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We report single crystal neutron and x-ray diffraction study of the hybrid improper multiferroic
CasMni.9Tip.107 (CMTO), a prototypical system where the electric polarization arises from the
condensation of two lattice distortion modes. With increasing temperature (7'), the out-of-plane,
antiphase tilt of MnOg decreases in amplitude while the in-plane, inphase rotation remains robust
and experiences abrupt change across the first-order structural transition. Application of hydrostatic
pressure (P) to CMTO at room temperature shows similar effect. The consistent behavior under
both T" and P reveals the softness of antiphase tilt and highlights the role of partially occupied d-
orbital of the transition metal ions in determining the stability of the octahedral distortion. Polarized
neutron analysis indicates the symmetry-allowed canted ferromagnetic moment is less than 0.04
wr/Mn site, despite a substantial out-of-plane tilt of the MnOg octahedra.

PACS numbers: 75.58.+t,81.40.Vw,75.25.-j,61.05.F-

Multiferroic compounds with spontaneous elastic, elec-
trical, magnetic orders, are considered as the key ma-
terials to achieve cross-control between magnetism and
electricity in solids with small energy dissipation."? The
functional properties including colossal magnetoelectric
effect could be used in solid-state memories and sensors.>
The desired multifunctional behavior requires common
microscopic origin of the long range order such that one
order parameter is strongly coupled to the conjugate
field of the other one. So far, the majority of attention
has focused on exploring materials with magnetic ori-
gin, where the underlying microscopic mechanisms are
primarily classified into three types; symmetric spin ex-
change interaction ¥;;(S; - S;),*® antisymmetric spin ex-
change interaction S; x S;,%7 and spin-dependent p — d
hybridization due to spin-ligand interaction (e;;-S;)%e;;.8
The material-by-design efforts focusing on magnetic ox-
ides has been productive; the ferroelectricity is induced
either through epitaxial strain engineering or chemical
substitution of stereochemical inactive ions with lone-
pair-active cations.? 10

However, this approach requires a strong coupling be-
tween ferroelectricity and magnetism. The microscopic
mechanism with spin origin also implicitly suggests a low
operating temperature because of the magnetic frustra-
tion. On the other hand, perovskites in form of ABOg3
and their derivatives are favorably chosen for functional
materials due to their high susceptibility towards po-
lar structural instability and the intimate coupling be-

tween the ferroelectric polarization and the magnetic,
orbital and electronic degrees of freedom. Recently, a
novel mechanism termed as “hybrid improper ferroelec-
tric” has been proposed to search for materials with
spontaneous ferroelectricity. The central idea is that
the polar mode is driven by the condensation of two
nonpolar lattice modes, which represent oxygen octa-
hedral rotation (X,) and tilt (X3 ), respectively.l’ 13
It is shown that ferroelectricity can be induced experi-
mentally via strain coupling of octahedral rotation be-
tween different perovskite heterostructure layers'* and
even realized in bulk materials.'"'® Indeed, the higher-
order coupling of multi-degrees of freedom with the po-
larization is observed in the Ruddlesden-Popper struc-
ture CazTiO7 (CTO) and CazMnyO7 (CMO) in neu-
tron powder diffraction.'® Both compounds exhibit low-
temperature (T') polar A27am space group (SG #36)
that corresponds to symmetry space spanned by two
centrosymmetric Acam (#64) and Amam (#63). In
the magnetically ordered CMO, the antiphase octahe-
dral tilt is responsible for the canted moment and sug-
gests a controllable polarization-magnetization coupling
via modification of the oxygen octahedral distortion.'!13
Thus, instead of searching for materials where the mag-
netism couples to the electric polarization, the proposal
of octahedral-distortion-driven ferroelectricity and mag-
netoelectricity in this system has shifted the emphasis
to discover room-temperature antiferromagnet A3BsO7
compounds.'”!® A deeper understanding of the origin



for octahedral distortion would provide valuable insight
to design materials with optimal performance.
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FIG. 1. (Color online) Crystal structure of CazMnj.9Tio.107
in (a) the low-T" A21am and (b) high-T' Abaa phases. The
structures are drawn using VESTA software.'® The diffraction
images in the (h, k,0) scattering plane at (c) 100 K and (d)
450 K. Images in the (h,0,[) plane at (e) 100 K and (f) 450
K.

In this Letter, we report an active control of the octa-
hedral distortion of a prototypical hybrid improper mul-
tiferroic CagMn; 9Tip.107 (CMTO) using temperature
(T') and pressure (P). Introducing small amounts of Ti
stabilized the crystal growth while keeping the physical
properties very similar to the pure CMO. We found the
antiphase tilt of MnOg decreases in amplitude while the
inphase rotation remains nearly unchanged with increas-
ing temperature. Hydrostatic pressure has similar effect;
it suppresses the antiphase tilt and has minimal influ-
ence on the inphase rotation. The consistent behavior
of two distortion modes with respect to both 7" and P
reveals the mechanism contributing to the distortion in-
stability and indicates the ferroelectricity of CMTO can
be controlled indirectly by the amplitude of the octahe-
dral distortion.

Single crystals of CMTO were grown using the trav-
eling floating zone method. The chemical compositions
were determined by x-ray and neutron diffraction refine-
ments independently and physical properties were char-
acterized by resistivity, magnetization measurements.
Single crystal x-ray diffraction data were collected using
a Rigaku XtaLAB PRO diffractometer at the Oak Ridge
National Laboratory. Extensive neutron scattering mea-
surements were performed using instruments at the Spal-
lation Neutron Source (SNS) and the High Flux Isotope
Reactor (HFIR). Structure analysis was performed using
the TOPAZ diffractometer at SNS with crystal size of
2.5 x 2.5 x 0.25 mm?. Large pieces were used to study
the thermal evolution of specific reflections using the sin-
gle crystal diffuse scattering spectrometer CORELLI at
SNS, and the HB1A triple-axis spectrometer at HFIR.
Polarized neutron diffraction was performed on a sample

with mass ~ 200 mg using the HB1 triple axis spectrom-
eter. Heusler crystals were used as the monochromator
and analyzer for the polarization setup with flipping ra-
tio of 15 at incident energy E; = 13.5 meV. High pressure
neutron diffraction was carried out at the SNAP instru-
ment at SNS. An orientated crystal was loaded inside the
Paris-Edinburgh pressure cell with lead powder serving
as the pressure transmitting medium and gauge.
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FIG. 2. (Color online) (a) The T-dependence of the nuclear
(4,4,0) reflection. (b) Comparison of the d-spacing of the
same peak on cooling and warming. (c) The T-dependence of
(0,3,3) reflection associated with the out-of-plane octahedral
tilt. (d) The T-dependence of the (1,2,0) peak from the in-
plane rotation. Insets of panels (c)-(d) show the zoom-in part
near the antiferromagnetic transition.

Although the CMO crystal is known to have a
non-centrosymmetric A2;am structure below room
temperature,2%2! the evolution pathway from the high-
T tetragonal to the low-T orthorhombic phase remains
questionable since a direct continuous transition is not
consistent with the Landau theory. It was proposed that
certain intermediate phase might exist over a narrow
temperature range. A synchrotron x-ray and neutron
diffraction study on the powder sample determined the
structure above the transition is nonpolar Abaa (#68),
where the MnOg octahedra of neighboring perovskite
block rotate out-of-phase by the same angle.'® The sub-
tle structural transition and lack of sensitivity in pow-
der measurements motivates us to carry out more thor-
ough examination via single crystal neutron diffraction.
Figures 1(c)-1(f) compare the reciprocal space images of
the single crystal CMTO at 100 K and 450 K in var-
ious scattering planes. The low-T patterns agree with
the reflection condition for the SG A2;am with Bragg
reflections appearing at k = 2n in the (h, k,0) plane and
h+1 = 2n in the (h,0,1) plane.?? At 450 K, only reflec-
tions with h = 2n,l = 2n appear in the (h,0,1) plane,
while the pattern of the (h,k,0) plane remains identi-
cal as compared to 100 K. The existence of Bragg peaks
with h + k = odd in the (h,k,0) plane violates the re-



flection condition for the nonpolar Abaa phase. CMO
has an abnormally large temperature window (~ 70 K)
where the low-T polar A2;am phase coexists with the
high-T phase.'® It is possible that the crystal remains in
the mixed-phase state even at 450 K. Alternatively, the
observed reflection condition suggests a different crys-
tal structure if single-phase is assumed. An exhaustive
search leads to a polar Aba2 SG (#41) which allows the
MnOg in the bilayer block to rotate out-of-phase with dif-
ferent angles. Refinement using such a structural model
improves the agreement between the model and data.
Full details are given in Supplementary Material?3. Nev-
ertheless, a definitive description of the crystal structure
above the transition requires complementary experimen-
tal techniques, e.g., bulk polarization and imaging tech-
niques like scanning electron microscopy at high temper-
atures.
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FIG. 3. (Color online) The schematic diagram of (a) out-of-
plane tilt and (b) in-plane rotation of the MnOs. (c) The
T-dependence of refined MnQOg distortion angles. The T-
dependence of the (0,3,3) peak intensity from another inde-
pendent measurement is plot for comparison.

T-dependence of superlattice reflections is used to
track the evolution of the structural distortion. As shown
in Figures 2(a)-2(b), a first-order structural transition
is evident near Tg ~370 K, where the lattice constant
experiences an abrupt change with a strong hysteresis.
The low-T non-centrosymmetric phase is comprised of
an in-plane rotation of MnOg octahedra along [0,0,1]
(i.e., aa’ct in Glazer’s notation®*) and a out-of-plane
tilt along the [1,1,0] axis in the pseudo-tetragonal setting
(a=a=c%). We select two characteristic vectors (1,2,0)
and (0,3,3) where the scattering structure factors arises
from distinct instability modes. Figure 2(c) shows the
peak intensity of tilt-active (0,3,3) reflection is clearly T-
dependent, and decreases steadily with increasing tem-
perature. A change of slope near Ty ~ 115 K is dis-
cernible [Inset of Fig. 2(c)]. In contrast, the intensity of
rotation-active (1,2,0) reflection remains flat below the
structural phase transition. The stark difference indi-
cates the rotation of MnOg is robust while the tilt is
more susceptible against the thermal fluctuation.

The distortions depicted in Fig. 3(a)-3(b) are quan-
tified by the structural refinement from both x-ray and

neutron diffraction [different symbols in Fig. 3(c)]. The
inplane rotation and out-of-plane tilt are characterized
by the deviation of oxygen sites away from the undis-
torted position. The corresponding angles ¢ and 6 can
be estimated from the refined coordinates, e.g., the rota-
tion angle ¢ = (u3 — ug + vy + vg) for the O2 and Og sites
located at (u; + 1/2,v1 + 1/2,w;) and (ug,1 — vg, we)
[Fig. 3(b)]. The average ¢ is 8.3° in the basal plane,
larger than @ which is in the range of 6.5-7.7°. Most im-
portantly, the refinement provides compelling evidence
that the tilt decreases progressively on warming, while
the rotation remains rigid across the whole temperature
range. This is in excellent agreement with the diffraction
data shown in Figs. 2(c)-2(d) and the data obtained from
another independent sample studied using HB1A.

T=300K

o o o =
2 5 & &

o
N

Normalized Intensity (arb. units)

7(b) * (120

® (033)
. '

o
=Y

DFT calculation

P

o
o
p

o
&

Change in Rotation/Tilt (°)

=)

(C) —@— Rotation
—o—Tit
o 2 5 4 5 6 7 8
Pressure (GPa)

FIG. 4. (Color online) (a) The pressure experiment setup with
the crystal oriented such that the desired reflections can be
measured simultaneously using obth detector banks. (b) The
pressure dependence of I(P)/I(0) of the (1,2,0) and (0,3,3)
reflections. Curves are guides to the eye. (c) DFT result of
the change of inphase rotation and antiphase tilt as function
of pressure. The calculation is only performed with structure
in the A2;am phase.

Questions arise whether the antiphase tilt is more sus-
ceptible to perturbation and whether the observed fea-
ture is pertinent only to this particular compound. We
thus investigate how the structure responds to the ex-
ternal pressure as it provides an effective tuning param-
eter to explore the phase diagram. An earlier study of
CMO revealed a structural transition from tetragonal to
orthorhombic phase near P ~ 1.3 GPa.?® However, the
structure in the low-P regime does not agree with the
established orthorhombic structure which is likely due to
the low sensitivity of x-rays to oxygen. To character-
ize the transition, we performed single crystal neutron
diffraction under pressure using the SNAP diffractome-
ter. Figure 4(b) plots the intensities of the (1,2,0) and
(0,3,3) normalized to the (0,2,2) nuclear Bragg peak that
has minimal change across the transition. The (1,2,0)
peak intensity associated with octahedral rotation re-



mains nearly unchanged for P < 4 GPa while the (0,3,3)
intensity is suppressed immediately once the pressure is
applied. Both peak intensities decrease at higher pres-
sure and eventually evolve into pressure-independent val-
ues for P greater than the critical pressure P, ~ 7 GPa,
suggesting the system enters another structure. The P-
dependent study further corroborates the softness of X
tilt mode which responds more dramatically to the stim-
uli.

The suppression of the antiphase tilt and robustness of
the inphase rotation upon increasing 7' and P in CMTO
exhibits distinct differences compared with the isostruc-
tural (Caj_xSryx)3TiaO7, where the antiphase tilt sur-
vives against chemical substitution.!® Previous investi-
gation of the octahedral instability in perovskite oxides
has generalized rules to describe the phase transition. 1)
the pressure-induced change in octahedral rotation and
tilt dR/dP decreases with increasing Goldshmidt tol-
erance factor (defined as 7 = (ra + 10)/V2(1 + 10),
where rp, rg, ro are radii of the A-, B-cations, and
O-anion).?%27 This has explained the pressure behav-
ior in orthorhombic CaSn0O3,2% CaTiO3,%? and SrTiO3.30
2) materials with similar 7 show increasing dR/dP as
they move from A3*B3t03~ to A?**B*t027, and fi-
nally to A'*B®+ 02~ which is attributed to the pressure-
dependence of the bond—valence parameter. When A-site
cation is at high formal charge, the AO1s polyhedron
is harder to compress because of its already small A-O
distance.3132 Extending to the A3B,O~ series, calcula-
tion reveals a systematic trend of the distortion ampli-
tudes with respect to 7.32 The a®a’ct rotation is sup-
pressed, while the a”a~c” tilt remains stable as 7 in-
creases. Although CMO and CTO have similar tolerance
factors and the same formal charge of the A-site ions,
the observation in CMTO does not follow the aforemen-
tioned rules and is not consistent with the robustness
of the a~a~c’-type tilt mode. Recently, the role of or-
bital hybridization between the B ions and the oxygen
has been suggested to play an important role in deter-
mining the octahedral distortion.?* When pressure is ap-
plied on system containing B-ions with empty low-lying
d-states, the next-nearest neighbor B-O inter-atomic dis-
tance is reduced, and the hopping between the O-2p and
B-3d orbitals is enhanced significantly, which ultimately
leads to the increase of tilt/rotation. In contrast, the
partially occupied d-orbitals (where there is electron oc-
cupation in any of the five d-orbital) will suppress the
distortion.>* This mechanism has successfully explained
the contrasting behavior of CaTiO3 and CaMnO3 under
pressure (see Supplementary Material?®). We apply simi-
lar density function theory calculation to CagMnoO7 and
the results are shown in Fig. 4(c). Upon increasing pres-
sure, the antiphase tilt is significantly suppressed and the
inphase rotation of MnOg shows signs of slightly increas-
ing. The nice agreement between calculation and exper-
imental data reveals the partially occupied d-orbitals of
the Mn sites are indeed critical for the stability of the
MnOg distortion. Furthermore, the contradictory pres-

sure behavior between inphase rotation and antiphase tilt
hints the competition between the two and a presence
of trilinear coupling involving both octahedral distortion
and the antipolar distortion mode.?
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FIG. 5. (Color online) (a) T-dependence of the (1,0,2) mag-
netic reflection from the G-type AFM order. Insert shows
the symmetry allowed spin configuration. A canted magnetic
structure leads to ferromagnetic component along a-axis. (b)
Magnetization measurement with field perpendicular and par-
allel to the ab-plane. (c) T-dependence of (0,0,2) peak with
half-polarization setup. (d) Comparison of the scans across
the (0,0,4) reflection at 10 K and 150 K with full-polarization
setup.

CMTO enters antiferromagnetic (AFM) order at Ty =
115 K and the moments are dominantly along the c-
axis [Fig. 5(a)]. The octahedral distortion is directly
coupled to the magnetic order and additional spin-
orbit interaction (SOI) gives rise to a canted moment
of 0.06 up/site according to the first principle calcu-
lation or 0.4 + 0.2 pp from neutron powder study.?!
The symmetry-allowed weak ferromagnetism (F') results
from the trilinear coupling between the G-type AFM,
the tilt X5, and F in the lowest-order magnetoelastic
coupling approximation. The energy gain is of Vx ~
—Ge(a1)Fy X5 (q1) + Ge(q2)Fu X5 (qz2), where a, b, ¢ de-
note the crystallographic axes, and qi,qs are the or-
dering vectors (1/2,1/2,0) and (1/2,-1/2,0).'* Since fer-
romagnetic scattering overlaps with the nuclear scat-
tering, polarized neutron measurement is used to dif-
ferentiate the magnetic and nuclear contribution. The
(0,0,2)/(0,0,4) peaks are chosen for their large ratio of
the magnetic over nuclear structure factor. In the half-
polarization configuration, the intensity is proportional
to the summation of nuclear and magnetic scattering
in the flipper-off channel, and becomes the difference
between two when the flipper is turned on. The T-
dependence of the (0,0,2) reflection in both configura-
tions shows no difference within standard error and no
anomaly near the AFM transition [Figure 5(c)]. We
also employed full polarization analysis where the scat-



tering intensity is dominantly magnetic in the spin-flip
(SF) configuration with polarization parallel to the mo-
ment transfer. In Fig. 5(d), the scan profiles in the SF
channel at T=5 K and 150 K (above Tx) are essentially
the same indicating the peak originates mainly from the
nuclear scattering leakage in the SF channel. Based on
the statistics of the (0,0,4) and other measured nuclear
reflections, the upper-bound of the ferromagnetic mo-
ment is determined to be Mg = 0.04 ug/Mn. Such a
small value is somewhat unexpected when the antisym-
metric Dzyaloshinsky-Moriya interaction could lead to a
sizable canting moment,3>3% but consistent with mag-
netization measurement [Fig. 5(b)], where the obtained
moment is in the order of 10™3u 5 per formula unit.>”38 A
reasonable explanation is the weak SOI associated with
the 3d Mn ion compared to Hd-electron iridates.?? Al-
though small, the unambiguous existence of the canted
moment in conjunction with the soft oxygen octahedral
tilt mode offer a feasible strategy to achieve magnetoelec-
tricity control in this layered perovskite, i.e., switching
the direction of net moment with electric field.'840

In summary, we performed a systematic neutron and
x-ray diffraction study characterizing the structural evo-
lution of the hybrid improper multiferroic CMTO. We
identified that the magnitude of the antiphase tilt of

MnOg octahedron decreases with increasing temperature
and pressure, while the inphase rotation remains stable.
We attribute the suppression of antiphase octahedral tilt
to the partially occupied d-orbitals of the Mn**t ions,
in contrast with enhancement of both antiphase/inphase
distortion in CTO which only has empty d-orbital at the
Ti** site. The canted ferromagnetic moment has an up-
per limit of 0.04 up despite substantial MnOg tilt. Our
study indicates the active control of the octahedral dis-
tortion provides a a generic route for designing new fer-
roelectrics and multifunctional materials.
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