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We show that a polar, pseudo-Jahn-Teller instability exists for the underbonded rare-earth A-site cations
in the quadruple perovskite Dy;_sMn;,;0;,, which leads to the spontaneous formation of a dipolar glass.
This observation alone expands the applicability of pseudo-Jahn-Teller physics in perovskite-derived
materials, for which it is typically confined to B-site cations. We demonstrate that the dipolar glass order
parameter is coupled to a ferrimagnetic order parameter via strain, leading to a first order magnetostructural
phase transition that can be tuned by magnetic field. This phenomenology may emerge in a broad range of
perovskite-derived materials in which A-site cation ordering and octahedral tilting are mutually tied to meet

the criteria of structural stability.

DOI: 10.1103/PhysRevLett.125.097601

The spontaneous formation of electric dipoles in dielec-
trics can lead to the emergence of ferroelectricity [1],
relaxor ferroelectricity [2], or antiferroelectricity [3], and
the fundamental study of these properties has generated
considerable impact through their application in solid-state
technology. This impact might be expanded if one can
deterministically couple the electric dipolar order with
magnetic order in materials known as multiferroics [4].
Arguably, the most prominant candidate materials in this
line of research are transition metal oxides with a per-
ovskite-derived crystal structure (general chemical formula
ABQO;). Oxygen anions form a framework of corner-shared
octahedra that coordinate B-site cations, while the A-site
cations occupy the framework voids. The formation of
electric dipoles in the ABO; system is typically achieved by
either (a) incorporating a d° transition metal ion on the B
sites (e.g., Ti**) that supports polar, quasi-Jahn-Teller
distortions [5,6], (b) incorporating lone pair electrons on
the A sites (e.g., Pb>" or Bi**) [7-9], or (c) special
combinations of octahedral rotations and cation ordering
in so-called hybrid-improper ferroelectrics [10]. In princi-
ple, magnetism can be incorporated into all these scenarios.

Here, we consider an alternative approach to establish
electric dipole instabilities in perovskite-derived materials;
we aim to exploit quasi-Jahn-Teller displacements of
underbonded A-site cations instead of B-site cations. The
bonding requirements of A-site cations are usually well
accommodated by the inherent structural flexibility of
octahedral tilts and rotations [11], for example, the so-
called GdFeOj; structural distortion [12] of the rare-earth
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simple perovskite manganites, RMnO; (R = rare earth,
yttrium, or bismuth). However, in the (RMn3)Mn O,
family of quadruple perovskite manganites the octahedral
tilts are defined by a 1:3 ordering of R and Mn A-site
cations, respectively [13]. In this case the octahedral tilts
primarily establish a square planar coordination for the
majority Mn sites, which imposes considerable rigidity in
the bonding of the minority R cations. It is feasible,
therefore, that R cations with small ionic radii will be
underbonded in this quadruple perovskite framework, and
hence create a local dipolar instability through the quasi-
Jahn-Teller effect [5].

In this Letter, we demonstrate that an A-site dipolar
instability exists in Dy;_sMn,_;0,,, which is characterized
by an isostructural monoclinic strain, negative thermal
expansion, and off-centering displacements of Dy that
form a dipolar glass. Furthermore, we show that this
structural instability is coupled to a ferrimagnetic order
parameter via the strain, giving rise to a strongly first order
magnetostructural phase transition that can be tuned by an
applied magnetic field.

A sample with nominal chemical composition
(Dyg.911Mng 030)Mn;01, (hereafter referred to as DMO)
was prepared from a stoichiometric mixture of Mn,0O5 and
Dy, 05 (99.99% purity). Single-phase Mn, 05 was prepared
from commercial MnO, (99.99% purity) by heating in air
at 923 K for 24 h. The starting mixture was placed in Au
capsules and treated at 6 GPa and about 1550 K for 2 h
(heating time to the synthesis temperature was 10 min) in a
belt-type high-pressure apparatus. After the heat treatment,
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the samples were quenched to room temperature, and the
pressure was slowly released. All the samples obtained
were black polycrystalline pellets. X-ray diffraction data
were collected using a Rigaku MiniFlex 600 with Cu K,
radiation. dc magnetic susceptibility was measured using a
Quantum Design SQUID magnetometer (MPMS-1T) on
cooling from 350 to 2 K in H = 100 Oe. M — H curves
were measured on a MPMS-XL-7T. Specific heat ¢, was
recorded between 2 and 300 K on cooling and warming by
a pulse relaxation method using a Quantum Design PPMS
at H = 0 T. Dielectric properties were measured using a
NOVOCONTROL Alpha-A High Performance Frequency
Analyzer between 3 and 300 K on cooling and heating, and
at H=0 and 9 T. Neutron powder diffraction (NPD)
measurements were performed on the WISH time-of-flight
diffractometer [14] at ISIS, the UK Neutron and Muon
Spallation Source, where the sample was loaded into a
3-mm-diameter cylindrical vanadium can and mounted
within a “He cryostat. NPD data were collected with high
counting statistics at a fixed temperature within each
magnetic phase, and with lower counting statistics on
warming in the temperature range 1.5 to 230 K. The
crystal and magnetic structures detailed below were refined
using FULLPROF [15] against data measured in detector
banks at average 26 values of 58° and 154°.

The temperature dependence of the specific heat of
DMO [Fig. 1(a)] showed two phase transitions at T ~
95 Kand Tpy ~ 5.5 K. Thermal hysteresis was observed at
T, which indicates a first order phase transition. The
specific heat peaked at T, is quantitatively consistent with
a Schottky anomaly calculated for a two-level system with
an energy gap of A = 2kgTp, [Fig. 1(a), inset], which is
likely related to a splitting of the Dy ground state Kramers
doublets, discussed below. Magnetometry data plotted in
Fig. 1(b) indicated that both transitions involved magnetic
degrees of freedom, with changes below T+ being con-
sistent with the onset of a magnetically ordered phase
composed of ferromagnetic sublattices.

To establish the microscopic origin of the observed phase
transitions, NPD data were collected in the paramagnetic
phase above T [Fig. 2(a)], between T'¢ and T, [Fig. 2(b)],
and below T'p, [Fig. 2(c)]. Every diffraction peak observed
in the paramagnetic phase could be accounted for by the
I2/m crystal structure common to many RMn;0;,
compounds [16-19], indicating that the sample was single
phase (consistent with laboratory based x-ray diffraction
measurements [20]). Rietveld refinement of the respective
structural parameters (Table I) including A-site cation
disorder gave an excellent fit to the data, as shown in
Fig. 2(a) (R = 2.86%, wR = 2.53%, Ryypo = 3.70%). The
sample composition was refined to (Dyg9;Mng g9 )Mn; 05,
in perfect agreement with the target composition of
the synthesis. Bond valence sum calculations gave a Dy
oxidation state of +2.24, showing that this nominally
trivalent cation was considerably underbonded in the para-
magnetic phase.
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FIG. 1. (a) Specific heat of DMO divided by temperature,

measured on cooling (blue) and warming (red). The inset high-
lights the low-temperature specific heat data (blue), with a
calculated Schottky anomaly shown in green. (b) The 100 Oe
field cooled, measured on cooling dc magnetic susceptibility of
DMO. The inset shows M — H magnetization loops measured
above and below Tp,. (c) The real part of the dielectric constant
of DMO measured at 665 kHz on cooling and warming (indicated
by arrows) in a O T (black) and 9 T (green) magnetic field. The
inset shows the O T dielectric constant measured from YMn;Oy5,.

On cooling through 7' additional diffraction intensities
appeared that could be indexed with the I'" point, k =
(0,0,0) propagation vector. These intensities were well
accounted for by a collinear ferrimagnetic structure com-
posed of all Mn moments, as found below 7'~ in most other
RMn;0;, compounds [19,21]. Refinement of this magnetic
structure against data measured at 20 K [Fig. 2(b)] gave
excellent agreement factors (R = 3.11%, wR = 3.23%,
Rpae = 1.76%). A- and B-sitt Mn moments refined to
3.18(4) and 3.17(2) pup, respectively, and were found to lie
in the ac plane, 33.5(6)° from the ¢ axis (left-handed
rotation about »). The magnetic structure is illustrated in
Fig. 3(a), which shows the relative moment directions
between symmetry inequivalent sublattices.

Below Tp, certain I'-point intensities increased, as
highlighted in the inset of Fig. 2(c). Structure factor
calculations showed that these intensity changes could
be accounted for by ferromagnetic ordering of Dy moments
parallel to the b axis [Fig. 3(b)], consistent with changes in
the field dependent magnetization shown in the inset of
Fig. 1(b). This scenario was confirmed by Rietveld refine-
ment against the NPD data measured at 1.5 K [Fig. 2(c)],
giving Dy moments of 3.0(1) ug||b. The refinement also
gave a global 10(1)° rotation of the Mn moments out of the
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FIG. 2. Neutron powder diffraction data (red circles) measured
in (a) the paramagnetic phase above T'¢, (b) between T'¢ and Ty,
and (c) below T'p,. Fits to the data are shown as solid black lines,
the differences between data and fit are shown as solid blue lines,
and the position of nuclear and magnetic Bragg peaks are marked
by top and bottom black tick marks, respectively. The inset of
(b) shows the temperature dependence of the Dy, A-site Mn, and
B-site Mn moments, and the inset of (c) highlights diffraction
intensity originating in the ferromagnetic ordering of Dy mo-
ments parallel to b.

ac plane, likely due to f-d exchange coupling, while the
in-plane moment direction remained constant, refining to
33(2)° from the ¢ axis. Mn moment magnitudes were
assumed to have saturated just above Ty, and excellent
agreement with the data was achieved (R =3.17%,
wR = 3.11%, R, = 2.8%). The ordering of Dy moments
below Tp, was further corroborated by the magnitude of
the heat capacity anomaly described above [Fig. 1(a)],
which was quantitatively consistent with the splitting of
every Dy ground state Kramers doublet.

The crystal and magnetic structures established above
were refined against variable temperature NPD data. The
evolution of the magnetic moments is shown in the inset of
Fig. 2(b), which demonstrates critical behavior at both T
and Tpy. Furthermore, anomalously large steps in the
lattice parameters [Figs. 4(b)—-4(d)], negative thermal
expansion [Fig. 4(e)], and a greater than twofold increase
in the Dy atomic displacement parameter U,,, were found
to accompany the onset of ferrimagnetic order at 7. The

()20 K

{

i

FIG. 3. The magnetic structure of DMO (a) between T- and
Tpy and (b) below Ty Mnl, Mn2, and Mn3 A-site moments are
drawn to the left in blue, green, and red, respectively. Mn4 and
Mn5 B-site moments are drawn in the center in gold and silver,
respectively. The Dy sites are drawn to the right, colored blue.
The 72/m unit cell is drawn as thin black lines.

Ui, parameters of Dy, A-site Mn, B-site Mn, and O were
refined independently and found to be uncorrelated; hence
the anomalous increase of Dy U, specifically indicated the
spontaneous development of off-centering displacements
of Dy (electric dipoles) below T'~. Refinement of possible
ferroelectric crystal structures (polar space groups /m and
12 [22]) against NPD data measured at 20 K gave Dy
displacements smaller than their standard error, and further
increased U;y,. An antiferroelectric crystal structure would
give rise to well-isolated, superstructure diffraction inten-
sities, which were not observed in the data. We therefore
ruled out long-range ordering of electric dipoles, and
instead considered the development of non-symmetry-
breaking, statistically disordered Dy displacements aver-
aged over 4 symmetry equivalent sites, i.e., a spontaneous

TABLE I. DMO crystal structure parameters refined at 105 K
[12/m, a = 7.4538(1) A, b =7.31225(8) A, ¢ =7.4577(1) A,
and £ = 91.206(1)°].

Atom x y P Ui (A%
Dy(Mn) 0 0 0 0.002(1)
Mnl 0 1/2 0 0.0071(9)
Mn2 1/2 0 0 0.0071(9)
Mn3 1/2 1/2 0 0.0071(9)
Mn4 1/4 1/4 1/4 0.0027(8)
Mn5 1/4 1/4 3/4 0.0027(8)
01 0.1665(5) 0 0.3015(5)  0.011(1)
02 0.1803(7) 0 0.6841(7)  0.012(1)
03 0.0132(4)  0.3081(4)  0.1723(4)  0.013(1)
04 0.3123(4)  0.17494) —-0.0121(5)  0.014(1)
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FIG. 4. (a) Dy displacement magnitude, (b)—(d) lattice

parameters, and (e) unit cell volume, refined as a function of
temperature. The insets of (a) illustrate the formation of a Dy
dipolar glass.

dipolar glass [Fig. 4(a), inset]. The variable temperature
refinements were repeated, and a disordered Dy displace-
ment was found to develop with critical behavior below T
[Fig. 4(a)], while maintaining typical values of Ujy,. We
note that the formation of a dipolar glass is consistent with
the observed negative thermal expansion, as the Dy ions
effectively increase their ionic radii in the disordered state.
Furthermore, the Dy bond valence sum increased to +2.33
at 20 K, indicating a significant improvement in its
bonding. The emergence of a state of disordered electric
dipoles below a classical phase transition is extremely rare,
if not unique. To the best of our knowledge, phase
transitions known to be associated with an instability
toward the formation of electric dipoles always result in
well-correlated dipolar ordering.

The apparent magnetostructural phase transition at 7'¢ is
exemplified by anomalous behavior of the real part of the
dielectric constant [Fig. 1(c)]. Frequency dependent mea-
surements [20] demonstrated that data measured at 665 kHz
revealed the intrinsic dielectric behavior of DMO. On
cooling through T there occurred an ~20% drop in the
powder-averaged dielectric constant, reminiscent of that
observed in organic or inorganic hybrid perovskites due to
the “freezing-out” of A-site dipolar degrees of freedom
[23]. No dielectric anomaly was observed at the purely
magnetic phase transition of YMn;0O, [21] [Fig. 1(c),
inset], which demonstrates that the anomaly is associated
with the Dy dipolar glass. The dielectric constant showed
thermal hysteresis at 7', in good agreement with the heat
capacity data, and again consistent with a first order phase
transition. Furthermore, the dielectric anomaly can be tuned
by an applied magnetic field [Fig. 1(c)], which demon-
strated significant magnetostructural coupling at 7.

No anomalous features at 7. were observed in the
imaginary part of the dielectric constant [20], indicating
that the dielectric behavior observed at 7' is not simply
related to a change in conductivity.

Coupling between ordered magnetic and disordered
electric dipoles in strongly correlated electron systems is
unusual, yet here it can be described using a conventional
phenomenological theory. The dipolar glass does not break
any macroscopic symmetry; hence the corresponding order
parameter ¢ is invariant under all symmetry operations of
the paramagnetic space group and transforms as the totally
symmetric irreducible representation (irrep) I'f". The reduc-
ible I'-point magnetic representation for the Mn and Dy
Wyckoff positions decomposes into two, 1D irreps, mI'{
and mI"J [24]. The ferrimagnetic order parameter 7 trans-
forms by the mI'; irrep (magnetic space group 12'/m’).
Given that mI'J is 1D, #* must also be invariant under all
symmetry operations of the paramagnetic group. Thus, the
linear-quadratic free-energy invariant 87> is allowed by
symmetry and represents the coupling between ferrimag-
netism and the dipolar glass. At the microscopic level this
coupling is likely mediated by strain, as the magnetic
superexchange interactions are known to be very sensitive
to strain dependent structural parameters such as inter-
atomic distances and bond angles [25]. The general
Landau-type phenomenological theory that includes lin-
ear-quadratic coupling between order parameters with
distinct instabilities indicates that in some circumstances
a single first order phase transition is possible when
condensation of one order parameter triggers the onset
of another [26,27]. The magnetostructural phase transition
in DMO is a clear realization of this scenario. The coupling
implies that the non-symmetry-breaking strain acts as a
conjugate field for both structural and magnetic instabil-
ities, making this system attractive for thin film studies
where the strains can be tuned via choice of substrate.

In DMO, the spontaneous formation of polar displace-
ments of underbonded Dy may be driven by the quasi-Jahn-
Teller effect [5]. To the best of our knowledge, in
perovskite-derived materials this effect has only been
observed for B-site cations, as the bonding requirements
of A-site cations are usually met by octahedral tilts and
rotations [11]. However, in the quadruple perovskites
specific octahedral tilts are required to establish a square
planar coordination for the majority (Mn) A-site cations,
leaving little flexibility for the bonding of the minority (R)
A-site species. In this case, one might expect quasi-Jahn-
Teller displacements of underbonded R cations (those with
a relatively small ionic radii), in analogy with polar
displacements usually found at perovskite B sites [5,6].
Indeed, similar structural behavior to that described
above has been observed in YMn;O,,, which undergoes
a purely structural phase transition at 200 K, independent of
lower-temperature ferrimagnetic order [21]. This transition
also involved a large monoclinic strain, negative thermal
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expansion, and off-centering displacements of yttrium,
which, together with an ordered pattern of oxygen displace-
ments, improved the bonding conditions of underbonded
yttrium [21,28,29]. A NPD study [21] found no evidence
for the ordering of yttrium polar displacements, whereas a
later single crystal x-ray diffraction study [29] reported
partial antiferroelectric order.

The dipolar instabilities found in both Dy;_sMny, 50,
and YMn,O,, serve as proof of principle for the materials
design strategy proposed in the Introduction, and impor-
tantly, the results on Dy;_sMn;, 50, demonstrate that
cross-coupling between magnetic and electric dipoles
can be achieved. Many different compositions of quadruple
perovskite RA5B,0;, have been reported [30], and the
recently discovered A-site columnar ordered quadruple
perovskites R,A’A”B,O,, [31] are also gaining consider-
able attention. In both compositionally rich material fam-
ilies, A-site cation ordering and octahedral tilting are
mutually tied to meet the criteria of structural stability,
making them potential hosts of A-site polar instabilities,
established via the quasi-Jahn-Teller effect, and coupled to
magnetic degrees of freedom.
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