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Direct evidence of the spatial ordering of Dyf 4uadrupole and hexadecapole moments in fyBis
demonstrated by resonant x-ray diffraction enhanced by an electric quadrupole E2aespnanceat the Dy
L, absorption edge. The diffraction data show that the structural phase transifigr=@4.7 K is accompa-
nied by a reduction in the symmetry of the Dy site tmm2from 4/m, and the spatial ordering of the time-even
Dy multipoles withA character. Below g the crystal structure is described by the space giR#gy/mnmand
Dy ions occupy sites (&). The distortion afl ; involves the lattice occupied by B and C ions, and it amounts
to a buckling of B-C planes that are normal to the two-fold rotation axis wf. Zn immediately plausible
model of low-energy Dy states correlates data on the specific heat, our x-ray diffraction signals, and magnetic
ordering below 15.3 K which has been observed in magnetic neutron diffraction.

DOI: 10.1103/PhysRevB.69.024417 PACS nunider75.25:+z, 75.10.Dg, 78.70.Ck

[. INTRODUCTION properties. In the other words, once the quadrupole moment
orders in crystals, the local symmetry around thedectron
It has long been recognized that some rare-earth and a®n of interest is driven to lower spatial order to match to the
tinide compounds have phase transitions due to long-ranggymmetry of the quadrupolar moment.
ordering of f-electron multipole(quadrupole or octupole Recently, Adachet al.reported the nonresonant x-ray dif-
moments. The degenerateelectron system in highly sym- fraction study on DyBC,.2 They found several forbidden
metrical crystal fields, where the orbital degree of freedonreflections appear below the anti-ferro-quadrugdlEQ) or-
remains, is somehow lifted at low temperatures. The orderinglering transition temperature, but the intensities of those re-
of such multipole moments sometimes plays an importanflections cannot be explained quantitatively by the quadru-
role for the physical properties; for example, UBip and  pole moment of the Dy ions. Additional intensity can arise
UPd; has extremely small magnetic moments; Gdts a  from a lattice distortion caused by the AFQ ordering transi-
complicated magnetic-field temperature phase diagrantion. A structural phase transition from the room temperature
However,direct observation of the ordering of multipole mo- space-groug?4/mbmto space-grouf4,/mnm where the
ments is not easy. Neutron scattering is not a suitable methadtensities of the Thomson scattering from the lattice distor-
because the electrostatic coupling for neutrons is very weakion and those from the quadrupolar moment can overlap at
In contrast, x-ray scattering by electrons is so strong that ithe same reflection points, has been proposed by Tanaka
can be an excellent probe for the observation of the multiet al* and it is compatible with all the available experimental
pole moment ordering. data. It is rather difficult to observe the multipole moment
There are two possible methods in x-ray scattering experierdering directly by Thomson scattering. However, the con-
ments for the direct observation. One is nonresonant scatteventional structural analysis using single crystals in combi-
ing and the other is resonant scattering. Arama and Morimation with maximum entropy method might be useful to
have shown that the conventional Thoms@onresonant separate the contributions of the lattice distortion and the
scattering is a direct probe for the multipole moment ordermultipole moment.
ing by giving the formalism of the scattering for the  We employed the resonant x-ray diffraction to observe the
multipoles! It has been reported that the experiment onmultipole moment ordering in Dy, directly. The x-ray
NdMg was successful to observe the antiferroquadrupoléiffraction at an absorption edge in ions, so-called resonant
moment ordering. However, the multipole ordering phase x-ray diffraction(RXD), provides a useful tool to investigate
transition may accompany the lattice distortion, according ta variety of ordered states, such as magnetic, charge, or or-
Neumann’s principle in crystallography, namely, restrictionsbital ordering. The atomic picture of resonance is well
on physical properties are imposed by spatial symmetry andnown: an incoming photon promotes a core electron to
in turn, elements of symmetry can be inferred from localempty intermediate states, and it returns to the same core
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hole emitting a second photon of the same energy as thion of specific heat, magnetization, and neutron diffraction
incoming one. The scattering length carries site-specific inon a single crystal? (Here,a and 3 label orthogonal Carte-
formation on unoccupiedvalence states on and around the sian axes with the axis chosen parallel to the crystahxis)
resonant ion. Pioneer RXD has been made on materials The discover§that the structural phase transition reduces
which have a strong anisotropic chemical bonding bythe symmetry to # 136K4,/mnm), from the room tem-
Templeton and Templetchintensity at space-group forbid- perature space-group # 12P4/mbm) gives essential infor-
den reflections is attributed to the anisotropy of the valencenation for the quadrupole moment ordering. The change in
shell. An important feature of the RXD signal is its depen-symmetry is accompanied by doubling the unit cell along the
dence on the azimuthal angle (the rotation of the sample ¢ axis, and most importantly, a reduction of the point group
around the scattering vecjoiariation of the intensity with  of the Dy ion site from 4h to 2/m. The quadrupole moment
changes inV' provides information on anisotropy in valence s not allowed in the local symmetrym/ but in 2m due to
states since the intensity as a functiorofis a constant for - Neumann'’s principle. The quadrupole componés,) and
spatially isotropic valence states. (Qux—Qyy) have the following relations according to the

While information derived from resonantly enhanced dif- space-group 136. For neighboring Dy ions along ¢kexis
fraction is directly about valence states accessed by photghese two components are equal in magnitude and opposite
ejected core electrons, information on other valence statgf sign, and in the basal plane normal to thaxis neighbor-
might be inferred with recourse to a suitable model. Noteing jons along thg110J-axis have(Qy,) of one sign and
that the intermediate states probed by the resonance shOL(IQXX_ ny> of opposite sign. The complicated magnetic
be the same as the states which directly drive the orderingtructure is reasonably explained in accord to the space-
Pitfalls in this method are well illustrated in experiments ongroup 136. The structural phase transition which transforms
manganite$. Data gathered using signal enhancement by &pace-group 127 to space-group 136 is allowed to be con-
Mn transition of E1 character &— p-like states have the tinuous either by Landau theory or by renormalization-group
potential to give some information on Mrd3states but it is  theory, and available experimental data appear to be consis-
not the simple nor robust process originally propoSed. tent with this assignment.

For the example of immediate interest, DyB, two The description of the distorted structure beldhy,
resonant processes in the vicinity of the Dy absorption  which is given here in terms of space-group 136 together
edge have been observet. One is the dipole transition with an ordering of 4 quadrupole moments, is disputed by
(E1) from 2p core shell to 8 valence state and the other Matsumuraet al’3 on the grounds that the space-group ap-
seems to be the quadrupolgZ) transition from  to 4f  pears to allow strong nonresondfthomson reflections that
valence shell. The & valence state can hybridize with the are not observed. However, the intensity estimates quoted by
outer electrons of the surrounding atoms. Hence, experiMatsumuraet al. for reflections b hI) with | a half-integer
ments using the dipole transition, in which we might observearise from questionable assumptions. First, a 10% displace-
the lattice distortion caused by the multipole moment orderment at the phase transition in B and C positions and sec-
ing, are not unambiguous or a direct observation. Obviouslypndly, a uniform sign of the displacements whereas more
it is important to observe the2 transition for adirect ob-  realistic displacements are likely to be less than 1% in mag-
servation of 4 multipole ordering motifs. nitude (on passing througf g crystals of DyBC, do not

In this paper, we report a comprehensive study of theshatter which is what might be anticipated from a 10% dis-
fascinating tetragonal rare-earth compound B@B(dyspro-  placementand B and C displacements of opposite sign have
sium borocarbide including direct and unambiguous evi- to be considered. Taking both these factors into account dra-
dence of the spatial ordering of Dyf 4uadrupole and hexa- matically reduces calculated intensities and, most impor-
decapole moments, by looking at thé ¥alence shell with tantly, revised values are in accord with recent observations
the RXD atE2 transition of the Dy, absorption edge. The by Adachi et al® Furthermore, the distorted structure pro-
work includes a full discussion of contributions to diffraction posed by Matsumurat al, which invokes a periodic dis-
signals, at space-group forbidden reflections, obtained iplacement of Dy ions, is found to be consistent with Dy ions
nonresonant and resonant scattering. Azimuthal angle scamas sites (4) in space-group 128R4/mnc). In this space-
completed in resonance conditions are analyzed in terms @froup the reflectionsh(h 1) with | half-integer observed by
E1 andE2 events. Results from the analysis infer the lowAdachi et al. are forbidden, whereas they are allowed in
energy properties of Dy ions, including the ground-statespace-group 136The lattice constant along axis in both
wave function. space-groups is twice of that in space-group L2ddition-

The phase diagram of DyE, includes a structural phase ally, the space-group 12&@/mnc) will not support nonzero
transition atTo=24.7 K and a magnetic phase transition atoff-diagonal quadruple moments, e.g.Qy,) and (Qyy
Tc=15.3 K. In the magnetically ordered phase, two neigh-—Q,,), because Dy sites & in space-group 128 hav@,
boring Dy magnetic moments along theaxis are mutually symmetry. In consequence, a periodic displacement of Dy
perpendicular, two neighboring moments in the basal planéns does not fulfill the necessary condition for ordered Dy
normal to thec axis are almost oppositely aligned, and all the quadrupoles.

Dy moments are parallel to the basal plane. Much of the In the present analysis of resonant x-ray Bragg diffraction

interest in DyBC, has focused on the structural phase tranthe mutipoles are mean values of atomic spherical tensor
sition following a seminal investigation which proposed anoperators. The operators are specified and mean values,
antiferro-ordering of Dy quadrupolg®,,) in an interpreta- ~ equivalent to a time average, may be obtained from particu-
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lar models. For example, the time-odd atomic tensor of low- W52(a,9") ={Jo(—=a) [ m(nldg@}), (23
est order is of rank one. It is proportional to the magnetic K

moment, which might be derived from a Heisenberg mOdelNhere angular brackets denote the mean value of the en-

of the Dy spin moments. In more intricate systems the apg,seq quantity. In the limit of a high x-ray energy, well clear
propriate models can involve interactions of multipoles of . .

rank higher than one. Such is thought to be the case fo(r)f resonance ene.rg|e’s77, cur.rent operqtors contribute o
CeB;.'* Saturation values of multipoles can be derived fromscatterlng by orbital and spin magnetic moments, and the

the ground-state wave function, just as one derives the sattip'n adds to the contribution shown explicitly in B@-2).
ration magnetic momenio=g(J) by calculating the mean nother (_axtremg limit off as a function of primary x-ray
value of the angular momentum operafor en_ergyE is obtained by matching to a resonance energy.
Most previous interpretations of resonant x-ray Bragg dif-With suitable values of", andW;*, the limit E=A ,, pro-
fraction have borrowed standard Cartesian tensor algebi@lces a term which dominates all other contributiond.to
from crystal physics® The tensors are restricted by point- The matrix element&V:”(q,q’) are usually developed in
group symmetry. For example, electric quadrupoE2)  powers ofg and g’ and successive terms describe electric
scattering events are represented by 81 variables; monoclingipole (E1), electric quadrupoleH2), and magnetic dipole
symmetry restricts these to no more than 13 independerdvents. All the evidence from resonantly enhanced diffrac-
variables, and cubic symmetry restricts them to no more thagion has been interpreted in terms of electric events, for mag-
3 variables. A linear combination of spherical tensors, thahetic events are typically a factor 1/137 smaller. At interme-
are used_ln the present work, represents a _Carte5|an tensordte energies, excluding the two extreme cases already
which point-group symmetry places restrictions on the coefyiscyssed, scattering will usually be determined by the full
ficients in the expansion. expression foff given in Eq.(2.2), which is itself correct at
the first level inT=E/m?. Recent discussioffsof diffrac-
tion by NiO in the vicinity of the NiK edgé’ use an incor-
The x-ray scattering lengthdeveloped in a power series rect expressions for the scattering length, in which the purely
in 7=E/m? at the first level of approximation, contains magnetic contribution is different from the one shown in Eq.
diffraction from spin magnetic moments that add to Thom-(2.2) and proportional td=y(k).
son scattering. We denote Igk) andF4(k) the structure
factors for spin and Thomson scattering, where the scattering
wave vectok=q—q’. The polarization dependences of spin . STRUCTURE FACTORS
and Thomson scattering are given byxXe and &' - ¢, re-
spectively, wheree’ and £ are the secondary and primary  Structure factors for Dy ions contributing to Thomson dif-
polarization vectorghere they are taken to be purely real, fraction and resonantly enhanced diffraction at space-group
and the average value &f X € in the limit of forward scat- forbidden reflections are conveniently constructed with
tering is proportional to the helicity of the x-ray beamd-  atomic spherical tensofd (). Here,K is a positive integer
ditionally, at the first level of approximation inthe scatter- that labels the tensor rank,K=<q=<K, and angular brackets
ing length contains energy dependent terms that can enhang@note a mean value of the enclosed operator. In the case of
the diffraction ;lgnal by a resonance event. Scattering iHyB,C,, the chemical and magnetic structures restHct
caused by matrix elements of the current operator, +q to even integers, and odd-rank tensors always vanish in
the absence of an applied magnetic field or magnetic long-
Iq)=2 (pj+ihsxa)expig-R)), (2.1)  range order. The maximund for Thomson diffraction iK
! =6, while E1 (E2) resonance events are described by ten-
wherep;, R;, ands;, respectively, are the operators for the sors of rankK=0, 1 and 2 (0,1, . .,4).

II. SCATTERING LENGTH

momentum, position and spin of the electron labgled A pasic quantity ) is the linear combination of the four
An appropriate expression for the scattering length, inpy jon tensors with relative signs fixed by the Bragg condi-
units of the classical radius of the electron, is tion (h k 1). Following the development provided by Love-
sey and Knight one finds the following:
f=—| & eF(K)—ir(e' X&) FdK) (@) h+k odd andl =n/2,
, \Ing)=f1—fz—f3+f4=(1—vq)(<TgK>>—vq<T<_Kg>)(,3 )
1 WD{ , I) .
S S sley Wytaa)
e @B E-A,+5T, with vq=exp(7g/2).
2 (b) h+k even and =n/2,
Wi P(—q,—q")*
7
T Eva, (2.2 xpgK)zfﬁfz—f3—f4:(1—vq)(<TgK>>+vq<T£Kg>)(.3 )

In this expression, intermediate states of the resonant ion ake necessary condition for diffraction is,# +1. Here, Dy
labeled byz and the current matrix element is denoted by atoms labeled by 1, 2, 3, and 4 are shown in Fig. 1.
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sin(l)sin( 21 8)sin g{h+k(1—4x)}

X sin g{k—h(1—4x)} . 3.5

The available experimental datauggestg 8|~ 1/1000 and
6s for B and C are of opposite sign.

The resonant enhancement can be interpreted in terms of
the coherent sum of two oscillators f&1 andE2 transi-
tions, which is shown in Sec. V. Following E(R.2), each
oscillator is defined by a resonance enefggand a widthl",
and the corresponding scattering length is,

FED(hKI) FED(hkl)
= —tr .

(3.6

Fl E— A2+ EFZ
In this expressiornn and v label the secondary and primary
polarizations, respectively, is the mixing parameter, and
FED(hKD) and FE(hkI) are the structure factors fdEL
and E2 enhanced diffraction, expressed in terms of mean
values of atomic tensors denoted ).

Scattering enhanced by &1 event at (0 0) reflections
contains only(quz)). One finds the following:

FIG. 1. The upper panel illustrates the sites of Dg)4B (8j),
and C (§) atoms in the unit cell of space-groit, /mnm(136).

E1 . 2

Black spheres, white ones, ones with arrows represent B, C, and Dy Ff,r(,)(o 0l)=4sin2¥)Im(T?)4, (3.7

atoms, respectively. The lower shows the network of B and C atoms

at z=1/4 and the Dy plane a=0. Arrows show the magnetic F(E/l)(o 0h=-4 Sih@COS{Z‘I’)lI’ﬂ(T(f%}d. (3.9
T T

configuration of Dy ions below ;.
In these expressions we have added a subsdriptatomic
tensors to indicate that absorption at the &lge and a1
For Thomson diffraction and resonant diffraction by para-event leads to a sensitivity tblike, presumably strongly &,
magnetic ions T>T¢) K is an even integer, and allowegd valence states. The dependence€df structure factors on
=0,£2,+4,=6. However, a necessary conditioa=—1  the azimuthal angl&’ and the Bragg anglé are consistent
restrictsq to =2,+6. The componeng=0 is absent be- with results reported by Tanalet al*

cause we consider space-group forbidden reflections. Result$® of the structure factors for aB2 event are
Thomson diffraction at these Bragg reflections arises from
spatial anisotropy in the fAvalence shelt* We find, FE2(001)=sirf 6 sin(2W)Im(3y2T?)— 11T,
(@) (3.9
For (K=K {(12X{Qaa=Qon)+--1, 33 FE2(001)=—sinfcog 2W)Im(32TE(3- 4 sir?0)
wherek=k/kx(h k1), (Q,z) are components of the Dyf4 + 1111 (1 +sirPh)). (3.10

guadrupole derived as indicated E8§.11) from (Tff))c, and ) o ) )
(i) are spherical Bessel function transforms of tieddial The structure factors are linear combinations of the imagi-

distribution. Dots in Eq.(3.3) stand for terms that contain Nary parts of(T¢}) and (T%}), and these atomic tensors
ReT)., RETY),, and ReTE),. describe properties of the Dyf 4alence shell. We note that

(b") The second case of interest is
1 _ .
(T@)= %(Tﬁ)— T§/2y)+ 2'T§<§/)>°‘<Qaa_ QbbT 2iQap),

FcockaRb{<j2><Qab>+ o '}, (3-4)
(3.11
and the admitted term contain the imaginary part§Téf)).,
(TS®Y,, and(TgS))c. where the Cartesian tensorsT(O(Zg) are purely real.

Contributions from B and C ions to the Thomson diffrac- F'-(0 01) contains a component of the quadrupole moment
tion in question are related to their fractional displaceménts (Tg,))OC(QXQ and that of the hexadecapole(l‘lﬁf%}, and all
along thec axis which accompany the structural phase tran-contributions transform according to the representafigiof
sition atTq. Theh,k,| dependence of each contribution is  2/m.
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IV. EXPERIMENTAL METHOD 06k B ' . ' ' E
Ot . (a) ¥=10 1
Two series of resonant x-ray diffractiofRXD) experi- 0.4 [ (003/2) ]
ments, from which preliminary data have been repotted, : b ¢ ]
were carried out at the bending magnet beam line 4C in the 0.2 ¢ ALY E
Photon FactoryPF), KEK, Japan. One further RXD experi- 0.0 4 —-QI LA N ' N
ment with a polarization analyzer at the ID20 magnetic scat- 06 GG (b) ¥=10 1
tering undulator beam lirfé in the European Synchrotron 04l (00372 ]
Radiation Facility ESRH, France, was performed. The com- = g ]
ponents of optics in both facilities were almost the same. A = 0.2 ” ]
Si (111) double-crystal monochromator followed by a focus- S 0.0 b P p— x!a——m
ing bent cylindrical mirror to cut higher harmonic x-rays was % 0.4 [ (005/2) (¢) W¥=0 ]
used in PF, while a Sj111) double-crystal monochromator - . . fﬁ. ]
located between two focusing mirrors was used in ESRF. = o2l m ]
The incident x-rays of a high degree of lineampolarization 5 ' Sl 1 ]
having its energy in the vicinity of the D, absorption E g0 e % .| Shemam, a5
edge were used. The energy resolution in the experiments at T F (005/2)
PF and that at ESRF was2.3 eV and~ 1.6 eV, respec- N TO¢
tively. In addition, a highly oriented pyrolytic graphite g 05 F
(HOPGQ crystal analyzer to separate thé, and#' compo- s |
nents of the x-ray beam diffracted by the sample was used in = 89 A SN
the experiment in ESRF. The scattering angle 90.7%) & “r
HOPG (006) reflection for the DyL,, absorption edge, e (1012}
where the ratio of the intensity in the’-o channel to that in 01t % (002
the o’-o channel at DyBC, Bragg (002 reflection is 1 i X ]
x 102, gives almost perfect polarization analy&ls. 0.0 - : - s : u
The samples were prepared with highly pure ©9.9%), 774 776 778 7.80 7.82 7.84

B (99.8%, and C(99.999%. First, compounds were synthe- Energy [keV]

sized by the conventional argon arc technique, and then, g1 » Energy dependence (& the intensity of the(0 0 3/2
single crystals of DyBC, were grown by the Czochralski yefiection at® =10 for the s’ — o channel,(b) that for theo”’ — o

method using a tri-arc furnace. The crystals were checkeghannel,(c) the integrated intensity i scans of the0 0 5/2 at
with powder x-ray diffraction, of which patterns showed thaty =0, and(d) that at¥ =45, and(e) intensity of the(1 0 1/2

the compounds had a single phase. The mosaic spread of thgjether with that of th€0 0 2 Bragg reflection. All intensities are
single crystal used for this work in ESRF was about 0.07° imormalized by the monitor counts. Hefe) and(b) were measured
FWHM within an area of 0.8 mnt. The slit aperture was at the ESRF with an energy resolutionl.6 eV at 17 K with po-
limited to 0.05<0.05 mn? in size. The sample in size of larization analysis, antt), (d), and(e) were measured in PF with a
about 3x3.5x0.6 mn? was mounted with bees-wax in a resolution~2.3 eV at 17 K without any polarization analysis.
closed cycle*He refrigerator, and was aligned so that the

axis, which is perpgndlcular t(.) a cl_eav_age plane, was almoﬂ;]e (1 0 1/2 reflection has a similar energy dependence as
parallel to theg axis of the six-axis dn‘fractom(_ater to per- ihat of the(0 0 2) Bragg reflection as shown i®). (i) There
form azimuthal angle scans around the scattering vector. 5re two clear resonant signals observed at 7.790 keV and
7.780 keV as shown in pan&) and(c): (a) the intensity of
the reflection0 0 3/2 reflection for ther’ — o channel mea-
sured at azimuthal angh¥ = 10, (c) the integrated intensity
We have observed forbidden reflections of () @vith | of the (0 0 5/2 reflection measured a =0 with no polar-
=n/2 andn=1,3,5, and(1, 0, 1/2. In the following sec- ization analysis. The position of the maximum intensity at
tions, we show the energy dependence, azimuthal angle dé-790 keV corresponds to that of the minimum of the inten-
pendence, and temperature dependence of the intensities $fy of (0 0 2) Bragg and(1 0 1/2 forbidden reflectionsiii )
the forbidden reflections. At ¥=45, only one resonant enhancement is observed as
shown in(d). (iv) A shift of the polarization in the resonant
diffraction is observed in the intensity 6 0 3/2 reflection
A. Energy dependence at'W =10 as shown irfa) and(b). (v) Two peaks in Fig. &)
Figure 2 shows the energy dependence of the intensitiedt 7.790 keV and at 7.780 keV can be fit by Lorentz func-
of the (0 0 3/2, (0 0 5/2, and(1 0 1/2 reflections together tions having an 4.2-eV half width at half maximum
with the (0 0 2 Bragg reflection. The azimuthal-angle is ~ (HWHM), and a 2.3-eV HWHM, respectively.
defined by the angle between theaxis and the scattering
plane (the plane which includes the wave vectprof the
incident beam and the wave vectgf of the diffracted The azimuthal angle dependence has been measured with
bean). polarization analysis at the ESRF. As described in Sec. I, it is

The results are summarized as followi$.The intensity of

V. EXPERIMENTAL RESULTS

B. Azimuthal angle dependence
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30 @E=7.790keV . (b) E=7.780 keV — 0.04 . . : . .
s L _ 00572 . 1 elwoosn <
\,
20 |/a e £ N 4 51 g 0.03
150 R U =
\ & \ >
\ ! \ 3 =

e IR Y NER: 2 002

g osh KN LA g

:: 0 | \u/ Il 1 :: 0 £

..D A T T T T T T -o o

EREL 7N ©032 A« 1Bl £ o001

z ol N\ /£ Nz 5

‘B \ Z 4 2

5 20t “\ ,‘/ \‘\—§ EOOO.|....|....l....l....l....|...

g \ / o | 2 )

= ok . F1= 2 5 10 15 20 25 30

= \ A XS / k=]

N NP WA W/ L - PN ANV . Temperature [K]

100 | 0012) &¢ 12 001/2)

2 80 | ( : /K \\ J L‘é 15 £ ] FIG. 4. The temperature dependence of the integrated intensity
60 | / 1 ol / ‘I\ 4 of the peaks of thé0 0 3/2 and (1 0 1/2 reflections. Lines are
40| \ / \ ] \ /‘ \‘ drawn only to guide the eye.

\ 5F / .
20 \ A 20 A .
ol #2ur o2’ ol e, ] L above] Therefore the intensity for the’ — o channel mea-
-60 -40 20 0 20 40 60 80  -60-40-20 0 20 40 60 80  gyred at 7.780 keV shown in par@) in Fig. 3 seems to be
V' [degree] V' [degree] attributed to the tail of the enhancement at 7.790 keV.

FIG. 3. Change of the integrated intensities with the rotation of We discuss this matter together with the ratios of the in-

sample around the reflection vectof8,0 1/2, (0 0 3/2, and (0 0 tensﬂy in the two channels in Sec. VI, where we give a qlear
5/2) at (a) 7.790 keV and atb) 7.780 keV. Azimuthal angle¥ is evidence that the resonant enhancement at 7.780 keV is due
defined by the angle between theaxis and the scattering plane. {0 the E2 transition from  to 4f valence shell.

Circles (triangleg represent the signal through the'—o (o’

— o) channel. The full curves and broken curves are squared sinu- C. Temperature dependence

soidal functions which are fit to each of the data. . .
Figure 4 shows the temperature dependence of the inte-

_ ] » grated intensity of the reflections @ 0 3/2 and (1 0 1/2

important to do the experiment at the energy@f transition 1 easured with the incident x rays Bf=7.790 keV in PF.

in terms ofdirect observation of AFQ moment ordering, and The intensities of two reflections increase as temperature de-

we therefore measured azimuthal angle dependence at WQgases below,=25 K, obviously indicating that two re-

energy positions, 7.790 keV and 7.780 keV. Figure 3 showgecions are caused by the transitionTa, which has been

the azimuthal angle dependence of the integrated intensitigsyserved in the specific heat measurentéfithe small in-

in  scans measured at three reflectid0s) 1/2, (00 3/2,  tensity above 25 K is attributed to higher harmonic compo-

and(0 0 5/2. , , _ nents of the incident x rays. It seems that the intensity of the
The results are summar_l_zed as _foIIO\@_.Ea(_:h azimuthal reflection(0 0 3/2 has a step around 15 K<(T¢). Further

angle scan has/2 period.(ii) The intensities in two polar- jycrease in the intensity belof can be attributed to mag-

ization channelst’ —o and ¢’ —o are antiphaseiii) The  patic resonant scattering. A detailed discussion on the onset
ratio of the intensity for ther’ —o channel to that for the s quadrupole ordering in DyfC, has been given
o' —o channel differs for the indices of the reflections andg|sewheré?

for resonant energies.
Finally, we point out that the intensities shown in Fig. 2
are consistent with the results of the azimuthal angle scans. V1. DISCUSSION

Panel(c) in Fig. 2 is compared VYith the top two panels in Ajthough the crystal symmetry beloW, and configura-
Fig. 3, where the intensity in the’ — o channel(circles is  jon of the AFQ moments has been described in the previous
dominant at¥ =0 at two energie$7.790 and 7.780 keN  papef, we give more detail discussions in the following

Similarly, panel(d) in Fig. 2 is compared with the top two three sections. Finally we give discussions of quadrupole and
panels in Fig. 3, where the intensity in the — o channel  phexadecapole moment ordering.

(triangleg is dominant atV =45 at both energies. It is con-
cluded that panel&) and(d) in Fig. 2 show the intensity in
the #' — o and thes’ — o channels, respectiveljNote that
(c) and(d) were measured without any polarization analysis.  Let us start by considering data collectechatk odd and
Panels(a) and (b) in Fig. 2 are also consistent with the 1=n/2 with n equal to an odd integer. Data in Fig(eR
middle two panels in Fig. 3. The intensity in the'— o demonstrate that the forbiddéh 0 1/2 and allowed(0 0 2)
channel is dominant at both energies whigr 10. reflections have essentially the same dependence on energy
Here, it is important to note that no obvious enhancedand minimum intensity occurs &=7.790 keV. (Here we
signals in theo’ — o channel is observed at 7.780 keV asrefer to extinction rules for the room temperature crystal
shown in Fig. 2[See panelb) and(d). The intensity shown structure P4/mbm) Diffraction signals are strongly influ-
in panel(c) is attributed to ther’ — o channel as explained enced by absorption at tHg, edge. Consequently, this re-

A. Space group
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flection includes Thomson scattering observed in usual dif-
fraction experiments performed at energies far above atomic
resonances. Further, the intensity of {ie0 1/2 reflection
increases as temperature decreases bélgas well as that

of the (0 0 3/2 reflection as shown in Fig. 4. This finding
implies that a structural phase transition accompanies an or-
dering of Dy multipoles(As we discuss later the reflections
(0 0l) with | a half-integer arise from quadrupole and hexa-
decapole moment ordering.

These facts, however, are not enough to conclude that a
structural phase transition accompanies the transitidi,at
because the spatial anisotropy in the Diyvalence shell in
the ordered state can also contribute to the intensity ofthe
0 1/2 reflection as described in E¢3.3) in Sec. lll. We
show two more strong reasons why we conclude that a struc-
tural phase transition arises @t. If the space-group 127
(P4/mbm) remains in the AFQ ordering state, the point-
group symmetry of Dy sites is @ which allowsq=0,*+4,
a_nd according t_o Eq3.2) .bOth these_values give n.u” Im(.an_ shown for conveniengeat z=1/4 are illustrated. DarKlight) B
sity at (0 OI)_ with | half-integer. This r_esult confllct_s W'th_ .atoms are slightly belowabove the z=1/4 plane. Here is repre-
our obse.rvat|ons. The second reason I abgut the INeNSItGRnteqd on a scale of the lattice constant ofdhais of space-group
of refle_ctlons of f0l) and h 1) with | half-integer m_eg- 136. A unit cell is shown by thick lines. Mirror planes marked by
sured in the nonresonant regime observed by Adatlail: letters “m” are shown by thin lines.

As they discussed, the intensities are one or two orders of
magnitude larger than the value expected for Dy quadrupole
moment. Consequently, we conclude that a lattice distortio
accompanies with the transition & . Which space-group
matches all the results on the ordered state in JBB The

FIG. 5. A diagram of AFQ ordering in space-group 136. The
plane of Dy ions (4) with the anisotropic electron clouds at
=0 and the plane of B (§ and C (§) network(only B atoms are

lon 1 and its neighboring ions along thexis are related
rl‘.')y a rotation of 77/2. A similar identity holds for ions
2 and its neighboring ions along the axis. The ions 1

diti 5 the latti | e and 2 are related by reflection in a mirror plane. This
necessary conditions af® the lattice constant along t configuration provides the relations of the atomic tensors

axis is twice of that abové&q (¢’ =2c), (ii) the local sym- for jons 1, 2, 3, and 4 (labels are given in
metry of Dy ions is not four but two-fold symmetry. Only . e (K)o (K) (K)

e n g D: (T/(3))y=explgn/2){Ty (1)) and (Ty’(2))
space-group 1.36P(42/ mnm) satisfies the above cond|_t|ons. =exp@qw/2)2T(_Kq)(1)). The structljre factors for tr?e forbid-
As described 'nlgsec' l, space-group 1284(mnc), Wh'C.h. den reflections in Eq93.1) and (3.2) are given with these
Matsumuraet al.*> have suggested, does not fulfill condition relations. This configuration of Dy multipoles, of course
(i), and additionally, the extinction rule for reflections matches.the magnetic structure shown in Fig 1 '

(h h'1) with | half-integer. . . .
. . We summarize the correlation between the multipole mo-
The local symmetry of Dy ions in space-group 136, where : ) ! .
. . ; ) ments and the lattice distortions. The correlation should ac-
the point-group symmetry of Dy sites ¢} is 2/m, which

s ) cord with Neumann’s principle, which is introduced in Sec.
allows q=0,+2, is capable of producing both (0P and Cy :
(h0l) reflections withh odd andl half-integer according to I Considering the1 0 1/2 reflection leads us to conclude

Egs. (3.1) and (3.2). Moreover, inspection of the Thomson that the space group belofi, is 136 (P4,/mnm), where

structure factors recorded in the Sec. Il shows that there artgie point-group symmetry of Dy ions ist@/ which allows

L . . =0,=2. This local symmetry supports nonzero off-
contributions at (1 0) from anisotropy in the Dy # shell, q=" N §
and the B and C ions displaced from the room temperatur%i%%nzlxg;a:;zglo:g?ﬁ) tﬁ:if{gﬂ’g ngr%>amge:§et2$y§21
structure. Note that the Dy, B, and C contributions to the axis and the axis of two-fold rotation symmetry ime/Fur-

0 1/2) reflection all originate from the lattice distortion that S . i,

. ) i~ . thermore, the correlation is kept during the transition as

sets in afTo; the Dy contribution comes from the reduction

o - shown in the temperature dependeriEe. 4) of the inte-
in site symmetry to 2h from 4/m, and contributions from B : : )
and C c)tlame froym their displacements along is. grated intensity of the reflections € 0 3/2 and (1 0 1/2,

which indicates that the structural phase transition which
transforms space-group 127 to space-group 136 is continu-
ous, and that the AFQ ordering transition appears simulta-

B. Multipole ordering motif
neously.

Figure 5 shows a structural model of the AFQ ordering in
space-group 136 beloWg. It is important to note that we
can deduce the configuration of Dy multipole moments,
which reflect the local atomic structure, by taking account of ~ Turning next to reflections with+k even, our Thomson
space-group symmetry operations and that we do not need sdructure factors for Dy, B, and C are zerotatk=0. In
refer the magnetic structure beldli.. consequence, the resonantly enhanced signals=d¢=0

C. Ordering of quadrupole and hexadecapole moments
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TABLE I. The ratio ( ,/,/l,,) of intensity in ther’—o and  valence shell only by the resonant enhancement b¥2n
the ¢’ — o channels obtained by fitting with S@W. The last col-  event and the azimuthal angle dependence of the reflections

umn records the value of the mixing parameter. at this energy.

: - Let us discuss the possibility of the2 resonance (2
Reflection ~ sif9  7.790 keV €1) 7.780 keV €2) 1’ —4f) scattering at 7.780 keV. The ratios for 7.780 keV have
005/2 0.315 0.278 1.73 1060 Ccompletely different dependence on the reflection indices,
003/2 0.113 0.083 1.04 1059 Whichindicates that the enhancement at 7.780 keV cannot be
00 1/2 0.013 0.011 0.14 1.053 attributed to theE1 transition. Note that the scattering length

of the general resonant scattering theory up to electric quad-
rupole transition includes dipole-dipole, dipole-quadrupole
hybridization and quadrupole-quadrupole terms. The first
term corresponds to thEl transition as described above.
The second term vanishes in the presence of inversion sym-

, e o Fnetry which applies to Dy ions in the space-group to 136.
attributed to the electric dipole transitiorpz, to 5d (E1) Hence, only pure quadrupol&R) events are taken into ac-
because the maximum locates at the same position of the, .« for the enhancement at 7.780 keV.

minimum of (0 0 2 Bragg reflection due to .thhm absorp- We need to employ Eq3.6) and a mixing parameter for
tion. The enhancement at 7.780 keV, which has narrowey ,ecise discussion because the two resonantly enhanced
width, is attributed to the. electric quadrupole transitiqry2 signals are not separated in energy as shown in Fig. 2. The
to 4f (E2) for the following reasons. _ tail of the lower-energy side of the enhanced signals at 7.790
We discuss the intensities observed as a function of thggy, overlaps the peak of the enhancement of 7.780 keV
azimuthal anglel” with a help of the theoretical prediction jighiy because of the broad energy width. This fact suggests
shown by Egs(3.7)-(3.10. The data for azimuthal angle 4t “the integrated intensity of the azimuthal angle scan in
scans at (0 0) W'thll =1/2, 3/2, and 5/2 are shownin Fig. 3, {he 5’ — & channel at 7.780 keV may be attributed to the talil
separately for ther’ — o~ (rotated and thes’ —o (unrotated o the enhanced signals at 7.790 keV described in Sec. V.
channels of scattering. The rigtieft) panel in Fig. 3 is de- The structure factor at 7.780 keV is found by puittiig

and at(1 0 1/2, displayed in Fig. 2, are profoundly different.
There are two clear resonant signals, as shown in p@hel

rived from intensity aE=7.780 keV(7.790 keVj. Ratios of =A,

the intensity in the #'—o and the ¢'—o channels ’

(I 5 ,/1,,) for both resonant energies are summarized in E(ED) 2i 2

Table I. Hered is the Bragg angle for each reflection, arid If,.,02= +—rF—F§fVZ) , (6.1
is the mixing parameter which is defined in H§.4). The Ay—Aq+ Erl 2

absorption effect is neglected because it does not matter

}/iv:rfsn comparing values of the parameter among like reﬂec\ivhereA2=7.780 keV andh,=7.790 keV.

ing Eqs(3.7—(3.10 gi h f f h
Egs.(3.7) and(3.8) for F(WE&T)(O ol andeTE,fT’(O 01) pre- Using Eqs(3.7)—(3.10 gives the structure factor for eac

) ) i A channel,
dict that the ratio of the intensity in tHel rotated channel to
that in the unrotated one is proportional to?#inOur data
(the ratios at 7.790 keNMfor three reflections are in total
agreement with this prediction. Hence, this fact leads us to
conclude that the resonant enhancement at 7.790 keV is due
to the E1 transition and that the azimuthal dependence
shows the ordering of the quadrupole moment ((TFR))4

#0) of the 5 valence state.

However, we cannot directly discuss the multipole mo-,,,
ment ordering of Dy 4 valence shell at this resonant energy
(E1) because thedbstate of Dy ions can be hybridized with
the outer electrons of the surrounding B and C atoms. Re- A:16{Im(T(+2%>d}2{A2+
cently, Igarashiet al?? calculated the intensity observed at
the E1 transition by treating the & state as a band and the

|forol®
oo

A

=1+r'%sin*g(1—p)2—2r'Bsirtd(1—p).
(6.2

|f77'0'|

A

=sirfg[1+r'°C2—2r'BC], (6.3

Ik

here

4f valence state as localized, and showed that the contribu- EF

i H 1

tion of the charge anisotropy of thef 4tate to the quadru- 2

pole moment of the & state through the &4f Coulomb B= 1\
interaction is much smaller than that of the lattice distortion A2+(§Fl) ]

of B and C atoms through the hybridization with thg, 3s
states of B and C atoms.

As described in Sec. I, the intermediate states probed by C=(3—4sirtg)+ E(1+sir126)
the resonance need to be the same as the states which di- 2 '
rectly drive the ordering. In other words, we can show a
direct evidence of multipole moment ordering of the Dy 4 A=A,—A;.
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Here we employ the prediction that the dependenc& bf VII. DISCUSSION OF Dy 4f PROPERTIES
andE2 events on the azimuthal angle is the same. There We will look at the conclusion, drawn from an analysis of

are tW_O paramete(‘rl.?,”one s tpg ,r/‘nixing E)grame_terand the  gata in theE2 channel, that contributions from the Dyf 4
other isp=1(T5")"/3y2(T¢?)", andr’ is defined as quadrupole and hexadecapole cancel out, which implies

(TS~ 321114 TP)". Taken together with other inde-
pendent experimental results the conclusion enables us to

2) 1/2 . .- ..
AZe|Zr make some headway in finding a description of the low en-
, 2! Im32(T@) ergy states of the Dy ion.
r=-r 1 : Am(T?), (6.4) Neutron spectroscopy performed on a sample with Dy
EFZ +2/d diluted by Y shows that the Dy crystal potential has states at

approximately 17 K and 48 k2T, above the ground
state?® This observation adds weight to the conjecture by
_ , Yamauchiet al'?, based on data for the specific heat, that
The ratio of Egs.(6.2) and (6.3) and the experimental j st two levels are essential in determining structural and
values ofl 7+, /1, in Table | give three equations with two nagnetic properties, namely, the ground and first excited
parameters. In principle, a pair of the equations among thregiates. Such an energy level scheme immediately accounts
can be solved. By putting\=10 eV andI'/2=4.2 eV,  for entropyRIn2 released al and T¢ in data reported in
equations for(0 0 5/2 and (0 0 3/2 reflections giver’ Ref. 12.
=1.05 andp=1.025, and those fo{0 0 5/2 and (0 0 1/2 Let the Dy ground state be spanned by the sftéte and

reflections giver’=1.03 and_p=ll.12, and those fof0 0 jis Kramers conjugatBl), derived from|¥) by application
3/2) and(0 0 1/2 reflections give'=0.94 ando=1.77. Itis  f the time-reversal operator. The sixteen eigenstates, of
found that these equations give~1 andp~1 except of the  re |abeledM), and the axis of quantization is parallel to the

last value ofp. crystal ¢ axis and the axis of #1. We will show that in

One striking feature of our data in Fig. 2 is the absence irlooking for a minimal model of Dy a suitable choice fok)
panels(b) and(d) of enhanced signals &=7.780 keV. As g

mentioned in Sec. V, taking account of data for azimuthal
angle scans in Fig. 3 leads us to conclude that there is n icin g B - _
obvious enhancement in the’ — o channel at 7.780 keV. %I’) isin sin¢|M)+cos6|M —2)+isin 6 cosp|M (4?,1)

This is explained by a cancellation of the quadrupole and
. . E2 .
hexadecapole contributions t%'57(00l) achieved when whereg and¢ are mixing angles. The linear combination of

IM{32(T?) — V1K TN ~0 or p~1. The result of the |M) respects the Dy site symmetry and the relative phases
above calculations for the two parameters, particularlypfor make <\p|T(2K)|\p>:<q7|T(2K)|q7> purely imaginary. By the
is in excellent agreement with the experimental data Obbonstruction oﬂ\l_f) from | W) one haqq,|T(K)|\I—,>_0 The

2 - .

served in the energy dependence_. .states associated with the first excited level, about 17 K
Conversely, the above analysis of the data of the azi-

muthal angle scans with the theoretical prediction forgize above the ground state, ané';) and| W) and,

resonance predicts that the lack of resonant enhancement in

the o’ — o channel at thé&E2 transition energy. This predic- |¥2)=cos6#sing|M)+i sin M —2)+cosb cose|M —4).

tion for Dy 4f multipoles immediately accounts for the ab- (7.2)

sence of arE2 signal in pane(b), and it also accounts for its ) )

absence in panét) on noting that the signal here is actually Ve h_a_ve(\I’|‘Iff<>=0 and (W[T37| W)= _<TI’_2|T2 [W2).

purely unrotated ¢’ o) since the rotated#’¢) signal is = Requiring(¥|T4|W,)=0 places one condition on the two

negligible atW =45. Hereby, we take the paramefer=1,  Mixing angles, and witk =2, |¥') and| V) span a space in

and determine the parameter, of which values are shown Which the quadrupol®,, behaves like an Ising spifl/2)

in Table I. The parameter’ is almost constant for each Vvariable. The resulfT$")~3(2/11)"XT$”) can be used as a

reflection indicating that data in tHe2 rotated channel are in second condition on the mixing angles, in which case the

total agreement with the predicted behavior?gicog's, — angles are completely determined.

which follows on taking account of the foregoing relation  Additional input to the model of Dy is gained from look-

between the Dy # quadrupole and hexadecapolfutting Ing at the saturation magnet momeng developed in the

p=1 gives a term cd¥ in Eq. (3.10]. ground stateéG), which is a linear combination 4f') and
Finally, we conclude thafi) the resonant enhancement at |¥). Since(¥|J,|¥)=0 and(¥|J,|¥)=—(W¥|J,|¥) one

7.780 keV is reasonably attributed E? transition,(ii) the  has(G|J,|G)=0. Thus, the moment is confined to the basal

azimuthal dependence shows the ordered state of the quaptane and subtends an angle t&f(G|J,|G)/(G|J,|G)}

rupole and hexadecapole moments of tHevélence shell, with respect to thex axis, while

and(iii ) the signals in the unrotated channet ¢) cancel at

the E2 transition energy due to a relation between(zl)Jy 4 MO:%{<G|JX|G>2+<G|Jy|G>2}1/2_ (7.3
quadrupole and hexadecapole moments {8lg2(T))
— V1Y TEN~0). With
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1 . normal to the crystat axis and the axis of two-fold rotation
|Gy= —{|W¥)+|WP)}, (7.4  symmetry in 2.
\/E Direct evidence of the spatial ordering of Dy 4uadru-

pole and hexadecapole moments in DB is shown by a
detailed analysis of the data of azimuthal angle scans mea-
_ —i T sured at two resonant energidsl( andE2 resonanceat the
<G|‘J_“|G> Refe™ (¥ |Jo[¥)}. 7.5 Dy L,, absorption edge.
Requiring(¥|J,|¥) to be different from zero limits choices ~ Information obtained in electric dipoleé=Ql) and electric
for M. Experimental results fop, lie between 7.1 and 8.8 quadrupole E2) channels of scattering at the Dy; absorp-
(Yamauchiet al) and the canting angle 23°, and these tion edge can be combined with specific-heat data, inelastic

two bits of information are consistent with the choite  heutron scatter_ing data on Dy crystal-potential energy levels,
—5/2. and the established magnetic structure that develops below

it follows that,

By using values of the reduced matrix elementsTff ~ Tc

for anE2 event at the Dy, absorption edge one finds, for  1he synthesis of the data is an immediately plausible
M=5/2 that the resuI(T(4)>~3(2/11)1’2(T(2)) yields for model of the Dy low-energy states, in whi€d,, and the
the mixi,ng anglap the I’ESLﬁt tap~ — 0.9.24 Szecondly plac- magnetic moment operator behave at successive phase tran-

ing on T(zz) the requirement(‘l’|T(22)|\If2)=O leads to sitions like Ising spin; variables. In the model, magnetic

"~ — . moments lie in thex—y plane. The calculated saturation
tar?ﬁtam_p— —4 .15' These results for the mixing angles agnetic moment and canting angle are consistent with ob-
are consistent with the observed Dy magnetic moment an ;

S 7. ervations.
the finding adds credence to our minimal model of Dy prop-
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