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Abstract. The magneto-electric multiferroic TbMn2Os has a complex
magnetic structure in three different magnetically ordered phases. We
have determined the nature of the induced magnetic order on the
oxygen sites in the commensurate magnetic phase through full linear
X-ray polarisation analysis at the oxygen K edge. This has been
achieved rotating the linear polarisation of the incident beam at
the source, and using multilayers to analyse the polarisation state of the
scattered X-ray beam. We have confirmed that the anisotropy of the
magnetic scattering at the oxygen edge is consistent with the anisotropy
of the manganese magnetic structure.

1 Introduction

The spontaneous combination of multiple order parameters in a single system chal-
lenges our understanding of electron interactions. However the urge to comprehend
such multiferroic materials is focussed by strongly coupled systems, whereby one
ferroic order parameter can be controlled by a seemingly unrelated field (Fig. 1).
Multiferroic materials have traditionally involved the coexistence of magnetic, ferro-
electric and ferro-elastic order parameters [1]. It is logical to extend this to include
more exotic order parameters such as electric quadrupole and magnetic torroidal or-
der, with potential coupling between any of these. Transition metal oxides are seen
as promising systems for displaying coupling between multiple order parameters as
the energy of the order parameters tend to be of similar magnitudes.

The huge variety of potential uses for multiferroic materials is emphasised by the
extensive use of piezo-electrics and piezo-magnetics, whereby the magnetic moments
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Fig. 1. Ferroelectric (P), ferromagnetic (M), and ferroelastic (¢), are normally associated
with multiferroic materials. Torroidal or anapole (T), and orbital order (O) form could
extend multiferroic systems. In principle any of these five order parameters can couple to
form a multiferroic system [1].

and ferroelectric dipoles can be controlled by a stress field and vice-versa. Similarly,
magneto-electric multiferroics have inspired much research through the coupling of
the magnetic and ferroelectric moments, either being driven by the opposing field. To
date, such research has been unfruitful in commercial applications, principally due to
(with the exception of BiFeOs), the low temperatures required.

Multiferroic materials, where multiple (anti)ferroic order parameters occur simul-
taneously have however been a subject of renewed interest [2]. This is in part driven
by magneto-electric multiferroics, where there exists a strong coupling between the
magnetic structure and the electric polarisation. This allows an electric field to control
the magnetic structure in principle allowing the creation of hybrid magneto-electric
devices.

Magneto-electric multiferroic materials can be divided into two categories, so
called ‘proper’ and ‘improper’ ferroelectrics [2]. Proper multiferroics are usually de-
fined as those where a structural transition breaks the inversion symmetry. Typically
(for example BiFeQs), a central transition metal ion is surrounded by six oxygen ions
forming an octahedra. The ferroelectric transition is then caused by a movement of
the transition metal ion away from the centrosymmetric site at the centre of the octa-
hedra. The ferroelectric dipole in ‘improper’ magneto-electic multiferroics is induced
through a secondary order parameter that breaks inversion symmetry, often indi-
rectly through movement of specific ions. This order parameter is often a magnetic
order [3,4], but can also be charge order [5-7], or potentially quadrupole (orbital)
order.

The exact mechanisms causing the ferroelectric dipoles in different systems are
not fully understood, however it is clear that both the magnetic and crystallographic
symmetry are of utmost importance [8,9]. Inversion symmetry breaking ionic displace-
ments are so minute that they cannot be observed through standard crystallographic
determinations. As such a recent study determining these displacements through un-
conventional analysis [10] has sparked considerable interest, however it is uncertain
whether such techniques can be developed for a range of systems or if this study was
enabled through uniquely fortunate conditions.
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X-ray diffraction has proved an important tool in investigating the complex mag-
netic structures of multiferroic materials. Although neutron diffraction is still the
most powerful technique for determining an overall magnetic structure [11-15], X-ray
diffraction provides the ability to probe not only individual elemental contributions,
but furthermore the hybridisation between different bands. Such hybridisation has
been shown to polarise the Tb 5d states by the manganese 4p states in TbhMnO3 [16],
and a similar signal from hybridisation was also observed in RMn,O5 compounds [17—
19]. Of course the interest in these magneto-electric multiferroic materials is through
the coupling between the ferroelectric polarisation and the magnetic structure. To
date, and most likely due to experimental complexities, there have been relatively
few X-ray studies where the effect of an electric field has been observed. Such electric
field studies have however shown promise. Fabrizi et al. [20] used X-ray topography
to observe the evolution of magnetic domains in the multiferroic NizV,Og, while soft
X-ray studies by Bodenthin et al. [21] and de Souza et al. [22] showed that the mag-
netic structure can be manipulated, and in the latter paper the helical component of
the magnetic structure was reversed under an applied electric field.

The magneto-electric material TbMnsOs, is particularly interesting as the cou-
pling between the magnetism and the electric polarisation is extremely strong [4], and
although the low temperature of the multiferroic phase limits the viability of device
construction, it provides an ideal platform for understanding the physics behind the
interaction of the coupled order parameters. The magnetic structure of TbMnyO5 was
determined initially through neutron diffraction [23]. Resonant X-ray diffraction was
able to refine the direction of the magnetic order on the terbium ions in a band specific
experiment [19]. We report full linear polarisation measurements [19,24] at soft X-ray
wavelengths from TbMnyOs. Using this technique we have measured the anisotropy
of the antiferromagnetic moments on the manganese and oxygen ions in the magneto-
electric TbMnsOs5. A signal, suggested to be magnetic, on the oxygen ions has been
observed recently not only in TbMn2Os5 [25], but also in YMn,Oj5 [22,26]. These ini-
tial measurements have shown that the oxygen and transition metal oxide magnetic
order parameter show similar temperatures however so far the measurements on the
anisotropy have been limited to azimuthal measurements with large experimental
errors. As the anisotropy of the signal gives a strong indication of the scattering ten-
sor [27], we have sought to increase the accuracy of the scattering anisotropy. This
has led us to conduct full linear polarisation analysis using soft X-rays, showing con-
clusively that the scattering anisotropy of the signal at the oxygen edge is determined
by the manganese magnetic structure.

2 Experimental details

Single crystals of TbhMnsOg were obtained from the University of Oxford. TbhMn,Os5
crystallises into the orthorhombic Pbam spacegroup (Fig. 2) with lattice parameters
a="73251A,b=285168A and ¢ = 5.6750 A [12]. Between 24K and 38K the mag-
netic structure is commensurate antiferromagnetic, with a wavevector of (0.5,0,0.25),
and is simultaneously ferroelectric. Above and below this phase the magnetic struc-
ture is incommensurate, and is yet to be fully determined.

Soft X-ray diffraction measurements were taken using the RASOR diffractome-
ter [28] on the branch-line of the 106 beamline at Diamond Light Source. The lin-
ear polarisation state of the incident beam was rotated through 90° using a single
APPLE II undulator. The sample of TbMnyOs was mounted upon a liquid helium
flow cryostat providing a temperature range of 12-300 K.

Full linear polarisation analysis has been developed in recent years as an alterna-
tive to azimuthal measurements (where the sample is rotated around the scattering
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Fig. 2. The crystal structure of TbMn2Os. Note that the Mn®" and Mn*" ions are situated
on different sites, the Mn** in the middle of MnOg octahedra, and the Mn®* just above the
basal plane of a MnO4 square based pyramid.

vector). The technique instead rotates the incident X-ray polarisation vector while
measuring the polarisation state of the scattered beam, keeping the sample and detec-
tor stationary. This has the advantage of excluding intensity and polarisation variation
through procession of the incident beam spot on the sample. In addition it removes
the requirement for a sample rotation axis (¢), which is particularly useful for in-
vacuum soft X-ray diffractometers. It should be noted that an azimuthal dependence
and full linear polarisation analysis are not equivalent, indeed the azimuthal angle at
which the full linear polarisation analysis is measured needs to be taken into account.
However, both techniques take a (different) measurement of the anisotropy of the
scattered signal.

In this experiment, the polarisation analysis of the scattered beam was conducted
through secondary scattering from uniform W/B,C multilayer samples (in contrast
to a graded multilayer used by Staub et al. [31]). Analysis of the efficiency of the
multilayer analysers using the main beam showed that the reflectivity of the multi-
layers on the Bragg condition was greater than 4% (oxygen) and 2.5% (manganese).
As the multilayers are designed with periodicities matching the required energies, the
260 angles were very close to 90°, and the leakthrough of the multilayers was less than
0.5%.

3 Results and discussion

Figure 3 shows energy scans at the fixed wavevector Q = (0.5,0,0.25) corresponding
to the commensurate magnetic reflection. The scan at the oxygen edge is comparable
to data from a previous paper [25], however the increased intensity due to a higher
incident flux allowed the reflection to be measured in a single scan. In addition the
higher energy features in the resonance at 530.8 eV and 534 eV attributed to mixing of
the unoccupied t24 and ey spin bands with the oxygen 2p states are much clearer. The
lower panel of Fig. 3 shows the resonance at the manganese edge. In this resonance
there are multiple pre-edge features below the main L3 resonance at 644 eV. This
resonant lineshape is somewhat different to that reported by Koo et al. [29], who show
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Fig. 3. Energy scans at fixed wavevector Q = (0.5,0,0.5) at the oxygen K and manganese
L edges. The scans were taken with horizontal (o) incident polarised light, and a direct
detector (no polarisation analysis). The vertical dotted lines show the energy at which the
full polarisation data was collected. Scans are presented as measured, no corrections for self
absorption have been made.
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Fig. 4. The (0.5,0,0.25) magnetic signal measured using multilayer analyser crystals at the
oxygen and manganese edge. The scans were performed by a rocking the multilayer analyser
through the Bragg reflection. The schematic on the right shows with experimental setup with
the undulator rotating the incident polarisation ({) and the rotation (n) of the multilayer
(ML) and detector assembly to determine the Stokes parameters of the scattered polarisation

(€).

a similar intensity at the Lo and L3 edges, whereas we measure a L3 edge intensity
far greater than the intensity of the Lo. The resonance we show here is much more
similar to that seen by Staub et al. [30] in ErMnyO7 leading us to speculate that
the sample studied by Koo may have had a substantial magnetically ‘dead’ layer that
affected their resonance. The measurements in this letter were taken at 28 K within the
commensurate region. In addition, incommensurate reflections were observed above
and below the commensurate phase at the manganese edge.

Figure 4 shows the diffraction of the magnetic (0.5,0,0.25) reflection at the maxi-
mum signal of the resonances from the multilayer analyser crystals giving an efficiency
of the multilayers of approximately 4% and 2.5% at the oxygen and manganese edges
respectively, with horizontally (o) polarised incident light, and with n = 90 such that
the 7 (rotated) channel of the magnetic scattering reflection is measured. Full lin-
ear polarisation analysis was conducted through the measurement of the exit beam
polarisation as the incident beam polarisation (¢) was rotated. Limitations of the un-
dulator at 106 restricted the range of ¢ to 0 —90°, however the exit beam polarisation
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Fig. 5. Stokes parameters P; and P> measured at the oxygen K edge and manganese L3
edge as shown in the dashed lines in Fig. 3. The solid lines are simulations from the magnetic
structure determined by Blake [12].

was measured through a rotation of n of 180°. Integrated intensity of the rocking
curve of the analyser was performed every 22.5° of n with the intensity fitted to a
sinusoidal dependence. The Poincaré-Stokes parameters, P; and P, defined as

Ia- — Iﬂ- (I45o — I_45o)

_ P, — 450 T 450 1
I, +1,’ 2 (1)

P, ;
! (Iys0 + T_450)

where I, () is in intensity of the reflection in the o and 7 channel, and I(_)s0 is
the intensity of the light with a polarization vector rotated by (—)45° from o, are
a measure of the angle and proportion of linear polarised light in a beam. P; and
P, where calculated from the sinusoidal dependence of the integrated intensity with
respect to 7.

Figure 5 shows the dependence of P; and P, as a function of the incident beam
polarisation (. The solid lines are simulations of the Poincaré-Stokes parameters,
using the magnetic and crystal structures previously published [12]. The simulation
at the oxygen edge was calculated using the FDMNES code [32] using identical
parameters as used previously to simulate the resonance [25]. The simulation at the
manganese edge was performed by constructing the anisotropic scattering tensor as
outlined by Johnson et al. [19]. The agreement between the simulations (where there
are no floating parameters for optimising the fit), and the experiment is astonishing
good. There is a slight deviation between the oxygen data and simulation, and we
attribute this to the induced moment on the oxygen ions deviating slightly from
the direction of the moment on the manganese. By comparison to the azimuthal
measurement shown by Beale et al. [25], the data from the full linear polarisation
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analysis shown here has lower experimental error. This is principle enables a more
sensitive analysis of the anisotropy of the magnetic scattering. In this case, it appears
that the magnetic structure simulated with the azimuthal data [25] determined by
neutron scattering [12] remains valid, and accurately describes the data presented
here.

The results complement the anisotropic analysis by Johnson et al. [19] of the
indirect measurement on the manganese magnetisation. In their publication they
measured the induced moment in the terbium 5d states, interpreting this as due
to hybridisation with the manganese [12]. The results published here are a direct
measurement of the antiferromagnetic moment on the magnetically active 3d states,
and the induced moment on the oxygen. By simulating the data with a model based on
the magnetic moment directions determined by Blake [12], we are able to successfully
explain our data. This establishes that the localised 3d magnetic moment induces a
moment on the hybridised oxygen ions. The observation of an induced moment on
the oxygen ions in TbhMnyO5 has been complemented by a similar measurement on
YMnyOs5 [22,26]. In YMnyO5 the intensity of the oxygen resonance is observed to
track the magnitude of the electric polarisation at not the magnitude of the magnet
signal from the manganese edge. Such a result suggests that in both YMn,O5 and
TbMn,Os5 the signal and the oxygen edge is directly related to the magneto-electric
mechanism. In fact Partzsch et al. [26] claim that the electronic contribution [33,34]
plays a major role in the ferroelectric mechanism in these materials.

4 Conclusion

The X-ray diffraction signal observed at the oxygen K absorption edge in ThMnsOs
has changed our understanding of the hybridisation in multiferroic materials. In this
paper we have shown data that demonstrates that the origin of the reflection is the
hybridisation between the oxygen and manganese ions. This has been shown through
an accurate measurement of the anisotropy of the oxygen signal. This measurement
has demonstrating the potential of full linear polarisation analysis with soft X-ray dif-
fraction enabling future measurements directly probing not only magnetic structures,
but also anisotropic orbital order. The work at Brookhaven National Laboratory is
supported by the Office of Science, U.S. Department of Energy, Division of Materials
Science, under contract no. DE-AC02-98CH10886.
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