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Incompatible magnetic order in multiferroic hexagonal DyMnQO;
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Magnetic order of the manganese and rare-earth lattices according to different symmetry representations is
observed in multiferroic hexagonal (h-) DyMnOs by optical second-harmonic generation and neutron diffrac-
tion. The incompatibility reveals that the 3d-4f coupling in the h-RMnOj system (R=Sc, Y, In, Dy-Lu) is less
rigid than commonly expected. Instead, a triggered magnetic phase transition is introduced that constitutes a
framework for magnetic and magnetoelectric coupling effects in the h-RMnO; system.
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Controlling magnetism by electric fields and (di)electric
properties by magnetic fields poses a great challenge to con-
temporary condensed-matter physics. Possibly the most fer-
tile source for such “magnetoelectric” cross correlations are
compounds with a coexistence of magnetic and electric long-
range order, called multiferroics.! Aside from the magneti-
cally induced ferroelectrics®> and the ambient multiferroic
BiFeO; (Ref. 3) a system at the center of intense discussion
is hexagonal (h-) RMnO; with R=Sc, Y, In, Dy-Lu.* The
system displays a variety of multiferroic phases and a “giant”
magnetoelectric effect.’ The availibility of as many as nine
h-RMnO; compounds is ideal for investigating the role of
3d-4f interactions in the manifestation of magnetoelectric
effects, a key question of multiferroics research.

Thus far, it is assumed that the 3d-4f interaction in the
h-RMnO; leads to a rigid correlation between the magnetic
Mn** and R3* order.”"' The Mn3*-R3* exchange paths are
affected by the ferroelectric distortion of the unit cell so that
it is expected that, reminiscent of the orthorhombic
manganites,” the 3d-4f interaction plays a substantial role in
the magnetoelectric behavior, including giant
magnetoelectric’ and magnetoelastic'>!3 effects.

In this Rapid Communication we show that the 3d-4f
coupling in h-RMnOs is substantially less rigid than assumed
up to now. This is concluded from optical second harmonic
generation (SHG) and supplementary neutron-diffraction
data. They reveal that the Mn** spins and the Dy?* spins in
h-DyMnO; order according to different symmetry represen-
tations unless magnetization fields are present. Based on this
observation, a triggering mechanism with biquadratic cou-
pling of the R** and Mn>* magnetic moments is proposed
that constitutes a general framework for describing the mag-
netic structure and the magnetoelectric interactions in the
multiferroic h-RMnO; system.

The h-RMnO; compounds display ferroelectric ordering
at Tc=650-990 K, antiferromagnetic Mn** ordering at
Ty=66—-130 K.* and, for R=Dy—Yb, magnetic R** ordering
and reordering at Ty and 4-8 K, respectively.*®8%14 The
spontaneous polarization is 5.6 uC/cm? and directed along
z. Frustration leads to a variety of triangular antiferromag-
netic structures of the Mn®* spins in the basal xy plane. In
contrast, the R** sublattices order Ising-type along the hex-
agonal z axis. The possible magnetic structures of the Mn3*
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and R* lattices correspond to four one-dimensional repre-
sentations, see Table 1. As we will see, they consistently ex-
plain our data so that other representations denoting more
complex symmetries®!%1® are not listed. An extensive inves-
tigation of the magnetic R** order commenced not long ago
and revealed that in h-HoMnO; and h-YbMnOj; the Mn**
and the R** order obeys the same representation.®%!7

The compound with the largest R** ion in the h-RMnO,
series is h-DyMnO; which was recently grown.'® The mag-
netic structure of the Dy>* lattice was investigated by reso-
nant x-ray diffraction and magnetization measurements.'*!3
In an extended analysis its magnetic point group was shown
to be P6scm in the interval 10 K<T<Ty (“high-
temperature range”). At 7<<10 K (“low-temperature range”)
or above a critical magnetic field applied along z it changes
to P6;cm. In this work we focus on the determination of the
complementary Mn>* order by SHG but we also corroborate
the consistency of the proposed Mn** and Dy** order by
prominent magnetic neutron-diffraction reflections.

SHG is described by the equation P;2w)
=goXiiEj(w)E(w). An electromagnetic light field E at fre-
quency o is incident on a crystal, inducing a dipole oscilla-
tion ﬁ(Zw), which acts as source of a frequency-doubled
light wave of the intensity /sy |P(20)|% The susceptibility
Xiji couples incident light fields with polarizations j and k to
a SHG contribution with polarization i. The magnetic and
crystallographic symmetry of a compound is uniquely related
to the set of nonzero components x;j.'>"

The h-DyMnOs single crystals were obtained by the float-
ing zone technique. SHG reflection spectroscopy with 120 fs
laser pulses was conducted on polished z-oriented samples in
a *He-operated cryostat generating magnetic fields of up to
8 T.!° Neutron diffraction in the (#0l) plane was conducted at
the E2 beamline of the Helmholtz-Zentrum at 2.39 A with
the sample mounted in a He/*He dilution insert. The crys-
tallographic reflexes for 260=10° —86° were observed so that
extinction by Dy absorption can be excluded.

In Table I the configurations identifying the magnetic
structure of the Mn®* and Dy** lattices are listed. SHG is
only sensitive to the Mn** order with y,,, and Xyyy @8 inde-
pendent tensor components.'S Neutron diffraction can probe
the magnetic moments of Mn** and Dy**. The observation of
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TABLE 1. Configurations for SHG and neutron diffraction distinguishing between the four major one-
dimensional symmetry representations of the crystallographic space group P6scm of h-RMnO;. Symmetries
refer to the magnetic structure of the Mn** or Dy>* subsystem; the overall symmetry is determined by the
intersection of the respective symmetries. Sketches of the magnetic structures of the Mn>* and Dy>* sublat-
tices are given in Refs. 5 and 14. SHG selection rules were derived from Ref. 15. The contributions by the
Mn?** and Dy3* lattices to neutron diffraction were calculated separately by setting [ 3+ # 0, fipy3+=0]
and [ fiyg,3+=0, Apy3+ 7 0], respectively, for the magnetic moments. The total yield follows from the inter-
ference of the Mn>* and Dy>* contributions (not needed here). The largest value obtained for each sublattice

corresponds to 100%.

Representation ry, A Iy, A, I';, By 'y, B,
Symmetry P6scm P6scm Pb6scm Pb6scm
SHG (Mn**) Xrxx 0 0 0 #0
Xyyy 0 0 #0 0
Neutron (Mn>*) (100) 58% 0 62% 0
(101) 17% 100% 17% 93%
Neutron (Dy>*) (100) 0 100% 0 75%
(101) 100% 0 2% 0

the (100) and (101) reflections already leads to very clear
results so that we restrict the discussion to them. The contri-
butions by Mn** and Dy** moments were separated by as-
Suming [,LZMnfi-## O, ,lsz3+=O:| and [ﬁMn3+=O, ,lsz3+5é0],
respectively, for the magnetic moments in the computations
done with SIMREF 2.6.%

We first focus on the high-temperature range and mea-
surements at zero magnetic field. Figure 1 shows the analysis
of the magnetic structure of the Mn** lattice by SHG spec-
troscopy. Because of the large optical absorption the SHG
data on h-DyMnO; cannot be taken with the standard trans-
mission setup and nanosecond laser pulses'—in contrast to
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FIG. 1. Spectral, polarization, and temperature dependence of
SHG in h-RMnO; compounds. A “0” indicates zero SHG intensity.
[(a) and (b)] SHG spectra of h-HoMnO; measured in (a) transmis-
sion and (b) reflection with a femtosecond laser. (¢) SHG spectra of
h-DyMnOj; measured in reflection with a femtosecond laser. (d)
Temperature dependence of the signal in (c).

all other h-RMnO; compounds. Instead the reflected SHG
signal was measured with a femtosecond laser system. With
femtosecond laser pulses, higher-order SHG contributions,
incoherent multiphoton processes, and ultrafast nonequilib-
rium effects can easily obscure any magnetically induced
SHG.!*?0 In the first step we therefore had to verify to what
extent SHG is still a feasible probe for the magnetic struc-
ture. We chose h-HoMnO; for this test since it allows us to
compare transmission and reflection data. Figure 1(a) shows
the SHG transmission spectrum taken at two different tem-
peratures with a femtosecond laser system. Aside from a mi-
nor decrease in resolution the femtosecond laser pulses lead
to the same SHG spectra as the nanosecond laser pulses.!”
With SHG from x,,, at 50 K and from y,,, at 10 K we
identify the P6s;cm and the P6scm structures, respectively,
on the basis of Table I. Note that the spectral dependence is
also characteristic for the respective phases.”! Figure 1(b)
shows the corresponding SHG reflection spectra. Aside from
a 98% decrease in the SHG yield the result remains un-
changed. Hence, the femtosecond reflection data are well
suited for identifying the magnetic phase of h-RMnOj; by
SHG. Figures 1(c) and 1(d) show the spectral and tempera-
ture dependence of the SHG signal in h-DyMnOj in a fem-
tosecond reflection experiment. Comparison with Fig. 1(b)
and Table I clearly reveals P6scm as magnetic symmetry of
the Mn** lattice in the high-temperature range up to
Tn=66 K. This is an utterly surprising result because P6;cm
does not match the P6;cm symmetry of the Dy** lattice pro-
posed in Ref. 14. We therefore sought supplementary confir-
mation by neutron diffraction.

In Fig. 2 we show the temperature dependence of the
(101) and (100) reflections of h-DyMnOj;. Note that while
the (101) reflection is magnetic in origin, the (100) reflection
in the high-temperature range is expected to be purely struc-
tural in nature with no magnetic contributions. For the set of
symmetries discussed in Table I, zero (100) intensity is only
possible if the magnetic symmetry of the Mn>* lattice is ei-
ther P6scm or P6scm of which the latter corresponds to a
ferromagnetic state which is ruled out by magnetization
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FIG. 2. Temperature dependence of the (101) and (100) reflec-
tions of h-DyMnO; measured in a cooling run on the sample from

Fig. 1. The dashed line marks the offset due to crystallographic
contributions.

measurements.”'*1® Table I further shows that zero (100)
intensity is consistent with the P6;cm symmetry of the Dy>*
lattice proposed earlier'* while it clearly excludes P6+cm.

We thus conclude that three independent experimental
parameters, i.e., SHG polarization, SHG spectrum, and
neutron-diffraction intensity, lead to P6szcm as magnetic
symmetry of the Mn3* lattice in the high-temperature range
of h-DyMnOs. This is in striking contrast to the known
(Ref. 14) and confirmed (Table I, Fig. 2) P6;cm symmetry of
the Dy>* lattice.

Although it is not unusual that magnetic order is param-
etrized by more than one representation it is most remarkable
that this occurs in the h-RMnO; system. Tight coupling be-
tween the Mn* and R>* lattices with “compatible” order of
the 3d and 4f lattices, i.e., according to a single representa-
tion, was regarded as central mechanism in determining its
magnetoelectric and multiferroic properties.’"'> However,
the “incompatibility” of magnetic representations observed
here shows that the 3d-4f coupling must be distinctly less
rigid than assumed.

The dilemma is solved by assuming the magnetic equiva-
lent of a triggering mechanism observed in ferroelectrics.??
The emergence of the antiferromagnetic Mn** order creates
the basis for the emergence of the Dy** order. Yet, the latter
and the former order occur independently, i.e., the Mn?* or-
der does not determine the representation, the orientation of
the order parameter, or the domain structure of the Dy3+
order. According to Ref. 22 this is possible if
the lowest-order coupling between the order parameters
Cvnpy 18 biquadratic with a  free-energy contribution
F=—(y/ 2)€§4H€2Dy. Note that the triggering mechanism is a
symmetry-based model, i.e., without insight into the micros-
copy of the Mn**-R** coupling and the variety of manifesta-
tions in the h-RMnOj series. However, the triggering mecha-
nism provides rigid boundaries for such a model. It would
have to be consistent with the absence of terms o€y, fp,,
€y, and €Mn€]2)y. Moreover, gradient terms'® cannot
dominate the microscopy because they would become large
near the magnetic domain walls and the resulting inhomoge-
neity of the SHG signal was not observed.

Because of its general nature the magnetic triggering
mechanism creates the framework for the magnetic
h-RMnQOj; system in general. Aside from providing a higher-
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FIG. 3. Phase diagram of the magnetic Mn3* order in
h-DyMnOj in a magnetic field along z. [(a) and (b)] Sketch of the
SHG contributions in the course of the spin reorientation toward the
(a) P63cm and (b) P6scm phases. (c) Exemplary field dependence
of the SHG signal at 32 K in a field-increasing run. (d) Phase
diagram derived from data as in (c). Temperature-increasing and
-decreasing runs yield the boundaries on the right- and left-hand
side of the gray area, respectively. The boundary values correspond
to observation of 50% of the SHG yield of the P6;cm phase.

order 3d-4f coupling it leaves the explicit magnetic order
open so that incompatible (e.g., R=Dy) as well as compat-
ible [e.g., R=Yb and Ho (Refs. 6, 8, and 17)] sublattice order
may occur. The ordering temperatures of the 3d and the 4f
lattices may be identical (e.g., R=Dy) or not [e.g., R=Ho
(Ref. 17)] and large-scale Mn-related domains may coexist
with small scale R-related domains.'”

Because of the biquadratic coupling a variety of phenom-
ena that were related to a pronounced linear 3d-4f coupling
have to be scrutinized. In addition, we cannot confirm that
the Mn3* order is related to the size of the R** ion.®?? If this
were the case, the Mn®** spins in DyMnO; with the largest
R** ion of the h-RMnOj5 system would order according to the
P65cm structure already observed in HoMnO5; and YMnOs.
Likewise, it can be excluded that the unusual magnetic phase
diagram and magnetoelectric properties established for
HoMnO; (Refs. 4, 16, and 24) continue toward rare-earth
h-RMnOj; compounds with a smaller R** radius than Ho**.
These observations corroborate the relative independence of
the Mn** and R** lattices.

In the low-temperature range and in a magnetic field ap-
plied along z the magnetic order of the Dy** spins changes
from P6scm to P6icm.'*'® The emerging intensity of the
(100) peak in Fig. 2 reflects the transition of the Dy** lattice
to the P6;cm phase in accordance with magnetization
measurements'*!® and in agreement with Table 1. This ob-
scures the Mn3*-related contributions so that we revert to
SHG measurements for identifying the Mn** order.
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Figures 1(d) and 3(c) show that the SHG intensity is
quenched in the low-temperature range and in a magnetic
field. According to Table I this indicates a transition to either
the P6;cm or the P6scm phase. According to Figs. 3(a) and
3(b) the P63cm— P6scm transition passes through a state
with P3¢ symmetry for which x,,,#0, x,,,=0 while the
P63cm— P6scm transition passes through a state with P3
symmetry for which x,,,# 0, x,,,# 0.'® Figure 3(c) reveals
that the first scenario is realized. This is confirmed by the
phase diagram in Fig. 3(d). Data points denote the magnetic
field at which magnetic phase transitions are observed with
the gray area marking the difference between field-increasing
and -decreasing runs. Qualitatively, the same phase diagram
was obtained on h-RMnO; with R=Er, Tm, and Yb all of
which exhibit a P6ycm— P6;cm transition of the Mn3* lat-
tice in a magnetic field whereas the phase diagram of
h-HoMnQOs;, in which this transition does not occur, is differ-
ent. We conclude that in the low-temperature range and in a
magnetic field along z the magnetic symmetry of the Mn3*
lattice in h-DyMnOs is P6s;cm and, thus, compatible to the
magnetic symmetry of the Dy>* lattice.

This compatibility is not a compulsory indication for an
enhanced linear 3d-4f exchange. P6;cm is a ferromagnetic
point group and the observation that a magnetic field sup-
ports the transition into this state indicates that the magnetic
field energy rather than additional Mn3*-Dy?** exchange cou-
pling may be responsible for the P6ycm — P6scm transition
of the Mn>* lattice. The field is generated internally by the
ferromagnetic order of the Dy>* lattice and supported exter-
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nally by the applied magnetic field. Accordingly, the gray
area in Fig. 3(d) does not show the hysteresis of the Mn**
lattice but rather the response of the Mn3* lattice to the mag-
netizing field exerted by the Dy>* lattice when it is ferromag-
netically ordered.

We thus observed that the magnetic order of the manga-
nese and the rare-earth sublattices in the h-RMnO; system
can be “incompatible.” In h-DyMnO; Mn>** ordering accord-
ing to P6ycm and Dy** ordering according to P6ycm is re-
vealed, yielding P65 as overall symmetry. The incompatibil-
ity demonstrates that the 3d-4f interaction in the h-RMnO;
series is distinctly less rigid than assumed up to now. Instead,
a yet unnoticed biquadratic magnetic triggering mechanism
relates the R3* to the Mn* order while, however, leaving the
magnetic structures of the respective sublattices independent.
The triggering mechanism constitutes boundaries for any mi-
croscopic mechanism explaining the Mn**-Dy** interplay. It
provides a framework for the h-RMnO; system, in general,
and various manifestations of the triggering mechanism are
observed throughout the series. As a consequence, a variety
of magnetoelectric coupling effects in the h-RMnOj; system
that were previously assigned to linear 3d-4f coupling have
now to be scrutinized with respect to their origin.
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