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Antiferroquadrupolar(AFQ) and antiferromagnetic(AFM) order in DyB2C2 have been investigated by
theoretical symmetry analysis and neutron single crystal diffraction experiment with 0 to 4 T applied magnetic
field along[100]. New symmetry arguments indicate that the AFQ ordering belowTQ=24.7 K is accompanied
by structural distortions involving boron and carbon atoms, but not dysprosium ions. In the AFQ phase a new
arrangement of quadrupoles is proposed based on symmetry analysis of the long-range quadrupolar ordering,
neutron diffraction study of the field-induced dipolar magnetic structure, and other available observations. This
is a 90° arrangement of quadrupoles of neighboring atoms in thexy plane, and alongz. For the zero-field AFM
phase, the refinement of neutron single crystal diffraction data of Dy11B2C2 against models proposed by
Yamauchiet al. [J. Phys. Soc. Jpn.68, 2057(1999)] (model A) and by van Duijn, Attfield, and Suzuki[Phys.
Rev. B 62, 6410(2000)] (model B) allows to give preference to modified model A. The magnetic moments of
the four Dy sublattices are equal and are confined in thexy plane. The tilt of the Dy moments from thex axis
is 36s4d° at (0 0 0) and −112s4d° at the(1

2
1
2 0) site. The angle between the Dy moments adjacent alongz is

76s6d° and not 90° as proposed originally.

DOI: 10.1103/PhysRevB.69.224417 PACS number(s): 75.25.1z

I. INTRODUCTION

DyB2C2 with the tetragonal LaB2C2-type structure[space
group P4/mbm, Fig. 1(a)]1 exhibits a complex interplay of
structural, orbital, and magnetic degrees of freedom.2–4 In
zero-field antiferroquadrupolar(AFQ) order sets in at an un-
usually high temperature ofTQ=24.7 K. The superstructure
reflections observed in the zero-field AFQ state by resonant
and nonresonant x-ray diffraction3–5 can be indexed by the
wave vectork1=f0,0,1

2
g.6 The s0 0 l /2d reflections are at-

tributed to a long-range ordering of quadrupoles and
s0 1 l /2d to the accompanying periodic displacement of at-
oms. The resulting structure is described by theP42/mnm
space group withc-doubled unit cell, and the point symmetry
of Dy ions lowers from 4/m to 2/m.

The quadrupole moments of Dy3+ ions may have the
G5sOyz,Ozx,Oxyd or G3sO2

0,O2
2d site symmetry. The AFQ or-

dering originates from a peculiar crystal electric field
scheme. It is proposed4 and experimentally confirmed7 that
the ground and first excited Kramers doublets are close in
energy. The lifting of degeneracy of this apparent pseudo-
quartet leads to the ordering of quadrupoles belowTQ. Ac-
cording to Tanakaet al.,3 the main axes of quadrupoles are

confined in thexy plane[Fig. 1(b)] due to the crystal field,
and for the ions Dy1(0 0 0) and Dy2s 1

2
1
2 0d are tilted from

the x axis by anglesf and 90−f, while for the quadrupoles
of the ions Dy3(0 0 1) and Dy4s 1

2
1
2 1d8 the tilt angles are

90+f and −f. Matsumuraet al.9 proposed a more symmet-
ric arrangement: the quadrupoles of the Dy ions atz=0 are
aligned parallel, strictly alongf−110g, and those atz=1
along[110]. This arrangement explained the vanishing of the
s1 0 5/2d reflection in an x-ray resonant diffraction experi-
ment in the AFQ phase.

The structural part of the transition is also a subject of
debate. Tanakaet al.,3,10 and Lovesey and Knight,11 assume
that the B and C atoms are displaced along thez axis,
whereas Hirotaet al.4 and Matsumuraet al.9 propose that
movements of the Dy ions are involved in the transition. We
shall try to resolve these issues by symmetry analysis.

Antiferromagnetic (AFM) order develops belowTN
=15.3 K at zero applied magnetic field. To index the mag-
netic diffraction pattern in the AFM state two wave vectors,
k1=f0,0,1

2
g and k2=f0,0,0g, are required.2 A model (la-

beled A) of the magnetic structure of Dy11B2C2 at zero-field
was first presented by Yamauchiet al.2 [Fig. 2(a)] based on
neutron powder diffraction. Shortly thereafter, van Duijn,
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Attfield, and Suzuki12 proposed another model[labeled B,
Fig. 2(b)], which fits the data equally well. Both models
contain four canted Dy sublattices with magnetic moments
confined in thexy plane. Canting of the moments results in a
ferromagnetic component along[110]. For both models the
magnetic moments of the four Dy sublattices have the same
magnitude, but they have different symmetry relations be-
tween the moments. In model A the magnetic moments of
Dy1-Dy4 (Dy2-Dy3) are symmetry related; in model B, the

moments of Dy1-Dy3 and Dy2-Dy4 are coupled. The rela-
tive orientation of magnetic moments atz=0 andz=1 is also
slightly different for A and B. We performed symmetry
analysis and neutron single crystal diffraction of Dy11B2C2
below TN at zero-field, attempting to distinguish the correct
model.

The magnetic exchange interactions stabilize either paral-
lel or antiparallel alignments of spins at next-nearest neigh-
bors. While the canted magnetic structure of DyB2C2 indi-
cates that the quadrupolar pair interactions favor 90°
couplings. The dipolar and quadrupolar interactions are com-
parable in strength and compete with each other. Application
of magnetic fieldH should affect the AFM couplings stron-
ger than the AFQ ones,13 and indeed, as seen from the mag-
netic field-temperature phase diagram,2 applied magnetic
field weakly affects the AFQ state, but significantly sup-
presses the AFM state. In addition, dipolar magnetic mo-
ments are induced in the AFQ phase, reflecting the underly-
ing quadrupolar order. This allows the study the AFQ state of
Dy11B2C2 by neutron diffraction.14,15

The models of magnetic structures induced byHi [100]
and [110] have been proposed by Yamauchiet al.2,14 The
authors assumed that the dipole moments are perpendicular
to the main axis of quadrupole moments, as shown in Fig.
1(c) for Hi [100]. The induced magnetic structure differs
from the zero-field structure by an increase of thex compo-
nents of the Dy1 and Dy4 moments, which align parallel to
the field, and decrease of thex components of Dy2 and Dy3,
which point opposite to the field. However, a comprehensive
understanding of the AFQ arrangement and the induced di-
polar AFM structure has not been achieved. We extended the
available studies and performed a neutron diffraction of
Dy11B2C2 single crystal at moderate magnetic fieldss0–4 Td
applied along[100]. Our experimental findings allow us to
elucidate new details about the induced magnetic structure
and the related AFQ ordering.

II. EXPERIMENTAL DETAILS

A single crystal of Dy11B2C2 enriched with 99.5 at %11B
isotope has been grown by the Czochralski method in an arc
furnace with four electrodes. The crystal has been cleaved
and a piece with the dimensions 153531.2 mm3 has been
used for further experiments. Enrichment in11B isotope
strongly reduced neutron absorption. However, absorption
remained significant due to natural Dy. Neutron intensity has
been collected on the single crystal diffractometer TriCS at
the spallation neutron source SINQ with a neutron wave-
length of l=1.18 Å using a3He area detector. Two experi-
mental setups have been employed. For the zero-field data a
four-circle cradle has been used, allowing inspection of a
large number of reciprocal points. The crystal has been
mounted in a closed cycle4He refrigerator. For measure-
ments under magnetic field a vertical cryomagnet has been
installed. In this setup, reflections scattered ±15° out of the
horizontal plane have been measured by tilting the area de-
tector. The crystal has been mounted with the[100] direction
vertically and the magnetic field has been applied in the
same direction. The crystal was well fixed to avoid any

FIG. 1. (a) The crystal structure DyB2C2. Only Dy ions are
shown and the same labeling is used throughout the paper.(b) The
quadrupolar ordering proposed by Tanakaet al.3 (c) Magnetic struc-
ture induced in the AFQ state applyingH i f100g, according to
Yamauchiet al.15

FIG. 2. Diagram of the Dy magnetic moment arrangement(a) A
model(left-hand side: domainD1, right-hand side: domainD2), (b)
B model (left-hand side: proposed by van Duijn, Attfield, and Su-
zuki, 12 right-hand side: resulting from our study).
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movement due to the ferromagnetic component expected un-
der an applied field. Measurements have been performed in a
field cooled state. This means for every measurement with a
new field value the crystal was heated to 30 K, a field was
applied, and the crystal was cooled to 5 K. The temperature
dependence of Bragg peaks was measured upon heating the
crystal.

The single crystal of good quality has been chosen for the
experiment. But successive heating and cooling led to the
splitting of the crystal perpendicular toc witnessed by the
split of the Bragg peaks of the types00ld and shkld, with l
large. We decided to proceed with the crystal but to increase
scanning ranges to get a reliable background, and then inte-
grated all intensity above the background.

III. RESULTS AND DISCUSSION

A. Symmetry analysis of the AFQ phase belowTQ

To resolve existing ambiguities about the quadrupolar and
structural transitions atTQ, we performed a group theoretical
analysis.17–21 The symmetry analysis allows us to describe
changes of different physical properties during the transition
based on the symmetry of the parent phasesP4/mbmd and
the wave vector involved in the transitionsk1=f0,0,1

2
gd. It

supplies the coordinate system, which reflects the symmetry
of the problem in the best way and provides the simplest
form of description of possible structures. This coordinate
system is formed by the basis vectorsCkL ,n,l of irreducible
representation(IR) of the symmetry groupG of the parent
structure. Any propertyS of the crystal can be described in
such a coordinate system as a linear combination of the basis
vectors of IR of the groupG:

SkL = o
kL

o
n=1,j

o
l=1,i

CkL ,n,lCkL ,n,l, s1d

where kL is the wave vector,n the number of representa-
tions, andl runs over the dimensions of IR. The sets of the
coefficientsC, being the components of the studied property,
restrict the number of free parameters and, as a result, reduce
the number of possible structures. The correct linear combi-
nation of coefficients is the order parameter of the corre-
sponding transition. We involved the programMODY22 to cal-
culate possible solutions.

First, we consider the structural transition. For Dy ions,
occupying the 2sad site, three irreducible representations are
possible;t2, t4, t10. The allowed displacements and corre-
sponding symmetry after the transition are presented in Table
I. Two IR, t2 andt4, would be consistent with thez shifts of
the Dy ions proposed by Matsumuraet al.9 However, special
reflection conditionshkl:h+k=2n of the two corresponding
space groups,P4212 andP4bm, are not compatible with the
observation of the s0 1 l /2d reflections by x-ray
diffraction.3,4 The t10 representation would lead to the dis-
placements alongx and an orthorhombic or monoclinic space
group. It is unlikely, therefore, that the Dy ions are involved
in the structural part of the transition.23

For the 4shd positions occupied by the B and C atoms the
symmetry analysis allows eight representations:t1, t2, t4,

t6–t10 (see Table II). Thet1, t7, andt10 representations cor-
respond to the shifts of the B and C atoms along thez axis,
others to the shifts in thexy plane. Thet1, t2, t4, andt8 IR
lead to the space groups with the extinction conditions con-
tradicting the observeds0 1 l /2d reflections. Thet6, t9, and
t10 representations lead to too low symmetry. For example,
t6 results in theP421m space group, which besides the
s0 1 l /2d reflections would allows0 0 l /2d. The s0 0 l /2d
reflections are, in fact, observed in an x-ray diffraction ex-
periment, but they originate not from periodic lattice distor-
tions, but from the anisotropy of atomic scattering amplitude
of Dy (so-called Templeton-Templeton scattering).11 There-
fore, they are related to the quadrupolar ordering and not
directly to the structural part of the transition.

Summarizing, only thet7 representation describes fully
the experimental observations. It leads to a structure with the
P42/mnmsymmetry with the B and C atoms displaced along
the z axis and no shifts of the Dy ions.

Let us now analyze possible schemes of the quadrupolar
ordering. Up to now in the literature3–5 only the site symme-
try has been considered. Here we involve also the transla-
tional symmetry in the analysis. The potential of continuous
charge distributionrsrd in DyB2C2 may be presented as fol-
lows:

Fsrd = F0srd + FQsrd, s2d

where F0srd is a potential of the spherical symmetry, and
FQsrd is a deformation following from the quadrupolar mo-
mentum. The quadrupole moments associated with the 4f
electron wave functions can be described by the second rank
tensor,

Qij =E s3xixj − r2di jdrsrdd3x. s3d

The quadrupolar moment tensor(QMT) has the following
properties: the components of QMT are real, the matrix of
QMT is symmetricsQij =Qjid, and the trace of QMT is zero
sSQii =0d. The shape of the surface associated with the de-
formed potential has twofold-symmetry axesa1, a2, anda3
perpendicular to each other. In generala1 is different froma2
and froma3. These axes form the local coordinate system in
which the matrix of QMT is diagonal. The change of the sign
of QMT components changes the surface. It becomes flat-

TABLE I. Symmetry analysis of the structural transition for
DyB2C2 (space groupP4/mbm) associated withk1=f0,0,1

2
g for

the 2(a) site occupied by Dy ions with coordinates Dy1:(0 0 0) and
Dy2: s 1

2
1
2 0d. c, c1, andc2 are real coefficients used as order param-

eter, IR—irreducible representation, SG—space group after
transition.

IR Dy1 Dy2 SG

t2 s0 0 cd s0 0-cd D4
2-P4212

t4 s0 0 cd s0 0 cd C4n
2 -P4bm

t10 sc1 0 0d sc1 0 0d C2h
2 -P21m, Cs

1-Pm

sc 0 0d sc 0 0d C2n
2 −Pmc21
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tened in the direction where it was elongated before, and vice
versa.

According to theMODY calculations five irreducible rep-
resentations are possible for the quadrupolar ordering at the
2sad site:t1, t3, t5, t7, andt9. The form of the coefficientsC
of the basis vectors[Eq. (1)] and the QMT matrices are
presented in Table III. The corresponding potential distribu-
tion deviating from the spherical symmetry is shown in
Fig. 3.

Let us consider thet7 representation, which fulfills the
experimental conditions, in more detail. It is active in the
simultaneous structural transition, and the schemes of AFQ
ordering emerging from it include also the schemes proposed
by Tanakaet al.3 and Matsumuraet al.9 The coefficientsC
acting as an order parameter may adopt the form:sc1,0d,
s0,c2d, andsc1,c2d. If sc1,0d is the order parameter, the QMT
matrices for the ions Dy1 at(0, 0, 0) and Dy2 ats 1

2 , 1
2 ,0d are

Q = *±c1 0 0

0 7c1 0

0 0 0
* .

The charge distribution deformed due to the quadrupolar mo-
mentum is elongated alongy andx for Dy1 and Dy2, respec-
tively. Because of the wave vectork1=f0,0,1

2
g,6 the QMT

components of the Dy3 and Dy4 ions translated by the lattice
vector(001) have the same value but the opposite sign to the
QMT components of the Dy1, and Dy2 ions. Therefore, the
shape of the charge distribution changes. The charge distri-
bution elongated for Dy1 flattens for Dy3 alongy. The QMT
matrix translated by the lattice vectors(100) and (010) do
not change the shape. The resulting ordering pattern is shown
in Fig. 4(a). The main axis of elongation of the Dy charge
distribution is 90° rotated for the nearest neighbors, therefore
we name this scheme “a 90° arrangement.” The structural
distortion and the quadrupolar ordering develop simulta-
neously. Therefore, the displacement of the B and C atoms
and the ordering of quadrupoles should correlate. The 90°
quadrupolar arrangement implies opposite displacement of
the B and C atoms denoted(1) in Table II, as is visible in

Fig. 4(a). Such shifts have been proposed by Tanaka10,24 and
Adachi.5

For the order parameters0,c2d the charge distribution is
elongated alongf−110g for both Dy1 and Dy2, and along
[110] for Dy3 and Dy4. Such an arrangement has been pro-
posed by Matsumuraet al.9 and is presented in Fig. 4(b). It
implies parallel axes of elongation of charge distribution
within the xy plane and a 90° rotation between the adjacent
planes atz=0 and z=1; we would name it “a parallel ar-
rangement”. Such a scheme of quadrupolar ordering is com-
patible with the displacement of the B1 and C1 atoms in the
same direction alongz.

For the order parametersc1,c2d the asymmetry of the
charge distribution is canted in thexy plane. The main axes
of elongation of the Dy1 and Dy2 charge distributions are
tilted by the anglesw and 90−w from the x axis [see Fig.
4(c)]. The charge distribution for the Dy3(Dy4) ions is flat-
tened in the direction of elongation of the Dy1(Dy2) charge
distribution and is elongated in the perpendicular direction.
This scheme of quadrupolar ordering is proposed by
Tanaka,3 which we would name scheme “a canted arrange-
ment.” This arrangement coincides with the magnetic struc-
ture belowTN, but is asymmetric relative to displacements of
the B and C atoms as in the opposite, so in the same direc-
tion alongz.

We conclude on the basis of symmetry analysis that thet7
representation is active in the structural transition involving
the B and C atoms, but not the Dy ions, and in the ordering
of Dy quadrupoles. The resulting structure hasP42/mnm
symmetry. Three schemes of quadrupolar ordering emerge
from symmetry analysis. We propose the relations between
these schemes of quadrupolar ordering and displacements of
the B and C atoms. It would be of interest, therefore, to study
the displacements of atoms belowTQ experimentally, as it
would help to distinguish the scheme of quadrupolar order-
ing in the AFQ phase.

B. Magnetic structure below TN at H =0 T

We consider now the magnetic ordering of DyB2C2 at
zero-field by means of symmetry analysis. Later we analyze

TABLE II. Symmetry analysis of the structural transition for DyB2C2 (space groupP/mbm) associated
with k1=f0,0,1

2
g for the 4 (h) site occupied by B and C atoms with coordinates 1:s−x+ 1

2 x 1
2

d, 2: s−x −x
+ 1

2
1
2

d, 3: sx x+ 1
2

1
2

d, and 4:sx+ 1
2 −x1

2
d, xB=0.137,xC=0.339.c, g=cosf, s=sin f are the order parameters,

IR—irreducible representation, SG—space group after transition.

IR 1 2 3 4 SG

t1 s0 0 cd s0 0 cd s0 0 cd s0 0 cd D4h
5 -P4/mbm

t2 sc c 0d s-c c 0d sc-c 0d s-c-c 0d D4
2-P4212

t4 sc-c 0d sc c 0d s-c-c 0d s-cc 0d C4n
2 -P4bm

t6 sc-c 0d s-c-c 0d sc c 0d s-c c 0d D2d
3 -P4̄1m

t7 s0 0 cd s0 0-cd s0 0-cd s0 0 cd D4h
14-P42/mnm

t8 sc c 0d sc-c 0d s-c c 0d s-c-c 0d D2d
7 -P4̄b2

t9 sg g 0d s-s s 0d sg g 0d s-s s 0d C2h
2 -P21/m, Ci-P1̄

t10 s0 0 gd s0 0 sd s0 0-sd s0 0-gd C2h
2 -P21/m, Cs

1-Pm
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the experimental neutron diffraction data on a Dy11B2C2
single crystal, taking special care about the absorption cor-
rection. For the symmetry analysis of magnetic ordering the
AFQ phase of DyB2C2 should be taken as the starting
phase.25 The space group of the AFQ phaseP42/mnm re-
quires doubling of thec period already in the paramagnetic
state, and all magnetic peaks are described then by the wave
vectork2=f0,0,0g. The ions Dy1. . .Dy4 in P42/mnmhave

coordinatess 1
2 0 0d, s0 1

2 0d, s 1
2 0 1

2
d, ands0 1

2
1
2

d and belong
to the same crystallographic site 4scd. The wave vectork2
does not split this position; all four ions belong to the same
orbit. Five irreducible representations are obtained for
P42/mnmand k2=f0,0,0g. Four real one-dimensional rep-
resentations,t1, t3, t5, and t7, would lead to the easy mo-
ment direction alongz. This is inconsistent with experimen-
tal results. The complex two-dimensional representationt9

TABLE III. Symmetry analysis of the quadrupolar transition for DyB2C2 (space groupP4/mbm) associ-
ated with k1=f0,0,1

2
g for the 2(a) site occupied by Dy1 and Dy2 ions. Notations used: IR—irreducible

representation, OP—order parameter, SG—space group after transition,e1=eif1, e2=eif2, g1=cosf1, g2

=cosf2, s1=sin f1, s2=sin f2, gk̄=−gk, c, c1, c2, a, b—order parameters.

IR OP Dy1 Dy2 SG

t1 sc 0-cd

*
1
2 0 0

0 1
2 0

0 0 − 1
* *

1
2 0 0

0 1
2 0

0 0 − 1
*

D4h
5 -P4/mbm

t3 sc 0-cd

*
1
2 0 0

0 1
2 0

0 0 − 1
* *− 1

2 0 0

0 − 1
2 0

0 0 1
*

D4h
6 -P4/mnc,
C4h

1 -P4/m,
C4h

5 -I4/m

t5 sc1 0d

*c1 0 0

0 − c1 0

0 0 0
* *c1 0 0

0 − c1 0

0 0 0
*

D4h
13-P42/mbc

s0 c2d

* 0 c2 0

c2 0 0

0 0 0
* * 0 − c2 0

− c2 0 0

0 0 0
*

D4h
13-P42/mbc

sc1 c2d

*c1 c2 0

c2 − c1 0

0 0 0
* * c1 − c2 0

− c2 − c1 0

0 0 0
*

D4h
13-P42/mbc

t7 sc1 0d

*c1 0 0

0 − c1 0

0 0 0
* *− c1 0 0

0 c1 0

0 0 0
*

D4h
14-P42/mnm

s0 c2d

* 0 c2 0

c2 0 0

0 0 0
* * 0 c2 0

c2 0 0

0 0 0
*

D4h
14-P42/mnm

sc1 c2d

*c1 c2 0

c2 − c1 0

0 0 0
* *− c1 c2 0

c2 c1 0

0 0 0
*

D4h
14-P42/mnm

t9 sc1e1 c2e2

c2e2 c1e1
d a* 0 0 g1

0 0 s1

g1 s1 0
* b* 0 0 g2̄

0 0 s2

g2̄ s2 0
*

C2h
2 -P21/m
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allows magnetic moments within thexy plane. The magnetic
structure for thet9 representation is given by the vectors
S1. . .S4 for the Dy1. . .Dy4ions,

S1 = c1cosf1ex + c3cosf3ey,

S2 = − c4sin f4ex − c2sinf2ey,

S3 = − c3sinf3ex + c1sin f1ey,

S4 = c2cosf2ex − c4cosf4ey. s4d

This magnetic structure has eight free parameters and is the
most general, as it is derived solely from the symmetry con-
siderations. The real magnetic structure may be more sym-
metric due to a hidden symmetry of exchange interactions
and close energy of pseudoquartet levels. We try, therefore,
to impose constraints similar to the ones adopted in models
A and B.

FIG. 3. Spheroids associated with the quadrupolar moment ten-
sor for thet1, t3, t5, andt7 representations. The raws in the figure
correspond to the raws in Table III; the left column presents sphe-
roids of the Dy1 ion, the right column, those of the Dy2 ion.

FIG. 4. The long-range ordering of charge distribution of Dy
ions deviating from the spherical symmetry due to the quadrupolar
momentum for thet7 representation for the order parameters:(a)
sc1,0d, (b) s0,c2d, and (c) (c1, c2). The average spherical charge
distribution is also shown. In addition to the Dy charge distributions
at z=0, the upward(large circles) and downward(small circles)
displacements of boron(solid) and carbon(empty) atoms fromz
= 1

2 are presented in the left side.(a) The shifts are upward for B1
and downward for C1,(b) both shifts are upwards, and(c) there is
no correlation between the Dy charge distribution and displacement
of the B and C atoms.
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Under the assumption thatc1=c2, c3=c4 andf1=f2, f3
=f4, we obtain a model similar to model A:

S1 = c1cosf1ex + c3cosf3ey,

S2 = − c3sin f3ex − c1sin f1ey,

S3 = − c3sin f3ex + c1sin f1ey,

S4 = c1cosf1ex − c3cosf3ey. s5d

The exact model A, as introduced by Yamauchiet al.2 is
obtained when all magnetic moment values are equal, so
whenf1=f3=45°,

S1 = M1ex + M3ey,

S2 = − M3ex − M1ey,

S3 = − M3ex + M1ey,

S4 = M1ex − M3ey. s6d

Note that in this case the magnetic moments of all Dy ions
are related and have the same value. The angle between the
Dy1 and Dy3 moments is fixed to 90°.

A model similar to model B will follow from assumptions
that c1=−c4, c2=c3 andf1=f4−90, f3=f2−90:

S1 = c1cosf1ex + c3cosf3ey,

S2 = − c3sin f3ex − c1sin f1ey,

S3 = c1cosf1ex − c3cosf3ey,

S4 = − c3sin f3ex + c1sin f1ey, s7d

and, additionally, whenf1=f3=45°,

S1 = M1ex + M3ey,

S2 = − M3ex − M1ey,

S3 = M1ex − M3ey,

S4 = − M3ex + M1ey. s8d

However, the exact B model as proposed by van Duijn,
Attfield, and Suzuki12 cannot be obtained within thet9 rep-
resentation. Similarly to model A, the assumption that all Dy
have the same moment value implies symmetry relation be-
tween all Dy moments and the angle between the Dy1 and
Dy4 moments must be 90°.

Now let us consider the possibility of domain formation
for these magnetic structures. As the wave vectork2 trans-
forms into itself by the symmetry operators of the paramag-
netic group P42/mnm the configuration domains(K
domains)26 are not possible. However, four orientation do-
mains(Sdomains), D2–D4, can form due to loss of the four-
fold axis. They can be superimposed by a successive 90°
rotation. The pairs of domainsD1–D3 andD2–D4 are related

by the inversion and cannot be distinguished by the conven-
tional diffraction experiment, so, in the following, we men-
tion only theD1 and D2 domains. The arrangement of the
magnetic moments in theD1 andD2 domains for model A is
shown in Fig. 2(a). TheD1 domain produces a net magnetic
moment along thex axis, while theD2 domain does so along
the y axis. The intensity measured from such a multidomain
single crystal would be a superposition of intensities gener-
ated by these domains.

Finally, we present the refinement of models emerging
from theoretical analysis against single crystal neutron dif-
fraction data. Two sets of reflections have been measured at
30 and 12 K. We want to recall that absorption of neutrons in
this experiment was severe. This forced us to measure the
same reflections several times, at different azimuthal angles
C on cost of the number of the independent reflections. The
absorption correction for a given shape of the single crystal
has been calculated by the Gaussian integration method us-
ing the programJANA2000.27 The correction has been checked
with a set of reflections measured varying the angleC. The
largest deviation of the as-measured intensity within theC
scan was 80%. It reduced to 12% after the absorption cor-
rection. This would be considered a poor statistic for a stan-
dard data set, but is rather good for the Dy11B2C2 case. The
refinement of crystal and magnetic structures has been per-
formed by the programFULLPROF.28 The refinement of crys-
tal structure at 30 K converged toRF=6.7% for six indepen-
dent reflections. The only refined parameter, the scale factor,
has been used for the magnetic structure refinement.29 The
refinement for two models given by Eqs.(5) and (7) con-
verged to the sameRF value of 15.8%, with equal population
of the domainsD1 andD2 for 16 independent reflections at
12 K.

For the model of Eq.(5) (modified model A) the refined
magnetic moment values are 5.67s40d and 5.70s40dmB for the
Dy1/Dy4 and Dy2/Dy3 pairs, respectively.30 This confirms
the same moment value for all Dy ions. The tilt angles of the
Dy1 and Dy2 moments from thex axis areu1=36s4d° and
u2=−112s4d°, respectively. So the canting between the two
pairs is 76s6d°, in agreement with Kanekoet al.31 and not
90° as proposed originally by Yamauchiet al.2

For the model of Eq.(7) (modified model B) the refined
magnetic moment values are 3.852 and 7.03s40dmB for the
Dy1/Dy3 and Dy2/Dy4 pairs, respectively. The tilt angles
of the Dy1 and Dy2 moments from thex axis are u1
=38s6d° andu2=−142s3d°. This leads to the canting angle of
104s7d° between the two pairs. The symmetry constraints of
model B can be realized only with two distinct magnetic
moment values as presented in the right-hand side of Fig.
2(b).

To conclude, our symmetry analysis and neutron single
crystal diffraction are consistent with two models: modified
model A and modified model B. The first model implies the
same magnetic moment value for all Dy ions, but canting
between the Dy1/Dy4 and Dy2/Dy3 pairs. The second
model suggests two distinct moment values, as well as the
presence of canting. We give preference to modified model
A. We do not see presently a reason why Dy ions should
have different magnetic moment values. They occupy the
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same crystallographic site 4scd, have the same deformation
of local surrounding due to shifts of the B and C atoms, and
have the same asymmetry of the change distribution due to
the quadrupolar momentum. It is worth noting that the Möss-
bauer spectra measured belowTN (Ref. 32) were interpreted
well by a single set of hyperfine parameters, implying the
same moment value for all Dy ions, which supports our pro-
posal.

C. Evolution of AFM peaks as a function of field and
temperature in the AFQ and AFM states

We focus now on magnetic ordering in the AFQ state
induced by a magnetic field applied along the[1 0 0] direc-
tion. The intensity of(0 1 0), (0 0 1), s0 0 1/2d, and s0 1
−1/2d reflections in the 5–30 K temperature range, at se-
lected values of magnetic field, is presented in Fig. 5. At zero
field, intensity of all peaks decreases with increase of tem-
perature and vanishes aroundTN,16 K. Therefore, these
peaks are associated with the AFM ordering in agreement
with previously published neutron diffraction results.2,12,14,15

When the magnetic field is applied, some reflections,
namely(0 0 1) and s0 1 −1/2d, extend their presence up to
T,30 K. This confirms that an AFM order is induced in the
AFQ regime. However, the(0 1 0) ands0 0 1/2d reflections
do not appear in the AFQ regime, implying that the induced
magnetic arrangement differs from the arrangement stable at
zero-field belowTN.

The s0 0 1/2d peak is absent in the AFQ regime in the
neutron diffraction experiment, but thes0 0 3/2d peak is
present in the resonant x-ray diffraction study.3,4 This is pos-
sible only if these reflections originate from the quadrupole
ordering. Such origin of thes0 0 l /2d reflections was already
proposed by Hirotaet al. in Ref. 4. But interpretation of the
resonant x-ray experiment is not straightforward, as the
s0 0 l /2d reflections may have magnetic and/or quadrupolar
origins.11 Our results confirm the quadrupolar origin of these
reflections. The intensity ofs0 0 1/2d decreases with in-
creasingH in the AFM state. This decrease means that the
corresponding magnetic contribution is suppressed by field.
In the following we suggest a model of the AFM arrange-
ment consistent with this observation. The(0 1 0) reflection
disappears at very small fieldsHù0.2 T, which is due to a
redistribution of theD1 and D2 domains as will be shown
later. This transition, though not reported before, is con-
firmed by magnetization measurements presented in Fig. 6.

The (0 0 1) reflection has a structural contribution and,
therefore, exists at all temperatures. In Fig. 5 only the mag-
netic contribution is presented. The thermal evolution of this
peak is different in the AFQ and AFM phases. It increases in
the AFM phase and decreases in the AFQ phase for increas-
ing temperatures. An increase of the field value, however,
increases the(0 0 1) intensity.

The strongs0 1 −1/2d reflection exists in both, AFM and
AFQ, phases. Its intensity depends on the applied field in a
complex manner. In the AFM regime it grows when a field is
applieds0 T,H,1 Td and then decreases with increase of
the field value. In the AFQ regime intensity grows succes-
sively with the field value. Interestingly, this reflection has

been studied by zero-field resonant x-ray diffraction and has
been attributed to the lattice distortion accompanying the
AFQ ordering.3 Our observation indicates that a significant
magnetic contribution is associated with this reflection in the
AFQ regime in an applied field.

FIG. 5. Temperature dependence of the integrated intensity of(0
0 1), s0 0 1/2d, s0 1 −1/2d, and (0 1 0) reflections of Dy11B2C2

with Hi[100]. The intensities are normalized to the same neutron
monitor and the structural contribution to(0 0 1) is subtracted.
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To understand theH, T dependence of the magnetic struc-
ture it is useful to inspect the contribution of the magnetic
momentsM 1. . .M4 of four Dy ions to the magnetic structure
factorsF of the studied reflections. We find that:

F010, M 1 − M 2 + M 3 − M 4,

F001/2, M 1 + M 2 − M 3 − M 4,

F001, M 1 + M 2 + M 3 + M 4,

F01−1/2, M 1 − M 2 − M 3 + M 4. s9d

As all four Dy ions contribute to every reflection, it is not
possible to derive “model-free” conclusions. However, rea-
sonable constraints may be applied. The negative sign of
second-order crystal field Stevens factor33 indicates a strong
planar magnetic anisotropy, which aligns the magnetic mo-
ments within thexy plane.16 The magnetic field in the present
experiment has been applied in this plane,Hi[100]. There-
fore, we may assume that the ordering and reorientation of
the magnetic moments happens only in thexy plane.

Regarding the symmetry relations between theMx, My
components it is reasonable to keep the constraints which
follow from symmetry analysis and correspond to modified
model A. For theD1 domain presented in Fig. 2(a) (left-hand
side) the following relations hold:

M 1x = M 4x, M 2x = M 3x,

M 1y = − M 4y, M 2y = − M 3y, s10d

while for theD2 domain shown in Fig. 2(a) (right-hand side),

M 1x = − M 4x, M 2x = − M 3x,

M 1y = M 4y, M 2y = M 3y. s11d

From Eqs.(9) and (10) it follows that for theD1 domain
the magnetic structure factorF of the (0, 1, 0) reflection is
only sensitive to they components,

F010, M 1y − M 2y, s12d

the contributions of thex components cancel. Moreover, the
(0 1 0) scattering vector is parallel to they component of the
magnetic moment, and the neutron intensity is zero for this
reflection.

For theD2 domain, only thex components contribute to
the (0 1 0) reflection, and they components cancel:

F010, M 1x − M 2x. s13d

Therefore, the(0 1 0) reflection has no contribution to theD1
domain and only theM x components contribute from theD2
domain. Therefore, the observation of the(0 1 0) reflection at
zero field belowTN and its vanishing at fieldsHù0.2 T
suggests that both domains,D1 andD2, exist at zero field and
that theD2 domain vanishes when applying a fieldH i f100g.
Such behavior is favorable, because the net magnetic mo-
ment of D2 is perpendicular to[100]. In the following, for
fields Hù0.2 T, we consider only contributions of theD1
domain. The magnetic structure factors of other studied re-
flections is presented in Table IV.

We may interpret now the observed variation of the mag-
netic intensities with field and temperature and try to relate it
to the underlying AFQ order. The direction of the induced
AFM component and the direction of quadrupoles are de-
fined by the symmetry of the ground state lowered in an
applied magnetic field, and the favorable arrangement with
the lowest free energy can be obtained by mean-field
calculations.34 The ground state of DyB2C2 is not yet known
unambiguously, therefore, the relation between the direction
of the field-induced moments and quadrupoles is not yet
strictly established. We shall assume in the following that the
main axis of a deformed charge distribution and the induced
magnetic moment of one ion is perpendicular, in accordance
with Yamauchiet al.14

The magnetic structure factor of thes0 0 1/2d reflection
is proportional to the sum of theM 1y andM 2y vectors. The
absence of thes0 0 1/2d reflection in the AFQ phase means

FIG. 6. (a) Magnetization of the Dy11B2C2 single crystal along
[100] at T=5 K with two metamagnetic transitions atHc1=0.02 T
and Hc2=0.05 T. The origin of one transition is a reorientation of
theD2 domains; the origin of the second transition is not yet estab-
lished. It may be associated with vanishing of AFQ domains.(b)
Temperature evolution of the critical fieldsHc1 andHc2.

TABLE IV. The contribution of theM x andM y components of
the Dy1 and Dy2 ions into the magnetic structure factorsF for the
D1 and D2 domains of model A. The evolution of the observed
magnetic intensity in the AFQsIAFQd and AFMsIAFMd regimes with
increase of applied magnetic fieldH at constant temperature.

D1 D2 IAFQ IAFM

F010 M 1y−M 2y M 1x−M 2x I =0 I ↘↘
F001/2 M 1y+M 2y M 1x+M 2x I =0 I↘
F001 M 1x+M 2x M 1y+M 2y I↗ I↗
F01−1/2 M 1x−M 2x M 1y−M 2y I↗ I↘
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that theM 1y and M 2y components compensate each other;
they are zero or have equal length. Within our assumption on
the perpendicular directions of field-induced dipolar moment
and quadrupole, theM y components should be zero for the
90° arrangement of quadrupoles shown in Fig. 4(a), asM 1y
must be zero. For the parallel arrangement of quadrupoles in
Fig. 4(b) theM y components could be zero or opposite. It is
complex, however, to suggest a reason why theM 1y andM 2y
components should compensate each other for the canted
arrangement of quadrupoles[see Fig. 4(c)].

The intensities of the(0 0 1) and s0 1 –1/2d reflections
are related to the difference and the sum of theM1x andM2x
values of theD1 domain, respectively. The increase of the(0
0 1) ands0 1 −1/2d intensities in the AFQ regime with field,
means an increase of these differences and sums. So it is
reasonable to assume that the moment along the field direc-
tion, M 1x, increases fast, while theM 2x component does not
change significantly. For the 90° arrangement of quadru-
poles, such behavior is consistent with the absence of the
M 2x component and an increase ofM 1x. For the canted ar-
rangement, the difference inM 1x andM 2x is also natural.35

For the parallel arrangement of quadrupoles, however, we
see no good reasons whyM1x and M2x should be different.
We conclude that the AFQ phase observations of the neutron
diffraction experiment in an applied magnetic field can be
well explained only with the 90° arrangement of quadru-
poles.

In the AFM phase at zero field thes0 0 1/2d peak is
present;M 1y andM 2y do not compensate each other, imply-
ing a canted arrangement of quadrupoles. The canted ar-
rangement is very natural belowTN, as the AFM coupling
between neighboring Dy magnetic moments becomes stron-
ger than the 90° coupling between quadrupoles. The decrease
of the s0 0 1/2d intensity with increasingH in the AFM
regime is due to a decrease in the difference of theM1y and
M2y values. This implies weakening of the AFM couplings
along y, with increasing field and possible restoring of the
90° arrangement of quadrupoles stable in the AFQ phase. In
the AFM regime the intensity of(0 0 1) increases, and of
s0 1 –1/2d, decreases. This implies that the net magnetic
moment value alongx sM1x-M2xd increases, withM2x de-
creasing faster thanM1x grows, which is also well under-
stood for the canted arrangement.

Combining information about theM x andM y components
of induced magnetic moments extracted from the neutron
diffraction experiment withH i f100g, we propose the follow-
ing picture. In the AFQ regime the 90° arrangement of qua-
drupoles is stable. When magnetic field is applied, the in-
ducedM 1x component along the field grows, while theM 2x
andM y components are absent. In the AFM regime the mag-
netic exchange interactions couple the neighboring magnetic
moments antiferromagnetically. The two conflicting require-
ments for neighboring Dy ions:(1) 90° coupling of quadru-
poles and(2) antiparallel coupling of magnetic moments,
lead to frustration of the two orderings and to the canted
quadrupolar and magnetic structures. Field appliedH i f100g
tries to align the magnetic moments in its direction and acts,
therefore, against AFM couplings. This leads to the differ-
ence in theM x components: while Dy1 magnetic moment

increases, the Dy2 moment decreases. Also, theM y compo-
nent orthogonal toH decreases witnessed by a decrease of
the s0 0 1/2d intensity with field. We suggest that the qua-
drupoles rotate back to the arrangement stable in the AFQ
phase with an increase ofH. With temperature lowering, the
AFM interactions become stronger and the Dy2 magnetic
moment increases. This is why the(0 0 1) intensity, for ex-
ample, decreases at the constant value of the applied field.

Similar interplay between AFQ and AFM interactions as a
function ofT andH may occur for fields applied in the[110]
direction. Yamauchiet al.15 reported that thes0 0 1/2d re-
flection is induced for 1 TøH,2 T, disappears for 2 T
øH,3 T, and reappears again forH.3 T. We suggest that
at 2 TøH,3 T in the phase IV,2 the induced magnetic mo-
ments point strictly alongx or y directions for the domains
D1 and D2, respectively. The reappearance of thes0 0 1/2d
reflection forH.3 T may indicate rotation of the quadru-
poles from thef100g / f010g to f110g / f1-10g directions.

D. Arrangement of quadrupoles atTN,T,TQ

We now string available arguments trying to resolve,
which of the three quadrupolar arrangements is realized in
the AFQ phase. The 90° arrangement seems the most prob-
able to us. The reasons are the following:(i) it implies the
90° coupling of adjacent quadrupoles and explains the cant-
ing of the magnetic moments in the AFM phase as a result of
competition between the 90° quadrupolar and the collinear
AFM couplings,(2) it is compatible with the opposite dis-
placements of the B and C atoms, and(3) it explains the
induced magnetic structure forH i f100g. However, it does
not explain(4) the absence of thes1 0 5/2d reflection in the
AFQ phase measured with resonant x-ray diffraction in the
s−p8 geometry.9 We suggest to study if translational qua-
drupolar domains related by the lost(001) translation would
explain the x-ray results. Such antiphase domains should
scatter coherently and have equal population.

The parallel arrangement of quadrupoles proposed by
Matsumuraet al.9 seems to us less probable than the 90°
arrangement. This model implies parallel quadrupolar cou-
plings, which(1) do not frustrate collinear AFM couplings,
so there should be no canting of the magnetic moments in the
AFM phase according to this model. Such arrangement is
compatible(2) with the same shifts of the B and C atoms, but
(3) it has problems to explain differences of theM 1x andM 2x
components of the induced magnetic structure in the AFQ
phase. It explains, however,(4) the behavior of thes1 0 5/2d
reflection in the x-ray experiment.11

The canted arrangement of quadrupoles proposed by
Tanakaet al.3 certainly exists in the AFM state belowTN.
But we do not see why this scheme should be adopted un-
founded for the AFQ state as well. This model implies that:
(1) the AFM interactions are very significant already in the
AFQ phase, forcing canting of the quadrupoles well above
TN, (2) it is very asymmetric relative to the shifts of the B
and C atoms; and, finally(3) it is not clear why theM y
components of induced magnetic structure in the AFQ phase
should compensate each other or(4) why the s1 0 5/2d re-
flection vanishes in the AFQ phase in the x-ray experiment.
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IV. SUMMARY

We have investigated phase transitions in DyB2C2 by
means of symmetry analysis and neutron diffraction of a
Dy11B2C2 single crystal. Thet7 representation describes the
AFQ phase. The transition atTQ involves periodic displace-
ments of the B and C atoms along thez axis and ordering of
the Dy quadrupoles in thexy plane. The Dy ions do not shift
from the initial positions. We suggest the 90° arrangement of
neighboring quadrupoles in thexy plane and along thez axis
in the AFQ phase and opposite shifts for the B and C atoms.
The magnetic structure induced byH i f100g in the AFQ
phase comprises zero or compensatingM y and differentM x
components.

The magnetic structure belowTN is described by thet9
representation. The neutron diffraction data are consistent
with modified model A with the same value of magnetic
moments for four Dy sublattices, but canting between them.
At zero-field orientation, domains with equal population of
this magnetic structure coexist. The magnetic exchange in-
teraction of the neighboring Dy moments dominates the 90°
quadrupolar interaction and leads to the canting of the qua-

drupoles within thexy plane, as proposed by Tanakaet al.3

Magnetic field applied alongH i f100g destroys domains with
net moment perpendicular to the field direction. Moreover, it
suppresses the AFM couplings of the neighboring Dy mag-
netic moments in the preserved domain, and the Dy quadru-
poles tend to restore the 90° arrangement.

Similar coexistence and competition of antiferroquadru-
polar and antiferromagnetic interactions exist in other RB2C2
compoundsfR=Ho (Ref. 36) and Tb (Ref. 37)]. We hope
that our theoretical and experimental findings can be useful
for the understanding of these phases as well.
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