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Abstract

ErMnOj; single crystals are studied by polarized first-order and second-order micro-Raman
measurements as a function of temperature and compared to previous hexagonal RMnO3

(R =Y, Ho, Yb) studies. In addition to the resonance effects of the 684 cm™' mode that are
correlated with Mn** d—d electronic transitions, some phonon frequencies show anomalous

temperature variations suggesting a spin—phonon coupling below Ty. The deviation from
standard temperature dependence is discussed within a model accounting for the modulation of

the exchange interaction by phonon vibrations.

1. Introduction

RMnO; (R = rare earth) manganites, characterized by
strongly correlated electrons, crystallize in the Cgv hexagonal
space group for R with small ionic radius (R = Ho to
Lu) and in the D1 orthorhombic space group for R with
larger radius (R = La to Dy) [1, 2]. The structure-
dependent Mn** electronic level crystal field splittings result
in strikingly different physical properties [3, 4]. Colossal
magnetoresistance, double-exchange interactions, charge and
orbital ordering, as well as simultaneous observation of
metallic and ferromagnetic character, have been observed
in doped orthorhombic manganites [5-7]. In contrast, the
hexagonal manganites are poor conductors and ferroelectrics
with relatively high 7, above 500 K [8]. At low temperatures,
their Mn** ion spins (S = 2) are coupled by superexchange
through the in-plane oxygen ions resulting in spin frustration
and an antiferromagnetic arrangement [9-11]. The coexistence
of their ferroelectric and magnetic orderings results in a
multiferroic promising character for innovative devices.

The temperature-dependent Raman studies of orthorhom-
bic RMnOs [12, 13] have reported typical Ay mode frequen-
cies (~290 cm~!: octahedra tilt, ~480 cm~!': Jahn-—Teller
type mode) and By, mode (~610 cm~!: oxygen breath-
ing mode) and have established significant phonon softening
with decreasing temperature below A-type antiferromagnetic
ordering [14]. Such phonon frequency renormalization has
been attributed to spin—phonon coupling via modulation of
the exchange integral [15, 16]. In the hexagonal manganites,
phonons with various frequencies between 100 and 700 cm ™!

0953-8984/08/425219+05$30.00

have been observed. Raman-active phonons of hexagonal
RMnO; (R =Y, Yb, Ho) have been studied [1, 2, 17, 18] and
spin—phonon couplings resulting in marked phonon hardenings
at low temperatures have been observed.

Also, in orthorhombic manganites, the origin of the
Raman-active excitation at ~650 cm~! and its overtones has
been extensively debated. While Saito et al [19] argued
that these excitations are I' point orbiton modes, others
assigned them to mixed orbiton—phonon character [20-22],
multiphonon scattering with dominant roles of the Franck—
Condon mechanism [23] or disorder-induced phonon density
of states bands [24]. In hexagonal HoMnO; [2] and
YMnO; [23, 25], second-order Raman scattering has been
reported in the 800-1400 cm~! range and assigned to phonon
combinations at various points of the Brillouin zone.

The hexagonal manganite ErMnO; is an interesting
multiferroic compound whose dielectric constant exhibits
anomalies at the Mn>* spin frustration and Er’** ferrimagnetic
transition [8, 9]. While spin frustration ordering occurs below
Tx (~80 K) with anisotropic superexchange between Mn>*
and Er’*" ions [10], the reordering of the antiferromagnetic
Mn** and Er** ferrimagnetic sublattices could be triggered
by external magnetic or electric fields [26]. Like YMnOs3
and LuMnO; that undergo antiferromagnetic transitions with
exceptionally large atomic displacements, two orders of
magnitude larger than those seen in any other magnetic
material [27], ErMnOj3 is expected to manifest strong magneto-
elastic coupling below Ty.

In this paper we report a micro-Raman study of ErtMnO;
as a function of temperature. The objective is to compare

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. T < T, crystallographic structure of hexagonal ErMnOj;.
(This figure is in colour only in the electronic version)

the Raman-active phonon behavior with those of HoMnOs3,
YMnO; and YbMnOs3 and to evaluate some parameters of the
phonon spin coupling in generalization of the Granado et al
model [15]. Also, second-order Raman scattering and high
energy Raman-active modes will be analyzed in comparison
with previous studies in various manganites.

2. Experiment

Pure polycrystalline hexagonal ErMnO3 was synthesized by
a solid-state reaction of stoichiometric amounts of Er,Oj
(99.99%) and MnO, (99.99%) and annealed for 24 h at
1120 °C in oxygen atmosphere. Then ErMnOj3 single crystals
were grown by a high temperature solution growth method
using PbF,/PbO/B, 03 flux [2].

Samples were mounted on the cold finger of a micro-
helium Janis cryostat and the Raman spectra were measured in
the backscattering configuration using a Labram-800 Raman
microscope set-up equipped with a liquid-nitrogen-cooled
CCD detector. The exciting laser lines (Aexe = 632.8 nm
or 514.5 nm) were focused through a 50x objective with
intensity less than 2 mW to avoid crystal heating and structure
degradation in manganese oxides [28, 29]. In order to
analyze resonance effects and to confirm the overall crystalline
quality, a macro-Raman spectrometer (RFS-100) with Aexe =
1064.5 nm was also used. With the incident light parallel to
the z axis E; and A; + E, Raman-active modes were detected
in the z(xy)z and z(xx)z configurations, respectively.

3. Discussion

At T < T, = 830 K, the non-centrosymmetric ErMnOj3
space group is P63cm. Its hexagonal unit cell (@ = 6.117 A
and ¢ = 11.456 A [4]) contains six molecular formulas

Intensity (a.u.)

. : v . : : . : : v
100 200 300 400 500 600 700 800
Raman Shift (cm™)

Figure 2. ErMnO; Raman-active phonons as a function of
temperature with Aexciion = 632.8 nm (intensity of the 684 cm™! has
been divided by 6). * indicates plasma lines.

forming tilted MnOs bipyramids with O;, O, and O3, O4
apical and non-equivalent in-plane oxygen ions, respectively.
The erbium ions are located, as shown in figure 1, between
the bipyramid layers. Resonance effects are expected for
excitations close to the Mn>* d—d electronic transitions [3, 30],
and in our experimental configuration, with the incident light
parallel to the z axis, 9 A; and 15 E, Raman-active modes
are predicted by group theory for the I'-point zone-center
irreducible representations [1]:

I' = 10A; + 5A; + 10B; + 5B, + 15E; + 15E,.

In figure 2, ErMnOs A; and E; Raman-active phonons
are shown as a function of temperature. Six A; and
seven E, modes are observed. With decreasing temperature
no additional phonons or major changes in the spectral
symmetries are observed, confirming the absence of structural
phase transitions below Ty ~ 80 K. Even if all phonon
linewidths narrow while their intensities and frequencies
increase, their temperature evolutions differ significantly. For
example, as shown in table 1, between 300 K and 10 K,
frequency shifts vary from 1 cm™! to 14 cm ™' and linewidths
from 0.5 to 7.5 cm™! for the 159 cm™! and 234 cm™! E,
symmetry phonons, respectively. Variations of the A; phonon
frequency shifts are less marked, typically from 2 to 3 cm™!
for the 430 cm™' and 684 cm~' phonons, respectively.
Some phonon intensities increase remarkably below Ty
(e.g. 684 cm™"), indicating polarizability renormalizations.
Resonance effects are also observed when various excitation
laser lines are used (figure 3). In particular, with the laser
excitation = 1.96 eV, close to the Mn’T d-d electronic
transition, additional phonons at 343 and 592 cm™! are
observed. Also the intensity of the 684 cm™' phonon,
which corresponds to the O; and O, apical oxygen stretching
vibrations along the z axis, is strongly enhanced, confirming
the charge transfer ~1.7 eV between filled d,, >_,» and empty
d;.2_,2 orbitals [2, 3, 30]. In table 1, ErMnO3; Raman-
active phonon frequencies for various atomic displacements
are compared to those of YMnO; [1, 17], HoMnOs [2] and
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Table 1. A, and E, Raman-active modes in hexagonal manganites. Phonon bandwidths are indicated in brackets.

ErMnOs3
YMnOs [1]  HoMnOj; [2] (Present work) YbMnOs; [18]

ITonic displacements Mode 300 (K) 300 (K) 300 (K) 10 (K) 15 (K)
z(R) A 148 123 (4.5) 128 (3.5) 121
+z(R) — z(Mn) 257 262 266 (10) 272 (4) 261
x(Mn), z(O3) 297 295 305(8) 313 (4.5)

42(0y4, O3) — z(Mn) 433 427 430 (7.5) 432 (4) 434
+x, y(O1, 0;) — x, y(Mn) 459 463 464(7) 470 (4.5) 467
+2(0y) — z(0y) 681 685 684 (11) 688 (8) 682

x, y(R) E, 135 136 138 (7.5) 1424.3) 139
x, y(R) 159 4) 160 (3.5) 161
+xy(Mn) — xy (O3, Oy4) 215 221 234 (14) 248 (6.5) 253
2(0,, 0y), xy(0y4) 302 295 297 (10) 303 (4) 304
+xy(0y, Oz, O4, O3) — xy(Mn) 343 (12) 346 (3.5)

+xy(04) — xy(Oy, Mn) 442 444 (14) 446 (8.3)

X, ¥(Oy4, O3) 592 (7) 597 (6.2)

E =241eV

‘exitation

E . .,=19%¢eV

‘exitation

Intensity (a.u.)

T
200 300 400 500 600 700 800

Raman Shift {cm”)

Figure 3. ErMnO; Raman-active phonons at 7 = 300 K for
different excitation energies. * indicates plasma lines.

YbMnOs [18]. The frequencies of the A; (123 and 266 cm™!)
phonons corresponding to the rare earth z displacements
decrease as the rare earth masses (my < mpg, < Mg <
myp) increase, in contrast to the E, (138 and 159 cm™)
phonons which also involve rare earth displacements. The A;
(305, 430 and 464 cm™') and E, (234, 297 and 444 cm™')
phonons imply displacements of O>~ and Mn** ions and
reflect the rare earth dependence of the 0> —Mn>" distances
and their corresponding force constants. The A; (684 cm™!)
phonon that modulates the z-axis-oriented polarization has
rather small frequency shifts between room temperature and
10 K (~3 cm™!) while the E; (234 cm™") phonon frequency
that corresponds to displacements of the O3, O4 and Mn** ions
in the xy plane increases by ~14 cm™!.

In figures 4(a)—(c) typical phonon frequency evolutions as
a function of temperature are shown. The frequencies of the
A; (123, 266 and 430 cm™') phonons, which involve ionic
motions along the z axis, increase rather monotonically without
anomalies near and below Ty (figure 4(a)). In contrast such
anomalies are observed for the E; (234, 297 cm™!) phonons
which involve atomic motions in the xy plane (figure 4(b)).

Upon assumption of negligible spin—phonon coupling,
the temperature dependence of a phonon frequency is
mainly governed by the anharmonic decay and in a good
approximation follows the relation [31]

D

w(T):a)o—C[l—i—

where wy and C are adjustable parameters. As illustrated in
figure 4(a), equation (1) fits well the experimental points for
the A; phonons at 123, 266 and 430 cm~!. However, in the
case of strong spin—phonon coupling one expects deviations
from this dependence near and below the magnetic ordering
temperature. Obviously this is the case for the experimental
results presented in figure 4(b) where phonon frequency shifts
should remain constant below 7 = 80 K if only anharmonicity
is considered. In order to account for the effect of the spin—
phonon coupling on the temperature dependence of the phonon
frequency, we follow the approach proposed by Granado
et al [15], assuming that the extra phonon hardening reflects
an additional contribution to the force constants due to the
spin—phonon interaction. Representing the modulation of the
exchange interaction J;; between two manganese ions by the
displacements uj of the kth oxygen ion participating in the o
mode as

AJE =05+ Z AT 2)
the total Hamiltonian becomes
H = Ian + Hsolt)m
Z e )® = ) TS+ S50, (3)
i,j>i
leu—spin H0

spin

with u, being the effective mass of the &« mode, Py the oxygen
ion k momentum and K’ the renormalized force constant:

> VTS - S5,

i,j>i

Kf = K — ()
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Figure 4. (a) ErMnOj; temperature evolution of A; (¢ 123 cm™!;

A 266 cm™'; ® 430 cm™') phonon frequency shifts. Solid lines

correspond to anharmonicity predictions. (b) ErtMnO; temperature

evolution of E, (® 234 cm™'; A 297 cm™') phonon frequency shifts.

Solid and dashed lines correspond to predictions of anharmonicity

and spin—phonon interaction, respectively. (c) ErMnO; temperature

evolution of A; (4 464 cm™'; A 684 cm™!) phonon frequency shifts.

Solid lines correspond to anharmonicity predictions.

that corresponds to the phonon energy renormalization:

1 2
2har D VRIS S)). 5)

Ak i, j>i

(Awg)s—ph = -

Intensity (a.u.)

T T T T T X T
800 900 1000 1100 1200 1300 1400
Raman Shift (cm)

Figure 5. ErMnOj; second-order Raman excitations in the
800-1400 cm™! range. Inset: SmMnO; second-order
excitations [22].

Within this model, the contribution of the spin—phonon
interaction, at T < Ty, to the phonon frequency shift as a
function of temperature is given by

3, M(T)7?
(Awg)s—ph = m—a)avo“ Jry [m} (6)
where M(T) corresponds to the temperature-dependent
magnetization [11]. This expression can be fitted to the
experimental data for the E, (234 cm™') phonon with one
adjustable parameter V2J = 8.5 mRyd A~ and for the E,
(297 ecm~') phonon with V2J = 3.5 mRydA . It is
worth noting here that these two phonons involve motions of
O3 and O4 oxygen atoms within the xy plane. Interestingly,
the A; (464 and 684 cm™!) phonons, which correspond to
O; and O, vibrations, also deviate below 7y from the pure
anharmonicity dependence (see figure 4(c)). The study by
Fiebig et al of the interaction of frustrated magnetic sublattices
in ErMnO3 has concluded that Er-Mn exchange processes
dominate the magnetic properties [10]. Since the O; and
O, ions play a bridging role in the superexchange interaction
between the Mn*" planes and Er** planes a renormalization of
their vibration frequencies by the antiferromagnetic coupling
between the Mn®* planes at 0 and ¢/2 should be expected
below Tx.

ErMnOs; second-order Raman excitations are detected in
the 800400 cm™! range with mainly A; symmetry (figure 5).
Since there is no restriction on individual phonon wavevectors,
such excitations reflect the phonon density with a maximum
around 1280 cm~'. The positions of the main maxima at
~874, 1080, 1117, 1280 and 1368 cm™! are practically the
same as in hexagonal HoMnOs, indicating a strong similarity
between these two compounds’ force constants as compared to
small differences with the orthorhombic manganites in which
second-order Raman excitations are slightly shifted ~960, 989,
1014, 1050, 1133, 1168 and 1307 cm™! (figure 5 inset [22]).
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4. Conclusion

First- and second-order polarized phonon Raman spectra
of ErMnOj single crystals were studied as a function of
temperature. The zone-center vibrations are associated with
ionic motions predicted by lattice dynamics calculations.
Resonance phenomena are observed for the A; (684 cm™')
mode intensity governed by the Mn®* ion electronic orbital
occupancies. The phonon energy shifts as a function of
temperature are analyzed. Below Ty = 80 K, some of
the phonon frequencies exhibit extra hardening deviations
that could not be modeled by anharmonicity alone. The
variations with temperature of the E, (234 and 297 cm™!)
phonon frequencies, which are characterized by ionic locations
and vibrations within the Mn** spin frustration plane,
are successfully fitted using a model for the spin—phonon
interaction based on modulation of the exchange integrals by
ionic vibrations. The temperature dependence of the A; (464
and 684 cm~") phonon frequencies, which are characterized by
the two apical oxygen motions, reflects a complex anisotropic
superexchange interaction between the Mn?* and the Er**
ions. Finally, the second-order Raman excitations are detected
in the 800-1400 cm~' range and compared to orthorhombic
manganite excitations.
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