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Magnetic structure of Dy** in hexagonal multiferroic DyMnO;
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Element specific x-ray resonant magnetic scattering (XRMS) investigations were undertaken to determine
the magnetic structure of the multiferroic compound, hexagonal DyMnOs. In the temperature range from 68 K
down to 8 K the Dy>* moments are aligned and antiferromagnetically correlated in the ¢ direction according to
the magnetic representation I';. The temperature dependence of the observed intensity can be modeled assum-
ing the splitting of ground-state doublet crystal-field levels of Dy3* by the exchange field of Mn3*. XRMS
together with magnetization measurements indicate that the magnetic representation is I'; below 8 K.
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Magnetoelectric multiferroics—systems that exhibit both
ferroelectricity and magnetism in the same phase—have at-
tracted renewed attention in the last few years.! Understand-
ing the interplay between both phenomena may open up de-
vice paradigms—such as electric-field controlled magnetic
data storage. Strong coupling between magnetic and ferro-
electric order has been recently observed in rare-earth (R)
manganites such as hexagonal RMnOs,>3 orthorhombic
RMnOs,* RMn,0s,> and other compounds. DyMnO; is gen-
erally found in orthorhombic form but under special condi-
tions the hexagonal phase may be stabilized.*” DyMnOs,
then sits at the boundary between the orthorhombic and hex-
agonal multiferroic manganates.

Hexagonal DyMnO; shows ferroelectricity at room
temperature® and it was concluded from magnetization mea-
surements that the Dy** moments order ferrimagnetically be-
low 7 K. Nevertheless, the magnetic structure and the corre-
sponding magnetic symmetry remained unknown.” Since
magnetic structure determination is a prerequisite for under-
standing the coupling between ferroelectricity and magne-
tism and it was shown for hexagonal HoMnO; (Ref. 2) and
orthorhombic DyMnO; (Ref. 8) that the rare-earth magnetic
ordering plays a very important role in the magnetoelectric
coupling, it is important to know the details of the magnetic
ordering of the Dy** moments. As the naturally occurring
isotope of Dy is highly neutron absorbing, the magnetic
structure determination by neutron diffraction is challenging
and has not, to date, been done. In addition, discriminating
between the two magnetic sublattices, Dy>* and Mn**, is
very difficult. An x-ray resonant magnetic scattering
(XRMS) study of DyMnOs; is complementary to neutron
measurements but is more direct in determining the magnetic
structure associated with, and the order parameter of the
Dy** moments.

Single crystals of DyMnO; were grown using a floating
zone method.” For the XRMS measurements, a piece of an
as-grown single crystal of approximate dimensions 4 X3
X 1 mm? was selected. The surface of the crystal was nearly
perpendicular to the ¢ axis. The XRMS experiment was per-
formed on the 6ID-B beamline at the Advanced Photon
Source at the Dy Ly; absorption edge (E=7.790 keV). The
incident radiation was linearly polarized perpendicular to the
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PACS number(s): 75.25.+z, 75.50.Ee, 75.80.+q, 77.80.—¢

vertical scattering plane (o polarized) with a spatial cross
section of 0.6 mm (horizontal) X 0.2 mm (vertical). In this
configuration, resonant magnetic scattering rotates the plane
of linear polarization into the scattering plane (7 polariza-
tion). In contrast, charge scattering does not change the po-
larization of the scattered photons (o-o scattering). Pyrolytic
graphite (PG) (0 0 6) was used as a polarization analyzer to
suppress the charge and fluorescence background relative to
the magnetic scattering signal. For measurements of the
(0 0 1) and (0 h [) magnetic reflections, with [ odd, the
sample was mounted at the end of the cold finger of a displex
cryogenic refrigerator with the reciprocal b*-¢* plane coin-
cident with the scattering plane. Although these reflections
are forbidden for charge reflections, they can be strongly
contaminated by multiple charge scattering. However, we
were able to minimize multiple-scattering contribution at the
resonant energy through a judicious choice of the azimuth
angle.

Figure 1 shows the magnetization curves and magnetic
susceptibility of a DyMnO; single crystal, measured using a
quantum design superconducting quantum interference de-
vice (SQUID) magnetometer. In the inset to Fig. 1(c), we see
a kink in magnetic susceptibility at 68 K, signaling the onset
of magnetic order. At approximately 8 K, there is a dramatic
change in the magnetic susceptibility, indicating a phase
transition from the intermediate-temperature phase, ITP
(68—8 K) to the low-temperature phase, LTP (below 8 K).

In the ITP, magnetic intensity was found at the (0 0 9)
reciprocal lattice point, which is nominally forbidden for
charge scattering. To confirm the resonant behavior of this
feature, we performed energy scans (as shown in Fig. 2)
through the Dy Ly absorption from 3 to 75 K and observed
one predominant resonance peak, approximately 6 eV above
the absorption edge. This peak arises from dipole resonant
scattering involving an intermediate-state transition between
the core 2p and the empty 5d states.'” We also note the
presence of a weak quadrupole resonance (2p to 4f states) at
approximately 5 eV below the absorption edge. In the energy
scans, no resonance intensity was observed above the ITP.
Furthermore from Fig. 2, we see that the dipole resonance
intensity increases with decreasing temperatures in the ITP.
However, this signal disappears abruptly below 8 K.
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FIG. 1. [(a)-(b)] Magnetization curves of the DyMnO; single
crystal measured along and perpendicular to the ¢ direction at 5 and
10 K. (c) Temperature dependence of magnetic susceptibility was
measured on heating of the zero-field cooled sample in a field of
100 Oe applied parallel to the ¢ axes. The insets show details of the
magnetic susceptibility near the transition temperatures of the order
of Dy** moments. Marked vertical lines are the transition tempera-
tures determined from the XRMS measurements.

Generally, the local sample heating by the intense incident
undulator beam is very strong for insulating materials such
as DyMnOs, particularly at low temperatures. Therefore, to
characterize the beam heating effect and to determine the
transition temperature for magnetic ordering of Dy**, we
measured the dipole resonance intensity of the (0 0 9) reflec-
tion with different attenuators as shown in the inset to Fig. 3.
Since the normalized peak intensity and transition tempera-
ture remain nearly the same using attenuators with transmis-
sions of t~7% and ~ 1%, temperature-dependent measure-
ments were performed with the former. Figure 3 shows the
temperature dependence of the integrated intensity for the (0
0 9) reflection, determined by fitting @ scans (rocking curves)
with a Lorentzian function. Below 68 K, the dipole intensity
increases gradually with decreasing temperature. The tem-
perature of the onset of the magnetic order of Dy>* agrees
well with the kink in magnetization data from the same
sample as shown in Fig. 1. Again from Fig. 3, we see that the
magnetic intensity of the (0 0 9) reflection decreases rapidly
and goes to zero below 8 K, signifying the phase transition to
LTP.

We now turn to the analysis of the magnetic structure in
the ITP. In order to determine the magnetic representation we
must look into the details of six magnetic representations that
are possible for the crystallographic space group P6;cm and
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FIG. 2. (Color online) Energy scans of the (0 0 9) reflection and
of the fluorescence signal. The small peak marked by the vertical
arrow indicates weak quadrupole resonance. The dashed line de-
picts the Dy Ly absorption edge as determined from the inflection
point of the fluorescence signal. The solid lines are guide to the eye.

are listed in the Table I. The observation of nonzero intensity
for the (0 0 9) reflection clearly excludes the magnetic rep-
resentations I'y, I'y, 'y, and I's for the magnetic order of
Dy?** (see Table I) because only the representations I'; and
I's yield nonzero intensity for (0 O [) reflections with [ odd.
The Dy** moments are aligned in the hexagonal ¢ direction
according to representation I';, whereas they are aligned in
the a-b plane in representation I'y.
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FIG. 3. (Color online) Temperature dependence of the integrated
intensity of the dipole resonance for the (0 0 9) reflection. The inset
shows details of the low-temperature phase transition. The solid
blue line is a fit to the data in the intermediate magnetic phase by a
model as described in the text.
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TABLE I. The six possible magnetic representations and the corresponding basis vectors of the crystallographic space group P6scm
associated with a magnetic unit cell, same as the crystallographic unit cell (Ref. 9). The atomic positions for Dy are given in brackets.
[z, +,—] depict 25,=0.277, + u5,, — 5, and z4,=0.237, + ug, ,—uy, for the Wyckoff sites Dy(2a) and Dy(4b), respectively (Ref. 6). The
symbol [0] labels no ordered magnetic moment at this site. The directions of magnetic moments for the I's and I'y magnetic representations
are denoted by [e,,e,,e,], where e, and e, are in the basal plane forming a 120 angle between them and the e, vector is parallel to the sixfold
axis. The condition for a particular reflection is determined for the present experimental geometry and a dipole XRMS signal.

Dy(2a) Dy(4b) Magnetic reflection
Magnetic 0 0 : 2 : 2 001 (/)
representation 0 0 2 1 2 1 1 odd / odd
. 3 3 3 3
< i*3 z z z+3 z+3
Moments in ¢ direction
I'y=P65cm 0 0 + - - + No Yes
Iy=P65¢'m’ + + + + + No No
L3=P6icm’ + - + + - - Yes Yes
L,=P6ic'm 0 0 + - + - No No
Moments in a-b plane
I's(P63) [u v 0] [u v 0] [p q 0] [r s 0] [r s 0] [p q 0] No No iff p=r and g=s
T's(P65) [u v 0] [u v 0] [p q 0] [r s 0] [ 5 0] [p g 0] Yes Yes
We measured the off-specular reflections (0 3 9) and A(D) |?
= . .. I(T)=1(0)| tanh—— | , (1)
(0 3 9) to determine the moment direction. The structure 2%T

factor is the same for both reflections, but the dipole scatter-
ing cross section is different providing strong sensitivity to
the moment direction. For our scattering geometry, the dipole
scattering amplitude fo k' - fi,'! where k' and [ are the wave
vector of the scattered photons and the magnetic moment,
respectively. For moments aligned along the ¢ direction (I';),
the magnetic intensity 7o sin’*(6+ «); for moments in the a-b
plane (I'y) Ieccos?(6= a), where 6 is the Bragg angle and «
is the angle that the scattering vector Q makes with the crys-
tallographic ¢ direction perpendicular to the surface of the
sample. The ‘+°/ ‘-’ signs are for larger/smaller angles for
the outgoing beam with respect to the sample surface. The
calculated ratio 1(0 3 9)/1(0 3 9)=65 and 0.02 are for mo-
ments along the ¢ direction and in the a-b plane, respec-
tively. Since the absorption is different for these two off-
specular reflections, proper normalization using the closest
charge reflections was performed to determine the experi-
mental ratio of 80 = 20. Thus, within experimental error, the
magnetic moments are primarily aligned in the hexagonal ¢
direction and the Dy** moments order according to the mag-
netic representation I'; in the ITP.

Figure 3 shows a gradual increase in the observed inten-
sity as the temperature is decreased in the ITP. With refer-
ence to other systems, such as Nd,BaNiOs and Nd,CuQy, the
temperature dependence of the integrated intensity in the ITP
can be explained with a ground-state doublet crystal-field
level, split by an exchange field.'">'* The Kramer’s Dy3*
ions in DyMnO; are at the positions of trigonal symmetry
and, therefore, must have a doublet ground state.'>!® At low
temperatures only the ground-state doublet is appreciably
populated because the energy difference between the ground-
state and the next crystal electric-field levels, in general, is
large.'® Taking into account only the ground-state doublet
and a splitting, A(T), we can write!2!4

where I(T) and I(0) are the intensities at the temperature T
and 0 K, respectively. For an exchange field produced by the
ordering of the Mn** sublattice, the doublet splitting, A(T), is
proportional to the ordered magnetic moment of Mn**.!? In
the case of DyMnQOj;, however, the ordering temperature and
the temperature dependence of Mn** moments have not been
determined. For the nearest hexagonal compound, HoMnOs,
the Mn** moments order below 76 K and saturate within a
few Kelvin.!” Anticipating a similar behavior for the Mn**
moments in DyMnO;, we assumed A(7) to be constant in the
temperature range of fitting, 10-62 K. The fitting yields A
=(5.8=0.8) meV. Thus, the temperature dependence of in-
tegrated intensity in the ITP can be modeled using a simpli-
fied picture of the crystal-field splitting and suggests an in-
duced magnetic order of Dy** in this ITP. This analysis also
predicts that the Mn** moments in DyMnOj order according
to I'; representation in the ITP. Neutron-scattering measure-
ments to confirm this prediction are planned.

We now turn to the investigation of the magnetic structure
in the LTP, where the magnetic intensity of the (0 0 9) re-
flection goes to zero (see Fig. 3). Referring again to Table I,
we can readily exclude the magnetic representations I'; and
I'¢ as these reflections should yield finite intensity. The in-
tensity of the (0 1 9) reflection also goes to zero, as shown in
Fig. 4. This excludes the magnetic representation I'; for the
LTP as the intensity of this reflection should be finite but
large compared to ITP.'® Therefore, the remaining possible
magnetic representations are I'5, Iy, and I's. These represen-
tations yield intensity at the charge allowed reciprocal lattice
points (I even). Since the magnetic signal is weak compared
to the charge scattering, separation of a magnetic signal from
the charge signal is extremely difficult in an XRMS
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FIG. 4. (Color online) Representative rocking scans for an off-
specular reflection (0 1 9). The inset shows the details of the low-
temperature phase transition. The peak intensity was measured to
characterize the transition temperature. Lines are guide to the eye.

experiment.19 However, we note that while I'y is antiferro-
magnetic along the ¢ direction, the representations I', and I's
correspond to ferromagnetic moments along the ¢ direction
and in the a-b plane, respectively. Figures 1(a) and 1(b)
show the magnetization measurement along and perpendicu-
lar to the ¢ direction at 5 (LTP) and 10 K (ITP). A steep rise
to a sharp kink in the magnetization in the LTP for small
fields (=1 kOe) along the ¢ direction indicates a ferromag-
netic moment along this direction, consistent with the re-
ported results of Ivanov et al.” Therefore, magnetization to-
gether with XRMS measurements suggest that I', is the
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magnetic representation in the LTP. According to this repre-
sentation the Dy** moments at each site are ferromagneti-
cally aligned but the correlation between them can be paral-
lel (ferromagnetic) or antiparallel (ferrimagnetic). As the
uncompensated magnetic moment along the ¢ direction, de-
termined from the extrapolation of high-field magnetization
data to zero field, is only ~1up per formula unit, much less
than the free magnetic moment (10.6 wp) of Dy, a ferri-
magnetic alignment of Dy** moments is expected.

In summary, we have determined the magnetic structure
of Dy** moments in DyMnOj to be I'; in the ITP (between
68 and 8 K). The Dy>* moments are aligned and antiferro-
magnetically correlated along the ¢ direction. The tempera-
ture dependence of the magnetic intensity in the ITP can be
explained by assuming a splitting of the ground-state doublet
by the exchange field from the ordered Mn** moments. In
the LTP (below 8 K), XRMS, together with magnetization
measurements, indicates that I', is the magnetic representa-
tion and the Dy** moments are ferrimagnetically aligned in
the hexagonal ¢ direction. We note that the magnetic struc-
ture in DyMnOj is the same as in HoMnOj in the ITP. How-
ever, in the LTP the magnetic order is different: the Ho’*
moments are antiferromagnetically aligned according to I’
in contrast to the ferrimagnetic alignment of the Dy** mo-
ments in DyMnO;. It is likely that the striking difference is
due to the complex interplay between the magnetism of the
two sublattices, Dy**/Ho** and Mn**.
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