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Direct Observation of Antiferroquadrupolar Ordering:
Resonant X-Ray Scattering Study of DyB,C;
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Antiferroquadrupolar (AFQ) ordering has been conjectured in several rare-earth compounds to explain
their anomal ous magnetic properties. No direct evidence for AFQ ordering, however, has been reported.
Using the resonant x-ray scattering technique near the Dy L;; absorption edge, we have succeeded in
observing the AFQ order parameter in DyB,C, and analyzing the energy and polarization dependence.
The much weaker coupling between the orbital degrees of freedom and the lattice in 41 electron sys-
tems than in 3d compounds makes them an ideal platform to study orbital interactions originating from

electronic mechanisms.

PACS numbers: 75.25.+z, 61.10.—i, 71.20.Eh, 75.10.Dg

Magnetic ions in a highly symmetrical crystalline en-
vironment may have an orbital degeneracy in the crystal
eectric field (CEF) ground state. With decreasing tem-
perature, this degeneracy is lifted by some interactions. A
typical example is the cooperative Jahn-Teller (JT) distor-
tion[1], wherethe orbital degrees of freedom, coupled with
alattice distortion, give rise to a structural phase transition
to lower crystalline symmetry. This kind of long range or-
bital ordering (OO) was confirmed in KCu,F, by polarized
neutron scattering [2] and in LaMnO; by resonant x-ray
scattering [3]. Although OO need not be associated with a
cooperative JT distortion, as reported in Lay ggSrg.12MNO3
[4], coupling with other degrees of freedom, such as the
charge and lattice, is strong in 3d compounds [5,6].

In 4f electron systems with a degenerate ground state,
however, orbital degrees of freedom may remain and un-
dergo a phase transition without a structural distortion, be-
cause of the much weaker coupling between the lattice and
the well-localized 4 orbitals. Such a possibility was first
discussed in cubic CeB¢ asalong range ordering of electric
quadrupole moments of 4f orbitals[7]. Quadrupole order-
ing is defined as a phenomenon whereby that f electron
charge distribution which diagonalizes certain quadrupole
moments orders spontaneously and spatially as the tem-
perature is lowered. In a ferroquadrupole (FQ) arrange-
ment, aligned quadrupole moments uniformly distort the
lattice through a linear coupling between the quadrupole
moment Or at the wave vector ¢ = 0 and the strain er of
the same symmetry. Therefore, the order parameter can be
obtained by measuring a JT-like lattice distortion [8]. In
an antiferroquadrupole (AFQ) arrangement, however, the
AFQ order parameter is a ¢ # 0 and does not linearly
couple with the uniform strain. Thus, an atomic displace-
ment is not always expected, making it extremely difficult
to observe the order parameter.

In this Letter, we present the first direct evidence for
AFQ ordering with a resonant x-ray scattering study of
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DyB,C, near the Dy L,;; absorption edge. As shown
in Fig. 1, DyB,C, has the P4/mbm tetragonal structure
consisting of metallic Dy layers and covalently bonded
B-C networks stacking alternatively along the ¢ direction
[9-11].

Recently, Yamauchi et al. [9] reported that DyB,C, ex-
hibits phase transitions at Ty ~ 25 K and Ty ~ 16 K.
Specific heat measurements showed two distinct A-type
anomalies at Ty and Ty, each of which releases the en-
tropy equivalent to RIn2. Since Dy** (4f°, °Hisp) is
a Kramers ion, two Kramers doublets must be involved
in these successive transitions. It is thus expected that
the ground and first excited Kramers states are close or
nearly degenerate and that quadrupole degrees of freedom
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FIG. 1. (Left) Crysta and magnetic structures of DyB,C,
(P4/mbm: a = 5341 A, ¢ =3.547 A a 30K). (Right) ¢
positions of the fundamental reflections as well asthe gg1, gg2,
and g, peaks.
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remain. In contrast to the specific heat result, almost no
anomaly was observed in the magnetic susceptibility at 7
and no structural transition nor |attice distortion were con-
firmed at Ty and T. Thus, the transition at T is neither
magnetic nor structural. Neutron diffraction revealed anti-
ferromagnetic (AFM) ordering below Ty. The spins are
aligned within the ¢ plane and the magnetic structureis ba-
sically described with two propagation vectors[100] and
[01 3], indicating that Dy magnetic moments realize 90°
arrangement along ¢, which is hard to be explained from
the magnetic interactions aone. They aso found weak
magnetic signasat [000] and [00 %], indicating that mo-
ments are dightly canted within the ¢ plane. From these
results, they proposed that the phase | (T > Ty) is para-
magnetic, thephasell (Ty < T < Ty)isthe AFQ ordered
phase, and the phase Il (T < Ty) isthe AFM and AFQ
ordered phase.

We have grown a DyB,C, single crysta by the
Czochralski method. The crystal was checked by powder
x-ray diffraction, which shows a diffraction pattern con-
sistent with Ref. [9], with no detectable foreign phases.
The temperature dependence of magnetization is also in
good agreement with that of Ref. [9]. X-ray scattering
measurements were performed on a six-axis diffrac-
tometer at the beam line 16A2 of the Photon Factory
in KEK. A piece of the sample with the (00 1) surface
(~2 X 2 x 2 mm?) was mounted in a closed cycle “He
refrigerator so as to align the ¢ axis parald to the ¢
axis of the spectrometer. The mosaic was about 0.07°
FWHM. The azimuthal angle ¥ (rotation around the
scattering vector) is defined to be 0° when the b axisisin
the scattering plane. The incident energy was tuned near
the Dy Lj; edge, which was experimentally determined
to be 7.792 keV from fluorescence measurement. To
separate the linearly polarized o’ (L the scattering plane)
and 7/ (]| the scattering plane) components of diffracted
beam, we used the PG (006) reflection, for which the
scattering angle is about 91° at this energy, resulting in
almost complete polarization: the o-7'/o-o’ intensity
ratio at (002) was less than 0.5%. In our configuration,
(002) intensity at Dy Ly;; for o-¢ is ~2.5 X 10° counts
per second (cps) when the ring current is 300 mA.

AFQ ordering may be directly observed by exploiting
the sensitivity of x ray scattering to an anisotropic f elec-
tron distribution. In the present study, we have utilized
the ATS (anisotropic tensor of x-ray susceptibility) tech-
nique, which was originally developed for detecting “for-
bidden reflections” which appear due to the asphericity
of atomic electron density [12,13]. The ATS reflections,
which are usualy very weak, would increase near an ab-
sorption edge because the anomalous scattering, sensitive
to an anisotropic charge distribution, is dramatically en-
hanced. This technique has been successfully applied to
the study of OO phenomena in the 3d oxides [3—6]. We
therefore tuned the incident energy of x raystothe Dy Lj;;
edge, where 2p3/2 - 5d5/2 dipole and 2p3/2 - 4f7/2
quadrupole transitions are expected.

To look for the AFQ and AFM order parameters, we
made scans along (001), (301), (101), (R02), (5 51),
(111),and (211) at Dy L,;; without polarization analysis.
Scans at 30 K showed only fundamental reflections. At
20 K (< Tp), two kinds of superlattice reflections appear;
oneis characterized by apropagation vector go; = (00 %)
andtheotherisgga = (103). At10 K (< Ty), additional
reflections appear at forbidden reflection for points which
the propagation vector is gy = (100). These tempera-
ture dependences suggest that the g and g¢» reflections
correspond to the expected AFQ ordering and that the g,
peak results from the AFM order. Figure 1 schematically
shows the g positions of the fundamental reflections as
well asthe o1, g2, and gy peaksin the (2 01) zone.

Figure 2 shows the incident energy dependences of
the fluorescence as well as (002.5), (102.5), and (102)
reflections, i.e., o1, g2, and gy points. The (002.5)
peak shows a sharp enhancement at Dy L,; in both
o-o' and o-7' processes. Note that there exists another
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FIG. 2. Incident energy dependences of (@) fluorescence
(unpolarized), (b) g1 peak a (002.5) for o-o’ polarization,
(¢) (002.5) for o-7', (d) g2 peak at (102.5) for o-o', and
(e) gy peak at (102) for o-7'. No background subtraction
was made.
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enhancement for o-7' at 7.782 keV, 10 eV lower than
the Dy Lj; edge, which we speculate corresponds to
level splitting within 2p and 54 states or a quadrupole
transition. The (102) peak shows an enhancement in
o-m' at the Dy Ly; edge at 10 K. No such enhancement
was found in o-o' a (102), indicating that the (102)
reflection is dominated by o-7' scattering, as expected
for dipole resonant magnetic scattering. As for (102.5),
there exists a clear enhancement in o-7' at Dy L;;; below
Ty indicating a magnetic contribution, which is consistent
with Ref. [9]. In contrast, the o-o’ scattering exhibits
not-enhanced reflection below T, as shown in Fig. 2(d).
We first focus upon the resonant peaks, then discuss this
not-enhanced contribution at (102.5).

In addition to the enhancement, it is expected that the
resonant ATS scattering from AFQ ordering would show
an azimuthal angle dependence reflecting the shape of f
electron distribution. As shown in Fig. 3, we measured
azimuthal dependence for the two different polarizations
by rotating the crystal around the scattering vector kept
a (002.5). The (002.5) intensity has been normalized
using the (002) intensity in the same W to correct for
small variations due to extrinsic reasons such as the sample
shape. Figure 3 demonstrates that the oo’ scattering ex-
hibits a characteristic fourfold oscillation, compatible with
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FIG. 3. Azimuthal dependences of a goi peak (002.5) for
o-o' and o-7' polarizations. w-26 scan was made at each
azimuthal angle after lining up the crystal using (002). Intensity
was obtained by fitting a Gaussian to the peak profile. The peak
width of (002.5) shows no particular ¥ dependence and no
difference from that of (002), i.e., the instrumental resolution.
The solid curve is proportional to sin?2¥.
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the tetragonal symmetry. The intensity approaches zero at
¥ = 0and 5. The o-7' scattering of (002.5) also shows
a fourfold oscillation. However, the oscillation for o-7'
is reversed relative to that of o-o’. Plus, the intensity
minimum remains finite at 10 K and approaches zero at
20 K, indicating that there exists a magnetic contribution
to the -7’ scattering at (002.5), which is consistent with
Ref. [9]. These azimuthal dependences strongly indicate
the existence of anisotropic f electron distribution and the
associated AFQ ordering below T.

Figure 4 shows the order parameters measured at
(002.5) and (102) as well as the spontaneous strain
Ac estimated from the (002) peak position. The order
parameters behave as continuous 2nd order transitions
and can be fitted to power laws indicated in the figures.
The transition temperatures thus obtained are in good
agreement with the values reported by Yamauchi et al. [9].
The critical exponents 8 obtained for the AFQ ordering
and AFM ordering are about 0.2. The spontaneous strain
Ac has the 8 value close to 0.5, which is twice as much
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FIG. 4. Temperature dependences of (a) AFQ and (b) AFM
order parameters. Peak profiles were obtained at particular po-
larization and azimuthal conditions so as to maximize the inten-
sitiesfor (002.5) and (1 02), and fitted well to a Gaussian. Peak
widths are resolution limited in the temperature range where
peaks are visible in our counting statistics (10—15 s per point).
(c) Temperature dependence of spontaneous strain Ac estimated
using (002).
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as that of the AFM ordering, indicating that Ac is a sec-
ondary order parameter and that it is quadratically coupled
to the AFM ordering. For quantitative discussions, we
need more statistics, which will not only give more
precise B values but aso provide more information such
as correlation lengths above Ty and T .

Note that no anomaly was found in Ac at T, which
implies that the quadrupole ordering has only a very weak
coupling, if any, to the lattice of DyB,C,. Since the
superlattice peak at (102.5) appearing below Ty is not
enhanced and has o-¢’ polarization, similar to funda
mental reflections such as (002), it might be ascribed to
atomic displacement. As a simple model for order es-
timation, let us assume that the Dy ions are displaced
aong ¢ and that their directions aternate between near-
est neighbors. From the intensity ratio below Dy Ly,
1(102.5)/1(002) = 4.0 X 107>, we obtain the displace-
ment 8 = 0.0014 A (0.00040¢). With this small atomic
displacement, the change of lattice constant may not be
detected by the present x-ray diffraction which resolution
isAc/c ~ 107* [see Fig. 4(c)]. Recently, Benfatto et al.
[14] theoretically reexamined the resonant x-ray scattering
study of LaMnO; [3] and argued that the resonant signa
is mostly due to the JT distortion resulting in anisotropic
Mn-O bond lengths. Thisisin contrast with the theoreti-
cal description of Ishihara and Magkawa [15], who pro-
posed a mechanism based upon the Coulomb interaction
between 4p conduction band and the ordered 3d orbitals.
In DyB,C,, however, it is very unlikely that the lattice
distortion results in the observed anisotropic electron dis-
tribution. Further study of the (102.5) reflection is till
required, including the azimuthal dependence, and to con-
sider other possibilities such as AFQ ordering.

Let us briefly discuss the CEF of DyB,C,. Using
the equivalent operator formalism [16,17], we have
constructed a point charge model, which shows that the
ground (J. = *+1) and first excited (J. = +3) Kramers
doublets almost degenerate and are well separated from the
other excited states. These results confirm the existence of
a pseudoquartet ground state in which the orbital degrees
of freedom remain, and are consistent with a strong planar
magnetic anisotropy which aligns the magnetic moments
within the ¢ plane [9]. Details of the calculation will be
published elsewhere [18].

The present study unambiguously shows that the reso-
nant scattering at go; corresponds to the AFQ ordering.
However, the mechanism producing such resonant scat-
tering is not completely understood. When allowed, the
dipole transition usually overwhelms the quadrupole tran-
sition in resonant scattering. Similar to a d orbital an-
gular moment, a quadrupole moment has five elements,
ie, 0% (m =2,1,0,—1,-2) where Q) = [ p(r)r! X
Jam /@21 + 1)Y,,,(0, ) dr in the polar coordinate. In

the CEF, the five elements are classified in a particular

irreducible representation, which can be conveniently ex-
plained by the Stevens's equivalent operators [16]. In the
cubic 0, symmetry, for example, they are proportional
t009 = {3J2 — J(J + 1)}/v/3and 03 = J> — J2inthe
I's (e,) symmetry, and O, = JJ, + J,J;, Oy, and O,
in the I's (#,,) symmetry. Actua quadrupole moments
can be obtained by calculating their expectation values.
Through a strong c-f coupling between 54 conduction
band and localized 4f orbitals, the AFQ ordering would
be projected onto the 54 orbital states. To completely un-
derstand the present experimental results, it is necessary to
establish much more detailed scattering mechanism in the
appropriate CEF symmetry.

In conclusion, the present resonant ATS x-ray scattering
study has directly shown the existence of long range AFQ
ordering in DyB,C,, which had been theoreticaly con-
jectured in some f electron systems, and given the order
parameter and the information concerning the fina po-
larization and azimuthal dependence, which are directly
linked to the type of AFQ moments.

The authors are indebted to H. Yamauchi, H. Onodera,
and Y. Yamaguchi for sharing their experimental results
and sample preparation techniques prior to publication.
We also acknowledge N. Kimurafor helping single crystal
growth, T. Arima and S. Ishihara for crucial discussions,
and J.P. Hill for critical reading of the manuscript. This
work was supported by Core Research for Evolutional Sci-
ence and Technology (CREST).

[1] G.A. Gehring and K. A. Gehring, Rep. Prog. Phys. 38, 1
(2975).

[2] J. Akimitsu and Y. Ito, J. Phys. Soc. Jpn. 40, 1621 (1976).

[3] Y. Murakami et al., Phys. Rev. Lett. 81, 582 (1998).

[4] Y. Endoh et al., Phys. Rev. Lett. 82, 4328 (1999).

[5] Y. Murakami et al., Phys. Rev. Lett. 80, 1932 (1998).

[6] L. Paolasini et al., Phys. Rev. Lett. 82, 4719 (1999).

[7] P Morin and D. Schmidt, in Ferromagnetic Materials,
edited by K.H.J. Buschow and E.P. Wohlifarth (Elsevier
Science, Amsterdam, 1990), Val. 5, p. 1.

[8] B.Luthi, in Dynamical Properties of Solids, edited by G. K.
Horton and A. A. Maradudin (North-Holland, Amsterdam,
1980), Val. 3, p. 245.

[9] H. Yamauchi et al., J. Phys. Soc. Jpn. 68, 2057 (1999).
[10] J. Bauer and O. Bars, Acta Crystallogr. B 36, 1540 (1980).
[11] T. Sekai et al., Solid State Commun. 40, 445 (1981).

[12] V.E. Dmitrienko, Acta Crystallogr. Sect. A 39, 29 (1983).

[13] D.H. Templeton and L.K. Templeton, Acta Crystalogr.
Sect. A 41, 133 (1985); 41, 365 (1985); 42, 478 (1986).

[14] M. Benfatto et al., Phys. Rev. Lett. 83, 636 (1999).

[15] S. Ishihara and S. Maekawa, Phys. Rev. Lett. 80, 3799
(1998); Phys. Rev. B 58, 13449 (1998).

[16] K.W.H. Stevens, Proc. Phys. Soc. London Sect. A 65, 209
(1952).

[17] M.T. Huchings, Solid State Phys. 16, 108 (1953).

[18] T. Matsumura et al. (unpublished).

2709



