 Variations of the normalized Kondo and ordering 
temperatures, (TIc/iN ---) and (iN/TN -) , 
with the product of ~he density of st~tes at 
the Fermi energy and the s-f exchange constant 
(p 'J ) 1341. Insert : relative pressure 
induced modification of the ordering tempera
ture (in kbar-1) as a function of (p J ). 
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2. Reduction of the Ce 3+ moment 
The entropy associated with a modulated magnetic 

structure can be written : 
N 

S('1') = i r. Sn (T) 
n=1 

where Sn(T) is the entropy of the nth site and N the 
number of sites.Sn(T) is an increasing function. On 
sites of large molecular field Sn(T) reaches rapidly 
the value RLn2, but such a value is obtained only at 
tem~eratures T » TK on sites of low molecular field 
[31J. Consequently the contribution to the entropy of 
the sites of low molecular field (i.e. of low moment) 
is very small and the total entropy S(T) is smaller 
than RLn2 at TN. If one considers for simplicity from 
the modulated structure of CeA12 (fig. 5) that one 
third of the cerium moments does not give any entropy, 
one finds that S(TN) = (2!3)RLn2. This value has been 
effectively obtained from snecific heat measurements 
(fig. 11). Such an unusual result confirms that the 
observed reductions of Ce 3+ moments are intrinsic and 
not of thermal origin. On the other hand the reduced 
Ce 3+ moments do not present any discontinuity when the 
temperatures goes through TN, otherwise a latent heat 
wouid be present at this temperature. These reductions 
of Ce 3+ moment, observed in the paramagnetic state in 
zero field, would become very small at about 15 K where 
the total entropy is attained. At this temperature the 
thermal fluctuations are larger than the Kondo ones. 

Fig. 11 
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Entropy per formula unit of CeA12 as a function 
of temperature (obtained by Bredl et all 151 
in magnetic field H = 0 (x) and H = 50 kOe (.) 
parallel to [1001. 

This discussion can be extended to the specific 
heat measurements under magnetic fields [35J. As in 
zero field, the entropy curve measured at 50 kOe reaches 
RLn2 at about 15 K (fig. 11). This result shows that 
while a magnetic field of the order of 50 kOe destroys 
the antiferromagnetic ordering it is not large enough 
to destroy the Kondo effect. 

CONCLUSION 

The compound CeA12, where each cerium atom has the 
same environment. is an example of concentrated Kondo 
lattice. At low temperature its magnetic behaviour is 
the result of a competition between two contradictory 
processes. On the one hand the moments tend to vanish 
as the result of the Kondo effect. On the other hand 
the interactions between neighbours tend to order the 
magnetic moments and to reinforce them. The compromise 
observed in the case of CeA12, a modulated structure 
below 3.8 K, corresponds to an original solution. 
Original is the Kondo reduction of the magnetic moments 
because it does not affect in the same w~ all the 
cerium atoms of the compound. Original also is the 

2306 J. Appl. Phys., Vol. 50, No.3, March 1979 

magnetic structure because, though Ce 3+ is a Kramers 
ion, the sinusoidal modulation remains stable until 
very low temperatures. 
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