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The zero-field magnetic structure of B, 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 stateTq=3.3 K, ko=[1/2,1/2,1/2) and in the antiferromagneti®A\FM) ordered state
(Th=2.3 K, ky=[1/4,1/4,0], k,=[1/4,—1/4,0], k;=[1/4,1/4,1/3, k,=[1/4,—1/4,1/2)) within the precision
of the experiment. The model of Effantet al. [J. Magn. Magn. Materd7-48 145 (1985] fits our 60-mK
high-intensity neutron powder diffraction data rather poorly and therefore a model of the AFMkratiftic-
ture has been developed. It is &2k’ transverse sine-wave structure with the Ce magnetic moments strictly
along[1—10] and[110] and orthogonal arrangement of the nearest moments. Ce atoms located-a0thed
z=1 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(Q643(16)ug at
z=1 and only 0.0Lg, 0.138(7)ug atz=0 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 theSR zero-field resultfR. Feyerhernet al, J. Magn. Magn. Matet140-144
1175 (1995] and suggests a highly inhomogeneous conduction electron spin polarization and anisotropic
RKKY interactions belowT .

DOI: 10.1103/PhysRevB.68.214401 PACS nuniber75.25+z, 71.27+a

[. INTRODUCTION of the field direction. Its consideration solves the discrepancy
between the types of AFQ order proposed from NMR and
Due to multipolar interactions, the dense Kondo geB neutron experiment$!® The peculiar behavior of the mag-
compound with a cubic CaBtype structure(space group netic inten_si_ty in magnetic fieIc_J beloWQ can be expla_ined
Pm§m) has an unusual magnetic-field—temperature phas y competmon. between the dipolar exchange coupling and
diagram®? At To=3.3 K in zero external magnetic field the AFM coupling of theT,-type octupolar moments.

i 2,13 .
CeB, undergoes a transition from the paramagnéifease ) Theoretical modefs'21®suggest that the AFQ ordering

. should introduce distortions of the crystal lattice. These dis-
to the anuferroquadrup.cxléAFQ) statg (phase 1). At Ty tortions are expected to be quite small due to weak coupling
=2.3 K antiferromagneti€¢AFM) ordering(phase 1l) takes

. . : of the quadrupole moment to the lattice strain, which has
place. The AFQ phase is associated with the wave veCiQjjgerent symmetry* No clear experimental evidence for

kqo=[1/2,1/2,1/3 according to neutron diffraction in applied these distortions has been obtained up to Aow.

magnetic field and x-ray resonant scattering experiments in Another point is that polarized neutron, NMR, ap®R
zero field>* Ty, increases with applied magnetic field which studied>-'8indicate that the anisotropic electron density dis-
is unusual and the temperature dependence of the inducegibution and complex interactions between Ce multipoles
AFM moment is peculia®.In order to explain the neutron, induce substantialup to 30% magnetization density at the
NMR and muon spin relaxationi(SR) results consistently boron framework. The existence of the anisotropic hybridiza-
in the AFQ phase, the interactions between the dipole, quadion of the 2o states of boron and thef4electrons of Ce
rupole, and octupole Ce moments have to be taken into a@xplained the hyperfine field at the boron sites in the NMR
count. Thel's-type (Oy,, O,x, O,y) quadrupolar ordering experiment®!’ The field-induced magnetization near or in-
takes place in zero field, th®,, order is stabilized by a side the B molecule can also explain theSR result® in
magnetic field applied alonp001], andO,,+O,, order is  the AFQ phase of CeB It is however claimetf that the
predicted for H|[110] and O,,+0O,,+0O,, order for interpretation of polarized neutron diffraction by Saitoh
H[[111].”® It appears that theT,, type octupolar etal’ is biased by systematic errors and that the magneti-
interactior"*~tis particularly strong and almost independentzation is localized on the Ce sites only.
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The low-temperature AFM regime beloW is also still  1.5—8 K temperature interval, determined the direction of the

not sufficiently understood. The AFM phase of Geldders = Ce magnetic moments, derived a novel model of the AFM
with the wave vectork,=[1/4,1/4,0,, k,=[1/4,—1/4,0], structure of CeB consistent with the.SR results, and mea-
ki1=[1/4,1/4,1/2, andk,=[1/4,—1/4,1/2. According to the  sured the temperature dependence of the AFM intensities in
neutron diffraction in applied magnetic fiefdsthese four the temperature range from 36 mK to 2.3 K.
vectors vanish and appear at the same temperature and at the
same field; i.e., they describe the magnetic structure within
one domain resulting in so-called doubte-k’ structure.
Such X—k’ structure with two distinct wave vectors is un- High-quality powder and a single crystal of JéB6 en-
usual and cannot be stabilized by exchange interactionsched with !B isotope were prepared in Tohoku University
only2® Effantin et al? suggested a transverse sine-modulatethy the floating zone method. ThEB isotope content was
noncollinear magnetic structure with magnetic moment9.7 at. % !B for the powder and 99.52 at. B for the
aligned along th¢ 1—10] and [110] directions fork, and  single crystal, which led to a rather moderate absorption co-
ki. The amplitudes of the waves associated wWithandk;  efficient, 0.754 cm* for the powder and 1.994 cri for the
vectors were reported to be almost equal and the resultingingle crystal at 1.886 A neutron wavelength. The size of the
ordered magnetic moment was 0.28(f)at 1.3 K. This samples was optimized to facilitate the absorption correction.
model, however, fails to explain the zero-fielodSR  The powder was packed into cylindrical V or Al containers
result$*?% it would yield only three different values of in- with ®=6-8 mm; the single crystal had cylindrical shape
ternal fields, while experimentally eight spontaneous precesand dimensionsD=6.3 mm, h=7 mm. Neutron powder
sion frequencies were found. The largest frequency of 7@liffraction in the high-resolution mode was performed at the
MHz deduced fromuSR data would require an ordered mo- HRPT diffractometer at SINQ, Switzerland. Wavelengths of
ment value of at least 0.7&. In addition two of the fre- 1.886 A, 1.197 A and collimationa; =12, a,=24' were
quencies exhibit peculiar temperature dependencesTfor used. The sample was cooled in an ILL orange cryostat to 1.5
=<1 K. Other models, such as a helical structure with magK. High-intensity neutron powder patterns were collected at
netic moments in th€001) plane and sine-modulated struc- the D20 instrument at ILL, France, with a wavelength of
tures with moments along111) or (100),%% also fail to  2.421 A. This experiment was performed usintHe/*He
explain theu SR results. dilution refrigerator in the temperature interval from 60 mK
To resolve the discrepancy between neutron a&R ex- to 5 K. Both diffractometers are equipped with 1600 detec-
periments in the AFM phase of CgBwe have carried out a tors, covering a range of 160° scattering angle. Rietveld re-
detailed neutron diffraction study of Cgkat low tempera- finement of the crystal and magnetic structures was per-
tures. We obtained information on the crystal structure in thdormed using the FULLPROF program?’ Single-crystal

Il. EXPERIMENTAL DETAILS
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unpolarized neutron diffraction was performed on the TriCS 4.1368 —— — T
diffractometer at SINQ with =1.18 A. The temperature de- I
pendence of two magnetic peaks in the regime from 36 mK
to 2.3 K was measured in 3He/*He dilution refrigerator

with a 3He area detector. Spherical neutron polarimetry

T, T
I lQ cubic
(SNP on the Cé&'Bg single crystal was carried out at the [ %

a

mounted with thegf1—10] direction vertical inside an ILL
orange cryostat placed in the annular zero-field space o
Cryopad Il (Ref. 28 and cooled down to 1.6 K.

IN20 spectrometer at ILL with =2.36 A. The crystal was .«
®

lattice constant
Ill. RESULTS AND DISCUSSION

A. Crystal structure of CeBg at low 41366 ——— e e e

temperatures (=<8 K) - 1

Information about the crystal symmetry and atomic dis- % %
placements is very valuable for understanding the ordering ’ % % b ]
of the quadrupolar moments. We tried to find these weak 3 % ]
distortions in C&'Bg by means of high-resolution neutron : % 4
powder diffraction. The(330), (411) reflections measured 0.29F ]
with the highest resolution of the HRPT instrunfénith i ]
A=1.886 A are presented in Fig(d. No evidence of split- - ]
ting or even broadening of the Bragg peak in the AFQ and ; ]
AFM regimes can be seen. Figurél presents results of a T
Rietveld refinement of the crystal structure within the cubic ]
CaB;-type structure at 2.6 K. The agreement is quite good, [ 10.1
yielding the weighted profile agreemem factor R, o2sbe o v oo
=9.5% andRg,44=5.2% concerning integrated intensities. 0 2 4T [K]6 8 10
Allowing the symmetry to relax led to the angle
=90.00%3)° in thecase of the rhombohedral distortion and  F|G. 2. Thermal variation of the lattice constant of'@y (top)
to the lattice constants a=b=4.1368(2) A, ¢  and isotropic thermal parameters of the cerium and boron atoms
=4.1366(3) A in the case of the tetragonal distortion. Thusyefined fromx=1.12 A HRPT data in the 1.5-8 K regime.
the crystal lattice is cubic within the precision of the experi-
ment.

The temperature variation of the cubic lattice constant To revise the AFM structure we first collected high-
of CeB; in the 1.5-8 K temperature range is presented inntensity neutron powder diffraction patterns with neutron
Fig. 2@). It had been determined from high-intensity datawavelengthh=2.421 A at the D20 diffractometer at the
measured withh =1.197 A—i.e., with increased momentum temperatures 3.8 K, 2.6 K, 1.7 K, and 0.06 K. As the AF
transfer range (si¥A<0.82 A™1). The lattice expands with magnetic intensities were very weak compared to the nuclear
decreasing temperature in the paramagnetic state>aty , ones[the strongest magnetic peak had only 3000 counts in
contracts in the AFQ phase, in full accord with theoreticalthe peak maximum compared to 1¥50° counts of the
studiest! and changes very subtle beldW;. The change of nuclear peakl 0 0)], measuring time of the ordef 6 h was
ais very small; theAa/a ratio is less than 1810 °. This  needed to get acceptable statistics. We analyzed magnetic
value is in the order of the thermal expansion coefficientdifference patterns to the one obtained in the paramagnetic
measured by Schefzydt al° state at 3.9 K. They are shown in Fig. 3. The difference

Finally we tried to obtain the atomic parameters from datagpattern for 2.6 K in the AFQ state also shows neither mag-
collected atA=1.197 A. The O,y-type AFQ order must netic nor nuclear superstructure peaks suctles1/2 1/3in
break the inversion symmetry ofgBoctahedra and a dis- accordance with HRPT results. The AFM reflectionsTat
placement of B atoms must be pres&ie failed to detect <Ty could be indexed with the wave vectork,
any variation of thex coordinate of the B atoms with tem- =[1/4,1/4,0 andk}=[1/4,1/4,1/3.%
perature within the experimental precision[xg For the magnetic structure refinement the magnetic neu-
=0.1983(2). The isotropic thermal parameters of Ce and Btron intensities were normalized via the scale factor obtained
atoms, presented in Fig(l®, exhibit a temperature variation from a profile fit of the nuclear neutron diffraction pattern
similar to the variation of the lattice constant. To detect suchmeasured at 3.8 K. The 60 mK and 1.7 K difference patterns
weak distortions and related atomic displacements in@&B contained additional intensity at nuclear posititnsnd
zero field, experiments with shorter wavelength and/or highpeaks at high scattering angleg 2orresponding to intense
resolution synchrotron x-ray investigations are required.  scattering from aluminum parts of the ILL cryostat. Due to
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that and in view of the decrease of the magnetié'Clorm  for z within experimental error. This shows that there is no
factor with 26, only the range of8°—64°] of the difference  component of the magnetic interaction vector algrig the
patterns was used. The Effantin model gave a rather poor fltorizontal plane for any of the observed reflections; it is
to our experimental data. Modification of this model—i.e., always vertical along (the[ 1— 10] direction of the crystal
the introduction of two sublattices with different magnetic In addition no significant depolarization of the scattered
moment values associated with thgandk; wave vectors— beam occurs. These observations prove that the scattering is
did not give significant improvement. Other models with Purely magnetic and tha¥l L(Q) for =h=hl reflections
magnetic moments alond 11) and(100) yield even worse points strictly in the[1—10] direction; i.e., the direction of
agreement. magnetic moments is perpendicular to the corresponding
Therefore, we decided to limit the range of possible newwave vector. Analysis of several nuclear reflections con-
models by performing a neutron spherical polarimetry exfirmed that there is no ferromagnetic component. Some weak
periment on the above-mentioned*&, single crystal. Itis  intensity at the AFQ1/2 1/2 1/2 position was also detected.
a powerful method®® allowing us to distinguish magnetic Interestingly, it was found to be fully depolarized. Such in-
from nuclear scattering, to determine the direction of magtensity could be due to coupling of either the magnetization
netic moments, and to distinguish between different magdistribution or the structural environment to the quadrupolar
netic arrangements_ A number of reflections at 1.6 K Weré)rder, but in neither case should it be fU”y depolarized for all
examined with CRYOPAD Il at the IN20 spectrometer with three directions of incident polarization. We therefore con-
A=2.36 A. The polarization of the scattered neutrons wag$luded that the intensity observed at ti#2 1/2 1/2 posi-
analyzed for three directions of polarization of the incomingtion was due to unpolarized half-wavelength neutrons not
beam. The local coordinate system was chosen such that ti§@mpletely removed by the graphite filter in the scattered
x axis is along the scattering vector of a reflectipis in the ~ beam.
vertical direction, and the magnetic interaction vector Next we tried to develop a model of the AF magnetic
ML (Q) lies in theyz plane. Analysis of AF magnetic reflec- Structure based on symmetry analy$and available experi-
tions (Table ) showed that the directions of the incident andmental observations. We started with the space group
scattered polarization are antiparallel foandy and parallel Pm3m(0ﬁ) of the paramagnetic state, as symmetry lowering

TABLE |. Results of the polarization analysis of AFM reflections fromttBeg single crystalP,,, Py, andP,;, are the polarizations of
the scattered beam in they, andz directions for the incident beam polarized aloggetc.

h ko1 P Py Py Py Pyy Py, P, P,y P,,

—0.25 —0.25 0.0 —0.90610) —0.07014) —0.12313) 0.06913) —0.94510) 0.04513) —0.04313 0.03314) 0.9257)
—~0.25 —0.25 0.5 —0.9235)  0.00411) —0.02511) 0.01210) —0.9076)  0.09111) —0.00§10) 0.04611) 0.935)
0.25 025 0.0-0.9209) —0.01713 0.11213) 0.02513 —0.89110) 0.00414) 0.07313) —0.06413) 0.9098)
0.25 025 0.5-0.9178) —0.04914) 0.05314) 0.03§14) —0.9367)  0.07G13 0.09G14) 0.07314) 0.8947)
—~0.25 —0.25 1.0 —0.89113) —0.04520) 0.03520) 0.058§20) —0.92613) 0.06§20) 0.01§20) 0.11721) 0.94313)
—~0.25 —0.25 1.5 —0.91319) —0.00325) 0.02126) —0.02124) —0.96317) 0.11024) 0.00625 0.04225 0.91Q16)
—~0.75 —0.75 0.0 —0.89136) 0.03743) —0.08641) 0.05838) —0.83§32) 0.05337) —0.07241) —0.06338) 0.85433)
—~0.75 —0.75 0.5 —0.92514) —0.01721) —0.09221) 0.06321) —0.92513) 0.09821) —0.06G21) 0.10621) 0.97(15)
0.75 0.75 0.0-0.82737) —0.06245 0.08845) 0.00048) —0.93345 —0.13347) 0.10446) —0.06844) 0.86639)
0.75 0.75 0.5-0.84763) —0.00264) 0.08469) 0.16§58) —0.87958 —0.09863) 0.09160) —0.05860) 0.95754)
—-0.75 —0.75 1.0 —0.92922) 0.02426) —0.14127) —0.01326) —0.87621) 0.06626) —0.02226) 0.12926) 0.92420)
—-0.75 —0.75 1.5 —0.93721) 0.00726) —0.07226) 0.01G26) —0.89321) 0.02226) —0.07325 0.09126) 0.88918)
—-0.75 —0.75 2.0 —0.95127) —0.00835 —0.04835 —0.01635 —0.89326) 0.10X35 0.09G35 0.07735 0.91028)
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'ILABLE Il. Irreducible representations of the space group netic structure is of the 2=k’ type (see the Introduction
Pm3m  for  k;=[1/4,1/4,0, k,=[1/4-1/40], k't  Therefore, we restricted our analysis to the k, andk;,
=[1/4,1/4,1/3, andk’',=[1/4,—1/4,1/2] and corresponding mag- kj wave vectors only.
netic mode basis functiong, as obtained from program MODY  “ 1hq four real, one-dimensional irreducible magnetic rep-

Ref. 22. . —
( 2 resentationsy, 7,, 73, andr, of the Pm3m space group for

! ! H
ki, k'y € 250 M, My 4 fork,, k', wior —k,, —k’;  theky, kp andk;, k; wave vectors and the corresponding
basis vectors are listed in Table II. For the irreducible

71 11 1 1 - representation the basis vectors karare alondq 110]—i.e.,

2 1 1 -1 -1 ete —(&te) the direction of magnetic moments is along the wave
3 1 -1 1 -1 e e vector—which contradicts the NSP experiment. Fgrthe

4 1 -1 -1 1 &8 —(&—9) basis vectors are alorid — 10]; i.e., the direction of mag-

netic moments is transversal to the wave vector. Therefore,
ko, k'y € 2910 M, myyy fork,, k'y ¢for —k,, —k's we restricted analysis tey,. The possible models of the mag-
netic structure may be obtained as linear combinations of

1 11 1 1 - basis vectors:

moo1 1 -1 -1 ey -(e-e)

78 1 -1 1 -1 —e, —e,

T 1 -1 -1 1 e+e ~(ete) S,=>, C""y7, @
vn

in the AFQ phase was not detected. Each of the stats of Wherev and 7 number the representation and arms of khe
andk’ contain 12 arms—for example, for the star =k,  vector,C"” are the mixing coefficients, anff’” are the basis
= +[1/4,1/4,0, +k,=*[1/4,~1/4,0], +ky=  Vectors. Moreover, considering the magnetic moments as

+[1/4,0,1/4, +k,=+[1/4,0~1/4], +ks=+[0,1/4,1/4, complex axial vectors, the Fourier components of those in
and +kg= *+[0,1/4,~ 1/4]. From powder neutron diffraction thenth chemical cell are related to ones in the “zero” cell by
it is not possible to distinguish between magnetic single- andhe equatioft

multiplek structures. But previous single-crystal neutron _

diffractior”® in applied magnetic field showed that the mag- Shj=Soje' ™, 2

FIG. 4. Possible AFM structures of CgRiith
only Ce atoms presented. The AFQ ordering
scheme is shown by black and white circlés.
Effantin model, (b) model A, (c) model B, (d)
model C, and(e) modelD.
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whered(n)=2skt(n), andt(n) is a translation vector from We tried to construct magnetic structures within the

the 0 cell to then cell. In general such relations wigh’™ (" representation based on the NaCl type antiferroquadrupolar
factors are not real quantities and thus cannot represent magenfiguration of CeB Il. However, the fit to measured mag-
netic moments. To obtain real values, one has to use koth netic powder neutron intensities was poor. It is worth men-

and —k. tioning that the Effantin moddFig. 4(a)],2 discussed above,
In our case ther,-modulated magnetic moment arrange- also belongs to the, representation. It is obtained within the

ments can be described as assumption thaju1= w,=uz= s and ¢,=— w4, ¢,= 5
=7l4, and¢,=37/4:
Sh= M1€1,-1,0€0§ 27K t(N) + 4]
+ 1281, 1,0c08 27K 3t(N) + 5] Sh= 1161, -1,0€09 27k t(n) — /4]
+ /1,36[1,1’0]C05{27Tk2t(n) + ¢3] + Mlql,*l,O]COiZTrkit(n) + 77/4]
+ 14€1,1,01C08 27Kt (N) + ¢hy], 3 + 11€1,1,0c08 27Kt (N) + /4]
whereey; ;) and g 1) are unit vectors along the direc- + 1161,1,01€08 27K,t(n) + 37/4]. 4

tions[1—10] and[110Q]. t(n) are the cell translations, and
n1_4 and ¢, are the magnetic moment amplitudes andHowever, the Effantin model is not consistent with our neu-
phases. tron powder diffraction dat@Fig. 5a)] and results in only
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TABLE Ill. Models of the AFM structure of CeBand their Another simple modeB is obtained foru,# u,#0, w,
conformity to experimental data. is the ordered magnetic moment = w3=0 and¢,=0,,= — 7/2:
of Ce atomsR,, the magnetic reliability factory? the goodness of
fit to magnetic difference D20 neutron diffraction patterns, &nd Sh=m1€§1,-1,01€08 27K, t(N) ]
number of muon frequencies produced by the corresponding model.

+ n4€1,1,0C08 27K Ht(N) — 7/2]. (6)
Effantin A B c D It is illustrated in Fig. 4c). This model involvek,; andk’,
60 mK 0.4423) 0.4033) 0.4033) 0.6434) 0.74416) wave vectors and yields two perpendicular sublattices. The
w [usl/Cel - 0.5084) 0.5084) 0.0734) 0.54316) magnetic Ce moments values and the couplings along the
0.0 axis are the same as for model In the basal plane such a
0.1387) model with u,=pu, is equivalent to the four-sublattice
R, [%] 195 1.2 11.2 11.2 155 mode_l of Sera and Kc_JbayasPnThe latter also explains easy
2 3.4 1.9 19 19 18 directions of magnetizatio110). Models A and B are in
agreement with high-intensity neutron powder diffraction
(Rn=11.2%) and neutron spherical polarimetry. However,
17K 03145 026497) 026497 0.4547) 046237 they contradict single-crystal neutron diffraction at applied
u [ug/Cel - 0.3747) 0.3747) 0.0747) 0.44937) field (Ref. 20 and zero-fielquSR (Ref. 25: the models are
0.0 of the k—k’ type and they result in only four spontaneous
0.141(13 precessionuSR frequencies instead of eight measured.
Ry [%] 35 26 26 26 27 Better agreement witluSR can be achieved under as-
X 1.4 1.1 1.1 1.1 1.1 sumption that more than two magnetic Ce moment ampli-
k multiplicity 2k—k’ k—k’  k—k' 2k—k' 2k—k’ tudes exist in the magnetic unit cell—i.e., by splitting the Ce
F 3 4 4 5 ) site into two sites, one at=0 and another az=1. The

magnetic arrangement is described as

&This small, for the neutron intensities almost negligible value has

been fixed as required hySR, yielding good convergence of the  Sy= 161, 1,0/C0$ 2Kt(N) ]+ w2€1 — 1,009 27K t(N)]
neutron refinement.

+ [.L39[1’1’0]CO$27Tk2t(n) + 7T/2]

three spontaneous precessiiSR frequencies instead of + i481,1,01008 27K5t(N) — 7/2]. (7)
eight measure®® . . _ o
Under assumption that the magnetic structure can deviatehe corresponding modél with perpendicular sublattices is
from the arrangement imposed by the NaCl-type antiferroPresented in Fig. @). It has two different magnetic moment
quadrupolar configuration of CgBl we found a number of ~Values: a very small one 0.073(4g in thez=0 layer and a
models within ther, representation fitting the D20 60 larger one 0.643(4)g atz=1. As we argue later, this lay-
This is related to the fact that the phases corresponding tBFM dipolar, octupolar, and AF quadrupolar ordering. The
differentk vectors cannot be determined from the measurednodel is of the R—k’ type and it results in the same fit of
neutron intensities. Only for special choices of the phase§® D20 neutron data as tieand B models[Ry,=11.2%,
such as in the subsequently discussed modleindB does ~ Fig. S(b)]. The agreement of modé with the 1SR results
one obtain constant moment magnitudes in the commensis, however, not satisfactory, as such a magnetic moment
rate magnetic unit cell. More general choices of the phasedrangement would yield only five precession frequencies.
imply variation of the moment magnitudes in the magnetic To have eight different values of internal fields the mag-
unit cell. Therefore additional information such as fra@8R ~ Netic structure should be even more complicated. For this
is needed to distinguish between the models. either a more complex arrangement of magnetic moments or
The most appropriate models are presented in Table liflifferent moment values should be present. We did not suc-
and Fig. 4. We introduce them with increase of complexity—c€ed in finding another arrangement of moments consistent
from a Simp|est to a most Comp|ex one. The Simp'est one, &”th all eXperIm(_Ental Ob_Servatlon.S, but a furth(-.:‘r Sp“t of mo-
modulated magnetic structur® with u;# u,#0, ma= s ment values by introducing amplitude modulation in the lay-

=0 and¢,=0,¢,= /2, ers was successful. In modBl the magnetic moment ar-
rangement is the same as in model[Eq. (7)] and the
Sh=61. 1041609 27k 1t(N) ]+ poco$ 27k t(n) + /2], moment modulation within each layer is described as
o 5
( ) P= P0+ P1{9[1,1,0]CO§1277k1t(n)]

is illustrated in Fig. 4b). This model involves only-k; and B
+k’; wave vectors and yields two collinear Ce sublattices 81, -1,0C04 2mkat(n) = /2] ®
with different magnetic Ce momenjs;=0.403(3)ug and  The average moment valu, within the layer is equal to
n>=0.506(4ug. It implies ferro-(F) and antiferro-(AF)  0.073ug for z=0 and 0.64@ for z=1; these values coin-
magnetic couplings along theaxis for moments at (G cide with the magnetic moments from model The maxi-
and (1Q@), respectively. mal deviationP, of the moment within the layer—i.e., the
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amplitude of modulation—is—0.065ug for z=0 and TABLE IV. Muon frequencied-, _; for modelD under different
0.064up for z=1. This model results in eight sublattices and assumptions on the hyperfine coupling constant Bpcdeduced
four different magnetic moment values, which at 60 mK arefrom the experimentRef. 23 F, frequencies are obtained with an
0.0lug, 0.136(7ug for z=0 and 0.744(16)g, isotropic coupling constantA;=1.67 kGjug), F, correspond to
0.543(16ug for z=1. The model is presented in Figles  anisotropic  coupling — constants A{=—4.2kGlug, Ac
To distinguish the different moments within the same layer_ 28 kGlusg) deduced from Knight shift measurements in applied
we used dashed squares to connect the moments of eq d (Ref. 36, and F5 frequencies are calculated with empirical
anisotropic ~ coupling  constants A{=4.4 kGlug, A

value. Dashes along correspond to higher moment values

and dashes alongto lower moment values. =167 kGlug).

The agreement between this model and the D20 60 F F F F
mK—3.8 K difference neutron powder data is presented in Multiolicit ! Z[MHZ] 3 4
Fig. 5c). The R value of magnetic reflections iR, Piety
=15.5% and the goodness of §t=1.8. Actually it is not 05 0 1 8 575 23 77 76
possible to give preference to modelor D based onthe 15 o0 1 16 14 184 30 40
quality of the refinement only. ThR value of magneticre- 25 o0 1 8 403 16.4 54 60
flections is slightly worse for moddD. But the goodnessof g5 o o 8 1.2 0.3 1.8 2
fit x? is better for modeD. This is because modé gives 15 0 0 16 4.2 23 6.3 4.8
rise to weakhkl reflections withk=1/2. These reflections -5 o o ) 9 33 12 20
should be described by a new wave vedt@rl/2 0], which 0 05 8 8 19 8 8
implies additional, very weak modulation. The calculated in- 0 05 8 39 10 39 6.5

tensity of the(0 1/2 O reflection is very small, only 8% of
the (1/4 1/4 Q reflection. Interestingly, th€0 1/2 0 reflec-
tion corresponds to a broad maximusee Fig. &)] in the  ysing for the contact coupling constant the valde
powder diffraction pattern not explained by other models.—- 1 g7 kGlug derived from thew™ Knight shift for T>Tg
The broadening indicates short range of the magnetic corrgmder the assumption that it is isotropic and temperature
lations associated with this additional modulation. To checlqndependen:ffi The results are presented in the coluFnof
the correctness of the proposed model a high-intensityaple |v. The three highest frequencies are lower than the
single-crystal experiment is desirable. Presently we giV%xperimental onegcolumn F, of Table IV); the highest
preference to moddD as it gives satisfactory agreement with ya5ches 57.5 MHz. A recent reinspection of fh®R Knight
D20 neutron powder data, is consistent with the CRYPADghjft measuremenf€, assuming no induced magnetization
experiment, is of the B—k’ type, and produces eight fre- near or outside the Bmolecule, led to an anisotropic contact
quencies in the.SR experiment. _ _ hyperfine fieldB; depending on the angle between an
To compare the proposed models with the previous neungyced Ce momenk and the radius vector connecting this

tron diffraction studie&*’we presented in Table |1l results of moment with the nearest muon positi@nly two nearest Ce
1.7-3.8 K refinements. As the magnetic intensity is ratheheighbors are considered

weak (Fig. 3) at 1.7 K, refinements yield worse agreement
(agreement valu®,,) with D20 neutron powder data. The 2
worst agreement is for the Effantin mod& {=35%); how- Be= 2, (Aqcode+ A, sirfe) p;, 9
ever, the obtained ordered magnetic moment is 0.310§5) =1
which confirms the value of 0.28(f); presented by Effan-  with A being a coupling constant in the direction parallel to
tin et al? within the standard deviations. Ce magnetic moment amdl;, perpendicular to it. Neaf

In view of the recent polemic on the question of inducedone findsAy=—4.2 kG/ug and A;; =2.8 kGlug (for T
magnetization near or inside thg Bioleculé® *we wantto =T, Ay =6 kG/ug andA., ~1 kG/ug). Using this cou-
add that such magnetization might be present in the AFMling constants we obtain the frequencies presented in the
phase in zero field with the ordered Ce magnetic momentsolumn F, of Table IV. Due to the negative sign &,
acting as a local field. However, our neutron diffraction ex-dipolar and contact fields compensate each other, resulting in
periment is a too crude probe to resolve the issue. significantly smaller fields at the muon siteszat1. The
highest frequency of only 23 MHz is obtained. Better agree-
ment with experimental results is obtained under the assump-
tion that both coupling constants are positive. Fy

Now it is worthwhile to look on the impact of modBlon  =4.4 kGlug and A, =1.67 kG/lug the resulting frequen-
#SR results in more detail. There exist two main contribu-cies are listed in the coluntg. They fit well the frequencies
tions to the magnetic field at the muon slteThe first one  obtained from the experimefit.The discrepancy in the cou-
originates from the dipolar fields of the surrounding mag-pling constants deduced from the Knight shift under applied
netic moments; the second one, the contact hyperfine field, field and assumed by us may be attributed to the temperature
due to the spin polarization of the conduction electrons viadependence oA andA, , which is not determined below
the RKKY mechanism. In Cefthe two contributions are of Ty . Another reason might be that the coupling constants are
the same order. First, we calculated the internal fields osensitive to multipolar order, i.e., dipolar, quadrupolar and
precession frequencies, respectively, at the muondigt€)  octupolar, which is different for zero and applied magnetic

C. Model D versusuSR results
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fields. It is known that contact hyperfine fields at muon sites 12k ' ' ’ '
arise from the spin polarization of conduction electrons in- %é g & s % (174 1/4 0)
duced by magnetic moments on Ce atoms via the RKKY ] & i
interactions. The anisotropy of the coupling constants reflects _98 o ¢ o I T
the ani_sotropy of the RKKY coupling and, correspondingly, 8L (1/4 1/4 112) LI T,
the anisotropy of the charge distribution of 4lectrons [ iy
which is different for the cases of zero and applied magnetic L l ]
fields. The anisotropy of the coupling constants is in accord [ a
with theoretical investigatioi5®® which indicates that the [
RKKY interactions and spin polarization of the conduction
electrons are anisotropic in CgBIt is worth noting that
similar anisotropy has been observed in other quadrupolar i
ordered systems, such as UR&Ref. 39 and HoBC, (Ref. 0 ' : :
40). In HoB,C,, for example, the contact coupling constant . . . 7
changes from an isotropic negative to an anisotropic and 1.4} b 8
positive below 50 K. ]
Finally, we estimated the possible influence of induced
boron magnetization density on theSR results. Under as-
sumption that the induced magnetization density is only 5%
of the adjacent Ce magnetic moments, the spontaneous pre-
cession frequencies would split into narrow bands and would
shift compared to the values with magnetization on Ce at- i é ]
oms. We can conclude that presence of induced boron mag- L va o/Lus na 12 ]
netization density would weakly affect internal fields at
muon sites. L L
Within presently available experimental information as- 1 T [K]
suming highly anisotropic contact hyperfine coupling con-
stants we obtain appreciable understanding of the zero-field FIG. 6. (a) Temperature dependence of the observed integrated
1SR results for modeD. The number of spontaneous fre- AFM intensity of (1/4 1/4 Q (diamond$ and(1/4 1/4 1/2 (circles
quencies, the spread of their values in the 76-2.5 MHzeflections of CHBg single crystal in mK regime. Solid and open

range, and the multiplicity of the muon sites can be ex-Symbols correspond to two different experimertts. Temperature
plained. dependence of the ratio of thi#&/4 1/4 Q and(1/4 1/4 1/2 intensi-

ties.

Int. intensity [10? counts]

Intensity ratio
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=
=
T
1

D. Evolution of the AF magnetic order at low temperatures E. Model D versus theoretical studies

36 MK<T<2.3K . -
( ) The arrangement of the magnetic moments within one

The variation of integrated intensity ¢i/4 1/4 Q and  |ayer in modelD is compatible with theD,,-type AFQ or-
(1/4 1/4 1/2 AF reflections of C&Bg single crystal in tem-  dering: the relative orientation of dipolar and quadrupolar
perature range from 36 mK to 2.3 K has been measured ahoments is the same within the layer. However, it is not the
the single-crystal neutron diffractometer TriCS with  case for the three-dimensional arrangement. The dipolar mo-
=1.18 A. The intensities steeply increase in the 2.3—1.2 Kments atz=0 should be rotated 90° to have the same rela-
temperature interval Fig.(8) and change very little below tive orientation to quadrupoles as in the layerzatl. It
1.2 K* The intensity of the(1/4 1/4 Q reflection increases seems that for nearest-neighboring atoms of different layers
faster compared t(1/4 1/4 1/2 as can be seen from the ratio the AFM coupling is stronger than the dipolar-quadrupolar
of intensities plotted in Fig. ®). This means that the mag- coupling. In addition the magnetic moment values are differ-
netic moments associated wiki develop faster than those ent for the two layers. We suggest that this complicated
associated wittk; . Such behavior might have a common structure is caused by competition between the dipolar, qua-
origin with the peculiar behavior of two spontaneous drupolar, and octupolar ordering. The theoretical stiidy
Larmor precession frequencies shown in Fig. 1 of Ref. 25showed that to account for the orthogonal arrangement of
Within the developed moddD the two frequencies corre- nearest-neighbor magnetic moments in the AFM state of
spond to muons located at ti@@ 0 1/2 and(2 0 1/2 sites  CeB; the interactions of the next-nearest-neighbor dipole and
between the layers at=0 andz=1. Based on this assump- octupole moments are required.
tion the difference between magnetic moments values at the According to these calculations the electric quadrupolar
layers atz=0 andz=1, reflecting the competition between and magnetic octupolar moments are aligned along the same
the dipolar, quadrupolar, and octupolar ordering, developslirection, while dipolar and octupolar magnetic moments are
belov 1 K and not atTy. Another reason of the peculiar orthogonal to each other; pure dipole-dipole interactions
behavior of twouSR frequencies might be change of the would prefer a collinear alignment. The competition of these
anisotropic coupling constants with temperature discussed ioomparable in strength interactions might lead to suppression
Sec. Il C. to the ordered dipolar moment at tke=0 layer and to the
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amplitude modulation of the magnetic moment within theues. We propose that this complex structure emerges from a
layers. Interestingly from the calculations it follows that an competition between dipolar, quadrupolar, and octupolar in-
incommensurate octupole ordering should be realized for geractions. Development of the dipolar and octupolar order
certain set of parameters. Kusunose and Kurafigieo-  with orthogonal easy axes within already established quadru-
posed that such ordering is realized in the single-domaimpolar order leads to suppression of the ordered dipolar mag-
AFM phase Il (Ref. 20 in small magnetic fields. Our result netic moment at one of the layers. We suggest that the in-
suggests that the incommensurate octupole ordering may ocemmensurate octupole ordering may occur in the AFM
cur already in the AFM phase in zero field leading to thephase.
amplitude modulation of the magnetic moment within the We want to emphasize that the available experimental re-
layers. sults are not sufficient to distinguish with certainty between
the several models introduced in Sec. Il A. A very precise
IV. SUMMARY single-crystal neutron diffraction experiment and further
] ) ] X M SR studies at low fields would be desirable to confirm that
We have investigated powder and single-crystat'B¢  model D is in fact the correct choice. Moreover, the true
by means of neutron diffraction at low temperatures and zer@yysta| structure in the zero-field AFQ state should be estab-
field. We failed to detect any deviation from culffim3m  lished and the type of mul- structure of the zero-field
symmetry at the AFQ and AFM states within the precision ofAFM state should be unambigously determined by future
the high-resolution neutron powder diffraction and neutronsynchrotron x-ray studies on single crystals.
single-crystal spherical polarimetry. The Effantin mddel
gave rather poor fit to our high-intensity neutron powder
diffraction data collected at 60 mK. Therefore, we revised
the zero-field AFM structure based on findings of four ex- Support by the Swiss National Foundation is gratefully
perimental techniqgues—high-intensity neutron powder dif-acknowledged. The work was performed at SINQ, Paul
fraction, neutron single-crystal spherical polarimetry, single-Scherrer Institute, Villigen, Switzerland, and at ILL,
crystal diffraction at applied fielé’ and zero-fielduSR?>  Grenoble, France. We thank for the expert technical assis-
The best model of magnetic structureodelD) comprised tance by Dr. M. Zolliker, PSI and S. Pujol, ILL. Dr. V. Pom-
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