Inorganic Chemistry- v

pubs.acs.org/IC

Synthesis, Structure, and Physical Properties of the Polar Magnet

DyCrWO,

Somnath Ghara,” Francois Fauth,” Emmanuelle Suard,® Juan Rodriquez-Caurvajal,§

and A. Sundaresan®’’

"Chemistry and Physics of Materials Unit and School of Advanced Materials, Jawaharlal Nehru Centre for Advanced Scientific

Research, Jakkur P.O, 560 064 Bangalore, India

$Construction, Equipping and Exploitation of the Synchrotron Light Source (CELLS), ALBA Synchrotron, BP 1413, 08290

Cerdanyola del Valles, Barcelona, Spain

“Institut Laue Langevin (ILL), 71 Avenue des Martyrs, CS 20156, 38042 Grenoble Cedex 9, France

© Supporting Information

ABSTRACT: It has recently been reported that the ordered aeschynite-type
polar (Pna2,) magnets RFeWO4 (R = Eu, Tb, Dy, Y) exhibit type II
multiferroic properties below Ty ~ 15—18 K. Herein, we report a
comprehensive investigation of the isostructural oxide DyCrWO4 and
compare the results with those of DyFeWO;. The cation-ordered oxide
DyCrWQy crystallizes in the same polar orthorhombic structure and
undergoes antiferromagnetic ordering at Ty = 25 K. Contrary to DyFeWOj,
only a very weak dielectric anomaly and magnetodielectric effects are
observed at the Néel temperature and, more importantly, there is no induced
polarization at Ty. Furthermore, analysis of the low-temperature neutron
diffraction data reveals a collinear arrangement of Cr spins but a noncollinear
Dy-spin configuration due to single-ion anisotropy. We suggest that the
collinear arrangement of Cr spins may be responsible for the absence of
electric polarization in DyCrWO, A temperature-induced magnetization
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reversal and magnetocaloric effects are observed at low temperatures.

I. INTRODUCTION

Multiferroics are one of the important classes of materials
having potential for spintronic devices. However, their direct
application is not yet realized because most of the multiferroics
discovered so far have low transition temperatures and exhibit
a weak magnetoelectric coupling. Therefore, finding new
magnetoelectric multiferroics and understanding the mecha-
nism responsible for the magnetoelectric properties are
important. Most of the type II multiferroics are centrosym-
metric in the paramagnetic state. Spontaneous polarization
appears only at the magnetic ordering temperature where
certain types of magnetic structures break the spatial inversion
symmetry. Typical magnetic structures are the up—up—down—
down arrangement of Co** and Mn*" spins in Ca;CoMnOj,
the cycloidal magnetic ordering of Mn®" spins in TbMnOs, the
transverse conical structure of Cr** spins in CoCr,0,, etc.' ™
All of these materials exhibit strong magnetoelectric coupling
because of the common origin of ferroelectric polarization and
magnetization. Recently, a few materials, such as Ni3TeOy,
M,Mo;0; (M = Fe, Mn), CaBaCo,0, etc., which are already
polar in the paramagnetic region, have been found to be
magnetoelectrics (and/or multiferroics) with very strong
coupling between the electric and magnetic order parameters
below the magnetic ordering temperatures.’~” This could be
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due to the direct involvement of the magnetic ions and their
coordinated O ions in making the crystal structure non-
centrosymmetric. Such polar magnets exhibiting magneto-
electricity and/or multiferroicity open up a new ground for
exploring new magnetoelectric and multiferroic materials with
higher Curie temperatures.

Recently, the polar oxides RFeWO, (R = Dy, Eu, Tb, Y)
have been demonstrated to exhibit magnetoelectric multi-
ferroic properties below the magnetic ordering temperature
(Néel temperature Ty ~ 15—18 K) of Fe’* (3d°) ions."’
Although the polar space group Pna2;1’ allows electric
polarization along the z direction, no ferroelectric polarization
was observed in the paramagnetic state. However, all of these
oxides undergo an antiferromagnetic ordering around Ty ~
15—18 K, which is associated with an anomaly in the dielectric
constant and the appearance of switchable electric polarization.
A detailed neutron diffraction study on DyFeWOQj revealed
that the magnetic structure of this oxide is characterized by a
noncollinear arrangement of both Fe** and Dy*" spins with a
wave vector k = (0, '/,, '/,). The magnetic space group C,c
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(magnetic point group ml’) allows additional polarization
along P, in the magnetically ordered state."

Motivated by these results on RFeWOg we have
investigated an isostructural compound containing Cr**
(3d*) ions, namely, DyCrWOy, using synchrotron X-ray and
neutron diffraction experiments, magnetization, heat capacity,
and electrical measurements. Our study confirms that this
oxide indeed crystallizes in the polar structure (space group
Pna2,), similar to the Fe analogue compounds and the recently
reported YCrWOg.'~"* The Cr moments in this compound
undergo antiferromagnetic ordering at Ty ~ 25 K. In contrast
to the Fe counterpart, the Cr compound shows only a weak
dielectric anomaly and exhibits no induced polarization at T
Furthermore, the magnetic peaks can be indexed with a
different wave vector, k = (0, 0, 0), with quasi-collinear Cr
spins but noncollinear Dy spins, as observed in DyFeWOQq.

Il. EXPERIMENTAL SECTION

A polycrystalline sample of DyCrWO was prepared by a conventional
solid-state reaction method. Stoichiometric amounts of Dy,0;
(preheated at 900 °C for 12 h in air), Cr,O; and WO, were
mixed, ground, and heated at a final temperature of 1140 °C for 12 h
in air with intermittent grindings. Synchrotron X-ray diffraction data
were recorded at room temperature at the Materials Science Powder
Diffraction beamline (BL04-MSPD) at ALBA Synchrotron (Barcelo-
na, Spain) using a wavelength of 4 = 0.3171 A."*'* Neutron powder
diffraction data were collected at several temperatures with the D2B
and DI1B diffractometers at the ILL, Grenoble, France, using
wavelengths of A = 1.594 and 2.528 A, respectively. Magnetization
measurements were performed with a Magnetic Property Measure-
ment System (MPMS-SQUID, Quantum Design, Inc., San Diego,
CA). The heat capacity was measured with a Physical Property
Measurement System (PPMS, Quantum Design, Inc.). The dielectric
constant was measured with a LCR meter (Agilent E4980A).
Pyroelectric current measurements were performed with an electro-
meter (Keithley 6517A). All of the electrical measurements were
performed in the PPMS.

lll. RESULTS AND DISCUSSION

A combined Rietveld refinement of room temperature neutron
and synchrotron X-ray diffraction data of DyCrWOg was
performed with the orthorhombic space group Pna2, using
FullProf software."® Two extra tiny peaks were observed in the
synchrotron X-ray diffraction pattern, in addition to the peaks
of TiO, (from the sample environment used in synchrotron X-
ray diffraction experiments); however, we could not identify
the impurity phase because of their low intensity. These peaks
were excluded in the refinement. The results of the combined
Rietveld refinement are shown in Figure lab, and the crystal
structure is shown in Figure 2a. The complete structural
parameters obtained from the refinement are tabulated in
Table 1. Similar to the ordered arrangement of the Fe’* and
W ions in DyFeWOy, the Cr’* and W®" ions are found to be
ordered due to the large differences in their ionic radii and
charges, and the CrO4 and WOg octahedra are connected
through sharing of their corners and edges. In Figure 2b, a
dimer formed by two edge-shared octahedra is shown, where
the Cr’*—0 and W® =0 bond distances are also given. We
tried to prepare the compounds RCrWOg with other rare-earth
elements, but we could not obtain a pure phase using the
preparation method followed in this work. The lower stability
of these phases could be due to the presence of the edge-
shared octahedra of cations with high charges.
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Figure 1. Results of a combined Rietveld refinement of (a) neutron
and (b) synchrotron X-ray diffraction data collected at room
temperature.

Figure 2. (a) Ordered aeschynite-type crystal structure of DyCrWOj.
(b) Edge-shared Cr** and W® octahedra showing the bond lengths
(in A).

Figure 3a shows the temperature dependence of the field-
cooled (FC) susceptibility y(T) measured under a magnetic
field of 100 Oe, where the sample was cooled to the lowest
temperature in the presence of a magnetic field and the
magnetization was measured during warming in the presence
of a magnetic field. A clear anomaly is observed around 25 K
(Ty) in ¥(T), where a sharp A-type peak is found in the heat
capacity Cp(T) data (inset of Figure 3a), suggesting a long-
range magnetic ordering of Cr’* moments. Ty of this
compound is slightly higher than those of RFeWOyq
compounds. As indicated by analysis of the neutron data
(Table S1), the Dy>* moments are induced to order at Ty = 25
K, similar to that observed in DyFeWOg.'” The broad hump
observed in the Cp(T) data around 7 K could be a Schottky-
type anomaly due to population of the crystal-field levels of
Dy’ ions that change with the temperature. The high-
temperature magnetization data are fitted with the Curie—
Weiss law (shown in Figure S1). The effective paramagnetic
moment obtained from the fit is e, = 11.4 pp/formula unit
(fu), which is close to the expected effective paramagnetic
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Table 1. Atomic Positions, Bond Lengths (A), and Results of Bond Valence Sum (BVS) Calculations in DyCrWO; Obtained
from the Combined Rietveld Refinement of Room Temperature Synchrotron X-ray (4 = 0.3171 A) and Neutron (4 = 1.594 A)
Diffraction Data”

atom Wyckoft position g y z B, (A% occupancy
Dy 4a 0.0430(1) 0.4542(3) 1/4 0.48(2) 1
Cr 4a 0.1340(4) 0.9513(10) 0.9962(17) 0.11(7) 1
w 4a 0.3531(1) 0.4443(3) 0.0044(6) 0.44(2) 1
01 4a 0.9773(13) 0.7688(29) 0.0465(24) 0.67(31) 1
02 4a 0.5273(13) 0.2588(30) 0.9647(26) 0.99(35) 1
03 4a 0.2053(12) 0.6161(26) 0.0607(23) 0.75(27) 1
04 4a 0.2822(12) 0.1263(25) 0.9349(21) 0.47(24) 1
oS 4a 0.1429(5) 0.0585(13) 0.2473(35) 0.66(9) 1
06 4a 0.1202(6) 0.8340(12) 0.7492(40) 0.75(10) 1
cation 01 02 03 04 oS 06
Dy 2.32(1) 2.36(2) 2.39(1) 2.50(1) 2.32(1) 2.32(1)
2.47(1) 2.37(0)
Cr 1.98(1) 1.91(2) 1.96(2) 1.90(1) 1.92(0) 1.92(0)
w 2.03(1) 2.14(1) 1.88(1) 1.89(1) 1.98 (0) 1.90(0)
Dygys 2.90(4) Whys 5.34(12)
Cryys 3.42(8)

“Space group Pna2; a = 10.87855(2) A, b = 5.18328(1) A, ¢ = 7.32152(2) A, a = f =y = 90°, V = 412.836(1) A; y* = 1.40 (for neutron), y* =
3.92 (for synchrotron); Bragg R factor = 5.35%, R; factor = 3.56% (for neutron); Bragg R factor = 7.01%, R; factor = 6.68% (for synchrotron). The
origin is floating along the z axis in this space group. We have selected the fixed coordinate z = '/, of the Dy atom to fix the origin.
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Figure 3. (a) Temperature variation of the FC magnetic susceptibility
(T) measured under a magnetic field of 100 Oe. The inset shows the
temperature-dependent heat capacity Cp(T). (b) Magnetic-field-
dependent magnetization M(H) measured at different temperatures.

moment (. = 11.3 yg/fu). The Curie—Weiss temperature is
found to be Oy = —3.5 K. The negative sign of 0,y indicates
that the dominant magnetic interaction is antiferromagnetic;
however, the absolute value of fcyy is less than Ty. Magnetic-
field-dependent magnetization M(H) data measured at differ-
ent temperatures are shown in Figure 3b. At 2 K, a magnetic-
field-induced metamagnetic phase transition is observed, which
is certainly due to a field-induced change in the magnetic
structure of Dy3+ spins, provoking a net macroscopic

magnetization. With increasing temperature (as shown at 10
and 20 K), the metamagnetic transition disappears and the
behavior is consistent with the global antiferromagnetic nature
of both the Cr** and Dy’* spins.

Temperature-dependent FC susceptibility y(T) data meas-
ured under different magnetic fields are shown in Figure 4.
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Figure 4. Temperature-dependent FC susceptibility y(T) measured
with different positive magnetic fields. The inset shows a magnified
view of y(T) at low temperature.

Upon cooling, y(T) increases below Ty initially and then it
decreases below 10 K. Upon further cooling, surprisingly, the
magnetization becomes negative below a compensation
temperature T* ~ 4 K, when it was measured under a low
magnetic field of +5 Oe. With increasing magnetic field, the
compensation temperature T* shifts to lower temperature
(inset of Figure 4) and the magnetization becomes positive
above a magnetic field of H > 20 Oe. Similar but opposite
behavior of y(T) is observed in the presence of negative
magnetic fields (shown in Figure S2). The magnetization
reversal is qualitatively explained in terms of the presence of
antiparallel coupling of distinct kinds of magnetic moments
(ferrimagnetism). This is not, obviously, the case for
DyCrWOq, which shows a strongly noncollinear magnetic
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structure. In this case, this qualitative explanation may be kept
considering only particular components of the magnetic
moments. Our experimental data demonstrate that the
temperature-induced magnetization reversal at low temper-
atures may result from antiparallel coupling of some
components of the Dy’* and Cr’* moments that may be
uncompensated under a small applied magnetic field. The
behavior of the complex magnetic structure of DyCrWOq
(Figure 9) under a weak field is very difficult to determine even
with single crystals because the change in the magnetic
structure should be very small. A similar magnetization reversal
is reported, for example, in SmFeO;'®"” and in some RCrO,
(R = rare-earth element).'®™!

For further confirmation of magnetization reversal, an
isothermal magnetization switching experiment was performed
at 2 K. In this measurement, the sample was cooled to 2 K
under a magnetic field of +5 Oe, and then the magnetization
was measured with time by oscillating the magnetic field
between +5 and +17 Oe with a rate of 2 Oe/s. The result of
the magnetization switching experiment is shown in Figure S.
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Figure 5. Magnetization switching at 2 K under an oscillating
magnetic field between +5 and +17 Oe.

It is clear from the figure that the magnetization can be
switched from negative to positive value by varying the field
from +5 to +17 Oe. Note that, in ferromagnetic materials, only
switching the polarity of the magnetic field can reverse the
magnetization. In the present case, varying the magnetic field
in the same direction can reverse the magnetization.

Because the applied magnetic field changes the magnetic
state at low temperatures, we have explored the magnetocaloric
effect. The entropy of a magnetic material changes while it is
placed in a changing magnetic field that causes a change in the
temperature of the material under adiabatic conditions, known
as the magnetocaloric effect. In order to estimate the change in
the magnetic entropy in the present compound, the magnetic-
field-dependent magnetization at several temperatures was
measured. The change in entropy is calculated using the
following equation:

AS(T, H) = /OH(Z—A;)H dH

The entropy change (AS) under various magnetic fields is
shown in Figure 6. A large value of the change in entropy is
observed at low temperature with a maximum value of ~6 J/
kg:K around 12 K under a magnetic field of 70 kOe, which is
quite high in the oxide systems. A clear anomaly in AS is
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Figure 6. Temperature-dependent entropy changes AS under
different magnetic fields.

observed around Ty. Upon cooling, AS changes its sign at a
further lower temperature. This behavior is related to the
metamagnetic behavior observed in the magnetization
measurements. Similar values and nature of AS(T) at 70
kOe are obtained from the heat capacity data (shown in Figure
S3).

The temperature-dependent dielectric constant &,(T) and
dielectric loss measured with various frequencies are shown in
parts a and b of Figure 7, respectively. Below 200 K, &(T) is
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Figure 7. (a) Temperature-dependent dielectric constant £.(T) and

(b) loss measured with various frequencies. The temperature-

dependent &, (T) at 93 kHz measured under 0 and 80 kOe is

shown in the inset of part a. The inset of part b shows the

magnetocapacitance at Ty ~ 25 K.

almost independent of the temperature and frequency down to
the lowest temperature, where the dielectric loss is very small
and also independent of the temperature and frequency. Above
200 K, £(T) increases with increasing temperature, which
could be due to the increase in the conductivity of the sample.
This is consistent with the increase of dielectric loss with
increasing temperature. Interestingly, an anomaly in £,(T) is
observed at the antiferromagnetic ordering temperature Ty ~
25 K (as shown for 93 kHz in the inset of Figure 7a), which
does not shift with varying frequencies, indicating the presence
of the magnetodielectric effect. However, the magnitude of the
dielectric anomaly is very weak compared to the RFeWOQq
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systems.'® Further, no anomaly is found in the dielectric loss
data at Ty. Under a magnetic field of 80 kOe, the anomaly in
&(T) is completely suppressed. The magnetocapacitance
measured at Ty ~ 25 K shows the presence of a small but
finite value (inset of Figure 7b). To find out whether the
dielectric anomaly at Ty is associated with any change in the
electric polarization, pyroelectric current measurements were
carried out across the antiferromagnetic ordering temperature,
but we could not detect any pyroelectric current. This indicates
that either the electric polarization is very small, which is
beyond our instrumental detection limit, or the magnetic
structure is different from those of RFeWO4 compounds,
which does not induce polarization at Ty.

In order to understand the absence of electric polarization at
Ty in DyCrWOyg, we determined the magnetic structure by a
combination of symmetry analysis and simulated annealing.
We also compare and contrast the magnetic structures of the
Fe and Cr compounds and suggest possible reasons for not
observing ferroelectric polarization in the latter compounds.
The neutron data at 3.5 K showed additional Bragg peaks,
which could be indexed with the propagation vector k = (0, 0,
0). It should be noted that the propagation vector in the case
of DyFeWO4 was found to be k = (0, '/, !/,). The
representation analysis using BasIreps”> for Pna2, and k = (0,
0, 0) provides four one-dimensional irreducible representa-
tions, corresponding to the Shubnikov groups: I';: Pna2,, I':
Pn'a’2),I's: Pn’a2’ |, I'y: Pna’2’|. These are maximal subgroups
of the paramagnetic group Pna2,1’, but none of them provide
an adequate refinement of the experimental data.

Therefore, we have used simulated annealing by extracting
clusters of integrated intensities in Pl in order to check
whether a solution of higher symmetry was possible. From the
nonmaximal subgroups obtained with the Bilbao Crystallo-
graphic Server program k-Subgroupmag,” only the P112;
group was plausible (R factor below 25% in simulated
annealing). This group corresponds to mixing of the
representations: I';@I,. This group splits all of the atoms, so
instead of the 9 atoms in the asymmetric unit of Pna2,, we
have 18 atoms in P112,. Because the refinement of all
parameters was not stable, we preferred to treat the nuclear
contribution using the Pna2, group and the magnetic
contribution using the P112; group. However, refinement of
the magnetic structure with four atoms, two Dy and two Cr, in
the magnetic asymmetric unit (12 free parameters) was also
unstable, but we realized that some approximate relations
appeared in the components of the two inequivalent split
atoms.

Finally, we applied the following additional constraints
between the moments of Dyl and Dy?2, as well as Crl and Cr2:
the magnetic moment of the second atom was obtained from
the magnetic moment of the first by putting the same m, and
m, components and opposite m, components. With these
constraints we reduce the number of parameters to 6 instead of
12; moreover, the values of the moments are automatically the
same for both independent sites, and, finally, the refinement
was excellent, as shown in Figure 8, where the inset shows the
magnified view of the neutron diffraction pattern at low angles.
The added constraint is equivalent to the operator (u, v, —w)
acting on the magnetic moments, which is associated with the
Pna2, symmetry operator (x + '/,, —y + !/,, z) that does not
belong to the P112, magnetic group. We noticed that the
obtained value of the magnetic moment of Cr** ions was a
little bit higher than the expected 3 uy, so we added a soft
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Figure 8. Rietveld refinement of the crystal and magnetic structures of
DyCrWOg at T = 3.5 K. The magnetic peaks are those of the second
row of tick marks. The inset shows the magnified view of the neutron
diffraction data at low angles.

constraint for having a moment of 2.9 yy with a ¢ value of 0.03
up that maintains a reasonable value without changing the
quality of the refinement. The details of final crystal and
magnetic structures of DyCrWOy at 3.5 K are given in Tables 2
and 3, respectively. The obtained magnetic structure is
displayed in Figure 9.

One can see that the spin configuration of Cr atoms is
formed by ferromagnetic layers, (Cr1,Cr2) 1 and (Cr1,Cr2)
_2, perpendicular to the ¢ axis, stacked antiferromagnetically
along c. The configuration is nearly collinear except for a small
tilt in the z component that is zero within the standard
deviation. This arrangement of Cr spins is different from that
of DyFeWOy, where Fe spins form a strongly noncollinear
configuration. In this kind of structure, the transition-metal
sublattices interact only through super-superexchange inter-
action involving at least two O ions, so they are weaker than
normal superexchange interactions involving only one O
ligand.

The interactions between the Cr and Dy ions, J¢,_p,, are of
superexchange nature, but because of the inner 4f electrons of
Dy ions, the overlap should be quite small and these exchange
interactions are weaker than the Cr—O—O—Cr interactions.
Still weaker are the Dy—O-—Dy superexchange interactions
that take place through corners of O1 and O2 atoms and edges
of 01-03, 01-06, and O2—0S. However, it is interesting to
note that refinement of the neutron data at intermediate
temperatures (15 and 20 K) indicates induced ordering of Dy
spins at the Cr-ordering temperature (Ty = 25 K) due to the
combined effect of the local field due to Cr ordering and the
anisotropy of Dy ions.

We have performed calculation of a phase diagram of the
first ordered state considering only the Cr sublattices. This
mean-field calculation for classical spins is based on ref 24 but
using an interaction energy for pairs of spins of the form

Eij = _]ijsi'sj
where the negative sign means that the energy of the pair is
minimized for a negative exchange interaction when the spins
are antiparallel (antiferromagnetic coupling). The first ordered
state (just below Ty) of a magnetic system is given as a
function of the k vector inside or at the surface of the Brillouin
zone by the eigenvector corresponding to the lowest
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Table 2. Crystal Structure of DyCrWOQg Treated in the Space Group Pna2, at 3.5 K*

atom Wyckoff position &3 y z B, (A?) occupancy
Dy 4a 0.0428(1) 0.4548(2) 1/4 0.26(3) 1
Cr 4a 0.1352(12) 0.9514(42) 0.9965(20) 0.60(6) 1
w 4a 0.3552(9) 0.4498(33) 0.0039(16) 0.60(6) 1
(&)1 4a 0.9745(12) 0.7708(19) 0.0488(15) 0.46(3) 1
02 4a 0.5242(11) 0.2571(21) 0.9662(14) 0.46(3) 1
03 4a 0.2171(7) 0.6170(19) 0.0596(16) 0.46(3) 1
04 4a 0.2956(7) 0.1265(20) 0.9335(15) 0.46(3) 1
0os 4a 0.1438(3) 0.0580(9) 0.2507(33) 0.46(3) 1
06 4a 0.1208(4) 0.8345(7) 0.7558(26) 0.46(3) 1
cation 01 02 03 04 (6N 06
Dy 2.32(1) 2.34(1) 2.50(1) 2.38(1) 2.33(1) 2.33(0)
2.48(1) 2.36(1)
Cr 2.02(2) 1.95(2) 2.00(2) 2.02(2) 1.95(3) 1.86(3)
w 1.97(2) 2.11(2) 1.78(1) 1.87(2) 1.93(2) 1.96(2)
Dygvs 291(2) Whys 5.90(13)
Cryys 3.15(8)

“Space group Pna2;; a = 10.88056(9) A, b = 5.17746(5) A, ¢ = 7.31431(6) A, a = f = y = 90°, V = 412.042(6) A%; 5* = 1.98, Bragg R factor =

3.84%, R; factor = 2.28%. Bond lengths are given in A.

Table 3. Magnetic Structure of DyCrWOy at 3.5 K Treated
in the Space Group P112, with Additional Constraints
Linking the Independent Sites (Ry,, = 4.39%) and a
Complete List of Atoms in the Unit Cell and Symmetry
Operators of Pna2, Relating the Different Atom Positions as
Well as the Corresponding Magnetic Moments

moment

atom m, m, m, (ﬂB)

Dyl  169(19)  —590(7) —477(3)  7.77(4)

Dy2 1.69(19) -590(7)  4.77(3) 7.77(4)  constraint (m,, m,

=)
Crl  090(29)  2.78(9) 0.03(5) 2.92(3)
Cr2 0.90(29) 2.78(9) —0.03(5) 2.92(3)  constraint (m,, m,
—m,

atom m, m, m,

Dyl_1 1.69(19) —590(7) —477(3) x,y,z u, v, w

Dyl 2 —1.69(19) 5.90(7) -477(3)  —x, -y, z  —u -, w
+1,

Dy2_1 1.69(19) —5.90(7) 477(3)  x+1/, u, v, —w
—y+'
)z

Dy2 2 —1.69(19) 5.90(7) 477(3)  —x+'/y  —u —v, —w
y+ 'y
z+1/,

Crl_1 0.90(29) 2.78(9) 0.03(8) %9z U v, w

Crl_2 —0.90(29) —2.78(9) 0.03(S) -x -y z —u, —v, w
+1,

Cr2_1 0.90(29) 2.78(9)  —0.03(5) x+'/, u, v, —w
v+
,Z

Cr2. 2 —090(29)  -2.78(9)  —0.03(5) —x+1'/y  —u —v, —w
y+ 1/2!
z+'/,

“If we use the notation of Bertaut*® for magnetic modes G =
(+—+-),C=(+——+),A=(++——),and F = (++++) and
using the particular numbering of the four atoms in Pna2, according
with the list of operators, we have, for the two magnetic atoms in the
asymmetric unit of the paramagnetic group, the same configurations

of modes, ie., (G, G, A).

eigenvalue of the negative Fourier transform of the exchange
interaction matrix:

Figure 9. Magnetic structure of DyCrWOy at T = 3.5 K. The blue
atoms are Dy, and the green atoms are Cr. The numbering is as
follows: Sy_n (Sy = Dyl, Dy2, Crl, Cr2; n = 1, 2). The atoms n = 1
and 2 correspond to the symmetry operators (x, y, z) and (—x, —y, z +
'/,) of the P112, magnetic group.

E(K) = = Y J(R,) 2

where the indices i and j are the numbers of magnetic atoms of
a primitive cell and R, is a lattice translation.

For doing the calculations, we have used the programs Simbo
and EnerMag,” considering only three exchange interactions
between Cr ions, as detailed in Figure 10a,b. The program
Simbo provides independent exchange interactions by analyz-
ing the possible superexchange (or super-superexchange) paths
between magnetic atoms. The exchange interaction J,
corresponds to the shortest Cr—Cr distance, and the others
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Figure 10. (a) Topology of the isotropic exchange interactions between Cr ions in DyCrWOj,. All of the connected atoms are below a distance of
5.3 A between each other and correspond to super-superexchange interactions involving Cr—O—O—Cr paths. The distances between Cr atoms are
indicated in parentheses. (b) Details of the puckered triangular and rectangular sheets running along the b and ¢ axes, in which we show the three
independent super-superexchange interactions. It is expected that all of the exchange interactions are negative because in octahedral coordination
the electronic configuration is tzg3 for Cr** ions. So, a certain degree of frustration in the triangular sheets is expected.

10
Observed Structure
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Figure 11. Phase diagram of the Cr sublattices of DyCrWOy considering three isotropic exchange interactions, as detailed in previous figures. The
different colors correspond to different kinds of magnetic structures. The sequence of the signs corresponds to the moments along an arbitrary
direction (a global rotation does not change the energy because of the isotropic character of exchanges considered here). We have neglected the
boundaries with J; = 0, where partial orders appear. The observed structure corresponds to k = (0, 0, 0) and the sequence G(+—+ —).

are numbered arbitrarily. The program EnerMag performs
diagonalization of the matrix £;(k) as a function of the
exchange interactions and k. For details, refer to the appendix
of ref 25.

We have varied the three exchange interactions between
—10 and +10 in arbitrary units (only the relative values are
relevant) and calculated the first ordered state for each triplet
of exchanges. The results are summarized in Figure 11. One
can see that the observed magnetic structure for the Cr
sublattices corresponds to the conditions J; < 0.0, J5 < 0.0, and
J» > '/4J1. This means that the observed magnetic structure is
compatible with a set of negative (antiferromagnetic) exchange
interactions provided that ], > '/,J;. Notice that, in the regions
where ], > '/,]; and J; < 0, no magnetic order is established or
incommensurate magnetic structures may appear (the details
of the ground state cannot be determined with the present
method), reflecting the frustration in the puckered triangular
sheets.

The ordering of the Dy sublattices is determined mostly by
the single-ion anisotropy of Dy’* ions and the exchange
interactions Jc,_p,- Notice that, except for the propagation
vector, the arrangement of the Dy moments is quite similar to
that observed in the case of the DyFeWO,4 compound. The
single-ion anisotropy of Dy is so as to make Dy moment to
orient nearly along one O atom and the opposite edge of the
coordination polyhedron (Figure S4). The strong non-
collinearity of the Fe moments in the magnetic structure of
DyFeWO, means that the exchange interactions Jp._p, are
much stronger than Jc,_p, probably because of the
involvement of eg2 electrons and the magnetic moments of
Fe have a tendency to reorient according to the local direction
of the Dy moments. The collinearity observed in the Cr
sublattices of DyCrWOg may be the reason why we are unable
to detect an electric polarization, at variance with the case of
DyFeWOyg. However, it requires further study, for example, the
magnetic structure of multiferroic YFeWOy, to confirm the
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origin and role of noncollinearity in inducing electric
polarization in these compounds.

IV. CONCLUSIONS

In conclusion, we have shown that the compound DyCrWOQgq
crystallizes in the ordered aeschynite-type polar structure
(Pna2,). It exhibits a long-range antiferromagnetic ordering of
Cr sublattices and induced ordering of Dy sublattices below Ty
~ 25 K. The obtained magnetic structure consisted of a
collinear arrangement of Cr’* moments and a noncollinear
arrangement of Dy’* moments. At low temperature, magnet-
ization reversal occurs, which is caused by the competition
between the Dy’ and Cr** moments. A large value of entropy
change is observed at low temperature under an applied
magnetic field. This may be related to the metamagnetic
behavior of the Dy**-spin configuration. A weak dielectric
anomaly and magnetocapacitance are observed around Ty;
however, electric polarization is not found, which could be due
to the collinear arrangement of Cr spins compared to that of
RFeWOyg, where both Fe and Dy sublattices exhibit noncol-
linear arrangement.
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