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Raman study of phonons in CaMn;0O,: Effects of structural modulation and structural transition
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Polarized Raman spectra of oriented CaMn;O, single crystals have been studied in a broad temperature range
(5-500 K) covering the crystallographic, ferroelectric, and magnetic transitions. From the spectra obtained at
room temperature (RT) 10 out of the total 12 Raman active 6A, + 6 E, modes of the trigonal R3 phase have been
identified and assigned to definite atomic motions in close comparison to results of lattice-dynamics modeling.
With the decrease in temperature below 250 K some Raman bands split, and additional spectral features, not
expected for the R3 structure, arise well above the magnetic transitions near 90 and 50 K. Their appearance,
however, correlates with the transformation due to incommensurate structural modulation revealed by recent x-ray
and neutron-diffraction studies. As temperature increases above RT the intensity of the Raman lines strongly
decreases, and entering the high-temperature /m3 phase the spectrum transforms its shape to that expected for a

structure with disordered Jahn-Teller distortions.
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I. INTRODUCTION

CaMn; O, attracts considerable interest due to its complex
magnetic structure and observation of strong multiferroic
effects [1-6]. The high-temperature phase of CaMn;O, (T >
450 K) is cubic Im3, but below a mixed phase region (400 <
T < 450 K), the structure becomes rhombohedral R3 with
three nonequivalent Mn sites, occupied by either Mn** or
Mn** cations [1]. Temperature-dependent x-ray and neutron-
diffraction experiments have revealed a further appearance
of structural modulation below 200 K and related magnetic
modulation below 90 K [7-9]. Most papers on this material are
on its magnetic and multiferroic properties, with the exception
of an early preliminary report [10] on the IR absorption
between 90 and 623 K. Here we present results of a detailed
Raman study of oriented single crystals of CaMn;0;, between
5and 500 K. Atroom temperature (RT) ten of the twelve 6A, +
6 E, Raman-allowed modes have been observed, identified by
symmetry and assigned to definite atomic motions in close
comparison with results of lattice-dynamics modeling. With
the decrease in temperature below 200 K, a number of new
spectral features appear. Their origin and specific behavior are
discussed accounting for expected effects of structural modu-
lation on the phonon band structure and activation of otherwise
Raman-forbidden phonon modes. On the other hand, with
increasing temperature between 300 and 400 K, the Raman
spectra decrease in intensity and above the R3-Im3 transition
change their shapes to that expected for a strongly disordered
and conducting material. These transformations are discussed
in terms of Jahn-Teller (JT) disorder and valence exchange.

II. CRYSTAL GROWTH, EXPERIMENTAL DETAILS, AND
DENSITY FUNCTIONAL THEORY MODELING

CaMn;0, single crystals were grown by the high-
temperature solution growth method in pure platinum
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crucibles. CaCl, (anhydrous) was used as flux. The ratio
(in weight percents) between the preliminary sintered single
phase CaMn;0;, powder and the flux was 1:2. The starting
mixture was heated in air through 12 h up to 1000°C,
after that was homogenized for 48 h. The CaMn;0,, crystal
growth was accomplished during the cooling of the molten
mixture in the temperature range from 1000°C to 770°C
(cooling speed of 1°C/h). The cooling speed in the in-
terval of 770 °C—room temperature was kept at 100 °C/h.
The CaMn;O, crystallized on the walls and the bottom
of the platinum crucible in the form of cubes of typical
edge dimensions of 200-300 um. The single crystals of
CaMn;0,, were separated from flux after boiling in acetic
acid.

The single-crystal data were collected on an Agilent
Diffraction = SuperNovaDual four-circle diffractometer
equipped with an Atlas CCD detector using mirror-
monochromatized MoK radiation from a microfocus source
(A =0.7107 A). Data collection at RT and low temperature
(LT) were performed using the same crystal sample. During
the LT experiments the sample was kept at 150 and 85 K with
an Oxford Instruments Cobra controller device and a nitrogen
atmosphere. The determination of cell parameters, data
integration, scaling, and absorption corrections were carried
out using the CRYSALIS PRO program package [11]. The crystal
structure was solved by direct methods using SHELXS-97 and
was refined by the full matrix least-squares procedure on F>
with SHELXL-97 [12]. It was observed that the crystal structures
remain rhombohedral R3 (No. 148) with a hexagonal unit
cell and the LT conditions cause small variations in the
unit-cell parameters: RT, a = 10.4319(9), ¢ = 6.3846(8) A,
LT (150 K), a = 10.421(2), c = 6.371(3) A; LT (85 K),
a = 10.4207(16), ¢ = 6.371(3) A.

The rhombohedral and hexagonal unit cells of the R3
structure and the cubic unit cell of the high-temperature cubic
Im3 phase are shown in Fig. 1. The natural pseudocubic
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FIG. 1. (Color online) Hexagonal (black) and primitive rhombo-
hedral (red) cells of CaMn;O,, (space group No. 148 R3). The unit
cell of the high-temperature cubic phase (space group No. 204 Im3)
corresponding also to the pseudocubic structure is shown in blue.

surfaces of the crystals used in the Raman experiments appear
parallel to the {001} surfaces of the /m3 cell.

The Raman spectra were collected under a microscope with
633-, 515-, or 488-nm excitation using a T64000 (Horiba
Jobin-Yvon) spectrometer. In low-temperature measurements
the samples were cooled in an Oxford Microstat™™® cryostat
whereas for high-temperature measurements a Linkam FIR600
heating stage was used.

The lattice-dynamics calculations (LDCs) were performed
within the generalized-gradient approximation of the den-
sity functional perturbation theory with the Perdew-Burke-
Ernzerhof exchange-correlation functional, plane-wave basis,
and norm-conserved pseudopotentials, as implemented in the
QUANTUM EXPRESSO (QE) suite [13]. The electronic band
structure, related properties, and LDC were calculated with the
self-consistent field (SCF) method with a 70-Ry kinetic-energy
cutoff for the plane waves, 280-Ry charge density cutoff,
SCF tolerance better than 10~7, and phonon SCF threshold
of 107'2. The crystal structure optimization of CaMn;0,,
turns out to be particularly important for yielding LDC phonon
frequencies deviating less than 5% from the experimental ones.
As seen in Table I, the oxygen atoms occupy sites with 18 f
Wyckoff symmetry, which imposes no constraints on the value
of oxygen fractional coordinates. This allows multiple oxygen
configurations having crystal energy local minima. Many of
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TABLE 1. Wyckoff position and site symmetry of the atoms in
the hexagonal unit cell of rhombohedral CaMn;O,,. The irreducible
representations of the I'-point phonon modes are I'py = 64, +
6E, + 14A, + 14E,. Raman-active modes: 64, + 6E,; IR active
modes: 13A, + 13E,; acoustic modes 14, + 1E,.2

Atom Wyckoff Site Irreducible
notation symmetry representations

Ca 3a Se A, +E,

Mnl 9e C; 3A, +3E,

Mn2 9d C; 3A, +3E,

Mn3 3b Se A, + E,

O1 18f Ci 3A, +3A, +3E, +3E,
02 18f C 3A, +3A,+3E, +3E,

these configurations, however, give large deviations in the LDC
phonon frequencies. The best LDC results are obtained when
the structural optimization is first performed on a fully relaxed
lattice in hexagonal representation and then LDC is performed
on the corresponding rhombohedral unit cell. Two types of
LDC were performed. The non-spin-polarized LDC presented
in this paper corresponds to the crystal in the paramagnetic
(PM) state. The spin-polarized LDC in which the spins of
Mn3 and Mn1 are in the same direction and opposite that of
Mn2 represents our best approximation to the low-temperature
spiral antiferromagnetic phase of CaMn;0;,. We were not
able to reproduce the magnetic-moment arrangement given in
Ref. [5] because the QE code lacks full relativistic pseudopo-
tentials for Mn needed for including the spin-orbit interactions
in the calculations. We refer further to this electronic spin
configuration in of CaMn;0, as a pseudoantiferromagnetic
(pAFM) state.

III. RESULTS AND DISCUSSION

A. Room-temperature spectra

The room-temperature spectra were obtained from the qua-
sicubic (001). natural crystal surface with xx, xy, x'x’, and
x'y’ scattering configurations (x || [100]., y || [010]., x" ||
[110]., and y’ || [110].). In these notations the first letter
stands for the polarization direction of the incident radiation,

TABLE II. Polarization selection rules for the A, and E, modes
in Raman spectra obtained from a pseudocubic (001) plane. The
notations x, y, x’,and y’, respectively, correspond to the [100], [010],
[110], and [110] quasicubic directions as x’ is parallel to the X of the
orthogonal XY Z coordinate system.

Ag Eg
XX =yy 5Qa + b)? e+ V2 + 2(d + V2e)?
xy 5(=a+by §(V2f =20 + §(V2e — 247
x'x’' a? ct+d?
y'y' Ha+2by? 1QV2f — o) + §(2V2e — a)?
x'y’ 0 %(ﬁe +d)?+ %(ﬁf +c)?
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FIG. 2. (Color online) Raman spectra of CaMn;0;, with an
x'x',y'y’, and xy’ scattering configuration. The A, spectrum
obtained by subtracting x"y’ from the y’y’ spectrum is also shown.

the second one—for the polarization of the scattered light.
From symmetry configurations [14,15] one expects for the R3
structure of CaMn;0y, 12(6A, + 6E,) Raman-active modes
(Table I). The corresponding Raman tensors are given in the
orthogonal coordinate system XY Z related to the hexagonal
unit cell through X || apey || [110]. and Z || cpex || [111],.

The polarization selection rules for the Raman spectra
from a quasicubic (001), plane are given in Table II. The
assignment of observed Raman lines to modes of A, or E,
can be performed by comparison of the x’y" and x’x’ spectra.
Although only E, modes are allowed with x'y’, both A,
and E, are allowed with x'x’, y'y’, xx, and yy scattering
configurations.

Figure 2 shows the x'x’, y’y’, and x’y’ spectra of CaMn; 0,
as obtained with 633-nm excitation at room temperature.
All six Raman-allowed modes of E, symmetry are readily
identified from the x’y’ spectra at 179, 306, 390, 497, 597,
and 646 cm~!. The lines at 211, 428, 474, and 612 cm™! are
observed only in the x’x” and y’y’ spectra and are clearly
of A, symmetry. A comparison of experimentally observed
frequencies with those predicted by lattice-dynamics modeling
are given in Table III.

TABLE III. Comparison of experimentally observed and LDC-
predicted frequencies (in cm™') for the A, and E, modes in
CaMn7012.

LDC
Mode Expt. PM

LDC Mode Expt. LDC
pAFM PM

LDC
pAFM

A 211 211 215
A (2) 428 439 443
A(3) 474 457 458
A (4) 533 501
A (5) 597 604
A 6) 612 618 622

E/) 179 176 211
E,2) 306 295 327
E,3) 390 349 404
E,4) 497 506 503
E/5) 597 603 606
E,6) 646 652 670
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FIG. 3. Temperature-dependent x'x’ (A, + E,) and x'y’ (E,)
spectra of CaMn;O, between 5 and 298 K as obtained with 633-nm
excitation.

B. Low-temperature spectra

In Fig. 3 are shown the variations in the Raman spectra of
CaMn;O,, with lowering the temperature from 298 to 5 K. As
expected the Raman bands become narrower and shift towards
higher wave numbers, but no detectable anomalies directly
related to the magnetic transition at Ty ~ 90 K are observed.
What distinguishes this temperature behavior from that of
other perovskitelike manganites, however, is the appearance
below 200 K of additional weak spectral bands of A, or
E, symmetry, thus significantly exceeding the number of
Raman-allowed modes of the R3 phase. These new spectral
features are indicated by asterisks in Fig. 4 where the x'x” and
x'y’ spectra obtained with 633-, 515-, and 488-nm excitation
at room (298 K) and low (8 K) temperatures are compared.

The appearance of new additional Raman modes coincides
with the structural transformation resulting in incommensurate
modulation of the atomic positions as evidenced by the detailed
x-ray and neutron-diffraction experiments of Slawinski and
co-workers [7-9]. Following their latest findings, unlike its
parent R3 structure, the symmetry of the superstructure due
to modulation becomes R3 thus all I"-point phonon modes
become both Raman and infrared active. We can further
speculate that due to the larger unit cell of the modulated
structure some otherwise out-of-center phonon modes become
Raman active. Except for the obvious correlation between
structural modulation and new Raman band appearance,
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FIG. 4. (Color online) Comparison of the x'x" (A, + E,) and
x'y" (E,) spectra obtained at 298 and 8 K with 633-, 515-, and 488-nm
excitations. The additional spectral features in the 8-K spectra are
indicated by asterisks.

however, it would be premature at this stage to make firm
conclusions about their origins.

C. Effects of high-temperature trigonal-to-cubic transition

With increasing the temperature above 400 K CaMn;0O,
enters a state of coexisting R3 and Im3 domains [16]. Above
440 K the structure is cubic, described by the Im3 space
group [10,16]. The description of the crystal symmetry by
the Im3 space group presupposes two basic assumptions:
First, on the perovskite B position (here 8c) the mixture of
nominally Mn** and Mn** ions is described by an averaged
jon Mn(B)>?* [assuming that the valence of the Mn(A)
ions at the perovskite A positions (here 6b) is exactly 3+,
(see Table IV)]; second, the six Mn(B)-O bonds are equal.
In other words, in the cubic /m3 one may expect either
lack of ordering of JT octahedral distortions (i.e., they are
frozen, but disordered, as in the rhombohedral R3¢ insulating
phase of LaMnOs3) [17] or strong depression of the averaged
JT distortion of Mn3t Qg octahedra (the difference between

TABLE IV. Wyckoff position of the atoms in the unit cell
of the high-temperature phase CaMn;0,, (I m3, No. 204, Z = 2).
The irreducible representations of the I'-point phonon modes
are I'po = 24, +2A, + 2E, + 2E, + 4F, + 12F,. Raman-active
modes: 2A, + 2E, + 4F,; IR active modes: 11F,; acoustic modes
1F,; silent modes: 2A, + 2E, (Refs. [14,15]).

Wyckoff Site Irreducible
Atom notation Symmetry representations
Ca 2a Ty F,
Mn(A) 6b Dy, 3F,
MH(B) 8¢ S6 Au + Eu + 3Fu
0] 24g C; 24, +2E, +4F, + A, + E, + 5F,
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the lengths of the different Mn-O bonds) due to very fast
electron transfer between Mn** and Mn** ions (as in the
low-T metallic phase of Lajy7Cap3MnQO;) [18]. The transport
property studies [10,19] do show a resistivity drop of more than
one order of magnitude at 440 K. However, both in low- and
in high-temperature phases the electrical resistivity log,, p
decreases linearly as temperature increases, which is typical
for semiconductors.

Raman spectroscopy is sensitive to the type of structural
changes and can distinguish which kind of scenario takes place
in the case of CaMn;O,. In the case of frozen disordered
JT distortions (resulting in disordered oxygen sublattice) one
expects activation of out-of-center phonon modes of mainly
oxygen phonon branches, and the Raman spectrum will be
dominated by broad bands roughly representing the smeared
phonon density of states. In contrast, the transition to a metal
state with strongly reduced JT distortions should result in a
decrease in the phonon density-of-states band intensity while
some zone-center modes may be observable. This problem
is discussed in more detail in the example of mixed-valence
manganites in Ref. [20]

The temperature dependence of the Raman spectra near
the high-temperature structural transition is shown in Fig. 5.
With increasing temperature in the rhombohedral phase the
intensity of all lines strongly decreases. Above the R3 =
Im3 transition all lines except these near 427 cm’l(Ag) and
600 cm~!(E,) disappear. The changes are qualitatively the
same as those observed near the structural phase transition be-
tween the low-temperature charge- and orbital-ordered phases
and the high-temperature disordered phase of Lay sCag sMnO3
(there near 150 K) [21]. The intensity of the phonon

X' (4 +E ) g TK
€ o 300K
633 nm 8 350 K
400K

o
3 450 K

Intensity

500 K
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200 300 400 500 600 700
Raman shift (cm™)

FIG. 5. (Color online) Variations between 300 and 500 K of the
Raman spectra of CaMn;0O,.
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FIG. 6. (Color online) Eigenvectors corresponding to the A,
mode near 430 cm ™! seen in the left figure along the [111], |[111]momb
direction. In the cubic /m3 phase Mn2 and Mn3 are equivalent.

density-of-states-like background in our case, however, is quite
low, which is consistent with reduced dynamical Jahn-Teller
distortions in the more conductive /m3 phase due to enhanced

Mn** = Mn*" valence exchange.

In the high-temperature /m3 phase of CaMn;O, (as in its
low-temperature phase) only the oxygen ions participate in
the Raman-active modes: 24, 4+ 2E, + 4F, (see Table 1V).
Comparing the R3 and Im3 structures one finds correlation
between their Raman-active modes, namely, the four F,
modes of the cubic phase split into four A,-E, pairs in the
rhombohedral phase. Taking into account that the rhombo-
hedral deformation is small (¢pomp = 90.4°), the frequency
splitting between the modes of each pair should be small.
Each A,-E, pair of lines must merge to one F, line in the
high-T' phase. Due to the fact that their intensity quickly
decreases as the temperature increases, only two of these
pairs can be determined: A, (612 cm™!),E, (597 cm™!) and
Ag (474 cm™Y), E, (497 cm ™).

D. A, soft mode

We will speculate now about the origin of the A, line
near 430 cm™!, still observed in the Raman spectra of the
high-temperature phase. The Im3 phase can be described
using the Glazer notations, classifying the octahedral tilting
in perovskites [22] as (atata™), i.e., the Mn(B)Og octahedra
are rotated as rigid units around the perovskite body diagonal
[111]. In rotationally tilted perovskites, depending on the
type of the tilting, one or two modes (the so-called soft
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modes) have the shape of the static tilt. The dependence
of the frequency of the soft mode(s) on the tilt angle is
simple proportionality and for manganites the proportionality
coefficient is 22.8 cm~! /deg [23]. In the Im3 phase there is
one mode of this type, and it is of A, symmetry (librational
vibration or rigid Mn(B)Og around the [111] axis). Using the
structural data from Ref. [19], the octahedral tilting angle in
the cubic CaMn; Oy, is quite large (23.8°). It is not clear if the
proportionality dependence derived in Ref. [23] can still be
used for such large angles and whether the approximation is
valid for having two types of ions of different valences (Ca>*
and Mn*") at the A positions. The predicted frequency is
quite high —543 cm™!, but in any case the expected frequency
should be above 400 cm~!. Based on the fact that the line
near 430 cm™! in the spectra of CaMn;0;, remains of A,
symmetry in the /m3 phase as well as the lattice-dynamical
modeling confirms (see Fig. 6) that it corresponds to Mn(B)Og
rotations around the [111] cubic diagonal, we can with great
certainty assign it to the A, soft mode.

IV. CONCLUSIONS

In conclusion, this paper reports on the polarized Raman
spectra of CaMn;0O, in a broad temperature range covering
the crystallographic, ferroelectric, and magnetic transitions.
Ten out of the total twelve Raman active 64, 4+ 6E, modes
of the trigonal R3 phase have been identified and have been
assigned to definite atomic motions in close comparison
to results of lattice-dynamics modeling. With the decrease
in the temperature below 250 K some Raman bands split,
and additional spectral features, not expected for the R3
structure, arise well above the magnetic transitions near 90
and 50 K. Their appearance correlates with the imposition
of incommensurate structural modulation revealed by recent
x-ray and neutron-diffraction studies. As temperature in-
creases above RT the intensity of the Raman lines strongly
decreases and entering the high-temperature /m3 phase the
spectrum transforms its shape to that expected for a conducting
state with disordered and strongly suppressed Jahn-Teller
distortions.
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