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Strong magnetoelastic coupling in orthorhombic Eu,_,Y,MnO; manganite
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This work reports an experimental study on the temperature dependence of the structural parameters in
orthorhombic Eu;_,Y,MnOj; system at low temperatures, by using synchrotron x-ray diffraction technique. A
significant magnetoelastic coupling is revealed by anomalies observed in lattice parameters at the magnetic
phase transitions, apparent also in both Mn-O bond lengths and Mn-O1-Mn bond angle. Furthermore, signa-
tures of the lattice deformations across the magnetic phase transitions were evidenced by anomalies in the
temperature dependence of the lattice mode involving rotations of the MnOg octahedra. These anomalies
confirm the important role of the spin-phonon coupling in these materials.
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I. INTRODUCTION

Magnetoelectric compounds have attracted a lot of inter-
est in the scientific community due to the coupling between
electric polarization and magnetic order.!~* Particularly, mul-
tiferroic materials, which exhibit ferromagnetism and ferro-
electricity coupled together in the same thermodynamic
phase, are of considerable interest due to their potential ap-
plicability in technological devices, opening the possibility
to control spin transport electrically.>® In earlier published
works, it has been evidenced that the mechanisms underlying
magnetoelectricity and multiferroicity are complex, involv-
ing both competitive magnetic interactions and spin-phonon
coupling.”"!° Despite the intensive experimental studies per-
formed in several families of magnetoelectric compounds, no
universal model was proposed. In fact, it has been assumed
that the inverse Dzyaloshinskii-Moriya interaction induces
the electric polarization of the electronic orbitals, without the
involvement of the lattice degrees of freedom.'' An alterna-
tive model was proposed in Ref. 12, which states that the
Dzyaloshinskii-Moriya interaction has two different effects:
it induces the ferroelectric state through lattice deformations
and stabilizes the magnetic structure at low temperatures.

Among rare-earth manganites, orthorhombic GdMnOs,
TbMnO;, and DyMnOs; have shown magnetoelectric
properties.!® The sinusoidal antiferromagnetic (AFM) order
in TbMnO; and DyMnOj is considered to be responsible for
the modulation of the Mn-O1-Mn angle, which has been
taken as primary order parameter in these improper
ferroelectrics.” Goto et al.” have stressed the importance of
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the Mn-O1-Mn bond angle conditioning the orbital overlap-
ping and, thus, underlying the physical properties of the
phase sequences at low temperatures. It has been found that
the superexchange integrals of nearest-neighbor (NN) ferro-
magnetic (J;<0) and next-nearest-neighbor (NNN) antifer-
romagnetic (J,>0) interactions between the Mn spins de-
pend strongly on the Mn-O1-Mn angle.” Namely, it has been
shown that with decreasing the Mn-O1-Mn bond angle, |J,]
decreases and |J,| increases, due to a large overlap integral
between the two oxygen 2p orbitals along the a+b axis.”
Therefore, the system is regarded as a frustrated spin system
described by the so-called J;-J, localized spin model. The
systematic change in magnetic ordering induced by a change
in the rare-earth ion in RMnO; is understood by the frus-
trated model; the A-type antiferromagnetic order arises
mainly from the NNN antiferromagnetic interaction J,.
Later, Dong et al.'* have described the stabilization of the
spiral phase in rare-earth manganites by considering a rela-
tively weak next-nearest-neighbor superexchange coupling
and the Jahn-Teller distortion.

In the magnetically driven ferroelectrics, lattice distortion,
owing to the coupling with magnetic momenta, has been
considered to be the very origin of the spontaneous polariza-
tion apparent in the temperature range of stability of the
ferroelectric phase. Attempts have been undertaken to estab-
lish the order of magnitude of those distortions, but one ma-
jor handicap has been their small size, which is expected to
be three or more orders of magnitude lower than that of
typical ferroelectrics like BaTiO5.!>~'8 Surprisingly though,
recently published results for the hexagonal YMnO; and
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LuMnO; showed unusual large displacements near Ty, giv-
ing rise to a giant magnetoelastic coupling in these
materials.!® Yet, the ferroelectric polarization remains almost
constant through Ty. Unlike the usual ferroelectrics, the iso-
structural transition of the referred hexagonal compounds at
Ty is not accompanied by a soft mode.

A detailed and systematic experimental study of the
mechanisms associated with the coupling between magnetic
order and electric polarization in rare-earth manganites is
still missing. The aforementioned GdMnO;, TbMnO;, and
DyMnO; compounds are not the best candidates for such a
study because changes on the Mn-O1-Mn angle are also af-
fected by changes on the magnetic momenta of the unit cell
whenever a rare-earth ion is replaced by another. On the
other hand, the possibility of systematic and fine tuning of
the A-site size, without increasing the magnetic complexity
arising from the rare-earth ion, can be achieved by the isova-
lent substitution of the trivalent Eu®* ion by Y** in
Eu;_, Y ,MnO;, for x<<0.55. For this system a continuous
variation in the Mn-O1-Mn bond angle is expected, which is
associated with the development of the complex magnetic
ground states and ferroelectric phases, analogous to the non-
doped GdMnOj3;, TbMnOs3, and DyMnOs.

Earlier literature reports on Eu;_ Y MnO;, with 0=x
<0.55, have already shown that this system exhibits a com-
plex and interesting phase diagram with various magnetic
and ferroelectric phases, making it an attractive system to
study coupling between polar, magnetic, and structural de-
grees of freedom.”>>* Notwithstanding numerous studies,
the phase diagram is still not unambiguously established (see
Sec. II for more details). Moreover, despite the observation
of spin-phonon coupling and the existence of electromag-
nons in Eu;_, Y ,MnOs;, evidenced through both Raman-
scattering and infrared spectroscopies,?’">>?® no information
has yet been reported regarding the lattice deformations oc-
curring across the low-temperature magnetic phase transi-
tions, as well as their contribution to the spin-lattice cou-
pling. The emergence of an electric polarization implies a
loss of the inversion symmetry center and lattice deforma-
tions, arising from atomic polar displacements. As a conse-
quence, a carefully study of the crystallographic structure
across the phase transitions is desirable.

In this paper, we present a detailed study on the tempera-
ture dependence of the lattice parameters in orthorhombic
Eu;_,Y,MnOs, in the concentration range 0 =x=0.4, by us-
ing synchrotron-radiation powder diffraction. We aim at cor-
relating the temperature dependence of lattice distortions
with the magnetic phase-transition sequence, and, in this
way, getting further information regarding the coupling be-
tween the spin system and the lattice, which yields large
magnetoelastic coupling in these compounds. Furthermore,
signatures of the lattice deformations across the magnetic
phase transitions will be searched for in the temperature de-
pendence of lattice modes involving MnOg4 octahedra. These
signatures can give most relevant information regarding the
role of the spin-phonon coupling in these materials.

II. GENERAL CONSIDERATIONS AND THE PHASE
DIAGRAM OF Eu,_,Y,MnOs, x <0.55

In this section, we critically review the literature on the
phase diagram of Eu;_, Y ,MnO;, x<<0.55, as it will be cru-
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cial for the understanding of our main outcomes of this work.

Eu,_, Y, MnO;, with 0=x<0.55, exhibits distinctive fea-
tures making it an attractive system to study. In this system,
physical properties are driven by the magnetic spin of the
Mn** ions, but they can be drastically changed by varying
the content of Y**, which does not carry any magnetic mo-
ment but changes the effective A-site size, and, thus, the
Mn-O1-Mn bond angle.?! The phase diagram of
Eu;_, Y MnO;, with 0=x<0.55, has been described on the
grounds of competitive NN ferromagnetic and NNN antifer-
romagnetic interactions, along with single-ion anisotropy and
the Dzyaloshinskii-Moriya interaction.”” As a consequence,
these compounds exhibit a rich variety of phase transitions
from incommensurate to commensurate antiferromagnetic
phases, some of them with a ferroelectric character, depend-
ing on the extent of chemical substitution x.

Ivanov et al.,’> Hemberger et al.,”* and Yamasaki et a
have proposed (x,7) phase diagrams, for Eu,_,Y ,MnO;
single crystals, with 0=x<0.55, obtained by using both
identical and complementary experimental techniques. Al-
though the proposed phase diagrams present discrepancies
regarding the magnetic phase sequence and the ferroelectric
properties for 0.15 <x<<0.25, there is a good agreement con-
cerning the phase sequence for 0.25 <x<<0.55.

For all compounds, the paramagnetic-paraelectric state
above Ty=50-45 K, is followed by an ordered antiferro-
magnetic phase (AFM-1) with incommensurate modulation
of the manganese spins. According to Hemberger et al.,?® for
x<<0.15, a weakly ferromagnetic phase is established, with a
canted A-type antiferromagnetic order (AFM-3). On the
other hand, Yamasaki et al.>* have reported the spread of this
phase over x up to 0.25. Due to the collinear structure, this
antiferromagnetic phase is not ferroelectric in the absence of
an applied magnetic field. Very recently, Tokunaga et al.>
have published a high magnetic field study of the polar prop-
erties of EuMnOj; and Eug¢Y(;MnOj;. Application of mag-
netic fields parallel to the b axis, as high as 20 T, causes
first-order transition to the ferroelectric phase, with polariza-
tion parallel to the a axis, below 44 K.

For higher concentrations x >0.25, the ground state is an-
tiferromagnetic (AFM-2) and ferroelectric, without a ferro-
magnetic component.”»?* The modulation vector (0 g, 0)
persists down to 5 K, and the magnetic structure is
cycloidal.?* For x>0.35, two successive ferroelectric phase
transitions occur, with spontaneous polarization along the ¢
axis and a axis, respectively.’>?* In agreement with the in-
verse Dzyaloshinskii-Moriya model, the direction of the
electric polarization is associated with the bc- and
ab-cycloidal states, which can be reversed by an applied
magnetic field.3' In these ferroelectric phases, a remarkable
magnetic anisotropy is found. A microscopic model has
shown that the Dzyaloshinskii-Moriya interaction between
spins neighboring along the cubic x and y axes, as well as,
the single-ion anisotropy favor the ab-cycloidal spin state
with Plla while the Dzyaloshinskii-Moriya interactions be-
tween spins neighboring along the ¢ axis favor the
bc-cycloidal state with Pllc. Their competition is controlled
by the NNN J, exchanges enhanced by lattice distortion,
This leads to a lattice-distortion-induced reorientation of po-
larization from ¢ to a with decreasing the A-site radius.?’
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The phase diagram of the range of compositions 0.15
<x<0.25 is still controversial. For the special case of x
=0.20, Hemberger et al.> detected in both specific heat and
electric permittivity hints for another phase transition at
Txarm2=30 K. Double magnetic hysteresis loops at 25 K
were reported, revealing the antiferromagnetic character of
the phase below Txpp.0.2> Based on the anomalous behavior
observed in the electric permittivity and magnetization
curves, a canted antiferromagnetic phase (AFM-3) below
Tapm3=22 K was proposed.”? According to Hemberger et
al.,”® BuygY,MnO; becomes ferroelectric below Tapp.o
=30 K along the a direction. The ferroelectric character of
both low-temperature AFM-2 and AFM-3 magnetic phases
was also found by Valdés et al. in Eug 75Y ,sMnO5.2% Taking
into account the weak ferromagnetic character of the AFM-3
phase, as well as the electric polarization below Tapp.o
=30 K, Hemberger et al.>® have proposed a noncollinear
spiral order for the AFM-2 phase, and a spin-canting cone-
like structure, for the AFM-3 one. The actual magnetic or-
dering of the low-temperature phases, however, remains still
unknown. On the other hand, Yamasaki et al.?* have reported
another phase sequence for Euj3Y,,MnO; from the incom-
mensurate magnetic phase to the canted A-type antiferromag-
netic one (AFM-2), without any ferroelectric properties. Very
recently, a carefully study of the P(E) hysteresis loops and
pyroelectric current has shown that the ferroelectric character
of the Euy3Y;,MnO; only appears between T gy, and
T apM-3; 1-€., in the AFM-2 phase, with very small values of
the spontaneous polarization, arising from lattice deforma-
tions underlined by the microscopic mechanisms associated
with the phase transition at T py0.2"32

The origin of the ferroelectricity in these compounds
could be understood in the framework of the spin-driven
ferroelectricity model. In these frustrated spin systems, the
inverse Dzyaloshinskii-Moriya interaction mechanism has
been proposed.!! However, based on experimental results,
the magnetic structure has been well established only for the
compositions x=0.4 and 0.5. For the other compositions, the
magnetic structure is not yet elucidated.

The ferroelectric properties of the Eu;_, Y ,MnO; have
also been studied by measurement of the electric current af-
ter cooling the sample under rather high-applied electric
fields (E>1 kV/cm). As it was shown in Refs. 32 and 33,
Eu;_, Y ,MnOj; exhibits a rather high polarizability, which can
hinder the actual spontaneous polarization to be ascertained.
In this case, a special experimental procedure has to be car-
ried out.’>33

III. EXPERIMENTAL

High-quality Eu;_,Y,MnO; ceramics were prepared by
the sol-gel urea combustion method. A detailed study of
EuMnOj; and GdMnOj; ceramics prepared in this way has led
to results very similar to the ones obtained in the correspond-
ing single crystals.?

The valence of the europium ion was checked through
x-ray photoemission spectroscopy technique, and no evi-
dences of the existence of valences other than the Eu (III)
could be detected. As the samples were fast cooled from
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1350 °C down to room temperature, significant deviations of
the oxygen occupancy from the expected stoichiometric
Eup3Y(,MnO; are not expected, thus excluding the exis-
tence of significant amount of Mn (IV) ion.** The Rietveld
refinement of powder x-ray diffraction data revealed no im-
purity phases. Refined occupancies of crystallographic posi-
tions were found to correspond to the nominal compositions
of the samples.

The dielectric and magnetic properties of all samples pre-
pared were previously studied and compared with published
data.”!3%35 No significant differences between the tempera-
ture dependence of the dielectric constant and of the specific-
induced magnetization obtained in this work and those pub-
lished in current literature were detected. These results, along
with the data obtained from the x-ray diffraction and energy
dispersion spectroscopy attest the high quality of our
samples.

Synchrotron x-ray diffraction experiments were per-
formed at the beamline BMOIA (Swiss-Norwegian Beam-
lines) at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France. For each composition, a powder
sample prepared with uniform grain size was enclosed in a
sealed Lindemann glass capillary (0.2 mm diameter to mini-
mize the absorption factor, p-x-r and 0.01 mm wall thick-
ness) and mounted on an appropriate golden plate sample
holder to be attached to the cryostat.

Diffraction data were collected using a wavelength of
A=0.70 A from a Si(111) double crystal monochromator
and a MAR345 image plate detector at a sample-to-detector
distance of 220 mm. This setup was found to be a good
compromise between resolution and accessible range of d
spacing. Calibration was performed by using a LaBg powder
as a reference material (NIST standard reference material
660a). The powder sample remained stationary during data
collection. The exposure times for each data set were se-
lected between 10 and 20 s to avoid oversaturation of the
detector. Measurements were made at temperatures between
5 and 290 K. The samples were cooled in a flow He cryostat.

Preliminary data reduction, including reconstruction of
two-dimensional diffraction patterns from the raw data, was
carried out using the ESRF FIT2D software,* yielding inten-
sity versus 26 diffraction pattern. Calculation of standard de-
viations and scaling of different data was done with a locally
developed software. The x-ray patterns were analyzed with
reasonable agreement factor using the FULLPROF software.?’

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Structural refinement

The powder x-ray diffraction patterns obtained for the
Eu,_,Y ,MnOj; ceramics, with x=0, 0.2, 0.3, and 0.4, inves-
tigated in the temperature range 5-300 K, were refined using
Rietveld analysis in order to follow the evolution of relevant
structural parameters. All patterns revealed the orthorhombic
structure Pbnm above Ty. A typical result of this analysis is
shown in Fig. 1.

Below or above Tzpyp., the X-ray patterns are qualitatively
similar. As an example, Fig. 2 exhibits the x-ray patterns
recorded in EuygY(,MnOj5 at 15 K, 23 K, and 35 K, respec-
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FIG. 1. (Color online) Observed, calculated, and difference
x-ray diffraction patterns for the EujgY(,MnO3; compound at room
temperature.

tively. No additional reflections could be detected in the
ferroelectric phase. Taking into account the value of the rem-
anent polarization presented in Refs. 21, 32, and 33, the av-
erage ion displacement is estimated to be about 107 A,
which is typical for improper ferroelectric phases, as it is the
case in rare-earth manganites. No satellites associated with
the modulated structure have been detected, as well as peak
splitting associated with symmetry reduction. In these condi-
tions, we have no reasons to use a space group different from
Pbnm, that, for the polar state, has to be considered as a
high-symmetry approximant of a noncentrosymmetric struc-
ture. The corresponding structural distortions of Pbnm are, in
fact, too small to be detected by powder-diffraction method.
Nevertheless, this space group allows us to follow the aver-
age structural features associated with the magnetoelastic
coupling across the magnetic phase transitions, as it will be
further described. Table I presents the reliability factors ob-
tained from the final refinement of the atomic positions, for
the compositions x=0, 0.2, and 0.3, at two different tempera-
tures.

B. Temperature dependence of the lattice parameters

The temperature dependence of a, b, and c lattice param-
eters, and the unit-cell volume is shown in Figs. 3(a)-3(d),
for x=0, 0.2, 0.3, and 0.4, respectively. As expected, all pa-
rameters decrease monotonously as the temperature de-
creases toward Ty. The temperature behavior of each lattice
parameter above Ty was analyzed in the framework of the
Debye thermal-expansion equation, according to*
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FIG. 2. (Color online) X-ray patterns of EuygY,MnOs re-
corded at 15, 23, and 35 K.
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where the Debye function is defined as

2] T 3 r0p/T x3
U(—D> =9RT<—> f dx. (2)
T op) Jog -1

Here, € is the lattice parameter, €, the lattice parameter at
T=0 K, U stays for the average thermal energy, L, is a pro-
portionality constant, 6, denotes the Debye temperature, and
R is the gas constant. Within the approximation used in this
model, the thermal-expansion coefficient is proportional to
the specific heat C,, and, consequently, the lattice parameter
turns out to be directly proportional to the average thermal
energy U, just as in Eq. (1). The smooth curves in Fig. 3 are
the best fits of Eq. (1) to the experimental data, above the
Néel temperature. All data recorded above Ty are well de-
scribed by Eq. (1). Although the lattice parameters are all of
the same order of magnitude, their mean thermal-expansion
coefficients ({«)) depend on both direction and concentra-
tion. The coefficient () was calculated above Ty, and the
corresponding values are listed in Table II. The anisotropic
character of the samples is again reflected in the differences
of the mean values of the thermal expansion. Among the
three crystallographic directions, the mean value of the ther-
mal expansion is systematically smaller along the b direction
than the other two, which exhibit quite similar values.

TABLE 1. Reliability factors obtained from the final refinement of the atomic positions, for the compo-

sitions x=0, 0.2, and 0.3, at 35 and 50 K.

30 K 50 K
X R, Ryp Ry R¢ R, Ry Ry R¢
0 3.66 4.86 3.67 222 3.68 4.78 3.86 2.50
0.2 1.68 2.54 1.93 1.40 1.78 2.58 2.23 1.58
0.3 1.81 2.60 2.89 1.93 1.62 2.25 2.35 1.60
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FIG. 3. Temperature dependence of a, b, and c lattice parameters and unit-cell volume, for (a) x=0, (b) 0.2, (c) 0.3, and (d) 0.4. The solid
lines represent the best fits of Eq. (1) to the experimental data above 100 K. Insets: expanded view of the temperature dependence of the
lattice parameters, in the temperature range from 5 to 60 K.
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TABLE II. Mean thermal-expansion coefficients ((«)) along the three crystallographic directions, calculated above Ty, for compositions

x=0, 0.2, 0.3, and 0.4, respectively.

X 0 0.2 0.3 04
Parameter a b c a b c a b c a b c
(@)X 1070 K! 5.2 2.6 5.8 5.3 3.8 5.7 4.5 34 4.4 4.1 3.8 4.2

Significant deviations from the high-temperature Debye
behavior are observed below Ty, which are correlated with
the onset of the incommensurate magnetic ordering. The
temperature dependence of the lattice parameters is strongly
dependent on x. The magnetic phase sequence, taking place
at lower temperatures, is revealed by small but distinct
anomalies in the temperature dependence of the lattice pa-
rameters [see insets of Figs. 3(a)-3(d)]. As the Y content
increases from x=0.2 to x=0.4, the anomalies of the lattice
parameters become larger, attaining for x=0.4 variations in
about 0.002 A between Ty and Tapyo [see Fig. 3(d)]. For
this composition, minimum values of the lattice parameters
occur at around T g0, clearly marking the transition from
the incommensurate antiferromagnetic order to the
bc-cycloidal magnetic structure.

The anomalies observed in the temperature dependence of
the lattice parameters across the magnetic phase transitions
confirm the existence of a coupling between spins and lat-
tice, in agreement with the results recently reported in a Ra-
man work on this system.?! The anomalies observed in the
temperature dependence of the lattice parameters are a direct
consequence of the atomic displacements, taking place at the
onset of a new magnetic arrangement, as will be seen in the
following section.

C. MnOyg deformations and spin-lattice coupling

The temperature dependence of Mn-O1, Mn-O21, and
Mn-0O22 bond lengths, and the Mn-O1-Mn bond angle is
depicted in Fig. 4, for the compositions x=0.2, 0.3, and 0.4,
respectively. The temperature dependence of both bond
lengths and bond angle shows significant x dependence, and
their anomalies evidence the magnetic phase sequence at low
temperatures for each investigated x value.

In the 10-80 K temperature range, for each particular
value of x, the Mn-O21 and Mn-O22 bond lengths exhibit
the largest temperature variations, which are similar for both
distances and increase with x. The length variation in both
Mn-021 and Mn-O22 bonds is almost the same. For x=0.2,
the maximum Mn-O2 length variation is about 0.02 A [see
Fig. 4(a)] while, for x=0.4, this value is about 0.08 A [see
Fig. 4(c)]. The change in the Mn-O1 bond length ranges
from 0.01 A (for x=0.2) to 0.04 A (for x=0.4). In a general
way, the temperature dependence of the Mn-O1, Mn-O21,
and Mn-022 bond lengths clearly shows anomalous behavior
both at Ty and Tz, revealed either by changes in slope or
sudden steps. The variations observed at Tppy.3 are consis-
tent with the transition revealed by other experimental tech-
niques at this temperature.>>>* A detailed examination of the
Mn-021 and Mn-0O22 bond lengths as a function of the tem-
perature shows that, except for x=0.2 in the AFM-2 phase,

these two bonds behave almost oppositely; i.e., while one
bond length increases, the other one decreases. Strikingly,
the difference between the Mn-O21 and Mn-O22 bond
lengths increases with increasing x. The larger difference be-
tween the Mn-O21 and Mn-O22 bond lengths occurs for x
=O4 at TAFM-Z'

The temperature dependence of the tilt angle Mn-O1-Mn
also exhibits strong x dependence. For x=0.2, the Mn-
O1-Mn bond angle as a function of the temperature de-
creases as the temperature decreases toward Tapy.o, and it
shows a clear change in slope at Ty. Below Tzpy.0, the Mn-

1.98 Sk WA A S d W i el T T 230
2o fidggt @] |reeml ..y F
= L T 1 4 ;o whe® 4 T
5o [lagh teEE 3 | 1177 J228
5 r H H i H H H ) —
= BRI ] P ; z
194 Lodendinnidbinnnined  Lduduendinnnd 99
o 143 _'"'I""l" s uiiis s I""I"'.‘I""I""I"': . .
Q .") ty # 113 185 X,
ERU N : 1'% %

T AT OO titilaatinelnasleiilialic| 182
IU 20 30 40 SU 60 70 80 10 20 30 40 50 60 70 80
TE) TK)
- 228 .E
(=)
R
1275,
wlud 225
g § {190
2 I ; : 418 Q
3 ‘ 1187 B
g 142 plid bl :m {l{i ll‘ Ly E..l..ul....l....‘ 186 e
U lU 20 30 40 50 60 70 80 O 10 20 30 40 50 60 70 80
TK) T(K)
194 AL i b ki T A M 1 A A L 225
L 103 _{ ﬁ&} © iiiﬂ o0 §
Q2 [ - i H{\{\ 215 S
£192 |0 : i : 4 215 =
= [ h{/ S 1T
PTTT PYTRA FTY PR LTS § OYed FTYra Pre st biatudd 91
— habiaie| bk -iakal il - fbd Lokl bl ””‘"”!':"l "l'i'|""|""|""
S A am g
- S : 5
S ks " : S
RO S | 5
*( L |I aloswalasasley

&

" 192
0102030405060708001020304050607080
T(K) TX)

FIG. 4. Temperature dependence of the Mn-O1, Mn-O21, and
Mn-O22 bond lengths, and Mn-O1-Mn bond angle of (a)
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FIG. 5. (Color online) Mn-O1-Mn bond angle as a function of
the ionic radius of the A-site ion, for the RMnOs, with R=Nd, Sm,
Eu, Gd, and Dy (closed circles), and for EuggY,,MnO; (open
squares).

O1-Mn bond angle increases and reaches a maximum value
at around 7 'zpp.3. Unlikely, for x=0.3, the Mn-O1-Mn bond
angle increases as the temperature decreases, showing a
maximum at Txpp, and changing its slope at Ty. Finally,
for x=0.4, a broad anomaly is observed at Ty. In the incom-
mensurate magnetic phase, the Mn-O1-Mn bond angle de-
creases, reaching an almost constant value at both 7'z, and
Txapms- The amplitude of the Mn-O1-Mn bond angle
anomaly also increases with x, in the 5-80 K temperature
range, varying from 1.5° for x=0.2 up to 4° for x=0.4, which
is a rather large value.

The aforementioned changes in both bond lengths and
bond angle of the MnOg octahedra across the magnetic
phase-transition temperatures, clearly evidence the existence
of a strong coupling between the magnetic order and the
lattice.

We should highlight the importance of this result as it
definitely confirms assumptions forwarded in previously
published works carried out in orthorhombically distorted
rare-earth maganites.®?2-243235 What makes them a very in-
teresting set of materials is the fact that they share a common
GdFeO;—distortion, where the tilt angle of the MnOg octa-
hedra becomes larger when the rare-earth radius decreases.
This behavior is illustrated in Fig. 5 for several undoped
rare-earth manganites and the Eu;_, Y ,MnO; doped system.
As it can be seen from Fig. 5, for undoped rare-earth man-
ganites, as the ionic radius decreases, the Mn-O1-Mn bond
angle decreases almost linearly. However, for the
Eu,_, Y ,MnOj; system, a significant deviation from the linear
behavior observed for undoped manganites is detected. It is
worth noting that a much steeper slope is observed for the
Eu,_, Y MnOj; system. Since the slope of the Mn-O1-Mn
bond angle as a function of x scales with the degree of com-
petition between both the NN ferromagnetic and the NNN
antiferromagnetic exchanges in the basal ab plane, its phase
diagram has then to exhibit very unique features, which dis-
tinguish the Eu;_, Y MnOj; system from the others. Such fea-
tures are apparent out from experimentally mapped phase
diagrams.?>?432 The phase diagram of Eu,_,Y,MnO; has
also been theoretically studied by several authors,%? 12143940
who assumed that the GdFeOj; distortion induces and en-
hances the NNN antiferromagnetic against the NN ferromag-
netic exchanges. Though the Hamiltonian model used can
fairly reproduce the experimental (x,7) phase diagram,3*4° it
is unable to describe the data shown in Fig. 4, as no term
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FIG. 6. (Color online) Temperature dependence of the eigenfre-
quency of the tilt mode of (a) Euy;Y(3MnO; and (b)
Euj Y 4MnO;5. The solid lines represent the best fits of the purely
anharmonic temperature behavior of the eigenfrequency to the ex-
perimental data for 7> 100 K.

involving the coupling between the spins and the elastic ten-
sor components has been considered.

The aforementioned MnQOyg distortions of orthorhombic
Eu;_,Y MnO; compounds clearly evidence the interplay be-
tween spins and lattice, yielding a large magnetoelastic cou-
pling, which actually manifests itself by anomalies in the
temperature behavior of the lattice vibrations. The existence
of spin-phonon coupling has been evidenced from the
anomalous behavior of the eigenfrequency of the symmetric
stretching molecular mode associated with the MnOg
octahedra.2! However, in order to ascertained the actual ef-
fect of the spin ordering on the crystal lattice, we have stud-
ied the temperature behavior of the lattice mode associated
with the rotational A, mode of the MnOg octahedra, which
scales directly with the Mn-O1-Mn bond angle, being the
main order parameter.?! Figure 6 shows the eigenfrequency
of the rotational A, mode of the MnOg octahedra as a func-
tion of temperature for the particular concentrations x=0.3
and 0.4, respectively. The solid lines represent the best fits of
the purely anharmonic temperature behavior of the eigenfre-
quency to the experimental data for 7>100 K.?'*! For x
=0.3 [see Fig. 6(a)], a faint anomaly at Ty is apparent, and a
negative shift of the eigenfrequency from the high-
temperature anharmonic behavior is observed below Tpps-
For x=0.4 [see Fig. 6(b)], well-defined anomalies at Ty and
a positive shift from the high-temperature anharmonic be-
havior are observed at Ty and Tapyo, respectively. The
negative (positive) shifts of the eigenfrequency regarding the
temperature anharmonic behavior have been interpreted as
depending on the relative strength between the ferromagnetic
and antiferromagnetic exchange interactions, associated with
the eigenmode being considered.?' The above-referred shifts
are in good agreement with the weak ferromagnetic character
of the Euj,Y(3MnO;, and with the antiferromagnetic char-
acter of Eug¢Y4MnO;3. The temperature dependence of the
eigenfrequency of the lattice mode provides a clear evidence
for the significant role played by the spin-phonon coupling
mechanism in these materials.

V. CONCLUSIONS

This work provides a detailed experimental study of crys-
tal structure of the orthorhombic Eu;_, Y ,MnO;, with x=0,
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0.2, 0.3, and 0.4, across the magnetic phase transitions oc-
curring at low temperatures. This study evidences the exis-
tence of a marked magnetoelastic coupling revealed by
anomalies observed in lattice parameters at the magnetic
phase transitions, also apparent from the anomalous changes
in both Mn-O bond lengths and Mn-O1-Mn bond angle.
These variations, which are x dependent, yield significant
changes in electronic orbitals hybridization, and conse-
quently, in the exchange interactions between Mn spins. As a
consequence, this system exhibits a rich phase diagram with
very different spin structures and polar properties, according
the yttrium concentration up to x=0.5. Signatures of the lat-
tice deformations across the magnetic phase transitions were
evidenced by anomalies in the temperature dependence of

PHYSICAL REVIEW B 82, 094418 (2010)

the lattice mode involving rotations of the MnOg octahedra.
These anomalies confirm the existence of a notable spin-
phonon coupling in these materials.

Our experimental findings evidence that oxygen displace-
ments are actively involved in the stabilization of the mag-
netic and polar stated; as a consequence a shift of phase
boundaries at (x,7) phase diagram is expected through iso-
topic substitution.
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