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Antiferroquadrupolar(AFQ) and antiferromagneti¢AFM) order in DyB,C, 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 b@lgw24.7 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 irytipdane, and along. For the zero-field AFM
phase, the refinement of neutron single crystal diffraction data JfE)E, against models proposed by
Yamauchiet al. [J. Phys. Soc. Jpr68, 2057(1999] (model A) and by van Duijn, Attfield, and SuzukPhys.

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 ixthglane. The tilt of the Dy moments from theaxis

is 364)° at(0 0 0) and -1124)° at the(% % 0) site. The angle between the Dy moments adjacent atdsg
76(6)° and not 90° as proposed originally.

DOI: 10.1103/PhysRevB.69.224417 PACS nuni®er75.25+z

[. INTRODUCTION confined in thexy plane[Fig. 1(b)] due to the crystal field,
_ and for the ions Dy® 0 0) and Dy43 2 0) are tilted from
DyB,C, with the tetragonal LafC,-type structurgspace  thex axis by anglesp and 90-¢, while for the quadrupoles
group P4/mbm Fig. (@)]" exhibits a complex interplay of of the ions Dyg0 0 1) and Dy42 £ 1)8 the tilt angles are
structural, orbital, and magnetic degrees of freedotrin 90+¢ and . Matsumuraet al® proposed a more symmet-
zero-field antiferroquadrupol@AFQ) order sets in at an un- ric arrangement: the quadrupoles of the Dy iong=0 are
usually high temperature dfig=24.7 K. The superstructure aligned parallel, strictly along—110], and those atz=1
reflections observed in the zero-field AFQ state by resonamilong[110]. This arrangement explained the vanishing of the
and nonresonant x-ray diffractién? can be indexed by the (1 0 5/2 reflection in an x-ray resonant diffraction experi-
wave vectork1:[0,0,1].6 The (0 01/2) reflections are at- ment in the AFQ phase.
tributed to a long-range ordering of quadrupoles and The structural part of the transition is also a subject of
(0 11/2) to the accompanying periodic displacement of at-debate. Tanakat al.>'° and Lovesey and Knight, assume
oms. The resulting structure is described by B¥/mnm  that the B and C atoms are displaced along thexis,
space group witls-doubled unit cell, and the point symmetry whereas Hirotaet al* and Matsumureet al® propose that
of Dy ions lowers from 4ih to 2/m. movements of the Dy ions are involved in the transition. We
The quadrupole moments of Byions may have the shall try to resolve these issues by symmetry analysis.
I's(Oy;, 0,4, Oyy) Or I'5(09,03) site symmetry. The AFQ or- Antiferromagnetic (AFM) order develops belowTy
dering originates from a peculiar crystal electric field =15.3 K at zero applied magnetic field. To index the mag-
scheme. It is proposédind experimentally confirmédhat  netic diffraction pattern in the AFM state two wave vectors,
the ground and first excited Kramers doublets are close i|k1=[0,0,%] and k,=[0,0,0], are required. A model (la-
energy. The lifting of degeneracy of this apparent pseudobeled A of the magnetic structure of BYB,C, at zero-field
quartet leads to the ordering of quadrupoles belgyvAc-  was first presented by Yamauati al? [Fig. 2a@)] based on
cording to Tanakat al.3 the main axes of quadrupoles are neutron powder diffraction. Shortly thereafter, van Duijn,

0163-1829/2004/622)/22441712)/$22.50 69 224417-1 ©2004 The American Physical Society



ZAHARKO et al. PHYSICAL REVIEW B 69, 224417(2004)

moments of Dy1-Dy3 and Dy2-Dy4 are coupled. The rela-
tive orientation of magnetic momentszt0 andz=1 is also
slightly different for A and B. We performed symmetry
analysis and neutron single crystal diffraction of'£B,C,
below Ty 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 DEB indi-

X cates that the quadrupolar pair interactions favor 90°
y couplings. The dipolar and quadrupolar interactions are com-
%S b #4 parable in strength and compete with each other. Application
of magnetic fieldH should affect the AFM couplings stron-
1% ger than the AFQ on€'s,and indeed, as seen from the mag-
z=0 z=1 netic field-temperature phase diagranapplied magnetic
X field weakly affects the AFQ state, but significantly sup-
yr presses the AFM state. In addition, dipolar magnetic mo-
e
v

4 ments are induced in the AFQ phase, reflecting the underly-

7(‘ ing quadrupolar order. This allows the study the AFQ state of
Dy!'B,C, by neutron diffractiort*1°
{' 3 The models of magnetic structures inducedHby [100]
z=l and [110] have been proposed by Yamaueti al?14 The

FIG. 1. (@) The crystal structure DyfE,. Only Dy ions are ~authors assumed that the dipole moments are perpendicular
shown and the same labeling is used throughout the pépethe 0 the main axis of quadrupole moments, as shown in Fig.
quadrupolar ordering proposed by Tanaka!? (c) Magnetic struc-  1(C) for H|| [100]. The induced magnetic structure differs

ture induced in the AFQ state applyingl[100], according to ~ from the zero-field structure by an increase of fheompo-
Yamauchiet al1® nents of the Dyl and Dy4 moments, which align parallel to

the field, and decrease of tkeeomponents of Dy2 and Dys3,
Attfield, and Suzuk? proposed another modélabeled B, which point_opposite to the field. However, a comprehensive_;
Fig. 2b)], which fits the data equally well. Both models understanding of the AFQ arrangemept and the induced di-
contain four canted Dy sublattices with magnetic momentd©lar AFM structure has not been achieved. We extended the
confined in thexy plane. Canting of the moments results in aaV?'llable studies and performed a neutron diffraction of
ferromagnetic component alori@10]. For both models the DY B2Cz single crystal at moderate magnetic fie(0s-4 T)
magnetic moments of the four Dy sublattices have the sam@PPlied along[100]. Our experimental findings allow us to
magnitudE, but they have different Symmetry relations beelu(:ldate new details abOl:Jt the induced magnetlc structure
tween the moments. In model A the magnetic moments ofind the related AFQ ordering.
Dy1-Dy4 (Dy2-Dy3) are symmetry related; in model B, the

Il. EXPERIMENTAL DETAILS

Y 4 A single crystal of Dy'B,C, enriched with 99.5 at %'B
isotope has been grown by the Czochralski method in an arc
X furnace with four electrodes. The crystal has been cleaved

and a piece with the dimensions X% x 1.2 mn? has been

used for further experiments. Enrichment 1B isotope

D strongly reduced neutron absorption. However, absorption
remained significant due to natural Dy. Neutron intensity has
been collected on the single crystal diffractometer TriCS at

[38)

b the spallation neutron source SINQ with a neutron wave-
4 y 1 length of A=1.18 A using a®He area detector. Two experi-
1 mental setups have been employed. For the zero-field data a
91, four-circle cradle has been used, allowing inspection of a
3 27 large number of reciprocal points. The crystal has been
2 3 mounted in a closed cycléHe refrigerator. For measure-

B model ments under magnetic field a vertical cryomagnet has been
installed. In this setup, reflections scattered +15° out of the
FIG. 2. Diagram of the Dy magnetic moment arrangengan horizontal plane have been measured by tIItIng the area de-
model(left-hand side: domail,, right-hand side: domaiB,), (b)  tector. The crystal has been mounted with {th@Q] direction
B model (left-hand side: proposed by van Duijn, Attfield, and Su- vertically and the magnetic field has been applied in the
zuki, 12 right-hand side: resulting from our study same direction. The crystal was well fixed to avoid any
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movement due to the ferromagnetic component expected un- TABLE |. Symmetry analysis of the structural transition for
der an applied field. Measurements have been performed inRyB,C, (space grougP4/mbm) associated wittk,;=[0,0,3] for
field cooled state. This means for every measurement with the 2a) site occupied by Dy ions with coordinates Dy®:0 0) and
new field value the crystal was heated to 30 K, a field way2: (53 0). ¢, ¢, andc; are real coefficients used as order param-
applied, and the crystal was cooled to 5 K. The temperaturgter, IR—irreducible representation, SG—space group after
dependence of Bragg peaks was measured upon heating tt@nsition.
crystal.
The single crystal of good quality has been chosen for théR Dyl Dy2 SG
expe'riment. But successive hgating and' cooling led to th% 000 (0 00) D2-P42,2
splitting of the crystal perpendicular t witnessed by the 5
split of the Bragg peaks of the typg@®0I) and (hkl), with | 4 000 000 ) C4V'P4bT
large. We decided to proceed with the crystal but to increasét0 (€00 (€00 Con-P2im, Co-Pm
scanning ranges to get a reliable background, and then inte- (c00) (c00) C3,—Pme,
grated all intensity above the background.

Te—T10 (S€e Table . The r, 7, and ;o representations cor-

lll. RESULTS AND DISCUSSION respond to the shifts of the B and C atoms alongzlzeis,
others to the shifts in they plane. Ther;, 7, 74, and g IR
lead to the space groups with the extinction conditions con-

To resolve existing ambiguities about the quadrupolar angradicting the observe 1 1/2) reflections. Thers, 7o, and
structural transitions af,, we performed a group theoretical 10 Fepresentations lead to too low symmetry. For example,
analysis'’~?! The symmetry analysis allows us to describe -, results in theP42,m space group, which besides the
changes of different physical properties during the transitiong 11/2) reflections would allow(0 01/2). The (0 01/2)
based on the symmetry of the parent pheBé/mbm and  refiections are, in fact, observed in an x-ray diffraction ex-
the wave vector involved in the transitidk, =[0,0,2]). It periment, but they originate not from periodic lattice distor-
supplies the coordinate system, which reflects the symmetryjons, but from the anisotropy of atomic scattering amplitude
of the problem in the best way and provides the simplesbf Dy (so-called Templeton-Templeton scattehifg There-
form of description of possible structures. This coordinatefore, they are related to the quadrupolar ordering and not
system is formed by the basis vectorg ,, of irreducible  directly to the structural part of the transition.
representatioriIR) of the symmetry groufs of the parent Summarizing, only ther; representation describes fully
structure. Any propertys of the crystal can be described in the experimental observations. It leads to a structure with the
such a coordinate system as a linear combination of the basi¥,/mnmsymmetry with the B and C atoms displaced along

A. Symmetry analysis of the AFQ phase belowl o

vectors of IR of the groujgs: the z axis and no shifts of the Dy ions.
Let us now analyze possible schemes of the quadrupolar
si=> E E Ci AW wn (1) ordering. Up to now in the literatute® only the site symme-
KL =1 A= try has been considered. Here we involve also the transla-

wherek, is the wave vectory the number of representa- tional symmetry in the analysis. The potential of continuous
tions, and\ runs over the dimensions of IR. The sets of thecharge distributiorp(r) in DyB,C, may be presented as fol-
coefficientsC, being the components of the studied property,lows:
restrict the number of free parameters and, as a result, reduce
the number of possible strEctures. The correct linear combi- ®(r) = Po(r) + Po(r), (2)
nation of coefficients is the order parameter of the correwhere ®(r) is a potential of the spherical symmetry, and
sponding transition. We involved the programpy?*to cal- ¢, is a deformation following from the quadrupolar mo-
culate possible solutions. mentum. The quadrupole moments associated with the 4

First, we consider the structural transition. For Dy ions,g|ectron wave functions can be described by the second rank
occupying the Ba) site, three irreducible representations arejgngor

possible;7,, 74, 710 The allowed displacements and corre-

sponding symmetry after the transition are presented in Table ) 3

l. Two IR, 7, and 7, would be consistent with theshifts of Qj :f (3xix; = 126 p(r)d. (3)

the Dy ions proposed by Matsumugaal ® However, special

reflection conditionskl:h+k=2n of the two corresponding The quadrupolar moment tens@®MT) has the following

space groupsP42,2 andP4bm, are not compatible with the properties: the components of QMT are real, the matrix of

observation of the (011/2) reflections by x-ray QMT is symmetric(Q;=Q;), and the trace of QMT is zero

diffraction3* The 7, representation would lead to the dis- (2Q;;=0). The shape of the surface associated with the de-

placements along and an orthorhombic or monoclinic space formed potential has twofold-symmetry axag a,, anda;

group. It is unlikely, therefore, that the Dy ions are involved perpendicular to each other. In geneaais different froma,

in the structural part of the transitiGa. and fromas. These axes form the local coordinate system in
For the 4h) positions occupied by the B and C atoms thewhich the matrix of QMT is diagonal. The change of the sign

symmetry analysis allows eight representations: 7, 7,, of QMT components changes the surface. It becomes flat-
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TABLE Il. Symmetry analysis of the structural transition for Dy® (space groug®/mbm) associated
with k1=[0,0,1] for the 4(h) site occupied by B and C atoms with coordinateé—]ﬁ% X %), 2: (-x —-x
+232), 3:(x x+3 3), and 4:(x+3 —x3), x3=0.137 x-=0.339.c, y=c0s ¢, 7=sin ¢ are the order parameters,
IR—irreducible representation, SG—space group after transition.

IR 1 2 3 4 SG

™ (00c) (00c) (00c) (00c) D3,-P4/mbm
™ (c cO) (-ccO) (c-c0) (-c-c0) D2-P42,2

2 (c-c 0) (c cO) (-c-c 0) (-cc 0) C2 -P4bm

s (c-c 0) (-c-c 0) (ccO) (-cc0) ng_lem

- (00¢) (0 0¢) (0 0¢) (00¢) D3t-P4,/mnm
78 (ccO (c-c0) (-cc0) (-c-c 0) D -P4b2

) (y70) (000 (y70) (-000) CZ,-P2y/m, C-P1
1o (00+y) (000) (0 0-0) (0 0-y) C3,-P2;/m, CL-Pm

tened in the direction where it was elongated before, and vic€ig. 4@). Such shifts have been proposed by Tad&kband
versa. Adachi?®
According to themoDY calculations five irreducible rep- For the order parametdf,c,) the charge distribution is
resentations are possible for the quadrupolar ordering at thelongated alond-110] for both Dyl and Dy2, and along
2(a) site: 7y, 73, 75, 77, andg. The form of the coefficient€  [110] for Dy3 and Dy4. Such an arrangement has been pro-
of the basis vector§Eg. (1)] and the QMT matrices are posed by Matsumurat al® and is presented in Fig.(i4). It
presented in Table Ill. The corresponding potential distribuimplies parallel axes of elongation of charge distribution
tion deviating from the spherical symmetry is shown inwithin the xy plane and a 90° rotation between the adjacent
Fig. 3. planes atz=0 andz=1; we would name it “a parallel ar-
Let us consider ther representation, which fulfills the rangement”. Such a scheme of quadrupolar ordering is com-
experimental conditions, in more detail. It is active in thepatible with the displacement of the B1 and C1 atoms in the
simultaneous structural transition, and the schemes of AFQame direction along.
ordering emerging from it include also the schemes proposed For the order parameteic,,c,) the asymmetry of the
by Tanakaet al® and Matsumurat al® The coefficientsC  charge distribution is canted in thg plane. The main axes
acting as an order parameter may adopt the fowp;0),  of elongation of the Dyl and Dy2 charge distributions are
(0,cp), and(cy, Cy). If (cq,0) is the order parameter, the QMT tilted by the anglesp and 90— from the x axis [see Fig.
matrices for the ions Dyl g0, 0, 0 and Dy2 a %,%,O) are  4(c)]. The charge distribution for the Dy®y4) ions is flat-
tened in the direction of elongation of the Dyfdy2) charge
tc, 0 O distribution and is elongated in the perpendicular direction.
This scheme of quadrupolar ordering is proposed by
Tanaka® which we would name scheme “a canted arrange-
0 0 O ment.” This arrangement coincides with the magnetic struc-
ture belowTy, but is asymmetric relative to displacements of
The charge distribution deformed due to the quadrupolar mothe B and C atoms as in the opposite, so in the same direc-
mentum is elongated alongandx for Dyl and Dy2, respec- tion alongz.
tively. Because of the wave Vectkﬁ:[O'O,%]'e the QMT We conclude on the basis of symmetry analysis thatthe
components of the Dy3 and Dy4 ions translated by the latticéepresentation is active in the structural transition involving
vector(001) have the same value but the opposite sign to théhe B and C atoms, but not the Dy ions, and in the ordering
QMT components of the Dy1, and Dy2 ions. Therefore, theof Dy quadrupoles. The resulting structure Haé,/mnm
shape of the charge distribution changes. The charge distsymmetry. Three schemes of quadrupolar ordering emerge
bution elongated for Dy1 flattens for Dy3 aloggThe QMT  from symmetry analysis. We propose the relations between
matrix translated by the lattice vectof$00) and (010) do  these schemes of quadrupolar ordering and displacements of
not change the shape. The resulting ordering pattern is showRe B and C atoms. It would be of interest, therefore, to study
in Fig. 4@). The main axis of elongation of the Dy charge the displacements of atoms beldliy experimentally, as it
distribution is 90° rotated for the nearest neighbors, therefor#ould help to distinguish the scheme of quadrupolar order-
we name this scheme “a 90° arrangement.” The structurdng in the AFQ phase.
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°
gquadrupolar arrangement implies opposite displacement of We consider now the magnetic ordering of D¥B at
the B and C atoms denotdgd) in Table Il, as is visible in  zero-field by means of symmetry analysis. Later we analyze

B. Magnetic structure below Ty at H=0 T
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TABLE lll. Symmetry analysis of the quadrupolar transition for B¥B (space groupg?4/mbm associ-
ated with klz[0,0,%] for the 2a) site occupied by Dyl and Dy2 ions. Notations used: IR—irreducible
representation, OP—order parameter, SG—space group after transitio®’1, e,=€/%2, y,=cos ¢y, v,
=COS ¢hy, 01=SIN 1, 02=SiN P9, ==V« C, C1, Co, &, b—order parameters.

IR oP Dy1 Dy2 SG
T (c 0-c) 1o 1o D3,-P4/mbm
0 3 0 3
00 -1 00 -1
3 (c 0-c) 1o -1 00 Dﬁq-P4/mn(;
01 0 -1 Cyp-P4/m,
2 2 Cy-14/m
00 -1 0O 0 1
75 (c10) ¢ 0 0 g 0 0 Dza-P4,/mbc
O _Cl O 0 _Cl 0
0O 0 O 0 0 O
(0cy) 0 c 0 0 -c, 0 Da-P4,/mbc
C2 0 0 _CZ O 0
0 0O 0 0 0
(Cl CZ) C, ©C 0 C, —GC 0 D}lﬁ_ P42/mbC
CZ _Cl O _C2 _Cl 0
0 0 O 0 0 O
7 (c10) ¢ 0 0 -¢, 0 0 Dn-P4,/mnm
O _Cl 0 0 Cl 0
0 0 O 0 0O
(0cy) 0coO 0co0 Dzr-P4,/mnm
c, 00 c, 00
0 0O 0 0O
(c1¢) c; ¢ O -c, ¢ O Dzn-P4,/mnm
c, —¢; O c, ¢ 0
0O 0 O 0O 0O
) (Clel C2e2) 0 0 Y1 0 0 ,}72 Cgh-PZ]_/m
C€y C1&y al0 0 oy b|0 0 o
o 0 ;2 o, 0

the experimental neutron diffraction data on a'fB,C, coordinated3 0 0), (0 2 0), (5 0 3), and(0 1 3) and belong
single crystal, taking special care about the absorption corto the same crystallographic sitéck The wave vectok,
rection. For the symmetry analysis of magnetic ordering theloes not split this position; all four ions belong to the same
AFQ phase of DyBC, should be taken as the starting orbit. Five irreducible representations are obtained for
phase?® The space group of the AFQ phaBd,/mnmre- P4,/ mnmandk,=[0,0,0. Four real one-dimensional rep-
quires doubling of the period already in the paramagnetic resentationsyy, 73, 75, and 77, would lead to the easy mo-
state, and all magnetic peaks are described then by the waweent direction along. This is inconsistent with experimen-
vectork,=[0,0,0]. The ions D\....Dy4 in P4,/ mnmhave tal results. The complex two-dimensional representatign
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FIG. 4. The long-range ordering of charge distribution of Dy
ions deviating from the spherical symmetry due to the quadrupolar
momentum for ther; representation for the order parametds:
(¢1,0), (b) (0,cy), and(c) (cq, Cy). The average spherical charge
distribution is also shown. In addition to the Dy charge distributions
at z=0, the upward(large circle and downward(small circles
displacements of borofsolid) and carbonlempty) atoms fromz
:% are presented in the left sidg) The shifts are upward for B1
and downward for C1¢b) both shifts are upwards, arid) there is
no correlation between the Dy charge distribution and displacement
of the B and C atoms.

allows magnetic moments within they plane. The magnetic
structure for thery representation is given by the vectors
S,...S, for the Dy1...Dy4ions,

S1 = C,C0S 1€, + €30S b3ey,
Sy = = C4SIN P8 — CSiNghey,
S3= = C3SiNgs€, + C1SiN €y,

S4 = C,COS h,€, — C4COS 4. (4)

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-

FIG. 3. Spheroids associated with the quadrupolar moment terietric due to a hidden symmetry of exchange interactions
sor for ther;, 3, 75, and 7, representations. The raws in the figure and close energy of pseudoquartet levels. We try, therefore,
correspond to the raws in Table IlI; the left column presents spheto impose constraints similar to the ones adopted in models
roids of the Dy1 ion, the right column, those of the Dy2 ion. A and B.
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Under the assumption that=c,, cz=c, and ¢;=¢,, ¢ by the inversion and cannot be distinguished by the conven-

=¢,, we obtain a model similar to model A: tional diffraction experiment, so, in the following, we men-

tion only theD; and D, domains. The arrangement of the

Sy = C1C0S 16, + C3CO0S 3€y, magnetic moments in th@,; andD, domains for model A is
shown in Fig. 2a). The D, domain produces a net magnetic

Sy =~ C3Sin 38— C1SiN 1€y, moment along the& axis, while theD, domain does so along
they axis. The intensity measured from such a multidomain

S3=—C3SiN ¢3€, + C1Sin Py€y, single crystal would be a superposition of intensities gener-
ated by these domains.

S, = C1COS 1€, — C3COS ey (5) Finally, we present the refinement of models emerging

. o from theoretical analysis against single crystal neutron dif-
The exact model A, as introduced by Yamauehial® is  fraction data. Two sets of reflections have been measured at
obtained when all magnetic moment values are equal, s§y and 12 K. We want to recall that absorption of neutrons in
when ¢, = ¢3=45°, this experiment was severe. This forced us to measure the
S1=Me +Mzg,, same reflections several times, at different azimuthal angles

¥ 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 prograndaNA2000? The correction has been checked

S, =~ Mse—Myey,

S3=~Maec+ Maey, with a set of reflections measured varying the anleThe
largest deviation of the as-measured intensity within¥he
Sy = Mg~ Mgy, (6)  scan was 80%. It reduced to 12% after the absorption cor-

Note that in this case the magnetic moments of all Dy iondection. This would be considered a poor statistic for a stan-
H 1
are related and have the same value. The angle between tf@rd data set, but is rather good for the BB,C, case. The

Dy1 and Dy3 moments is fixed to 90°. refinement of crystal and magnetic structures has been per-
A model similar to model B will follow from assumptions formed by the prograrRULLPROF2® The refinement of crys-
that ¢, =—Cy, C,=C3 and ¢, = ¢b;— 90, b3 = by 90: tal structurg at 30 K converggd R-=6.7% for six indepen-
dent reflections. The only refined parameter, the scale factor,
S| = C1COS ¢h1€, + C3COS €y, has been used for the magnetic structure refinefienhe
refinement for two models given by Eqg&) and (7) con-
S, = —C3SiNn ¢35 — C1Sin py€y, verged to the sami: value of 15.8%, with equal population
of the domain®,; and D, for 16 independent reflections at
S3=C1C0S ¢h1€4 ~ C3COS hsgy, 12 K.

For the model of Eq(5) (modified model A the refined
— i . magnetic moment values are 5(80) and 5.7040) ug for the
Su= 7 CaSIN datyt Casin ey, 0 Dy1/Dy4 and Dy2/Dy3 pairs, respectivelyThis confirms
and, additionally, whemp; = ¢3=45°, the same moment value for all Dy ions. The tilt angles of the
S, =My, + Mag,, Dy_l and D)o/z moments from the axis gre01:36(4)° and
#,=—1124)°, respectively. So the canting between the two
S,=~Mse,~ M pairs is 766)°, in agreement with Kaneket al3! and not
3&~ My, 90° as proposed originally by Yamauati al2
For the model of Eq(7) (modified model B the refined
magnetic moment values are 3.852 and #08ug for the
_ Dyl1/Dy3 and Dy2/Dy4 pairs, respectively. The tilt angles
S4= = Mg+ Mygy. (8) of the Dyl and Dy2 moments from the axis are 6,
However, the exact B model as proposed by van Duijn=38(6)° and#,=-1423)°. This leads to the canting angle of
Attfield, and Suzuk? cannot be obtained within they rep-  104(7)° between the two pairs. The symmetry constraints of
resentation. Similarly to model A, the assumption that all Dymodel B can be realized only with two distinct magnetic
have the same moment value implies symmetry relation benoment values as presented in the right-hand side of Fig.
tween all Dy moments and the angle between the Dyl and(b).
Dy4 moments must be 90°. To conclude, our symmetry analysis and neutron single
Now let us consider the possibility of domain formation crystal diffraction are consistent with two models: modified
for these magnetic structures. As the wave vektptrans- model A and modified model B. The first model implies the
forms into itself by the symmetry operators of the paramagsame magnetic moment value for all Dy ions, but canting
netic group P4,/mnm the configuration domains(K  between the Dyl/Dy4 and Dy2/Dy3 pairs. The second
domaing®® are not possible. However, four orientation do- model suggests two distinct moment values, as well as the
mains(S domaing, D,—D,, can form due to loss of the four- presence of canting. We give preference to modified model
fold axis. They can be superimposed by a successive 908. We do not see presently a reason why Dy ions should
rotation. The pairs of domairi3;,—D5; andD,—D, are related have different magnetic moment values. They occupy the

S?;: M,e - M3eyv
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same crystallographic site(@, have the same deformation T ' T ' T
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 Moss-
bauer spectra measured beldy (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.
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C. Evolution of AFM peaks as a function of field and 5 sak, e, °

1 L[] o e
temperature in the AFQ and AFM states A . . 0o oF% |

We focus now on magnetic ordering in the AFQ state
induced by a magnetic field applied along {ie0 Q] direc-
tion. The intensity off0 1 0), (0 0 1), (00 1/2, and(0 1
-1/2) 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 aroufig~ 16 K. Therefore, these
peaks are associated with the AFM ordering in agreement
with previously published neutron diffraction resuits: 1415

When the magnetic field is applied, some reflections, - %> .
namely(0 0 1) and(0 1 -1/2), extend their presence up to X% “"’:«9 ooug
T~30 K. This confirms that an AFM order is induced in the 0 Ly ‘ —
AFQ regime. However, thed 1 0) and(0 0 1/2 reflections
do not appear in the AFQ regime, implying that the induced
magnetic arrangement differs from the arrangement stable at
zero-field belowTy.

The (0 0 1/2 peak is absent in the AFQ regime in the
neutron diffraction experiment, but th@ 0 3/2 peak is
present in the resonant x-ray diffraction stddyThis is pos-
sible only if these reflections originate from the quadrupole
ordering. Such origin of théd 01/2) reflections was already L .« °
proposed by Hirotat al. in Ref. 4. But interpretation of the * o %%
resonant x-ray experiment is not straightforward, as the s
(0 01/2) reflections may have magnetic and/or quadrupolar 1200 — T T T
origins!* Our results confirm the quadrupolar origin of these
reflections. The intensity of0 0 1/2 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. Tl 0) reflection
disappears at very small field$=0.2 T, which is due to a
redistribution of theD,; and D, domains as will be shown
later. This transition, though not reported before, is con- s
firmed by magnetization measurements presented in Fig. 6.

The (0 0 1) reflection has a structural contribution and, 0 L LS8z | L .

. . 5 10 15 20 25 30 35
therefore, exists at all temperatures. In Fig. 5 only the mag- TIK]
netic contribution is presented. The thermal evolution of this
peak is different in the AFQ and AFM phases. It increases in  FIG. 5. Temperature dependence of the integrated intensiy of
the AFM phase and decreases in the AFQ phase for increa8-1), (00 1/2, (01 -1/2, and(0 1 0) reflections of Dy'B,C,
ing temperatures. An increase of the field value, howeveﬁ{Vith HII[10Q]. The intensities are normalized to the same neutron
increases th€0 0 1) intensity. monitor and the structural contribution (0 0 1) is subtracted.

The strong0 1 —1/2 reflection exists in both, AFM and
AFQ, phases. Its intensity depends on the applied field in &een studied by zero-field resonant x-ray diffraction and has
complex manner. In the AFM regime it grows when a field isbeen attributed to the lattice distortion accompanying the
applied(0 T<H<1 T) and then decreases with increase of AFQ ordering® Our observation indicates that a significant
the field value. In the AFQ regime intensity grows succes-magnetic contribution is associated with this reflection in the
sively with the field value. Interestingly, this reflection has AFQ regime in an applied field.
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a1 g F TABLE IV. The contribution of theM, andM, components of
e F VZ oo 0 ] the Dyl and Dy2 ions into the magnetic structure factofer the
& 1f ./. ] D; and D, domains of model A. The evolution of the observed
E : '0 a ! magnetic intensity in the AFQ arg) and AFM (I 4gy) regimes with
E o9l H 4 E increase of applied magnetic fieldl at constant temperature.
g by ]
08 ;.o T=5 K 3 Dy D> laFQ laFm
E & ]
0.7:;- b Foio My=Myy M 1x—May =0 N\
TTHTI ) Foour2 May+Myy M 1+ Moy 1=0 N
01°°b Foor MycMay  My+Myy, 1/ I/
0.08 [ . - Foi-1/2 M 1Moy M1y—Myy Ve I
=006 [ H || [100] ;
33 - ® 1] - _ _
= 0.04 H ] Mlx__M4><a MZX__M3X!
[ [ ] [o] o 2 ]
0.02F . ° o ]
aals . Hcl o7 M1y =My, My =Msy,. (11
0(;' S S ST ""1'6 From Egs.(9) and(10) it follows that for theD; domain
T [K]

the magnetic structure factér of the (0, 1, O reflection is

nl nsitiv h mponen

FIG. 6. () Magnetization of the D¥B,C, single crystal along only sensitive to they components,
[100] at T=5 K with two metamagnetic tra.msit‘ions Hgl.:0.0Z. T Foio~ M1y =My, (12
andH=0.05 T. The origin of one transition is a reorientation of o
the D, domains; the origin of the second transition is not yet estabihe contributions of th& components cancel. Moreover, the
lished. It may be associated with vanishing of AFQ domaibs. (0 1 0O scattering vector is parallel to thecomponent of the
Temperature evolution of the critical fieldy; andHe,. magnetic moment, and the neutron intensity is zero for this

reflection.

To understand thel, T dependence of the magnetic struc- h Fc())rltheszldomaln, oglyhthe( components con'?.nbute to

ture it is useful to inspect the contribution of the magnetict"€ (0 1 O reflection, and the components cancel:

momentsM ;... M, of four Dy ions to the magnetic structure Foto~ M1x— My (13)

factorsF of the studied reflections. We find that:
Therefore, th€0 1 0) reflection has no contribution to thgy

domain and only th&1, components contribute from th®,
domain. Therefore, the observation of {{0el 0) reflection at

FOlONMl_M2+M3_M4,

Fooro~ M1+ My—Mz— My, zero field belowTy and its vanishing at fieldg1=0.2 T
suggests that both domair3; andD,, exist at zero field and
Foor~ M1+ M,+Mg+ My, that theD, domain vanishes when applying a fietd|[ 100].
Such behavior is favorable, because the net magnetic mo-
For—12~M1=M,y—=Ms+M,. (9)  ment of D, is perpendicular t4100]. In the following, for

fields H=0.2 T, we consider only contributions of thH2;

As all four Dy ions contribute to every reflection, it is not domain. The magnetic structure factors of other studied re-
possible to derive “model-free” conclusions. However, rea-lections is presented in Table IV.
sonable constraints may be applied. The negative sign of \we may interpret now the observed variation of the mag-
second-order crystal field Stevens faétandicates a strong  netic intensities with field and temperature and try to relate it
planar magnetic anisotropy, which aligns the magnetic moto the underlying AFQ order. The direction of the induced
ments within the(y plane.lﬁThe magnetic field in the present AFM Component and the direction of quadrup0|es are de-
experiment has been applied in this plarg[100]. There-  fined by the symmetry of the ground state lowered in an
fore, we may assume that the ordering and reorientation ofpplied magnetic field, and the favorable arrangement with
the magnetic moments happens only in dyeplane. the lowest free energy can be obtained by mean-field

Regarding the symmetry relations between Mg My  calculations* The ground state of Dy, is not yet known
components it is reasonable to keep the constraints whichinambiguously, therefore, the relation between the direction
follow from symmetry analysis and correspond to modifiedof the field-induced moments and quadrupoles is not yet
model A. For theD; domain presented in Fig(& (left-hand  strictly established. We shall assume in the following that the
side) the following relations hold: main axis of a deformed charge distribution and the induced

Mio=Mar Mow=M magnetic moment of one ion is perpendicular, in accordance
bem T T2 o with Yamauchiet al4
The magnetic structure factor of ti@ 0 1/2 reflection
Miy=~May, May=—Ms, (10) g e 01/2

is proportional to the sum of thel,, andM ,, vectors. The
while for theD, domain shown in Fig. @) (right-hand sidg  absence of th€¢0 0 1/2 reflection in the AFQ phase means
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that theM, and M,, components compensate each otherjincreases, the Dy2 moment decreases. AlsoMbecompo-
they are zero or have equal length. Within our assumption onent orthogonal tdd decreases witnessed by a decrease of
the perpendicular directions of field-induced dipolar momenthe (0 0 1/2 intensity with field. We suggest that the qua-
and quadrupole, th#1, components should be zero for the drupoles rotate back to the arrangement stable in the AFQ
90 arrangement of quadrupoles shown in Figg)4asMy,  phase with an increase bf. With temperature lowering, the
must be zero. For the parallel arrangement of quadrupoles iIRFM interactions become stronger and the Dy2 magnetic
Fig. 4b) the M, components could be zero or opposite. It ismoment increases. This is why t@ 0 1) intensity, for ex-
complex, however, to suggest a reason whyNhg andM,,  ample, decreases at the constant value of the applied field.
components should compensate each other for the canted Similar interplay between AFQ and AFM interactions as a
arrangement of quadrupolésee Fig. 4c)]. function of T andH may occur for fields applied in thd.10]

The intensities of th€0 0 1) and (0 1 —1/2 reflections  dijrection. Yamauchkit all® reported that thé0 0 1/2) re-
are related to the difference and the sum ofMhg andMy,  flection is induced for 1 EH<2 T, disappears for 2 T
values of theD, domain, respectively. The increase of e <H <3 T, and reappears again fdr>3 T. We suggest that
0 1) and(O 1 —1/3 intensities in the AFQ regime with field, at2 T<H<3 Tinthe phase |\?7the induced magnetic mo-
means an increase of these differences and sums. So it igents point strictly along or y directions for the domains
reasonable to assume that the moment along the field direey, andD,, respectively. The reappearance of the0 1/2
tion, My, increases fast, while thd ,, component does not reflection forH>3 T may indicate rotation of the quadru-

change significantly. For the 90° arrangement of quadrupoles from the[100]/[010] to [110]/[1-10] directions.
poles, such behavior is consistent with the absence of the

M,, component and an increase Mf;,. For the canted ar-
rangement, the difference M, andM,, is also naturaf®
For the parallel arrangement of quadrupoles, however, we We now string available arguments trying to resolve,
see no good reasons whw;, and M,, should be different. which of the three quadrupolar arrangements is realized in
We conclude that the AFQ phase observations of the neutroiile AFQ phase. The 90° arrangement seems the most prob-
diffraction experiment in an applied magnetic field can beable to us. The reasons are the followir:it implies the
well explained only with the 90° arrangement of quadru-90° coupling of adjacent quadrupoles and explains the cant-
poles. ing of the magnetic moments in the AFM phase as a result of
In the AFM phase at zero field thé 0 1/2 peak is competition between the 90° quadrupolar and the collinear
presentM,, andM ,, do not compensate each other, imply- AFM couplings, (2) it is compatible with the opposite dis-
ing a canted arrangement of quadrupoles. The canted aplacements of the B and C atoms, af8] it explains the
rangement is very natural beloWy, as the AFM coupling induced magnetic structure fdi|I[100]. However, it does
between neighboring Dy magnetic moments becomes stromot explain(4) the absence of thel 0 5/2 reflection in the
ger than the 90° coupling between quadrupoles. The decreagd~Q phase measured with resonant x-ray diffraction in the
of the (0 0 1/2 intensity with increasingd in the AFM  o-7' geometry) We suggest to study if translational qua-
regime is due to a decrease in the difference ofNhgand  drupolar domains related by the Iq€i01) translation would
M,, values. This implies weakening of the AFM couplings explain the x-ray results. Such antiphase domains should
alongy, with increasing field and possible restoring of the scatter coherently and have equal population.
90° arrangement of quadrupoles stable in the AFQ phase. In The parallel arrangement of quadrupoles proposed by
the AFM regime the intensity of0 0 1) increases, and of Matsumuraet al® seems to us less probable than the 90°
(01 -1/2, decreases. This implies that the net magneticarrangement. This model implies parallel quadrupolar cou-
moment value along (M,-M,,) increases, withM,, de-  plings, which(1) do not frustrate collinear AFM couplings,
creasing faster thaM,, grows, which is also well under- so there should be no canting of the magnetic moments in the
stood for the canted arrangement. AFM phase according to this model. Such arrangement is
Combining information about thel, andM, components  compatible(2) with the same shifts of the B and C atoms, but
of induced magnetic moments extracted from the neutroi3) it has problems to explain differences of tig, andM ,,
diffraction experiment withH I[100], we propose the follow- components of the induced magnetic structure in the AFQ
ing picture. In the AFQ regime the 90° arrangement of quaphase. It explains, howeve#) the behavior of th¢1 0 5/2
drupoles is stable. When magnetic field is applied, the inreflection in the x-ray experimeft.
ducedM ;, component along the field grows, while tie,, The canted arrangement of quadrupoles proposed by
andM, components are absent. In the AFM regime the magTanakaet al? certainly exists in the AFM state beloW,.
netic exchange interactions couple the neighboring magnetiBut we do not see why this scheme should be adopted un-
moments antiferromagnetically. The two conflicting require-founded for the AFQ state as well. This model implies that:
ments for neighboring Dy iong1) 90° coupling of quadru- (1) the AFM interactions are very significant already in the
poles and(2) antiparallel coupling of magnetic moments, AFQ phase, forcing canting of the quadrupoles well above
lead to frustration of the two orderings and to the cantedly, (2) it is very asymmetric relative to the shifts of the B
quadrupolar and magnetic structures. Field appHeii100] and C atoms; and, finally3) it is not clear why theM,
tries to align the magnetic moments in its direction and actsgomponents of induced magnetic structure in the AFQ phase
therefore, against AFM couplings. This leads to the differ-should compensate each other(dy why the (1 0 5/2 re-
ence in theM, components: while Dyl magnetic moment flection vanishes in the AFQ phase in the x-ray experiment.

D. Arrangement of quadrupoles atTy<T<Tqg
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IV. SUMMARY drupoles within thexy plane, as proposed by Tanakgal3
We have investigated phase transitions in DSB by Magnetic field applied alonl I[100] destroys domains with

means of symmetry analysis and neutron diffraction of &€t moment perpendicular to the field direction. Moreover, it
Dy!1B,C, single crystal. Ther, representation describes the SUPPresses the AFM couplings of the neighboring Dy mag-
AFQ phase. The transition a, involves periodic displace- N€tic moments in the preserved domain, and the Dy quadru-
ments of the B and C atoms along thaxis and ordering of POles tend to restore the 90° arrangement.
the Dy quadrupoles in they plane. The Dy ions do not shift Similar coexistence and competition of antiferroquadru-
from the initial positions. We suggest the 90° arrangement oplar and antiferromagnetic interactions exist in othep&B
neighboring quadrupoles in the plane and along theaxis ~ OMPoundsR=Ho (Ref. 3§ and Tb(Ref. 37]. We hope
in the AFQ phase and opposite shifts for the B and C atomghat our theoretlca! and experimental findings can be useful
The magnetic structure induced Byll[100] in the AFQ  for the understanding of these phases as well.
phase comprises zero or compensatihgand differentM,
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