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Multiferroics are rare materials that exhibit an interaction of ferroelectricity and magnetism. One such
multiferroic material is the Mn-based mullite YMn,Os. YMn,Os undergoes several low-temperature phases, and
the origin of ferroelectricity in the commensurate phase remains open. Changes in the Mn spin configuration are
believed to be the main driving force, which can be induced by magnetostriction caused by symmetric exchange,
the antisymmetric inverse Dzyaloshinskii-Moriya interaction, or a combination of both. These mechanisms are
accompanied by specific displacements of ions in the structure. The space group Pbam (55) of the paraelectric
phase does not allow polar displacements. Moreover, conventional structure analysis has been unsuccessful in
refining the charge structure in a lower symmetric phase due to its limited sensitivity in resolving the expected
positional displacements. To shed light on this controversial discussion, our goal was to resolve potential ionic
displacements within a polar space group by employing the new resonantly suppressed diffraction method, which
is highly sensitive to minuscule structural changes in the (sub)picometer range. In this paper, we present the
first refined structure model of the commensurate phase in YMn,Os using the lower symmetric space group
Pb2,m, allowing polarization in the b direction. We observed a significant displacement of the Mn ions and the
partial structure of oxygen, resulting in a calculated spontaneous polarization Ps = (1.3 & 0.4) mC m~2, which
is in good agreement with our measured value Ps = (0.88 £ 0.06) mC m~2. Importantly, we confirm that Ps
predominantly arises from an ionic contribution induced by magnetostriction. These results hold great interest not
only for all multiferroic Mn-based mullites, but also for other multiferroic materials where ferroelectricity arises
from their magnetic order. Furthermore, a precise understanding of the ionic movement induced by magnetism

Picometer atomic displacements behind ferroelectricity in the commensurate low-temperature
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will aid in the material tuning process to enhance or create multiferroic properties.

DOI: 10.1103/PhysRevB.109.054101

I. INTRODUCTION

Multiferroics are rare materials, which combine ferro-
electric and magnetic properties [1] and are interesting for
memory devices [2], sensors [3], phase shifters [4], and en-
ergy harvesting [5]. According to Khomskii [6], two types of
multiferroics exist. In type I multiferroics, ferroelectricity and
magnetism occur at different temperatures and mechanisms,
which leads to weak coupling between these properties. In
type II multiferroics, the ferroelectricity only exists in a mag-
netically ordered state and is magnetically driven. A type
II multiferroic material is YMn,Os in its low-temperature
phases. YMn,;Os is a manganese-based mullite [7], which
crystallizes within the space group Pbam (55) (see Fig. 1;
all crystal structures were produced using VESTA3 [8]) and
is nonpolar at room temperature. Mn occupies two different
Wyckoff positions in the unit cell, one with octahedral (center
ion Mn**, Wyckoff site 4f) and one with pyramidal (center
ion Mn**, Wyckoff site 44) oxygen coordination [9]. Beside
the multiferroic properties, YMn,Os is interesting as a cata-
lyst [10-12], as well.
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The paramagnetic and paraelectric (P) YMn;Os becomes
multiferroic at low temperatures [13]. The material under-
goes four phase transitions by lowering the temperature
[14-16] (see Fig. 2). Below Ty, = 45 K, the structure becomes
antiferromagnetic with a two-dimensional incommensurate
modulation (2D-ICM), but is still paraelectric. Ferroelectricity
sets in at Tp = 40K with a one-dimensional incommensu-
rately modulated (1D-ICM) magnetic phase between Tp =
40K and Tem = T, = 39K. However, most articles only
report either Tp or Ty [16-20]. Between Tom and Ty, =
Te, = 19K the magnetic structure becomes commensurately
modulated (CM) along ¢ with an electric polarization in the b
direction. Below 19K, the spontaneous polarization changes
sign and the structure becomes weakly ferroelectric while
the magnetic moments rearrange back into a two-dimensional
incommensurate modulation (LT-2D-ICM).

The main focus of the present paper is understanding the
structural changes occurring in the CM phase (i.e., between
19 and 39 K) where the electric polarization aligns along the
b direction [21,22]. The CM phase is usually described con-
tradictorily as ferroelectric within the crystallographic space

©2024 American Physical Society
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FIG. 1. Room temperature P phase of YMn,Os with space group
Pbam (55).

group Pbam (55), which is nonpolar and therefore prohibits
ferroelectricity. Apparently, the atomistic origin of ferroelec-
tricity in the CM phase is still not clear. Previous work favors
two magnetically induced mechanisms based on changes in
the Mn spin configuration: one caused by magnetostriction
due to symmetric exchange [21,23,24], and the other one
caused by the antisymmetric inverse Dzyaloshinskii-Moriya
interaction [15,25], or a combination of both [15,26-28].
The mechanisms infer certain ionic displacements within the
crystal structure. Some of the preceding articles on YMn,Os
reported on structural changes between the room temperature
and the CM phase [16,18,29-33]. However, most work did not
interpret these data and rather focused on the magnetic proper-
ties [13,14,16-18,21,24,25,27,34-45]. Others were explicitly
searching for changes, but attempts to solve the structures
of the CM phase were inconclusive [46,47]. Therefore, it is
still unclear to what extent the ferroelectric transition can be
evidenced in the crystal structure Pbam [32,33,48]. A possible
polar structure for the CM phase is obtained by symme-
try reduction to space group Pb2;m (26) (see Appendix A),
which allows a polarization in the b direction. Additionally,
this space group has already been theoretically proposed
[22,29,49] but has not yet been experimentally observed in
YMn,Os with x-ray or neutron diffraction, because ionic dis-
placements are much smaller than in typical displacive-type
ferroelectrics [46].

In this paper, we use a recently developed resonant x-ray
diffraction (RXD) technique [50] to enhance the sensitivity to
atomic displacements and to shed light on this controversial
discussion about the origin of ferroelectricity in YMn;Os.
In general, RXD combines diffraction and core-hole spec-

Ta,=Te,=19K Tey=Tc, =39K

LT-2D-ICM CM iD-ICM

2D incommensurate = commensurate

ferroelectric ferroelectric ferroelectric

antiferromagnetic

T, = 40 K

2D-ICM

1D incommensurate 2D incommensurate
paraelectric

troscopy. For investigations with RXD different physical
aspects of the electronic resonance, such as enhanced ele-
mental contrast [51,52] or polarization anisotropy, can be
used. The latter gives information about the short-range or-
der [53,54], magnetic properties [55,56], defect structures
[53,57], or electronic properties [58,59]. Here, we make use
of destructive interference in RXD, referred to as resonantly
suppressed diffraction (RSD), to determine tiny atomic dis-
placements [50]. RSD was demonstrated for the first time
in the structural refinement of an electric-field induced polar
surface layer in SrTiO3z [50,60]. In the presented paper, we
use the high sensitivity for atomic displacements of the RSD
method to isolate the ionic contributions to the polarization in
order to explain the origin of ferroelectricity in the CM phase.

II. METHODOLOGY

RSD is based on the work of Richter et al. [50] and uses
resonantly tuned extinction evoked by the counterbalance of
scattering contributions from different elements in the crystal
structure. This effect is expressed by a vanishing structure fac-
tor and strongly depends on the crystal structure, the selected
Bragg reflection, and the x-ray energy. Under such special
conditions, the structure amplitude passes through a loop in
the complex plane that passes through the origin and leads to
a pronounced minimum in the intensity of a Bragg reflection.
Small changes in atomic positions and thermal vibrations will
shift the structure amplitude and the loop in the complex
plane, with different effect in orthogonal directions, respec-
tively. The specific directions depend on the position and
form factor of the corresponding atom. The minimum position
and intensity of the energy dependence are very sensitive to
any structural change and provide excellent contrast to study
atomic displacements on the picometer scale [50]. The general
analysis procedure is illustrated in Fig. 3.

Following the main idea of the RSD concept, the selection
of Bragg reflections is such that the diffraction intensity is
minimized when scanning the x-ray energy across the absorp-
tion edge while the signal-to-noise ratio is maximized. The
reflexes used for high-precision refinement of the structure
are selected according to an optimized strategy to identify
the most promising reflexes and improve the analysis proce-
dure (see Fig. 3). Based on an initial guess of the structure,
calculations of all the Bragg reflections yield sensitive candi-
dates for the measurement (see Fig. 3, left). Possible sensitive
reflections are reassessed in terms of contrast, location of
the minimum, and parameter sensitivity. In the case of the
presented paper, static displacements along the b direction

Ty, = 45K

Phase
transitions of
YMn205

unmodulated
paraelectric
magnetic transition

FIG. 2. Overview of the four low-temperature phase transitions of YMn,Os.
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FIG. 3. General procedure of the structure solution within this paper. Left: Identification of sensitive reflections. Those reflections are
characterized by a structure factor approaching zero and a respective local minimum of the energy dependent Bragg intensity, which provides
orders of magnitude contrast. Middle: Refinement of the structural parameters based on the experimental data (black dots), in particular within
the vicinity of the local energy minimum. The relevant dynamic and static atomic displacement parameters are determined by refining the
sensitive reflections simultaneously. Even minuscule displacements can be revealed (gray, tabulated structure; red, refined fit). Right: Final
model of the structure with subpicometer resolution of the atomic positions.

will manifest themselves particularly in reflections with a
large momentum transfer along this direction, which is why
these reflections are preferred. The selected reflections are
subsequently reevaluated during the experiment, with each
set of measured reflections or newly refined structural degree
of freedom. This selection and evaluation of the sensitive
reflections is not straightforward. In an iterative procedure
[more details in Supplemental Material (SM) Sec. S I [61];
see also [62,63] therein], we analyzed the steadily acquired
experimental data to obtain an updated list of reflections that
are sensitive to prevailing parameter ambiguities.

The refinement of the structure is based on the fit of
simulated RSD spectra to the experimental data to minimize
differences, by varying both the structural degrees of freedom
as well as the specific experimental parameters (see Fig. 3,
middle). The relative deviation between the measured and
calculated spectra was minimized using the PYTHON module
LMFIT [64]. The residuals R were defined as the difference
between simulated and experimental logarithmic intensities,
equivalent to the assumption of a constant relative error.
The simulated intensities are calculated using the kinematic
approximation [65]

Lin X A(E)|F(E, Q) (1

with the absorption factor A(E) &~ 1/u(E) for thick crystals
(u the absorption coefficient), the photon energy E, the mo-
mentum transfer vector @, and the structure factor F(E, Q).
The latter is defined as

N
F(E,Q) =) oifi(E, @ exp(—M;)exp(iQ - 1)),  (2)

i=1

with the N atoms i, their occupancies of the crystallographic
sites o;, their atomic scattering factors f;(E, Q), and their
(static) positions in real space r;. The Debye-Waller factors
exp(—M;) are related to the atomic displacements U; in the Q
direction according to M; = 1/2((Q - U;)*) (dynamic displace-
ment parameters or atomic displacement parameters (ADPs)),
i.e., the mean square projections of the atomic displacements
U, on Q [66] (for more details, see Appendix B). The quality
of the P fits, with Monte Carlo distributed initial parameters,

is evaluated by the reduced x? value defined as

P
=R /@), 3)

j=1

where P is the number of data points (number of completed
individual fits j) and V is the number of variables.

In the presented paper, the measured RSD spectra above
and below Tcy have been fitted in two steps. First, the high-
temperature P phase has been refined in terms of ADPs and
static atomic displacements of the atomic position using the
data collected above Tcy, then the changes in the static atomic
displacements have been reevaluated based on the data mea-
sured below Tcy.

III. EXPERIMENTAL DETAILS

A. Sample preparation

The YMn,Os crystal (growth described in [67]) has a
cuboid shape with an approximate size of (1 x 1 x 2) mm.
The crystal was oriented with a laboratory single crystal x-ray
diffraction machine D8 Quest from Bruker AXS [68]. Due to
the spontaneous polarization occurring along the crystal’s b
axis [21,22], we deposited platinum electrodes onto the {010}
faces as electrical contacts. The sample was glued on a sap-
phire plate, to ensure good thermal conductivity and electrical
isolation [69] of the cold head. This sample configuration
has been used for the electric characterization as well as for
biasing the ferroelectric domains forming upon cooling below
Tem (see Sec. IIIB).

B. Electric characterization of the phase transition temperature

The transition from the P phase to the ferroelectric CM
phase (with intermediate ferroelectric phases) induces pyro-
electricity as well [33,36,48]. At a macroscopic level, this
effect can only be observed if there is a preferred orientation
of domains such that the individual current contributions do
not cancel each other. Therefore, we cooled the sample in
various electric fields to align the domains in the CM phase
[70] (more details in Appendix C). The pyroelectric current
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FIG. 4. Temperature-dependent polarization at different electric
fields. The lightly colored areas indicate the error level, which
mainly originates from the accuracy of the used electrometer. All
measured polarizations are similar within the error range. The po-
larization is equivalently pronounced also without electric field as
well as with opposite poling, even above the coercive field strength
of 2.2kVem~!. An appearance of a measurable polarization below
theoretical Try is clearly visible. We determine the phase transition
temperature at 7 = (36 £2) K.

was integrated over time to obtain the temperature-dependent
polarization as shown in Fig. 4. We can clearly identify the
transitions from the P to the CM phase [14-16,33] with the
appearance of the polarization in the b direction. Uncertainties
of the temperature reading prevented an accurate investiga-
tion of the full temperature dependence of the polarization.
Therefore, we could not precisely determine the pyroelectric
coefficient or the differential phase transition temperature.
The main causes of the uncertainties were the temperature
difference between the sensor and the sample, as well as the
sensor temperature reading accuracy (+2 K [71]).

The measurements with and without electric field show
no differences in the polarization. Thus, the ferroelectric do-
mains have a preferred orientation after cooling down to the
CM phase even without external bias, as reported in litera-
ture [36,44,48,70], probably due to robust magnetic domains
[36,44,72]. No ferroelectric switching of polarization was
observed when the sign of the electric field was changed,

sample
saphire
plate

(@)

contradicting in part previous studies [44,48,73]. The absence
of ferroelectric switching is not an intrinsic structural property
and may be related to structural inhomogeneities and defects,
which has been observed before in equivalent crystals and
could be removed by annealing the sample [48]. Furthermore,
the pyroelectrically measured polarization depends on the
history of the domain population [36,44]. The measured polar-
ization without electric field is Py = (0.88 4 0.06) mC m~2.

C. Synchrotron experiment

RSD measurements were performed during two syn-
chrotron experiments carried out at beamline BM28 (XMaS)
[74] of the European Synchrotron Radiation Facility (ESRF)
and beamline P23 of the Deutsches Elektronen-Synchrotron
(DESY). A different sample holder was designed for each
beamline (see Fig. 5). At BM28, we glued the sample with the
electrode side directly onto a platinum patch (bottom contact)
of a sapphire plate, which served as electric insulation to the
cryostat cold finger. The opposite contact was realized using
a thin Au wire glued to a second Pt patch on the sapphire
plate [Fig. 5(a)]. For the experiment at DESY /P23 we used
the same sample setup as for the electrical characterization,
explained in detail in Appendix C [Fig. 5(b)].

BM?28 was equipped with a six circle Huber diffractometer
and a Pilatus3 300K 2D detector. The sample was mounted
on a displex cryostat (closed cycle). At beamline P23, a five
circle diffractometer, a LAMBDA 2D detector, and a He flow
cryostat have been used. We measured energy scans (RSD
spectra) for several Bragg reflections close the yttrium ab-
sorption edge (tabulated value 17.038keV [75]). To ensure
stable single-phase synchrotron diffraction measurements, we
chose to work with sufficient offsets from 7y,, Tcm, and Ty,.
Therefore, the sample temperature has been set to 50 K and to
30 or 25K at ESRF/BM28 and DESY /P23, respectively. We
applied an electric field of 1.0kVem™! during the measure-
ments below ¢y to align the ferroelectric domains and thus
to facilitate structure analysis.

Due to the large unit cell of YMn,Os and the high pho-
ton energy, the Renninger effect [76] of multiple diffraction
was a major source of contamination of the data. We per-
formed an azimuthal scan (rotation about the normal of the
diffracting lattice plane) for each reflection and at each energy,
following the routine of Nentwich et al. [77] to eliminate any

—

FIG. 5. Electrical setup used for the experiment (a) at beamline BM28 (ESRF) with a closed cycle cryostat and (b) at beamline P23 (DESY)

with a He flow cryostat.
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FIG. 6. Experimental and simulated RSD spectra above Tcy for selected reflections (Refl.): The initial structure from Kagomiya et al. [47]
(gray, x> = 1.6 x 10™%), the best fits using isotropic ADPs (green, x* = 5.4 x 107°), those using anisotropic ADPs (cyan, x> = 3.8 x 107°),
as well as the best fits using anisotropic ADPs and static displacements (red, x?> = 8.5 x 10~°) are shown in comparison.

contributions of the Renninger effect. With this routine, we
measured the same reflections for the P and the CM phase.

IV. RESULTS

A. Refinement of the static and dynamic displacement
parameters of the P phase

We used the well-known structure of the P phase [47] to
determine the static and dynamic displacements in order to
obtain a precise reference for the refinement of the CM phase.
The results displayed in Fig. 6 show that the structure solu-
tions found in crystallographic databases [47] are not adequate
to reproduce the experimental RSD spectra. Given that the
static structure of the P phase is well known, the observed de-
viations between experimental and calculated spectra mainly
result from inaccurate values of the ADPs.

The refinement of the structure using the RSD method re-
lies on refining simultaneously the energy dependent intensity
of selected reflections (see SM Sec. S I [61]). The spectra
of the reflections were computed using the PYTHON package
PYASF [78] based on the kinematic theory of diffraction. This
is suitable, since the width of the rocking curve from ex-
periment cannot be described with rocking curves simulated
using dynamic diffraction theory (see Appendix D), which
is caused by the sample mosaicity. In addition, the studied
reflections are typically weak so that extinction and other
dynamic effects can be neglected. In the refinement, we min-
imized relative differences of measurement and calculation,
which is justified since the errors are dominated by the instru-
mental stability, e.g., source spectrum, absorption in air and
windows, as well as detector efficiency. A detailed description

TABLE 1. Results for the anisotropic ADPs at 50 K from the best RSD fit. The errors were calculated from the 3o level of the reduced x>

distribution following [79] (see SM Sec. S II [61]).

Label Uy (x1073A%)  Up (x1073 A2) Ui (x1072A%)  Up (x1073A%) U (x107 A%)  Up (x1073 A%)
Y 0.00(156) 4.37(66) 1.53(77) —0.99(91)

Mnl 0.36(111) 3.38(92) 2.44(88) 0.18(91)

Mn2 2.91(80) 0.00(26) 2.50(90) —1.29(99)

o1 2.05(51) 0.52(67) 4.12(117) —0.88(72)

02 0.00(70) 0.31(66) 0.00(20) —1.52(81)

03 1.48(87) 0.27(60) 0.00(86) 0.35(97)

04 0.01(44) 0.02(36) 1.97(77) —1.62(71) —1.82(68) —1.51(82)
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TABLE II. Refined Wyckoff positions of YMn,Os at 50K from
the results of the best fit in space group Pbam (55). Numbers with
decimals are free parameters, whereas rational positions are fixed by
the site symmetry. Errors result from the 3o level of the reduced 2
distribution following [79] (see SM Sec. S II [61]). Additionally, we
added the total displacement u from the originally reported structure
[47] for each atom.

Label Wyckoff symbol X y z u (pm)
Y 4g 0.1393(4) 0.1665(2) 0 5.3(4)
Mnl af 0 1/2 0.2544(6) 1.8(5)
Mn2 4h 0.397(2) 0.3434(3) 12 12.7(13)
O1 4e 0 0 0.268(2) 1.7(9)
02 4g 0.085(5) 0.457(2) 0 58.0(40)
03 4h 0.125(3) 0.411(2) 0.5 25.0(30)
04 8i 0.416(2) 0.2061(6) 0.246(3) 15.6(15)

of all the fit parameters is given in Appendix B. To obtain
a good agreement between modeled and measured data, we
tested different approaches including isotropic or anisotropic
ADPs as well as anisotropic ADPs combined without and with
small deviations of the atoms’ static displacements compared
to those obtained in reported crystal structures. In the latter
case, we defined fit parameters for all the atomic coordi-
nates that are not restricted by their site symmetry. Figure 6
provides an overview of the data analysis process, showing
the initial structure, and the best fits of increasingly complex
models with isotropic (green) as well as anisotropic dynamic
displacements (cyan), and anisotropic dynamic and static dis-
placements (red). Details about the improvement of the fit
procedure and results of the best fits are described in the SM
Sec. SII [61].

In the following paragraph, we concentrate on the most
complex model, i.e., the one having the largest number of
free parameters: anisotropic ADPs with static displacements.
Here, we refined 43 structural parameters (13 static and
30 dynamic displacements). The best fit has a reduced x>
of 8.5 x 1075, All results are physically reasonable and have
low error values. Since we fit all reflections simultaneously,
the resulting best refinement is a compromise solution for all
18 reflections, which means that a general improvement is ac-
cepted even at the expense of a deterioration for one reflection.
A further improvement of the model is not possible, since

all free structural parameters within the space group were
optimized within physically reasonable ranges. Remaining
discrepancies between simulation and experiment are due to
experimental errors, which are dominated by the crystal shape
and mosaicity, the stability of the energy scans, the model for
the absorption correction, as well as remaining influences of
the Renninger effect after correction. These errors may not
be fully captured with the device function, applied filters, and
corrections.

Table I lists the ADPs extracted from the best fits. The main
differences occur for the positions of the O atoms. The new
modeled structure was obtained with a remarkable precision
of < 4pm for each Wyckoff position (see Table II). The
refined structure of the P phase is illustrated in Fig. 7 (colored
balls) and compared with the initial atomic positions (gray
balls).

B. Structure refinement of the CM phase

To refine the structure of the CM phase, we investi-
gated differences in the RSD spectra above and below the
phase transition (for comparison of both sets of spectra, see
Fig. 14 in Appendix E). Here, we are specifically interested in
changes of the local intensity minima and their locations on
the energy axis, which are particularly sensitive to atomic dis-
placements [50]. These changes of the minima in the spectra
are small, but significant. Simulation of the energy-dependent
reflections with the refined structure of the P phase does
not fit the minimum position very well. Therefore, an ade-
quate structure model needs to be determined. As we know
from literature and Sec. III B the spontaneous polarization
emerges in the crystallographic b direction. The study of
the possible subgroups of first and second order revealed
that only space group Pb2;m fulfills the given constraints
(polarization in b and doubled ¢ parameter due to magnetic
ordering; see Appendix A) and has been already suggested
in literature [21,22,29,46,49]. We used the refinement results
from Sec. IV A as initial model and transformed the structural
parameters to the Pb2;m symmetry. In the refinement, we
assumed the ADPs and machine function (see Appendix B)
as unchanged and only optimized the static displacement pa-
rameters, which already count a number of 50 parameters in
the CM phase. Figure 8 shows the experimental data at 25
and 30K, respectively, as well as the reflection intensities

QO
o Mn (octahedron)
© Mn (pyramid)

o O

FIG. 7. Visualization of the static atomic displacements based on ICSD No. 165870 [47], before (grayish balls) and after refinement of the
P phase (colored balls), in two different projections. The main improvement in the P phase structure concerns the position of the oxygen atom.
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FIG. 8. Simulation of RSD spectra of the refined CM phase (red) in comparison to the best refinement of the P phase (gray), as well as the
experimental data below the phase transition temperature. With the additional degrees of freedom in space group Pb2,m the reduced x> has
improved to 1.96 x 1073 from 3.3 x 10~* for the unrefined parameters from the P phase. The simulated RSD spectra of the CM phase show

in particular an improved concordance with the most sensitive region of the intensity minimum.

simulated with the refinement results of the P phase (gray)
and the CM phase (red). The additional structural degrees of
freedom of the CM phase significantly improve the simulated
spectra in contrast to the high-symmetry restricted spectra.
The reduced x2 improves from 3.3 x 10™*to 1.96 x 107>,
The results of the refined static atomic displacements are
listed in Table III and respective shifts are visualized com-
pared to static displacements of the P phase in Fig. 9. Again,
in terms of precision and within the made assumptions, re-
markably small errors (for each coordinate on a Wyckoff site)

in the order of  6pm for Y and Mn as well as $ 38pm
for the O are reached by the RSD method. It should be noted
that uncertainties for ions with a lower number of electrons,
in this case the oxygen partial structure, are greater due to
the chosen x-ray probe. The structural changes induced by
the phase transition from P to CM phase incorporate total
displacements u in the order of 5 to 58 pm. The shift of u,
in the negative direction for Mn and in the positive direction
for O within the asymmetric unit along the y direction directly
contributes to the polarization along the b direction.

O
© Mn (octahedron)
© Mn (pyramid)

o O

FIG. 9. Visualization of the static atomic displacements (colored balls) of the CM phase in comparison to those of the P phase (gray) in
two different projections. Remarkable is in particular the most prominent movement of Mn>* ions outside of the pyramid’s basal plane.

054101-7



TINA WEIGEL et al.

PHYSICAL REVIEW B 109, 054101 (2024)

TABLE III. Refined Wyckoff positions of the CM phase of YMn,Os from the results of the best fit in space group Pb2;m (26). The first
index of the label refers to the label used in the higher symmetric space group Pbam (55) (see Table II). Numbers with decimals are free
parameters, whereas rational positions are fixed by the site symmetry. Errors result from the 30 level of the reduced x? distribution following
[79] (see SM Sec. S III [61]). Furthermore, we present the additional static shifts u, in the y direction and the total additional displacement u
in comparison to the P phase for each atom within the asymmetric unit.

Label Wyckoff symbol X y z u, (pm) u (pm)
Y11 2a 0.405(4) 0.167(3) 0 1(2) 11(3)
Y12 2a 0.109(5) 0.810(4) 0 —10(4) 20(4)
Y21 2b 0.382(4) 1/6 1/ 0 5(3)

Y22 2b 0.123(4) 0.848(8) 1/ 12(6) 15(6)
Mnl1 4c 0.253(5) 2 0.121(2) 0 5(3)

Mnl2 4c 0.252(5) 0.500(4) 0.632(2) —-1(3) 6(3)

Mn21 4c 0.330(4) 0.839(2) 0.254(3) —4(2) 18(3)
Mn22 4c 0.153(5) 0.151(2) 0.255(4) -52) 7(15)
Ol11 4c 0.27(5) 0.02(4) 0.131(7) 14(37) 18(4)
012 4c 0.30(5) 0.95(4) 0.639(7) —45(38) 58(14)
021 2a 0.39(2) 0.472(9) 0 13(8) 41(15)
022 2a 0.12(3) 0.55(3) 0 10(26) 35(13)
023 2b 0.39(2) 0.472(9) 12 13(8) 41(15)
024 2b 0.12(2) 0.55(3) 12 10(26) 33(16)
031 4c 0.38(1) 0.46(1) 0.246(4) 3909) 42(9)
032 4c 0.08(2) 0.63(2) 0.23(1) 35(16) 53(16)
041 4c 0.376(2) 0.70(2) 0.135(3) —3(15) 35(3)
042 4c 0.14(1) 0.32(2) 0.137(1) 24(15) 33(13)
043 4c 0.38(2) 0.74(2) 0.367(3) 30(16) 46(16)
044 4c 0.14(1) 0.31(2) 0.363(1) 17(15) 28(11)

V. DISCUSSION

A. Results of the refinement of the P phase

As shown in Sec. IV A, we refined the structure of YMn;Os
in the P phase at 50K with RSD and obtained small but
substantial differences in atomic positions with respect to the
structure solution from [47], especially for the oxygen partial
structure with a maximum static displacement of 58 pm, next
to significantly improved values for the ADPs. The general
sensitivity of the RSD method to displacements, estimated
by means of the uncertainties in the structure solution of the
P phase, can be specified with a range between 0.4 and 4 pm
with an average of 1.7 pm. This corresponds to the sensitivity
of the RSD method, as already found in [50].

The agreement between simulation and experiment has
been gradually enhanced by increasing the complexity of the
underlying structure models, starting from database entries
and isotropic ADPs and reaching up to anisotropic ADPs with
completely uncoupled static displacements. These improve-
ments are clearly documented in the reduction of x? by a
factor of 20 (see SM Sec. S II [61]). In order to verify the sta-
bility of the obtained fit results and identify correlations (SM
Sec. S II [61]), we explored the parameter space by repeating
the fit with Monte Carlo distributed initial parameters while
keeping selected parameters fixed within a certain predefined
range. To get dense projections for each fit parameter, we
performed about 10’-10% individual fits on the TUBAF HPC
cluster (2350 TFlops~! CPU). Most of the parameters show
no interdependencies with other parameters, only a few cor-
relations and respective increase in the error envelopes have
been found within the experimental data (see SM Sec. S 1I
[61]). Since the initial structure is known within the 1 A

resolution of conventional x-ray diffraction techniques
[80,81], we restrict the parameter space of the static displace-
ments within limits up to this value. In consequence, all fit
parameters converge in a stable global minimum. The electric
measurement shows no polarization above Tcy and therefore
no hint of ferroelectricity in the P phase and the nonpolar
space group Pm as Balédent et al. suggested for other Mn-
based mullites [82].

B. Results of the refinement of the CM phase

Due to the high sensitivity of the RSD method to displace-
ments partly in the subpicometer range, we were able to refine
the structure of the CM phase and can give its first structure
solution in space group Pb2;m with Z = 8 formula per units
in a 1 x 1 x 2 supercell with respect to the initial structure
and with lattice parameters a = 7.244 A, b = 8.463 A, and
c=11.314A (Fig. 9). Again, we performed about 107 in-
dividual fits to get a significant statistical coverage within
the parameter space for all 50 fit parameters in well-defined
ranges with physical reasonable limits of 40.06 for all po-
sitional degrees of freedom (in fractional coordinates). To
prevent a positional phase drift of the whole structure in
the polar direction, we fixed one atom at the origin for
all fits. Additionally, we again varied the initial parame-
ters randomly and kept two randomly selected parameters
fixed during an individual fit to probe the development of
the reduced x? in parameter space and to reveal parameter
correlations. Since no additional Bragg reflections could be
observed for the CM phase and changes in the RSD spec-
tra are minuscule (see Fig. 14), we expected only slight
additional displacements during the phase transition. Thus,
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we further restricted the limits in parameter space to below
4+0.7A. As a result, most parameters converge to a stable
global minimum in the reduced x> space, but in particular
the parameters of a displacement in the doubled z direction
show two minima. However, no significant discrete or lin-
ear correlations between the parameters with two minima,
as well as with other parameters, could be found (see SM
Sec. SIII [61]). Rather, the respective correlations show a pro-
nounced fourfold symmetric-antisymmetric X shape (Fig. S11
in SM Sec. S III [61]). This may be an indication for dis-
order in the average structure rather than for two or more
classes of separate possible structure solutions. Additionally,
we checked the uniqueness of our structural model for the five
best fit results. All models are equal within the error range
(see SM Sec. S III [61]). It should be noted that experimental
errors (see Sec. IV A) which are not captured by the P phase
refinement will also affect the CM phase results. These errors
could be further reduced by an optimized setup for temper-
ature or field and wavelength dependent measurements for
low resolution x-ray diffraction. The future of the technique
will be a combination with full Ewald sphere (state-of-the-
art resolution) single crystal diffraction, potentially allowing
thousands of reflections to be measured.

The refinement shows a significant movement of the ions
due to the phase transition, with the largest shifts being
present within the O partial structure exhibiting a maximum of
u = 58 pm in the pyramid. The Mn atoms centering pyramids
have a strong movement of up to 18 pm along the pyramidal
axis, whereas Mn inside the octahedra only moves about
6 pm. Remarkably, without predefined tendency within the
fit routine, the refined static displacements show an oppo-
site movement of the positively charged Mn?*/Mn** and
the negatively charged O®~ partial structure, complying with
the expected anionic/cationic movement given by the di-
rection of the external electric field (see u, in Table III).
Uncertainties in the total additional displacement u in the
structure solution of the CM phase can be specified in a range
between 3 and 16 pm with an average of 10.1 pm.

The refined crystallographic space group Pb2;m corre-
sponds well with the findings from the investigation of the
magnetic structure with neutron diffraction [83], where the
magnetic point group is refined with m2m [23,44,46] allowing
a polarization in the b direction, as well as with magneto-
electric measurements [46]. The results of the present paper
are applicable, for all isostructural Mn-based mullites, which
shows similar electric and magnetic behavior and where
Pb2,m has been already discussed as a possible space group
[22,33,36,83-90].

C. Origin of ferroelectricity in the CM phase

By means of the RSD method, we finally discovered the
atomistic origin of the ferroelectricity in the CM phase. As
described in Sec. V B, the movement of the ions, especially
of Mn and O partial structure, obeys the development of an
oriented dipolar structure. The spontaneous polarization Ps,
induced by this ionic movement, can be estimated with an ap-
proach outlined by Weigel et al. [91], based on considerations
of Peng et al. [92] and the “modern theory of polarization” by
Resta [93], King-Smith et al. [94], and Vanderbilt et al. [95].

FIG. 10. The resulting polarization in the CM phase of YMn,Os
due to structural displacements is visualized exemplarily by the Mn
vectorial contributions (black arrows). The main contribution orig-
inates in particular from the displacement of the Mn3* ions with
respect to the surrounding O pyramid.

The approach employs the positional shifts u;; between P
and CM phase in direction / from the experimental data for
each atom j as well as the Born effective charges (BECs)
Z}f w computed by first-principle methods (for details in
Appendix F). Ps in direction k can be calculated as

e
Py = — YAPRIINE 4
S,k VUC Z kIl ( )

with the elementary charge e, the unit cell volume Vi,
and the number of atoms in the unit cell N. Here,
we calculated an absolute spontaneous polarization of
Ps=(1.3+0.4)mCm™2 in the b direction from the ex-
perimental data. This value is in good agreement with the
measured polarization Py = (0.88 4= 0.06) mC m~2 and with
experimental polarization reported in literature of around
1.0mCm~2 [46,70]. The calculated Ps has the strongest
contribution from the pyramids and smaller parts from the
octahedra. Figure 10 visualizes the vectorial contributions
from the Mn partial structure, which directly reflects the atom-
istic movement due to the phase transition. These findings
match postulations in literature [24,34,46], which state that
the displacement of the Mn>* ions in the pyramids (total
Mn3* contribution Ps ~ 0.04 mC m~?) is more important for
the manifestation of ferroelectricity than that of Mn** ions in
the octahedra (total Mn** contribution Py =~ 0.005 mC m~2).
Additionally, we can confirm that Y is displaced [48], giving
further contributions to the polarization, where the individ-
ual contributions partially compensate each other to a total
Ps &~ 0.01 mCm~2. The remaining part of Ps is due to the
substantial shift in O partial structure, especially the flexible
movement of the oxygen position of the pyramid top, corner
sharing with the octahedron.
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As has been summarized, the literature controversially
discusses several mechanisms for magnetically driven fer-
roelectricity: symmetric exchange (Pgsg o S;-S;, with
S the spin of the magnetically active ions i and j)
or antisymmetric inverse Dzyaloshinskii-Moriya interaction
(Pspm o< S; x 8;) [15,28]. For comparison, we calculated
PS,SE ~ 0.74mCm~2 and Pspm ~ —0.08mCm~? with
the magnetic moments from Kim et al. [39]. The findings
support in particular those results that favor the contribution
of both components to the polarization, but evidently the
symmetric exchange interaction is predominant [24,27,28,44].
Thus, magnetostriction due to symmetric exchange inter-
actions shifts ions to optimize the spin-exchange energy
[21,23,24,34].

In addition, our results confirm that the polarization in the
CM phase does not exclusively have an electronic contribution
Ps g due to spin-dependent hybridizations of O and Mn or-
bitals [49,96], but also has an ionic contribution Ps 1o, induced
by shifts of the ions due to the phase transition. Further-
more, Py calculated from structural parameters shows a better
agreement with the experimental values than an estimation of
P based on spin interactions. The results are of high interest
for all material systems, where a strong coupling between
electric and magnetic properties exists [97-102].

VI. CONCLUSION

We investigated the origin of ferroelectricity of the CM
phase in YMn,Os using the resonant x-ray diffraction method
called RSD with a sensitivity to atomic displacements in the
picometer range. We started with the refinement of dynamic
and static atomic displacements of the P phase above Toy to
receive a highly precise structure model as a basis for struc-
tural changes during the phase transition to the CM phase. We
significantly improved the structure solutions of the P phase
in space group Pbam found in crystallographic databases. For
the refinement of the P phase we had in total 43 structural
degrees of freedom, which converged to a stable minimum.
We used the refined P phase as initial model for the refine-
ment of the CM phase and optimized 50 static displacement
parameters in space group Pb2;m. With the superior confi-
dence levels in the lowered symmetry, we present the first
structural model of the CM phase in YMn,Os.

Next to providing insights to the structural subtleties of the
P as well as of the CM phase of YMn,Os, we have shown
that the new RSD method is capable of refining structures
with more than 50 structural degrees of freedom (for the CM
phase, 30 ADPs and 13 static displacements for the P phase),
based on RSD spectra of 18 reflections (compared to four free
structural parameters in our first application of the method
for polar SrTiO3). The methodical advancements in this pa-
per comprise the significantly increased number of structural
degrees of freedom for the YMn,Os structure solutions and an
improved iterative algorithm for the identification of relevant
reflections (see SM Secs. S I and S II [61]).

The investigations of the RSD spectra below Tgy show
significant displacements of the ions, especially a shift of
O and Mn partial structure in opposite directions. Here, the
displacement of Mn** within the pyramid has a strong con-
tribution to the ferroelectricity. The presented findings give

an answer to the origin of ferroelectricity in YMn,Os as well
as confirm structural predictions and suggestions from liter-
ature. The physical mechanism behind the ferroelectricity is
magnetostriction, which shifts ions to optimize the exchange
interactions. These shifts are very small, but with the high spa-
tial resolution of RSD, we were finally able to experimentally
determine the atomistic displacements and confirm an ionic
contribution to the spontaneous electric polarization. The pre-
sented results are interesting for all isostructural Mn-based
mullites and materials with strong coupling between magnetic
and electric properties.
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APPENDIX A: DETERMINING SUBGROUPS OF Pbam
WITH DOUBLED ¢ AXIS AND POLARIZATION ALONG b

The solid basis of a reliable structure refinement is the
correct choice of space group. For the low-temperature CM
phase, we are searching for a subgroup of Pbam with doubled
¢ axis and polarization along the b direction (with respect
to the settings of Pbam). The structured investigation started
by listing all symmetry transitions involving two steps with
respect to maximal subgroups as listed in the International
Tables [103]. The resulting Barnighausen-like tree in Fig. 11
also displays the affiliation of the space group to a polar or
nonpolar point group (blue and red box color, respectively).
Further, the permutation and potential multiplication of the
lattice vectors is presented; invalid values are highlighted in
red. In summary, all space groups are crossed out that are
nonpolar or that do not represent a permutation of the lattice
vectors a, b, and 2c.

Subsequently, the resulting space groups were studied in
more detail. Now, we compared the polarization axis of the
space group to the lattice vectors (with respect to space
group Pbam). This flock of space groups has orthorhombic or
lower symmetry, thus each position of the Hermann-Mauguin
nomenclature stands for a crystallographic lattice vector.
Here, the rotation or screw axis corresponds to the polar axis.
Hence, we can exclude all space groups where the rotation or
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FIG. 11. Birnighausen-like tree of YMO with space group Pbam (55). The diagram shows the symmetry transitions involving two steps
with respect to maximal subgroups (translationsgleich, klassengleich, and isomorph) as listed and labeled in the International Tables [103]. In
addition to the space group name, the boxes list the permutation and multiplicity of the lattice vectors. Inappropriate multiplicities are marked
in red. The background color of the box shows whether the corresponding point group is polar (blue) or nonpolar (red). In total, all those space
groups are crossed out that are nonpolar or have a wrong multiplicity of the lattice vectors.

screw axis does not coincide with the b vector of Pbam. As
a result, only Pb2;m (26),ab2c and Pmn2, (31),2cab are
valid space groups with respect to the considered conditions.
Please note that Pb2;m (26), ab2c and Pmc2; (26),2c — ba
as well as Pmn2; (31),2cab and P2ynm (31), ab2c are not
isostructural.

In the structurally related BiMnOs, the polarization change
and doubling in the ¢ direction is attributed to the relative
displacement between the O and Mn ions, not between O
and Bi [104]. These displacements are only allowed for space
group 26, therefore, we can exclude space group 31 from
further considerations.

APPENDIX B: DETAILS OF THE FIT ROUTINE

To determine the structure factor F(E, Q) according to
Eq. (2), the nonresonant atomic scattering factors f;o(Q)
were taken from the International Tables of Crystallography
C [105]. The resonant part of the scattering factors results
from the absorbing atom, which we measured during our
experiments. The near-edge fine structure in f/(E) and f!(E)
for Y was obtained with x-ray absorption spectroscopy data
of YMn,Os powder measured at the Y absorption edge and

gold wire  sapphire plate

sample

Pt electrode
(a)

FIG. 12. (a) Schematic of the sample setup. The sample is
mounted on an electrically insulating sapphire plate and aligned such
that an electric field is applied in the b direction (the coordinate
system marks the sample orientation). (b) The entire sample holder
mounted at the end of the cold finger of the cryostat for electric
characterization. The sapphire was placed onto a ceramic plate and
the electrodes on sapphire have been connected to the sample holder
by copper wires to the circuit leading outside the cryostat.
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FIG. 13. Calculation of the rocking curve of the 004 reflection
with dynamical theory (green) in comparison to experimental data
(black). The diffraction data reflect a mosaic crystal.

by application of the Kramers-Kronig relation [106,107]. Fur-
thermore, the dispersion terms f; and f;” far off the edge have
been taken from the Sasaki database [108]. All atomic sites
are considered fully occupied.

Further fit parameters comprise a linear device function,
which we multiplied to Eq. (1) for each reflection, as well
as an energy error and constant background depending on
the used beamline. As the spectra are normalized to their
mean value, the device function only consists of a slope m

to consider spectral drift due to different energy dependencies
in the experimental setup, e.g., source spectrum, absorption
in air and windows, as well as detector efficiency. This slope
is fairly identical for each reflection measured during the
same beamtime. With this slope and a beamtime-dependent
constant background we can compensate discrepancies in the
setup between the two beamtimes. The energy shift corrects
small deviations of the absorption edge from the database
value induced by inaccuracies of the monochromator and/or
undulator positions.

To receive physically reasonable ADPs (small values at low
temperatures) for the P phase, we added a minor quadratic
penalty function, which punishes unphysically high or low
values. Typical ADP values are in the range of 0.005 to
0.02 A2 for heavy atoms as well as 0.02 to 0.2 A2 for light
and strong vibrating atoms [109]. To explore the development
of the cost function away from the local minima of the fit, we
fixed two randomly chosen fit parameters.

APPENDIX C: ELECTRICAL CHARACTERIZATION

The experimental setup for the electric characterization
is shown in Fig. 12. A closed cycle He cryostat was used
to cool the sample down to 27K, i.e., below the phase
transition temperature of 39 K. Given the small sample size,
a well-defined pyroelectric current signal requires tempera-
ture change rates in the order of Kelvin per second [110].
The employed cryostat facilitates these rates only during
heating up. Thus, we adapted the measurement strategy of
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FIG. 14. Comparison of the RSD spectra measured at 50 K (black) and 30 or 25 K (orange). The energy dependencies above and below

the phase transition change only slightly.
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TABLE IV. BEC tensor given explicitly for the asymmetric units in GS at 7 = 0 K for YMn,Os in the supercell of the CM phase.

Label X y z Label X y z
Y11 4.39056 —0.61531 0.00000 Y12 4.39056 —0.61531 0.00000
—0.06883 3.82374 0.00000 —0.06883 3.82374 0.00000
0.00000 0.00000 5.45163 0.00000 0.00000 5.45163
Y21 4.39056 —0.61531 0.00000 Y22 4.39056 —0.61531 0.00000
—0.06883 3.82374 0.00000 —0.06883 3.82374 0.00000
0.00000 0.00000 5.45163 0.00000 0.00000 5.45163
Mnll1 2.89881 2.79633 0.00000 Mnl2 2.89881 2.79633 0.00000
1.50323 4.75270 0.00000 1.50323 4.75270 0.00000
0.00000 0.00000 —2.59602 0.00000 0.00000 —2.59602
Mn21 —1.50810 —0.70330 0.00000 Mn22 —1.50810 0.70330 0.00000
0.05365 4.05854 0.00000 —0.05365 4.05854 0.00000
0.00000 0.00000 3.01247 0.00000 0.00000 3.01247
Ol11 —1.60461 1.32955 0.00000 012 —1.60461 1.32955 0.00000
0.01428 —2.59092 0.00000 0.01428 —2.59092 0.00000
—0.00000 0.00000 —2.02201 0.00000 0.00000 —2.02201
021 —1.07083 —0.65993 0.00000 022 —1.07083 0.65993 0.00000
—0.30513 —2.23265 0.00000 0.30513 —2.23265 0.00000
0.00000 0.00000 —5.91868 0.00000 0.00000 —5.91868
023 —1.07083 —0.65993 0.00000 024 —1.07083 0.65993 0.00000
—0.30513 —2.23265 0.00000 0.30513 —2.23265 0.00000
0.00000 0.00000 —5.91868 0.00000 0.00000 —5.91868
031 —0.01194 —0.36431 0.00000 032 —0.01194 —0.36431 0.00000
0.18638 —1.15306 0.00000 0.18638 —1.15306 0.00000
0.00000 0.00000 4.63108 0.00000 0.00000 4.63108
041 —1.54695 1.40521 0.72939 042 —1.54695 —1.40521 0.72939
0.47886 —3.32917 —0.81772 —0.47886 —3.32917 0.81772
—0.43506 0.64323 —1.27923 —0.43506 —0.64323 —1.27923
043 —1.54695 1.40521 —0.72939 044 —1.54695 —1.40521 —0.72939
0.47886 —3.32917 0.81772 —0.47886 —3.32917 —0.81772
0.43506 —0.64323 —1.27923 0.43506 0.64323 —1.27923

Chaudhury et al. [70]: aligning the domains during cooling
with an applied electric field, removing the field, heating the
sample by switching off the cooling system, and then measur-
ing the pyroelectric current during heating with a Keithley 617
electrometer. The transient temperature change of the sample
is well reproducible; however, the rate of temperature change
is not constant.

To check if a ferroelectric switching of the polarization
can be enforced, we studied the polarization saturation while
cooling the sample. We applied electric fields below and above
the coercive field strength of 2.2kVem™' [44] (£1.0 and
+2.5kVem™!) and made an additional measurement in zero
field.

APPENDIX D: SIMULATION OF ROCKING CURVES
WITH DYNAMICAL THEORY

The simulation of the RSD spectra with PYASF [78] is
based on the kinematical theory of diffraction. To confirm
that dynamical effects can be neglected, we compare the
measured Bragg peak width with dynamical simulations for
the 004 reflection. During the experiment, we measured rock-
ing curves (variation of the Bragg angle w, fixed detector
position 20) at 17keV to acquire integrated intensities as
diffraction data. We simulated the rocking curve of the 004
reflection for the same energy, corrected for an energy shift

of 28 eV for the reflections measured at DESY extracted from
the refinement of the RSD spectra (see Sec. III C). The com-
parison between experimental and simulated data in Fig. 13
clearly shows that the shape of the rocking curve cannot be de-
scribed by the dynamical theory, which means that the sample
is an imperfect, real mosaic crystal. For this reason, the sim-
ulation of the RSD spectra based on the kinematic theory is
adequate.

APPENDIX E: COMPARISON OF RSD SPECTRA BELOW
AND ABOVE PHASE TRANSITION TEMPERATURE

We investigate the possibility to resolve the minuscule
polar displacements, as predicted in literature for the P to
CM phase transition, by means of RSD. Figure 14 shows
the RSD spectra at S0K (black) and 30 or 25K (orange) in
comparison. The energy dependencies only change slightly,
but the differences are sufficient for a structural refinement by
means of the RSD method.

APPENDIX F: CALCULATION OF THE POLARIZATION
FROM STRUCTURAL CHANGES

To compute the BEC tensors, a density functional the-
ory relaxed structure in ground state (7 = 0 K) is necessary.
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The density functional theory calculation of the structure of
YMn,;0s was performed with the ab initio simulation soft-
ware VASP and the projector-augmented wave method [111].
Generalized gradient approximation was chosen in Perdew-
Burke-Ernzerhof parametrization [112] to account for the
exchange-correlation functional. The total energies converged
within 10~7 eV with a maximum kinetic energy of 450 eV for
the basis of the plane waves and the I' point centered in a
8 x 6 x 10 k-point mesh according to Monkhorst and Pack
[113]. The sampling of this mesh is finer than 0.02 x 27 A~".
Atom positions and cell parameters were completely relaxed

in the chosen space group Pbam with residual forces less
than 10~* eVA~!. In the following, the BEC tensors have
been computed by means of density functional perturbation
theory as implemented in the VASP code. The convergence
criterion was set to 107° eV to obtain highly precise BEC. We
computed the tensors for the P phase in space group Pbam and
transformed the tensors to the supercell of the CM phase for
the calculation of Py with Eq. (4). The calculated BEC tensors
are listed in Table IV. Subsequently, we multiplied the ten-
sors with the experimentally determined atomic displacement
vectors to compute the electric polarization.
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