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The zero-field magnetic structure of Ce11B6 has been revised from neutron powder and single-crystal
diffraction including neutron spherical polarimetry. The crystal structure remains cubic in the antiferroquadru-
polar ~AFQ! ordered state (TQ53.3 K, kQ5@1/2,1/2,1/2#) and in the antiferromagnetic~AFM! ordered state
(TN52.3 K, k15@1/4,1/4,0#, k25@1/4,21/4,0#, k185@1/4,1/4,1/2#, k285@1/4,21/4,1/2#) within the precision
of the experiment. The model of Effantinet al. @J. Magn. Magn. Mater.47-48, 145 ~1985!# fits our 60-mK
high-intensity neutron powder diffraction data rather poorly and therefore a model of the AFM multi-k struc-
ture has been developed. It is a 2kÀk8 transverse sine-wave structure with the Ce magnetic moments strictly
along@1210# and@110# and orthogonal arrangement of the nearest moments. Ce atoms located at thez50 and
z51 layers have significantly different magnetic moment values. In addition there is a modulation of the
moment value in each layer. The resulting ordered magnetic Ce moments reach 0.744(16)mB , 0.543(16)mB at
z51 and only 0.01mB , 0.138(7)mB at z50 at 60 mK. This complex AFM structure is due to competition
between the established AFQ order and the dipolar and octupolar AFM order developing at lower temperatures.
The model is consistent with themSR zero-field results@R. Feyerhermet al., J. Magn. Magn. Mater.140-144,
1175 ~1995!# and suggests a highly inhomogeneous conduction electron spin polarization and anisotropic
RKKY interactions belowTN .
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I. INTRODUCTION

Due to multipolar interactions, the dense Kondo Ce6

compound with a cubic CaB6-type structure~space group

Pm3̄m) has an unusual magnetic-field—temperature ph
diagram.1,2 At TQ53.3 K in zero external magnetic fiel
CeB6 undergoes a transition from the paramagnetic~phase I!
to the antiferroquadrupole~AFQ! state ~phase II!. At TN

52.3 K antiferromagnetic~AFM! ordering~phase III! takes
place. The AFQ phase is associated with the wave ve
kQ5@1/2,1/2,1/2# according to neutron diffraction in applie
magnetic field2 and x-ray resonant scattering experiments
zero field.3,4 TQ increases with applied magnetic field whic
is unusual5 and the temperature dependence of the indu
AFM moment is peculiar.6 In order to explain the neutron
NMR and muon spin relaxation (mSR) results consistently
in the AFQ phase, the interactions between the dipole, qu
rupole, and octupole Ce moments have to be taken into
count. TheG5-type (Oyz , Ozx , Oxy) quadrupolar ordering
takes place in zero field, theOxy order is stabilized by a
magnetic field applied along@001#, and Oyz1Ozx order is
predicted for Hi@110# and Oxy1Oyz1Ozx order for
Hi@111#.7,8 It appears that the Txyz-type octupolar
interaction6,9–11is particularly strong and almost independe
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of the field direction. Its consideration solves the discrepa
between the types of AFQ order proposed from NMR a
neutron experiments.9,10 The peculiar behavior of the mag
netic intensity in magnetic field belowTQ can be explained
by competition between the dipolar exchange coupling a
the AFM coupling of theTxyz-type octupolar moments.6

Theoretical models8,12,13 suggest that the AFQ orderin
should introduce distortions of the crystal lattice. These d
tortions are expected to be quite small due to weak coup
of the quadrupole moment to the lattice strain, which h
different symmetry.14 No clear experimental evidence fo
these distortions has been obtained up to now.3

Another point is that polarized neutron, NMR, andmSR
studies15–18 indicate that the anisotropic electron density d
tribution and complex interactions between Ce multipo
induce substantial~up to 30%! magnetization density at th
boron framework. The existence of the anisotropic hybridi
tion of the 2p states of boron and the 4f electrons of Ce
explained the hyperfine field at the boron sites in the NM
experiment.16,17 The field-induced magnetization near or i
side the B6 molecule can also explain themSR results18 in
the AFQ phase of CeB6. It is however claimed19 that the
interpretation of polarized neutron diffraction by Saito
et al.15 is biased by systematic errors and that the magn
zation is localized on the Ce sites only.
©2003 The American Physical Society01-1
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FIG. 1. High-resolution HRPT neutron pow
der diffraction data of Ce11B6 measured withl
51.886 Å: ~a! ~330! and~411! reflections at 5 K
~paramagnetic regime!, 2.3 K ~AFQ state!, 1.46
K ~AFM state!, ~b! fit to the cubic CaB6-type
crystal structure at 2.6 K.
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The low-temperature AFM regime belowTN is also still
not sufficiently understood. The AFM phase of CeB6 orders
with the wave vectorsk15@1/4,1/4,0#, k25@1/4,21/4,0#,
k185@1/4,1/4,1/2#, andk285@1/4,21/4,1/2#. According to the
neutron diffraction in applied magnetic fields20 these four
vectors vanish and appear at the same temperature and
same field; i.e., they describe the magnetic structure wi
one domain resulting in so-called doublekÀk8 structure.
Such 2kÀk8 structure with two distinct wave vectors is un
usual and cannot be stabilized by exchange interact
only.23 Effantin et al.2 suggested a transverse sine-modula
noncollinear magnetic structure with magnetic mome
aligned along the@1210# and @110# directions fork1 and
k18 . The amplitudes of the waves associated withk1 andk18
vectors were reported to be almost equal and the resu
ordered magnetic moment was 0.28(6)mB at 1.3 K. This
model, however, fails to explain the zero-fieldmSR
results24,25: it would yield only three different values of in
ternal fields, while experimentally eight spontaneous prec
sion frequencies were found. The largest frequency of
MHz deduced frommSR data would require an ordered m
ment value of at least 0.75mB . In addition two of the fre-
quencies exhibit peculiar temperature dependences foT
<1 K. Other models, such as a helical structure with m
netic moments in the~001! plane and sine-modulated stru
tures with moments alonĝ111& or ^100&,1,26 also fail to
explain themSR results.

To resolve the discrepancy between neutron andmSR ex-
periments in the AFM phase of CeB6, we have carried out a
detailed neutron diffraction study of CeB6 at low tempera-
tures. We obtained information on the crystal structure in
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1.5–8 K temperature interval, determined the direction of
Ce magnetic moments, derived a novel model of the AF
structure of CeB6 consistent with themSR results, and mea
sured the temperature dependence of the AFM intensitie
the temperature range from 36 mK to 2.3 K.

II. EXPERIMENTAL DETAILS

High-quality powder and a single crystal of Ce11B6 en-
riched with 11B isotope were prepared in Tohoku Universi
by the floating zone method. The11B isotope content was
99.7 at. % 11B for the powder and 99.52 at. %11B for the
single crystal, which led to a rather moderate absorption
efficient, 0.754 cm21 for the powder and 1.994 cm21 for the
single crystal at 1.886 Å neutron wavelength. The size of
samples was optimized to facilitate the absorption correct
The powder was packed into cylindrical V or Al containe
with O” 56-8 mm; the single crystal had cylindrical shap
and dimensionsO” 56.3 mm, h57 mm. Neutron powder
diffraction in the high-resolution mode was performed at t
HRPT diffractometer at SINQ, Switzerland. Wavelengths
1.886 Å, 1.197 Å and collimationsa15128, a25248 were
used. The sample was cooled in an ILL orange cryostat to
K. High-intensity neutron powder patterns were collected
the D20 instrument at ILL, France, with a wavelength
2.421 Å. This experiment was performed using a3He/4He
dilution refrigerator in the temperature interval from 60 m
to 5 K. Both diffractometers are equipped with 1600 dete
tors, covering a range of 160° scattering angle. Rietveld
finement of the crystal and magnetic structures was p
formed using the FULLPROF program.27 Single-crystal
1-2



CS
-
m

tr
e

is
rin
a

n

n

bic
od

s.

d

us
ri

t
i

ta
m

a

en

at

-

-

B
n
c

gh

h-
on
e
F

lear
in

netic
etic
ce
ag-

eu-
ned
rn
rns

to

oms

ZERO-FIELD MAGNETIC STRUCTURE IN . . . PHYSICAL REVIEW B68, 214401 ~2003!
unpolarized neutron diffraction was performed on the Tri
diffractometer at SINQ withl51.18 Å. The temperature de
pendence of two magnetic peaks in the regime from 36
to 2.3 K was measured in a3He/4He dilution refrigerator
with a 3He area detector. Spherical neutron polarime
~SNP! on the Ce11B6 single crystal was carried out at th
IN20 spectrometer at ILL withl52.36 Å. The crystal was
mounted with the@1210# direction vertical inside an ILL
orange cryostat placed in the annular zero-field space
Cryopad II ~Ref. 28! and cooled down to 1.6 K.

III. RESULTS AND DISCUSSION

A. Crystal structure of CeB6 at low
temperatures „Ï8 K…

Information about the crystal symmetry and atomic d
placements is very valuable for understanding the orde
of the quadrupolar moments. We tried to find these we
distortions in Ce11B6 by means of high-resolution neutro
powder diffraction. The~330!, ~411! reflections measured
with the highest resolution of the HRPT instrument29 with
l51.886 Å are presented in Fig. 1~a!. No evidence of split-
ting or even broadening of the Bragg peak in the AFQ a
AFM regimes can be seen. Figure 1~b! presents results of a
Rietveld refinement of the crystal structure within the cu
CaB6-type structure at 2.6 K. The agreement is quite go
yielding the weighted profile agreementR factor Rwp
59.5% andRBragg55.2% concerning integrated intensitie
Allowing the symmetry to relax led to the anglea
590.005(3)° in thecase of the rhombohedral distortion an
to the lattice constants a5b54.1368(2) Å, c
54.1366(3) Å in the case of the tetragonal distortion. Th
the crystal lattice is cubic within the precision of the expe
ment.

The temperature variation of the cubic lattice constana
of CeB6 in the 1.5–8 K temperature range is presented
Fig. 2~a!. It had been determined from high-intensity da
measured withl51.197 Å—i.e., with increased momentu
transfer range (sinu/l<0.82 Å21). The lattice expands with
decreasing temperature in the paramagnetic state atT.TQ ,
contracts in the AFQ phase, in full accord with theoretic
studies,11 and changes very subtle belowTN . The change of
a is very small; theDa/a ratio is less than 1.531025. This
value is in the order of the thermal expansion coeffici
measured by Schefzyket al.30

Finally we tried to obtain the atomic parameters from d
collected atl51.197 Å. The Oxy-type AFQ order must
break the inversion symmetry of B6 octahedra and a dis
placement of B atoms must be present.8 We failed to detect
any variation of thex coordinate of the B atoms with tem
perature within the experimental precision@xB
50.1983(2)#. The isotropic thermal parameters of Ce and
atoms, presented in Fig. 2~b!, exhibit a temperature variatio
similar to the variation of the lattice constant. To detect su
weak distortions and related atomic displacements in CeB6 at
zero field, experiments with shorter wavelength and/or hi
resolution synchrotron x-ray investigations are required.
21440
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B. Magnetic structure of CeB6 below TN

To revise the AFM structure we first collected hig
intensity neutron powder diffraction patterns with neutr
wavelengthl52.421 Å at the D20 diffractometer at th
temperatures 3.8 K, 2.6 K, 1.7 K, and 0.06 K. As the A
magnetic intensities were very weak compared to the nuc
ones@the strongest magnetic peak had only 3000 counts
the peak maximum compared to 1.753106 counts of the
nuclear peak~1 0 0!#, measuring time of the order of 6 h was
needed to get acceptable statistics. We analyzed mag
difference patterns to the one obtained in the paramagn
state at 3.9 K. They are shown in Fig. 3. The differen
pattern for 2.6 K in the AFQ state also shows neither m
netic nor nuclear superstructure peaks such as~1/2 1/2 1/2! in
accordance with HRPT results. The AFM reflections atT
,TN could be indexed with the wave vectorsk1

5@1/4,1/4,0# andk185@1/4,1/4,1/2#.31

For the magnetic structure refinement the magnetic n
tron intensities were normalized via the scale factor obtai
from a profile fit of the nuclear neutron diffraction patte
measured at 3.8 K. The 60 mK and 1.7 K difference patte
contained additional intensity at nuclear positions32 and
peaks at high scattering angles 2u corresponding to intense
scattering from aluminum parts of the ILL cryostat. Due

FIG. 2. Thermal variation of the lattice constant of Ce11B6 ~top!
and isotropic thermal parameters of the cerium and boron at
refined froml51.12 Å HRPT data in the 1.5–8 K regime.
1-3
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FIG. 3. Observed magnetic differenc
D20 patterns of Ce11B6: bottom, I (2.6 K)-
I (3.8 K); middle, I (1.6 K)-I (3.8 K); top,
I (60 mK)-I (3.8 K).
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that and in view of the decrease of the magnetic Ce31 form
factor with 2u, only the range of@8° –64°# of the difference
patterns was used. The Effantin model gave a rather poo
to our experimental data. Modification of this model—i.
the introduction of two sublattices with different magne
moment values associated with thek1 andk18 wave vectors—
did not give significant improvement. Other models w
magnetic moments alonĝ111& and ^100& yield even worse
agreement.

Therefore, we decided to limit the range of possible n
models by performing a neutron spherical polarimetry
periment on the above-mentioned Ce11B6 single crystal. It is
a powerful method,28,33 allowing us to distinguish magneti
from nuclear scattering, to determine the direction of m
netic moments, and to distinguish between different m
netic arrangements. A number of reflections at 1.6 K w
examined with CRYOPAD II at the IN20 spectrometer wi
l52.36 Å. The polarization of the scattered neutrons w
analyzed for three directions of polarization of the incomi
beam. The local coordinate system was chosen such tha
x axis is along the scattering vector of a reflection,z is in the
vertical direction, and the magnetic interaction vec
M'(Q) lies in theyzplane. Analysis of AF magnetic reflec
tions ~Table I! showed that the directions of the incident a
scattered polarization are antiparallel forx andy and parallel
21440
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for z within experimental error. This shows that there is
component of the magnetic interaction vector alongy in the
horizontal plane for any of the observed reflections; it
always vertical alongz ~the @1210# direction of the crystal!.
In addition no significant depolarization of the scatter
beam occurs. These observations prove that the scatteri
purely magnetic and thatM�(Q) for 6h6hl reflections
points strictly in the@1210# direction; i.e., the direction of
magnetic moments is perpendicular to the correspond
wave vector. Analysis of several nuclear reflections co
firmed that there is no ferromagnetic component. Some w
intensity at the AFQ~1/2 1/2 1/2! position was also detected
Interestingly, it was found to be fully depolarized. Such i
tensity could be due to coupling of either the magnetizat
distribution or the structural environment to the quadrupo
order, but in neither case should it be fully depolarized for
three directions of incident polarization. We therefore co
cluded that the intensity observed at the~1/2 1/2 1/2! posi-
tion was due to unpolarized half-wavelength neutrons
completely removed by the graphite filter in the scatte
beam.

Next we tried to develop a model of the AF magne
structure based on symmetry analysis34 and available experi-
mental observations. We started with the space gr
Pm3̄m(Oh

1) of the paramagnetic state, as symmetry lower
TABLE I. Results of the polarization analysis of AFM reflections from Ce11B6 single crystal.Pxx , Pxy , andPxz are the polarizations of
the scattered beam in thex, y, andz directions for the incident beam polarized alongx, etc.

h k l Pxx Pxy Pxz Pyx Pyy Pyz Pzx Pzy Pzz

20.25 20.25 0.0 20.906~10! 20.070~14! 20.123~13! 0.069~13! 20.945~10! 0.045~13! 20.043~13! 0.032~14! 0.925~7!

20.25 20.25 0.5 20.922~5! 0.001~11! 20.025~11! 0.012~10! 20.907~6! 0.091~11! 20.006~10! 0.046~11! 0.936~5!

0.25 0.25 0.0 20.920~9! 20.017~13! 0.112~13! 0.025~13! 20.891~10! 0.004~14! 0.073~13! 20.060~13! 0.909~8!

0.25 0.25 0.5 20.917~8! 20.049~14! 0.053~14! 0.038~14! 20.936~7! 0.070~13! 0.090~14! 0.073~14! 0.894~7!

20.25 20.25 1.0 20.891~13! 20.045~20! 0.035~20! 0.058~20! 20.926~13! 0.068~20! 0.018~20! 0.117~21! 0.943~13!

20.25 20.25 1.5 20.913~19! 20.003~25! 0.021~26! 20.021~24! 20.963~17! 0.110~24! 0.006~25! 0.042~25! 0.910~16!

20.75 20.75 0.0 20.891~36! 0.037~43! 20.086~41! 0.058~38! 20.838~32! 0.053~37! 20.072~41! 20.063~38! 0.856~33!

20.75 20.75 0.5 20.925~14! 20.017~21! 20.092~21! 0.063~21! 20.925~13! 0.098~21! 20.060~21! 0.106~21! 0.970~15!

0.75 0.75 0.0 20.827~37! 20.062~45! 0.088~45! 0.000~48! 20.932~45! 20.133~47! 0.101~46! 20.068~44! 0.866~39!

0.75 0.75 0.5 20.847~63! 20.002~64! 0.084~69! 0.168~58! 20.879~58! 20.098~63! 0.091~60! 20.058~60! 0.957~54!

20.75 20.75 1.0 20.929~22! 0.020~26! 20.141~27! 20.013~26! 20.876~21! 0.066~26! 20.022~26! 0.129~26! 0.924~20!

20.75 20.75 1.5 20.937~21! 0.007~26! 20.072~26! 0.010~26! 20.893~21! 0.022~26! 20.073~25! 0.091~26! 0.889~18!

20.75 20.75 2.0 20.951~27! 20.008~35! 20.048~35! 20.016~35! 20.893~26! 0.101~35! 0.090~35! 0.077~35! 0.910~28!
1-4
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ZERO-FIELD MAGNETIC STRUCTURE IN . . . PHYSICAL REVIEW B68, 214401 ~2003!
in the AFQ phase was not detected. Each of the starsk
and k8 contain 12 arms—for example, for the stark, 6k1
56@1/4,1/4,0#, 6k256@1/4,21/4,0#, 6k35
6@1/4,0,1/4#, 6k456@1/4,0,21/4#, 6k556@0,1/4,1/4#,
and6k656@0,1/4,21/4#. From powder neutron diffraction
it is not possible to distinguish between magnetic single-
multiple-k structures. But previous single-crystal neutr
diffraction20 in applied magnetic field showed that the ma

TABLE II. Irreducible representations of the space gro

Pm3̄m for k15@1/4,1/4,0#, k25@1/4,21/4,0#, k81

5@1/4,1/4,1/2#, and k825@1/4,21/4,1/2# and corresponding mag
netic mode basis functionsc, as obtained from program MODY
~Ref. 22!.

k1 , k81 e 2110 mz m1210 c for k1 , k81 c for 2k1 , 2k81

t1 1 1 1 1 —
t2 1 1 21 21 ex1ey 2(ex1ey)
t3 1 21 1 21 ez ez

t4 1 21 21 1 ex2ey 2(ex2ey)

k2 , k82 e 21210 mz m110 c for k2 , k82 c for 2k2 , 2k82

t1 1 1 1 1 —
t2 1 1 21 21 ex2ey 2(ex2ey)
t3 1 21 1 21 2ez 2ez

t4 1 21 21 1 ex1ey 2(ex1ey)
21440
d
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netic structure is of the 2kÀk8 type ~see the Introduction!.
Therefore, we restricted our analysis to thek1 , k2 and k18 ,
k28 wave vectors only.

The four real, one-dimensional irreducible magnetic re
resentationst1 , t2 , t3, andt4 of thePm3̄m space group for
the k1 , k2 and k18 , k28 wave vectors and the correspondin
basis vectors are listed in Table II. For thet2 irreducible
representation the basis vectors fork1 are along@110#—i.e.,
the direction of magnetic moments is along the wa
vector—which contradicts the NSP experiment. Fort4 the
basis vectors are along@1210#; i.e., the direction of mag-
netic moments is transversal to the wave vector. Theref
we restricted analysis tot4. The possible models of the mag
netic structure may be obtained as linear combinations
basis vectors:

Sn5(
nh

Cnhcnh, ~1!

wheren andh number the representation and arms of thek
vector,Cnh are the mixing coefficients, andcnh are the basis
vectors. Moreover, considering the magnetic moments
complex axial vectors, the Fourier components of those
thenth chemical cell are related to ones in the ‘‘zero’’ cell b
the equation21

Sn j5S0 je
iF(n), ~2!
g

FIG. 4. Possible AFM structures of CeB6 with

only Ce atoms presented. The AFQ orderin
scheme is shown by black and white circles.~a!
Effantin model, ~b! model A, ~c! model B, ~d!
modelC, and~e! modelD.
1-5



ly.

O. ZAHARKO et al. PHYSICAL REVIEW B 68, 214401 ~2003!
FIG. 5. Observed~renormalized! magnetic
difference D20 patternI (60 mK)-I (3.8 K), cal-
culated and difference patterns of Ce11B6 denoted
by crosses, solid, and dotted lines, respective
~a! Effantin model,~b! modelC, and~c! modelD.
The indices of reflections presented in~c! are
valid also for~a! and ~b!.
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whereF(n)52pkt (n), andt(n) is a translation vector from
the 0 cell to then cell. In general such relations withei2pkt (n)

factors are not real quantities and thus cannot represent m
netic moments. To obtain real values, one has to use bok
and2k.

In our case thet4-modulated magnetic moment arrang
ments can be described as

Sn5m1e[1,21,0]cos@2pk1t~n!1f1#

1m2e[1,21,0]cos@2pk18t~n!1f2#

1m3e[1,1,0]cos@2pk2t~n!1f3#

1m4e[1,1,0]cos@2pk28t~n!1f4#, ~3!

wheree[1,21,0] and e[1,1,0] are unit vectors along the direc
tions @1210# and @110#. t(n) are the cell translations, an
m124 and f124 are the magnetic moment amplitudes a
phases.
21440
ag-

We tried to construct magnetic structures within thet4
representation based on the NaCl type antiferroquadrup
configuration of CeB6 II. However, the fit to measured mag
netic powder neutron intensities was poor. It is worth me
tioning that the Effantin model@Fig. 4~a!#,2 discussed above
also belongs to thet4 representation. It is obtained within th
assumption thatm15m25m35m4 andf152p/4, f25f3
5p/4, andf453p/4:

Sn5m1e[1,21,0]cos@2pk1t~n!2p/4#

1m1e[1,21,0]cos@2pk18t~n!1p/4#

1m1e[1,1,0]cos@2pk2t~n!1p/4#

1m1e[1,1,0]cos@2pk28t~n!13p/4#. ~4!

However, the Effantin model is not consistent with our ne
tron powder diffraction data@Fig. 5~a!# and results in only
1-6
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ZERO-FIELD MAGNETIC STRUCTURE IN . . . PHYSICAL REVIEW B68, 214401 ~2003!
three spontaneous precessionmSR frequencies instead o
eight measured.25

Under assumption that the magnetic structure can dev
from the arrangement imposed by the NaCl-type antifer
quadrupolar configuration of CeB6 II we found a number of
models within thet4 representation fitting the D20 6
mK23.8 K difference neutron powder data equally we
This is related to the fact that the phases correspondin
different k vectors cannot be determined from the measu
neutron intensities. Only for special choices of the pha
such as in the subsequently discussed modelsA andB does
one obtain constant moment magnitudes in the comme
rate magnetic unit cell. More general choices of the pha
imply variation of the moment magnitudes in the magne
unit cell. Therefore additional information such as frommSR
is needed to distinguish between the models.

The most appropriate models are presented in Table
and Fig. 4. We introduce them with increase of complexity
from a simplest to a most complex one. The simplest on
modulated magnetic structureA with m1Þm2Þ0, m35m4
50 andf150,f25p/2,

Sn5e[1,21,0]m1cos@2pk1t~n!#1m2cos@2pk18t~n!1p/2#,
~5!

is illustrated in Fig. 4~b!. This model involves only6k1 and
6k81 wave vectors and yields two collinear Ce sublattic
with different magnetic Ce momentsm150.403(3)mB and
m250.506(4)mB . It implies ferro- ~F! and antiferro-~AF!
magnetic couplings along thez axis for moments at (00z)
and (10z), respectively.

TABLE III. Models of the AFM structure of CeB6 and their
conformity to experimental data.m is the ordered magnetic momen
of Ce atoms,Rm the magnetic reliability factor,x2 the goodness of
fit to magnetic difference D20 neutron diffraction patterns, andF
number of muon frequencies produced by the corresponding mo

Effantin A B C D
60 mK 0.442~3! 0.403~3! 0.403~3! 0.643~4! 0.744~16!

m @mB /Ce# - 0.506~4! 0.506~4! 0.073~4! 0.543~16!

0.01a

0.138~7!

Rm @%# 19.5 11.2 11.2 11.2 15.5
x2 3.4 1.9 1.9 1.9 1.8

1.7 K 0.310~5! 0.269~7! 0.269~7! 0.454~7! 0.462~37!

m @mB /Ce# - 0.374~7! 0.374~7! 0.074~7! 0.449~37!

0.01a

0.141~13!

Rm @%# 35 26 26 26 27
x2 1.4 1.1 1.1 1.1 1.1
k multiplicity 2kÀk8 kÀk8 kÀk8 2kÀk8 2kÀk8
F 3 4 4 5 8

aThis small, for the neutron intensities almost negligible value
been fixed as required bymSR, yielding good convergence of th
neutron refinement.
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Another simple modelB is obtained form1Þm4Þ0, m2
5m350 andf150,f452p/2:

Sn5m1e[1,21,0]cos@2pk1t~n!#

1m4e[1,1,0]cos@2pk82t~n!2p/2#. ~6!

It is illustrated in Fig. 4~c!. This model involvesk1 andk82
wave vectors and yields two perpendicular sublattices. T
magnetic Ce moments values and the couplings along tz
axis are the same as for modelA. In the basal plane such
model with m15m4 is equivalent to the four-sublattic
model of Sera and Kobayashi.11 The latter also explains eas
directions of magnetization̂110&. Models A and B are in
agreement with high-intensity neutron powder diffracti
(Rm511.2%) and neutron spherical polarimetry. Howev
they contradict single-crystal neutron diffraction at appli
field ~Ref. 20! and zero-fieldmSR ~Ref. 25!: the models are
of the kÀk8 type and they result in only four spontaneo
precessionmSR frequencies instead of eight measured.

Better agreement withmSR can be achieved under a
sumption that more than two magnetic Ce moment am
tudes exist in the magnetic unit cell—i.e., by splitting the C
site into two sites, one atz50 and another atz51. The
magnetic arrangement is described as

Sn5m1e[1,21,0]cos@2pk1t~n!#1m2e[1,21,0]cos@2pk18t~n!#

1m3e[1,1,0]cos@2pk2t~n!1p/2#

1m4e[1,1,0]cos@2pk28t~n!2p/2#. ~7!

The corresponding modelC with perpendicular sublattices i
presented in Fig. 4~d!. It has two different magnetic momen
values: a very small one 0.073(4)mB in thez50 layer and a
larger one 0.643(4)mB at z51. As we argue later, this lay
ered magnetic structure is related to competition between
AFM dipolar, octupolar, and AF quadrupolar ordering. T
model is of the 2kÀk8 type and it results in the same fit o
the D20 neutron data as theA and B models@Rm511.2%,
Fig. 5~b!#. The agreement of modelC with the mSR results
is, however, not satisfactory, as such a magnetic mom
arrangement would yield only five precession frequencie

To have eight different values of internal fields the ma
netic structure should be even more complicated. For
either a more complex arrangement of magnetic moment
different moment values should be present. We did not s
ceed in finding another arrangement of moments consis
with all experimental observations, but a further split of m
ment values by introducing amplitude modulation in the la
ers was successful. In modelD the magnetic moment ar
rangement is the same as in modelC @Eq. ~7!# and the
moment modulation within each layer is described as

P5P01P1$e[1,1,0]cos@2pk1t~n!#

1e[1,21,0]cos@2pk2t~n!2p/2#%. ~8!

The average moment valueP0 within the layer is equal to
0.073mB for z50 and 0.640mB for z51; these values coin
cide with the magnetic moments from modelC. The maxi-
mal deviationP1 of the moment within the layer—i.e., th

el.
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amplitude of modulation—is20.065mB for z50 and
0.064mB for z51. This model results in eight sublattices a
four different magnetic moment values, which at 60 mK a
0.01mB , 0.136(7)mB for z50 and 0.744(16)mB ,
0.543(16)mB for z51. The model is presented in Fig. 4~e!.
To distinguish the different moments within the same la
we used dashed squares to connect the moments of e
value. Dashes alongx correspond to higher moment value
and dashes alongy to lower moment values.

The agreement between this model and the D20
mK23.8 K difference neutron powder data is presented
Fig. 5~c!. The R value of magnetic reflections isRm
515.5% and the goodness of fitx251.8. Actually it is not
possible to give preference to modelC or D based on the
quality of the refinement only. TheR value of magnetic re-
flections is slightly worse for modelD. But the goodness o
fit x2 is better for modelD. This is because modelD gives
rise to weakhkl reflections withk51/2. These reflections
should be described by a new wave vector@0 1/2 0#, which
implies additional, very weak modulation. The calculated
tensity of the~0 1/2 0! reflection is very small, only 8% o
the ~1/4 1/4 0! reflection. Interestingly, the~0 1/2 0! reflec-
tion corresponds to a broad maximum@see Fig. 5~c!# in the
powder diffraction pattern not explained by other mode
The broadening indicates short range of the magnetic co
lations associated with this additional modulation. To che
the correctness of the proposed model a high-inten
single-crystal experiment is desirable. Presently we g
preference to modelD as it gives satisfactory agreement wi
D20 neutron powder data, is consistent with the CRYPA
experiment, is of the 2kÀk8 type, and produces eight fre
quencies in themSR experiment.

To compare the proposed models with the previous n
tron diffraction studies2,20 we presented in Table III results o
1.7–3.8 K refinements. As the magnetic intensity is rat
weak ~Fig. 3! at 1.7 K, refinements yield worse agreeme
~agreement valueRm) with D20 neutron powder data. Th
worst agreement is for the Effantin model (Rm535%); how-
ever, the obtained ordered magnetic moment is 0.310(5)mB ,
which confirms the value of 0.28(6)mB presented by Effan-
tin et al.2 within the standard deviations.

In view of the recent polemic on the question of induc
magnetization near or inside the B6 molecule15–19we want to
add that such magnetization might be present in the A
phase in zero field with the ordered Ce magnetic mome
acting as a local field. However, our neutron diffraction e
periment is a too crude probe to resolve the issue.

C. Model D versusµSR results

Now it is worthwhile to look on the impact of modelD on
mSR results in more detail. There exist two main contrib
tions to the magnetic field at the muon site.35 The first one
originates from the dipolar fields of the surrounding ma
netic moments; the second one, the contact hyperfine fiel
due to the spin polarization of the conduction electrons
the RKKY mechanism. In CeB6 the two contributions are o
the same order. First, we calculated the internal fields
precession frequencies, respectively, at the muon site (d site!
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using for the contact coupling constant the valueAc
51.67 kG/mB derived from them1 Knight shift for T.TQ
under the assumption that it is isotropic and temperat
independent.36 The results are presented in the columnF1 of
Table IV. The three highest frequencies are lower than
experimental ones~column F4 of Table IV!; the highest
reaches 57.5 MHz. A recent reinspection of themSR Knight
shift measurements,36 assuming no induced magnetizatio
near or outside the B6 molecule, led to an anisotropic conta
hyperfine fieldBC depending on the anglew between an
induced Ce momentm and the radius vector connecting th
moment with the nearest muon position~only two nearest Ce
neighbors are considered!:

BC5(
i 51

2

~Acicos2w i1Ac'sin2w i !mi , ~9!

with Aci being a coupling constant in the direction parallel
Ce magnetic moment andAc' perpendicular to it. NearTN
one findsAci524.2 kG/mB and Ac'52.8 kG/mB ~for T
>TQ , Aci56 kG/mB andAc''1 kG/mB). Using this cou-
pling constants we obtain the frequencies presented in
column F2 of Table IV. Due to the negative sign ofAci ,
dipolar and contact fields compensate each other, resultin
significantly smaller fields at the muon sites atz51. The
highest frequency of only 23 MHz is obtained. Better agre
ment with experimental results is obtained under the assu
tion that both coupling constants are positive. ForAci
54.4 kG/mB and Ac'51.67 kG/mB the resulting frequen-
cies are listed in the columnF3. They fit well the frequencies
obtained from the experiment.25 The discrepancy in the cou
pling constants deduced from the Knight shift under appl
field and assumed by us may be attributed to the tempera
dependence ofAci andAc' , which is not determined below
TN . Another reason might be that the coupling constants
sensitive to multipolar order, i.e., dipolar, quadrupolar a
octupolar, which is different for zero and applied magne

TABLE IV. Muon frequenciesF123 for modelD under different
assumptions on the hyperfine coupling constant andF4 deduced
from the experiment~Ref. 25! F1 frequencies are obtained with a
isotropic coupling constant (Ac51.67 kG/mB), F2 correspond to
anisotropic coupling constants (Aci524.2 kG/mB , Ac'

52.8 kG/mB) deduced from Knight shift measurements in appli
field ~Ref. 36!, and F3 frequencies are calculated with empiric
anisotropic coupling constants (Aci54.4 kG/mB , Ac'

51.67 kG/mB).

F1 F2 F3 F4

Muon site Multiplicity @MHz#

0.5 0 1 8 57.5 23 77 76
1.5 0 1 16 14 18.4 30 40
2.5 0 1 8 40.3 16.4 54 60
0.5 0 0 8 1.2 0.3 1.8 2
1.5 0 0 16 4.2 2.3 6.3 4.8
2.5 0 0 8 9 3.3 12 20
0 0 0.5 8 8 19 8 8
2 0 0.5 8 3.9 10 3.9 6.5
1-8
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fields. It is known that contact hyperfine fields at muon si
arise from the spin polarization of conduction electrons
duced by magnetic moments on Ce atoms via the RK
interactions. The anisotropy of the coupling constants refle
the anisotropy of the RKKY coupling and, corresponding
the anisotropy of the charge distribution of 4f electrons
which is different for the cases of zero and applied magn
fields. The anisotropy of the coupling constants is in acc
with theoretical investigations37,38 which indicates that the
RKKY interactions and spin polarization of the conducti
electrons are anisotropic in CeB6. It is worth noting that
similar anisotropy has been observed in other quadrup
ordered systems, such as UPd3 ~Ref. 39! and HoB2C2 ~Ref.
40!. In HoB2C2, for example, the contact coupling consta
changes from an isotropic negative to an anisotropic
positive below 50 K.

Finally, we estimated the possible influence of induc
boron magnetization density on themSR results. Under as
sumption that the induced magnetization density is only
of the adjacent Ce magnetic moments, the spontaneous
cession frequencies would split into narrow bands and wo
shift compared to the values with magnetization on Ce
oms. We can conclude that presence of induced boron m
netization density would weakly affect internal fields
muon sites.

Within presently available experimental information a
suming highly anisotropic contact hyperfine coupling co
stants we obtain appreciable understanding of the zero-
mSR results for modelD. The number of spontaneous fre
quencies, the spread of their values in the 76–2.5 M
range, and the multiplicity of the muon sites can be e
plained.

D. Evolution of the AF magnetic order at low temperatures
„36 mKËTË2.3 K…

The variation of integrated intensity of~1/4 1/4 0! and
~1/4 1/4 1/2! AF reflections of Ce11B6 single crystal in tem-
perature range from 36 mK to 2.3 K has been measure
the single-crystal neutron diffractometer TriCS withl
51.18 Å. The intensities steeply increase in the 2.3–1.2
temperature interval Fig. 6~a! and change very little below
1.2 K.41 The intensity of the~1/4 1/4 0! reflection increases
faster compared to~1/4 1/4 1/2! as can be seen from the rat
of intensities plotted in Fig. 6~b!. This means that the mag
netic moments associated withk1 develop faster than thos
associated withk18 . Such behavior might have a commo
origin with the peculiar behavior of two spontaneousm1

Larmor precession frequencies shown in Fig. 1 of Ref.
Within the developed modelD the two frequencies corre
spond to muons located at the~0 0 1/2! and ~2 0 1/2! sites
between the layers atz50 andz51. Based on this assump
tion the difference between magnetic moments values at
layers atz50 andz51, reflecting the competition betwee
the dipolar, quadrupolar, and octupolar ordering, devel
below 1 K and not atTN . Another reason of the peculia
behavior of twomSR frequencies might be change of t
anisotropic coupling constants with temperature discusse
Sec. III C.
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E. Model D versus theoretical studies

The arrangement of the magnetic moments within o
layer in modelD is compatible with theOxy-type AFQ or-
dering: the relative orientation of dipolar and quadrupo
moments is the same within the layer. However, it is not
case for the three-dimensional arrangement. The dipolar
ments atz50 should be rotated 90° to have the same re
tive orientation to quadrupoles as in the layer atz51. It
seems that for nearest-neighboring atoms of different lay
the AFM coupling is stronger than the dipolar-quadrupo
coupling. In addition the magnetic moment values are diff
ent for the two layers. We suggest that this complica
structure is caused by competition between the dipolar, q
drupolar, and octupolar ordering. The theoretical stud23

showed that to account for the orthogonal arrangemen
nearest-neighbor magnetic moments in the AFM state
CeB6 the interactions of the next-nearest-neighbor dipole a
octupole moments are required.

According to these calculations the electric quadrupo
and magnetic octupolar moments are aligned along the s
direction, while dipolar and octupolar magnetic moments
orthogonal to each other; pure dipole-dipole interactio
would prefer a collinear alignment. The competition of the
comparable in strength interactions might lead to suppres
to the ordered dipolar moment at thez50 layer and to the

FIG. 6. ~a! Temperature dependence of the observed integra
AFM intensity of ~1/4 1/4 0! ~diamonds! and~1/4 1/4 1/2! ~circles!
reflections of Ce11B6 single crystal in mK regime. Solid and ope
symbols correspond to two different experiments.~b! Temperature
dependence of the ratio of the~1/4 1/4 0! and~1/4 1/4 1/2! intensi-
ties.
1-9
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amplitude modulation of the magnetic moment within t
layers. Interestingly from the calculations it follows that
incommensurate octupole ordering should be realized fo
certain set of parameters. Kusunose and Kuramoto23 pro-
posed that such ordering is realized in the single-dom
AFM phase III8 ~Ref. 20! in small magnetic fields. Our resu
suggests that the incommensurate octupole ordering may
cur already in the AFM phase in zero field leading to t
amplitude modulation of the magnetic moment within t
layers.

IV. SUMMARY

We have investigated powder and single-crystal Ce11B6
by means of neutron diffraction at low temperatures and z
field. We failed to detect any deviation from cubicPm3̄m
symmetry at the AFQ and AFM states within the precision
the high-resolution neutron powder diffraction and neutr
single-crystal spherical polarimetry. The Effantin mod2

gave rather poor fit to our high-intensity neutron powd
diffraction data collected at 60 mK. Therefore, we revis
the zero-field AFM structure based on findings of four e
perimental techniques—high-intensity neutron powder d
fraction, neutron single-crystal spherical polarimetry, sing
crystal diffraction at applied field,20 and zero-fieldmSR.25

The best model of magnetic structure~modelD) comprised
two layers atz50 andz51 with different moment values
each of the layers has additional modulation of moment v
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