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The magnetic field-temperature phase diagram of CeB, has been investigated up to H = 200 kOe by high field magnetiza- 
tion and neutron scattering experiments. 

We establish that CeB, develops first an antiferroquadrupolar structure before to undergo a magnetic ordering. The 
magnetic ordering is a double-k commensurate structure of wave vector k = [l/4 l/4 l/2]. This complex ordering is the 

consequence of the antiferroquadrupolar order of wave vector k = [l/2 l/2 l/2]. 

1. Introduction 

Cerium hexaboride, a monovalent metal, crystallizes 
in a CsCl structure in which boron octaedra replace Cl 
atoms. The interaction between the 4f electron of a 
trivalent cerium atom, and the electrons of the conduc- 
tion band, with a 5d character on cerium sites, gives rise 
to a typical dense Kondo compound behaviour and to a 
very unusual magnetic phase diagram [l]. Three distinct 

phases have been reported: 
i) in phase I (T > To = 3.2 K in zero field) electrical 

resistivity exhibits a logarithmic behaviour with r, = 1 

K; 
ii) in phase II (TN = 2.4 K < T < TQ in zero field) 

NMR [2] and neutron experiments [3,4] give no evi- 
dence for any magnetic ordering in zero field, while the 
I/II transition temperature is strongly dependent on the 
magnetic field; 

iii) in phase III (T < TN) the magnetic ordering 
corresponds to a modulation by four wave vectors be- 
longing to two different starts [5,3]: k, = [l/4 i/4 l/2], 
b2=[1/4 l/4 l/2], k; =[1/4 l/4 0] and k;=[1/4 
l/4 01, but surprisingly the II/III transition is second 
order. 

High field magnetic measurements and a neutron 
study have been undertaken to determinate the nature 
and the structure of phases II and III, and to identify 
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the respective contribution of the dense Kondo state 
and of unconvential f-f interactions in the behaviour of 

CeB,. 

2. Experimental 

Single crystals of Ce$ with enriched “B were pre- 
pared by the floating zone method [6]. 

Neutron measurements were carried out at the Siloe 
reactor at C.E.N.-Grenoble. A filtered neutron wave- 
length of 2.4 A, from a graphite monochromator was 
used for a power experiment on the DNl three-axis 
spectrometer. A wavelength of 0.99 A from a copper 
monochromator was used for the single crystal experi- 
ment on the DN3 two-axis spectrometer, equipped with 
a moving up counter arm; the single crystal was placed 
in a cryomagnetic system. 

Magnetization measurements were carried out at the 
S.N.C.I. by an extraction method. 

3. Experimental results 

3.1. Magnetization results 

Magnetization curves for a field along the [OOl] 
direction were collected up to 200 kOe between T = 4.2 
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and 55 K. The line of transition between phase I and 
phase II, determined from the first inflexion of the 
magnetization curve, is reported in fig. 1. 

3.2. Phase III 

In order to determine the ordered moment value in 
phase III from measurements avoiding any extinction 

effects, two powder diffraction patterns have been re- 
corded in zero field at T= 1.3 and 4.2 K. As the 

directions of the magnetic modulations have been un- 

ambiguously determined by previous single crystal 
measurements [3], we collected data only for the mag- 

netic peaks [l/4 l/4 l/2] and [l/4 l/4 0] in order to 
compensate the weakness of the signal by a longer 
counting time. 

The amplitudes of the modulation of wave vectors 
k, = (l/4 l/4 l/2) and k’, = (l/4 l/4 0) were found 
equal within the experimental accuracy. The normaliza- 
tion to the intensity of the [loo] and [llO] nuclear peaks 
gives a value of the magnetic amplitude at T= 1.3 K: 
A, = (0.20 + 0.04)~~ and A,, = (0.18 k 0.04)~~. For the 
structure of phase III proposed in section 4.3, this gives 
a rather low value of the ordered moment m, = (0.28 i 
0.06)/~a. 

These powder experiments allow us also to correct 
from extinction effects (which appear in fact to be very 
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Fig. 1. Magnetic phase diagram of Ce$ obtained for a mag- 
netic field applied along [OOl] and [ill]. 

small) our previous data obtained on the single crystal. 
With field applied along [ill] an additional phase III’, 

corresponding to a collinear k-k’ structure, is obtained 

[3]. It contains two kinds of cerium atoms with different 

moment values. In this phase III’, the amplitude of the 
modulation by k, = [l/4 i/4 l/2] and ki = [l/4 l/4 

0] are respectively AI, = (0.25 i 0.03)~~ and A, = 

(0.12 * 0.03)~~ at T= 1.5 K and H = 10 kOe; then in 
the magnetic structure proposed in section 4.3 the anti- 
ferromagnetic component of the ordered moments has 

two distinct values: (0.26 + 0.05)~~ and (0.08 i 0.05)~~. 

3.3. Phase II 

Previous neutron diffraction results in zero field (31 
did not succeed, in phase II, to give evidence for any 
magnetic ordering corresponding to a modulation with 
an amplitude larger than 0.07~~. Nevertheless NMR 

measurements [2], reveal that at the phase I/phase II 
transition, a simple line splitting occurs which decreases 

with decreasing field, indicating in phase II the ex- 
istence of an induced ordering. 

A magnetic field H = 76 kOe was applied along the 
vertical [lil] direction of the crystal; scans along vari- 
ous symmetry directions and intensity measurements at 
high symmetry points of the Brillouin zone were per- 
formed at T= 1.3 K. The comparison with the same 
measurements at the same field in the paramagnetic 
phase indicates that an additional intensity exists for 
the scattering vectors [l/2 l/2 l/2], [3/2 3/2 l/2] and 
[3/2 3/2 J/2] giving evidence for an ordering with a 
wave vector k, = [l/2 l/2 l/2]. For the other symme- 
try points the magnetic amplitude, if it exists, was 
estimated to be less than 0.05~~. 

The observed signal at Q = [3/2 3/2 5/2] decreases 
with decreasing field and disappears in zero field, it 
saturates at about H = 60 kOe at T= 2.6 K and disap- 
pears in increasing temperature at T= 6.3 K for H = 84 
kOe. This is in excellent agreement with the behaviour 
found by NMR measurements. So in phase II the 
magnetic field induces an antiferromagnetic component 
with a wave vector k,, = [l/2 l/2 l/2]. 

4. Discussion 

4.1. Nature of the paramagnetic ground state 

The nature of the 4f ground state level in CeB, was a 
controversial subject. Nevertheless recent neutron in- 
elastic scattering [7] and specific heat [8] measurements 
confirmed the previously proposed [9] level scheme with 
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a Is ground state separated by more than 500 K from 
the I, excited level. Then Ce$ is the first example of a 
Kondo effect within a Ia quartet and actually this effect 
strongly reduces, at low temperatures, the ordered mo- 
ment in phase III (m,, = 0.28~~) and the saturation 

value reached in high field (about l/.~a at H = 150 kOe 

and T= 0.6 K) [ll]. 

4.2. Quadrupolar ordering 

The evidence in phase II of an antiferromagnetic 
component with a wave-vector k, = [l/2 l/2 l/2] in- 
duced by a magnetic field reveals the existence of two 
kinds of cerium ions, which differentiate in zero field 
only by the value of their magnetic susceptibility. Such 
a result can only be accounted for if an antiferro- 
quadrupolar (AFQ) order builds up at the phase 
II-phase III transition. So at TQ = 3.2 K the Is ground 
state splits into two doublets characterized by 
quadrupolar moments Q and -Q and exhibiting an 

antisotropic magnetic susceptibility. The ordering con- 
sists of an alternating sequence, along the three cubic 
axes, of A and B cerium ions with quadrupolar mo- 
ments (Q)A=Qand (Q)a= -Q (fig. 2b). 

4.3. Magnetic ordering 

The moment distribution m(R,) in phase III is 
given by adding the four Fourier components: 

m(R,)= c mke’k’Rm, 
k= +k,.+k,. 

+k;.&k; 

where m k = (A,/2) e’“k Us, uk are unit vectors giving 
the polarization of the magnetic modulation and have 
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Fig. 2. (a) Magnetic structure of the phase III; (b) antiferro- 
quadrupolar structure of phase II. 

been found [3] to be uk, = l/A [ilO] for k, and k; 

and uk, = l/a [llO] fork, and k;, the amplitudes A, 
are equal [3] for the four involved wave vectors. 

Only one magnetic structure is consistent with the 
AFQ ordering of wave vector k, = [l/2 l/2 l/2]. It 
corresponds to the following combination of Fourier 

components (fig. 2a): 

m(R,)=A,{[cos(k,.R,,+a/4) 

+ cos( k; . Rn - n/4)] uk, 

+ [cos(k,. R, + 3a/4) 

+cos(k;.Rn+v/4)]u,,}. 

In such a model the magnetic moments have a value 
mO = A& = (0.28 + 0.06) pB and lie within the (001) 
plane with a non-collinear arrangement; the magnetic 
moments of the two cerium sublattices of the AFQ 
structure order along their own directions. The ordering 
is described by the wave vectors k, and k; for cerium 
on the A-sublattice (mA along the [ilO] direction) and 
by wave vectors k, and k; for the B-sublattice (ma 

along the [110] direction). Actually the AFQ ordering 
makes the wave vectors k, = [l/4 l/4 l/2] and k, = 
l/4 i/4 l/2] equivalent to k; = [l/4 l/4 0] and k; = 
[l/4 I/4 01, respectively, because k; = k, + k, and 

k; = k, + k,. Then the magnetic ordering in Ce$ cor- 
responds only to a double-k structure which accounts 
for the second-order character of the magnetic phase 
transition. A similar double-k structure, associated with 
the wave vectors k, and k,, has also been found in 
Pr$ [lo]. Such a structure is believed to arise from the 
anisotropic part of the indirect f-f interaction which is 

expected to be more important for light rare earths. 
When a magnetic field is applied along the [lil] 

direction, involving a large field component in the plane 
of the moments, a new phase III’ is reached correspond- 
ing to a single-k structure. In this phase the antiferro- 
magnetic components are perpendicular to the field; on 
one sublattice they have the same value as in phase III, 
but on the other sublattice the moment value is reduced 
because the moments are flipped away from the easy 
axis defined by the quadrupolar ordering. 

5. Conclusion 

The high field magnetization and neutron scattering 
experiments, reported in this paper, have allowed US to 

clarify the unusual magnetic phase diagram of CeB,. 
The main phase of the phase diagram is actually phase 
II which corresponds to an antiferroquadrupolar order- 
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ing of wave vector k = [l/2 l/2 l/2]. At lower temper- 
atures, Ce$ develops a magnetic ordering, correspond- 
ing to phase III, with a double-k commensurate struc- 
ture of wave vector k = [l/4 l/4 l/2]. In phase I, Ce$ 
exhibits a typical dense Kondo behaviour which is 
certainly enhanced by the larger degeneracy of the Is 

ground state. Therefore the magnetic properties of Ce$ 
are dominated by the interplay of single site virtual 
fluctuations of Kondo type (TK) and of quadrupolar 

(To) and magnetic (TN) intersite interactions. In Ce$ 
T, and TQ are of the same order of magnitude giving 

rise to a Kondo reduced AFQ ordering, but they 

dominate TN. This is particularly demonstrated by the 
huge increase of To and of the specific heat anomaly 
with the applied field. Such a behaviour can be hardly 
understood with a classical mean field treatment within 
a Is ground state. We believe that the dense Kondo 
state prevents the indirect interactions to establish the 
AFQ ordering, as it does for the magnetic ordering 
when only a spin S = l/2 doublet is considered. So in 
zero field TQ and the ordered quadrupolar moment are 
reduced; but with increasing magnetic field the Kondo 
state is progressively suppressed and so the AFQ order- 

ing can develop at higher temperatures. 
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