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Partial glass isosymmetry transition in multiferroic hexagonal ErMnQO;
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Ferroelectric transitions of a hexagonal multiferroic, ErMnOs, are studied by x-ray scattering techniques.
An isosymmetry transition, similar to that previously observed for YMnOs, approximately 300 K below the
well-known ferroic transition temperature, is investigated. The partially glassy behavior of the isosymmetry
transition is identified by the appearance of quasielastic scattering lines in high-energy-resolution scans. The
glassy behavior is further supported by the increased interlayer decorrelation of (v/3 x +/3)R30° ordering below
the isosymmetry transition. The transition behavior is considered for possible hidden sluggish modes and two-step
phase transitions theoretically predicted for the stacked triangular antiferromagnets. The in-plane azimuthal
(orientational) ordering behaviors were also compared to the theoretical predictions. Coherent x-ray speckle
measurements show unambiguously that the domain sizes decrease anomalously near both the isosymmetry and
ferroic transitions. However, domain boundary fluctuations increase monotonically with an Arrhenius form with
an activation energy of 0.54(5) eV through both transitions.
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I. INTRODUCTION

Multiferroics are of scientific and technological interest
for coupling of magnetism and ferroelectricity [1]. Among
them, layered hexagonal manganites exhibit unit-cell tripling
transitions and the trimerization leads to intricate vortices
and domains [2] The magnetizations are strongly coupled at
domain walls due to the improper coupling of trimerization
[3] to the ferroelectric order parameters [4], and some
exhibit room-temperature multiferroic behavior [5]. While it
is well recognized [2,4] that the trimerization is key to the
multiferroic behavior, the process of the trimerization, the
ferroic (para-ferro) transition is not well understood. Although
the hex-manganites were discovered long ago [6,7], it is still
under extensive investigation how the high-temperature para
phase transforms to the low-temperature trimerized phase and
whether or not there should be an intermediate transition
[8—14]. We examined single crystals of ErMnO; (and YMnO3)
[15] with x-ray techniques to elucidate the structural and
dynamical aspects of the trimerization transitions.

At high temperatures, ErMnO3 forms a simple hexagonal
para phase with P63/mcm symmetry. At 7. (1195°C), one
of three Er atoms buckles out of the plane, forming an an-
tiferroelectric (v/3 x +/3)R30° superlattice with concomitant
tilting of MnOs bipyramids (trimerization), which lowers the
symmetry to P63cm [16]. In addition, hundreds of degrees
below T¢, an intermediate transition has been suggested in
the thermal expansion measurements on YMnO; by Nénert
et al. [10]. However, the neutron powder diffraction study by
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Gibbs et al. [14] did not find a symmetry change, which is
expected in a real phase transition. Instead, the study found
that some structure parameters, such as the total polarization,
decrease suddenly and hence this is termed an isosymmetry
transition. Our in situ equilibrium measurements were started
with the as-grown ErMnOs; single crystals and repeated
by cycling above the ferroic transition temperature where
domain patterns are expected to evolve [2,17,18]. We find also
hundreds of degree below T that the intensities of quasielastic
lines, in nonresonant high-energy-resolution inelastic x-ray
scattering (HERIX), exhibit a transition indicating a rapid
change in the dynamic nature, much like a glass transition.
Other characteristics further supporting the glassy behavior
of the transitions are also studied using conventional x-ray
techniques. In addition, the domain statics and dynamics are
studied with coherent x-ray speckle scattering measurements,
where the K3-mode activation energy at the domain boundary
is obtained. Our studies are compared to theoretical studies
with the Landau expansion [19] of the proposed hidden order
parameter [20] for a possible origin of the glass transition
behavior and arecent Monte Carlo (MC) simulation [21] where
orientational order parameters are investigated.

II. EXPERIMENT

ErMnOj; (and YMnO3) crystal specimens were grown by a
flux method: 10 mol% of the corresponding polycrystalline
powder with 90 mol% Bi,O3; powder as flux were heated
to 1250°C, and then slowly cooled to 800°C in a platinum
crucible. The samples consisted of plates of 1-3 mm and
~0.Ilmm in thickness. The surfaces of the samples were
(001) planes without exception. The fresh samples are shiny,
reflecting ambient light with few defects. In fact, the fresh
surfaces exhibit well-defined atomic step structures [15].
However, the samples can lose the luster over the course of
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several days in air at high temperature. This was much more
evident in YMnO; samples [15]. For this reason, YMnO3; was
not as much studied here as ErMnOs.

Samples were affixed with a thin layer of high-temperature
paste on a 1 cm cylindrical platinum crystal that is inductively
heated to a desired temperature. The sample temperature was
measured with a K-type thermocouple spot welded to the
platinum crystal and additionally calibrated by the platinum
thermal expansion. Finally the temperature of the sample was
calibrated against the platinum temperature using a pyrometer.
We estimate the accuracy of the absolute temperature is limited
by the pyrometer readings of the sample and platinum to
=4 25° and the relative accuracy is limited by the thermocouple
to £5°.

X-ray integrated-intensity measurements and H and L
scans were performed with in-house rotating anode x rays.
Lattice constant measurements, coherent x-ray scattering, and
HERIX measurements were performed at 11ID-D, 8ID-E,
and 3ID-C beamlines, respectively, at the Advanced Photon
Source (APS), Argonne National Laboratory. The lattice
constants were measured with a wavelength of 1.07812 A.
A Pilatus 100K, which has 200(horizontal) x 1000(vertical)
pixels with a pixel size of 0.175 mm, was used as a detector.
The region of interest was set to two pixels vertically to
maintain ~0.4 mrad resolution in the vertical 26 scan direction,
while the detected intensities along the other directions are
integrated. The a-axis lattice constant was measured with
the (1 1 0.15) off-specular reflection in a glancing-incidence
geometry. Because the thin sample was affixed with paste to the
platinum crystal surface for heating, access to an in-plane peak
was possible only in glancing-incidence reflection geometry.
HERIX experiments were performed using an energy-variable
six-bounce monochromator at the x-ray energy of 21.657 keV
[22]. Fixed backscattering analyzers were used, achieving
~2 meV energy resolution [23]. Four analyzers, spaced at
fixed A26 angular distances, were mounted on the horizontally
scanning 260 arm for simultaneous data acquisition. Coherent
x-ray experiments were performed with a single-bounce Si
(111) monochromator, setting the photon energy to 7.36 keV.
The beam was vertically focused to 3 um by a kinoform
[24] lens with the acceptance of ~100 pum set by vertical
slits and horizontally unfocused to the size of 10 um set
by horizontal slits. This beam profile delivers a sufficient
transverse coherence for reflection coherent x-ray experiments
where the pathlength differences from the surface layers are
much less than the longitudinal coherence length. The detector
was an x-ray-sensitive charge-coupled device with a pixel size
of 25 um and mounted on the 26 arm at a distance of 1 m from
the sample. The correlation time in our reflection experiment
with a static sample was over 10° s [25,26].

III. RESULTS AND DISCUSSION

The lattice expansion measured in synchrotron high-
momentum-resolution measurements shows an anisotropic
behavior. The measured a and c lattice parameters are shown
in Fig. 1 with the known room-temperature lattice constants
[3]. The a lattice constant (left abscissa) expands without
any hint of the intermediate transition. In fact, there is no
hint of a transition even at 7, and a straight line can be
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FIG. 1. Lattice constants of ErMnOs, a (filled circles) and ¢ (open
squares), measured in heating (red symbols) and in cooling (blue
symbols). The filled and open stars at 25°C are from [Ref. [3]]. The
thermal expansion rate of a is 1.38(2) x 10™* and that of ¢ varies
from 0 to —6 x 1073,

fitted over the entire temperature range that we measured.
Yet there are interesting features in the ¢ lattice constant
(right abscissa): little or slow expansion up to ~350°C, linear
contraction, not expansion, to 880°C, acceleration of the
contraction between 880°C and T, and no further contraction
above T¢. This indicates that only c-axis negative expansion
is sensitive to phase transitions while the a axis is unaffected
by the transitions and follows a linear thermal expansion. This
anisotropic expansion behavior and the slope discontinuity
[27] at 880°C provide initial clues for understanding the
transition behaviors.

The tripling order parameter, measured by the intensity
of the (1 0 4) reflection, shows an anomaly at 880°C,
otherwise exhibiting a power-law behavior. In x-ray scattering
measurements, because the scattering factor of Er is much
larger than those of Mn and O, the buckled Er atoms contribute
primarily to the unit-cell tripling reflections such as (1 0 L).
The intensity is proportional to |8L| [2], where § is the
out-of-plane distance between Er atoms, and represents the
square of the corresponding order parameter, which in turn
closely resembles the antiferroelectric order parameter [12].
On close examination of the (1 O L) intensities, we found
that the intensity of the (1 O L) reflection does not change
monotonically even though the behavior close to 7;. follows a
power law. This is evident in the (1 0 4) reflection shown
in Fig. 2(a). We find that the (I O 4) intensity near 7.
between 900 and 1195°C is fitted very well with the function
oc(1195—17)%# with 8 = 0.25(1) (black solid line). However,
the (1 0 4) intensity deviates significantly from the solid line
below 900°C where we found the c-lattice-constant (Fig. 1)
slope discontinuity. Therefore, we drew another solid line with
a similar function (blue line), o (880 — T)°>. Henceforth,
we tentatively denote this intermediate isosymmetry transition
[14] at 880°C as T* [21].

Below the T* transition, the quasielastic line intensity
increases as temperature decreases. Selected HERIX scans
at (1.05 0 4) and (0.75 0 2.95) are shown in Figs. 3(a) and
3(b), respectively. (1.05 0 4) is chosen to be near but not
precisely at (1 0 4) and (0.75 0 2.95) is the position of one
of the three accompanying detectors [22] chosen for the odd
L value (2.95=3). In both cases, there are unusually large
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FIG. 2. (a) Integrated intensity of (1 0 4) vs T. (b) Quasielastic
Intensity vs 7 at (1.05 0 4) (circles) and (0.75 0 2.95) (squares).

central quasielastic peaks, in both (a) and (b), albeit truncated
to show the transition better. The integrated intensities of the
quasielastic peaks are summarized in Fig. 2(b) with a solid
line of the function o (880 — T)%>. The quasielastic peak
appears at T* and its intensity increases as T decreases. The
quasielastic peak intensity is expected to be zero or weak away
from I" (Bragg) points for ideal lattices. The strong quasielastic
peak indicates that there are static, frozen, overdamped, or
sluggish modes because the quasielastic x-ray measurements
are essentially long-exposure averages of the corresponding
Fourier component over picoseconds or longer. We find at
room temperature that the quasielastic intensity of (1£n0 4)
drops rapidly as 1 (n<<1) increases, indicating that the frozen
or sluggish modes are due to imperfect (+/3 x v/3)R30°
ordering. The amplitudes of frozen or sluggish modes are large
at low temperature and the modes gradually unfreeze at 7* as
T increases, much like the behavior of a glass. This behavior
is also similar to the behavior of Pb(Mn;,3,Nb,,3)O3 [28],
a prototypical relaxor. The frozen imperfections most likely
suppress the I';” mode, which is a primary ferroelectric mode
along the ¢ axis [14]. When the imperfections disappear, the
(1 04) Bragg intensity jumps back up near 7* in Fig. 2(a) and
the (v/3 x +/3)R30° ordering is partially restored. In Fig. 3(b)
of the energy scans at (0.75 0 2.95), the quasielastic peaks are
weak because the quasielastic intensity at the odd L value
is independent of c-axis disordering. The glassy behavior
disappears above T*. Both quasielastic intensities increase
with (T — T*)?. This happens when the interlayer stacking
order is high near 7* but gradually decreases as T increases.
The increase of the quasielastic peak intensity, oc (T — T*)?,
indicates that the interlayer misalignment vector ¢ increases
with T since Ijshe o< |£Q|2 for small misalignments [28]. The

PHYSICAL REVIEW B 93, 054113 (2016)

continued increase even above T indicates that short-range Er
buckling still exists, as for Y atoms [14].

The increased stacking correlation near 7* is additionally
confirmed in conventional diffraction experiments. In Fig. 4(a),
we show the measured full width at half maximum (FWHM)
of L scans through the (1 0 4) reflection vs T with squares.
We find that the FWHM decreases almost to that of the
instrumental resolution, ~0.01 reciprocal lattice units (r.L.u.)
as T — T*. From the width, we calculated the correlation
length (circles) using the relation £ = ¢ 2¢/21n2/v(0% — o7)
where &, o, and o( are the correlation length, the FWHM,
and the instrumental resolution, respectively. The fits to the
L scans were made with a pseudo-Voigt function. However,
the Lorentzian component was small and did not change
much over the entire temperature range. The fit shows that
the interlayer stacking correlation length diverges at 7*. The
widths of in-plane radial and azimuthal scans are shown in
Fig. 4(b). The widths of the azimuthal scans behave similarly to
those of the L scans albeit being somewhat more complex. Note
that the widths of the radial scans do not change significantly
over the same temperature range. (The weak 7 dependence
seen here is largely due to the resolution envelope overlapping
with the azimuthal scans.) Again, we show that the interlayer
correlations are low (large widths) at low temperature and
increase as T increases to T, which is opposite to the property
of ordinary crystalline materials and the prediction of a recent
MC study [21]. This is significant because the MC prediction
agrees well with our results above T* [see Fig. 4(b)] when
the behavior returns to that of ordinary crystalline materials.
Namely, the interlayer stacking azimuthal correlation drops
(the azimuthal width increases) significantly as expected
approaching T;. Below T*, however, we believe it does so
because the azimuthal correlation has glassy behavior.

Consideration of the anisotropic lattice expansion,
quasielastic intensity, and scan widths discussed above sug-
gests that the stacking correlation of the superstructure changes
at T* with little or no in-plane superstructure disorder.
One way to elucidate the nature of the two-step transition
behavior is to compare with previous phase-transition studies.
Based on the behavior of the transition near 7, we expect
that the transition is second order or weakly first order. In
mean-field terminology, this value of § indicates a critical
transition through the tricritical point. This is unlikely and we
may consider the transition behavior beyond the mean-field
approximation by mapping the Er displacement to Ising
magnets on a stacked triangular lattice. Ising magnets on a
stacked triangular lattice represent a frustrated system and
have been studied theoretically [29,30] and experimentally
[31]. In particular, a Monte Carlo S = oo simulation study
[32] is interesting as the magnetization |M| exhibits a two-step
transition that is qualitatively similar to 7* and 7. seen in the
(1 04) intensity [Fig. 2(a)]. The two steps are a transition from
the ferrimagnetic (FR) structure to a partially disordered (PD)
structure at kp T*/J = 0.8 and another from PD to paramagne-
tization at kg T, /J = 1.2. In addition, our exponent 8 = 0.25
is in remarkable agreement with the theoretical study [30]
that is confirmed in the neutron diffraction experiments [31].
Another critical exponent v = 0.53 of the model [30] can also
be considered as indicated by the solid red line in Fig. 4, £ =
a(l — T/880)", with the fit value of o = 1.7(1) x 102 A.
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FIG. 3. HERIX scans at (1.05 0 4) (a) and (0.75 0 2.95) (b). The dashed lines are at 0 and =8 meV. The intensities are truncated at 150 and

200 counts per 30 s for clarity.

Therefore, we believe that the model of stacked triangular
antiferromagnets is a good approach. It will be of theoretical
interest to further explore dynamic and critical behaviors of the
hexagonal antiferroelectrics by considering some differences.
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FIG. 4. Scan widths of (1 0 4) along the L (a), H (b, circles), and
H — 2H (b, squares) directions plotted vs T. The solid red line in (a)
is a power law with the exponent v = 0.53 [29]. The dashed lines are
guides to the eye.

ErMnOs; has an A-B stacked hexagonal lattice, not an A-
A triangular lattice. More importantly, the antiferroectric
trimerization must be accompanied by MnOs bipyramids
linking the interlayer positions of the Er trimerization, which
leads to internal disordering. In fact, the possible three Er
states proposed by Cano [20] can reinforce the relationship
to the layered triangular antiferromagnets. In this regard, the
glassy aspect of the observed behavior can be considered
from the perspective of short-range hidden or complex order
parameter(s) [20]. While the overall averaged structure has
well-defined symmetry, unitcells, and atomic positions, we
have shown that certain modes undergo a glasslike transition
behavior, evident in the dynamics of the system and probably
due to the complex nature of the trimerization. On the other
hand, it could simply be like the glass transition [30], which is
often characterized by dynamic behavior without identifiable
specific mode(s), or with many modes entangled to form a
glassy state similar to spin-glass-type disordering [33,34]. Ina
way, our observations suggest that an apparently well-defined
structure in the classical sense may not be as well defined as
we thought. The glassy state also explains the sudden decrease
in the total polarization [14].

While the above incoherent x-ray techniques are insensitive
to domain boundaries, coherent X rays are sensitive to the
domain boundaries and their fluctuations. It is well established
that ErMnOj; crystals form complex topological domains and
the domain sizes and shapes are sensitive to the cooling rate
[17] that is accessible within the time scales of x-ray photon
correlation spectroscopy (XPCS) [35]. We used the surface-
sensitive speckle patterns on a crystal truncation rod (CTR)
[25,36,37]. The CTR x-ray speckles arise from interferences
between structure factors of up (+) and down (—) terminations
[38—40]. A simple derivation [15] yields the CTR structure
factor for a fixed [ from a mix of 4 and — domains as

f+ iAg

—i(px+qy)
— e 127'[1 /:/S+ dXdy

where f and Ag are the amplitude of the + domain and
the phase difference between + and — domains, p and g are
the momentum transfers of a given pixel, and ST represents

Sctr(,p,q) =
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FIG. 5. (a)—(d) Speckles measured at the noted temperatures. (e)
Squares are numbers of the pixels above the half maxima and the
circles are peak intensities per pixel averaged from four pixels of
highest intensities. The lines are guides to the eye.

the fragmented area [2] of the + domains. The calculated
phase difference [15] is almost = near (0 0 4) and Scrr is
proportional to 2 /2w Al times the integral. Note that the
speckle pattern changes when domain boundaries meander or
reshape. Therefore, the time evolution of speckles is a result
of domain boundary meandering while the speckle pattern is
aresult of domain sizes and distributions. A point of the CTR,
(0 04.125), was chosen for strong enough intensity for XPCS
analysis and sufficient sensitivity to near-surface domain
structures (Al = 1/8, eight unit cells, or ~10 nm deep) [15].

The two-step transitions are also evident in domain dy-
namics measured with coherent x-ray speckles. Examples
of speckle patterns are shown in Figs. 5(a)-5(d). The green
pixels are at half maxima and the red and yellow pixels are
above. In Fig. 5(e), the peak intensities (circles) and full
area at half maxima (FAHM) (squares) are plotted. While the
integrated intensity (peak intensity times the FAHM) shows
no significant change over the temperature range, the FAHM
increases greatly near both 7* and 7. and drops down between
them. This can also be seen from the images in Fig. 5(b) at
820°C and (d) at 1170°C where speckles spread, indicating that
domain sizes are smaller below both transitions. The domains
are much smaller near the ferroic transition as expected. Note,
however, that spread speckles, namely, small domains, from
the near-surface region at 820°C do not necessarily mean
smaller domains on average since the interlayer correlation
is high near T7*.
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FIG. 6. Correlation time of domain boundary dynamics plotted
against temperature. The solid line is the fit with the activation energy
of 0.54(5) eV. The upper insets are two-time correlations for 1270°C
and 720°C and the lower inset shows schematically configurations of
Er positions and the activation energy.

The temporal behavior of the domain boundary motions
can be characterized by a single thermodynamic parameter
7, the correlation time, using XPCS autocorrelation analysis
[35]. We plot T vs temperature in Fig. 6. The value of t
changes by more than an order of magnitude from ~20000 s at
720°C to <2000 s at 1270°C. The two-time correlation maps
are also shown as insets, where we can clearly compare two
temperatures. The diagonal high intensity indicates that the
pattern self-correlates while the off-diagonal spread indicates
how rapidly the pattern decorrelates in time. A lay-term
interpretation of 7, therefore, is the time elapsed for a domain
pattern to lose most of the resemblance to the initial pattern
due to the domain boundary meandering. For a domain
boundary to meander, of course, the Er atom must overcome
the activation potential (see the lower inset) between the up
and down domains with appropriate adjustment of the MnO;
polyhedron. This is essentially equivalent to the K3 phonon
activation energy per unit cell. In a simple thermodynamic
activation processes, we have shown that T follows a simple
Arrhenius form [25,41]. This is also true here as shown in Fig. 6
with the activation energy of 0.54(5) eV. This is remarkable
because the domain sizes change nonmonotonically as in
Fig. 5(e). This apparently counterintuitive observation has in
fact a quite simple interpretation. The domain boundary energy
decreases at the phase transitions while the activation energy of
moving the domain boundaries remains constant over the entire
temperature ranges of the two transitions. It is also remarkable
to see that the activation energy agrees well with the result
of the ab initio calculation where the energy barrier of the
K3 mode between the amplitudes of 0 A and 0.85 A (energy
minimum) is ~0.5 eV [19] when the energies are renormalized
by the ratio of the 7;.’s for ErtMnO3; and YMnOs.

IV. SUMMARY

In summary, we report an observation of partially
glassy behavior of the isosymmetry dynamic phase transi-
tion of ErMnO3. The dynamic nature of the transition is
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unambiguously defined in high-energy-resolution quasielastic
x-ray measurements supported by interlayer correlation-length
measurements. The transition appears consistent with critical
behavior of stacked triangular antiferromagnets above the
transition (7*). However, the low-temperature behavior below
the transition is much like that of glasses even though the
average structure is well described by the P63cm symmetry.
We propose that the system behaves like stacked triangular
spin glasses where the random interactions are provided by
MnOs interlinking bipyramids, probably controlled by hidden
order parameters [20]. We believe that similar partial glass
transitions likely exist in other multiferroics, and probably
in other complex materials such as relaxor ferroelectrics
[42] where the relevant phonon modes [28,43] are still
under investigation. We also find that both isosymmetry and
ferroic transitions have a strong influence on the domain

PHYSICAL REVIEW B 93, 054113 (2016)

structures in our coherent x-ray scattering studies. Our
x-ray photon correlation spectroscopy analysis of the speckle
patterns finds the K3-mode activation energy of ErMnQOj3 to be
0.54(5) eV.
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