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Ellipsometric studies of NdMnO3 single crystals of orthorhombic sym-
metry were carried out in the spectral range 0.5—5.0 ¢V. Experimental data,
which were obtained on the (001),c-type planes of pseudo-cubic system, were
analyzed in the model of biaxial crystal. For the first time, three components
€z, €y, €z Of the effective dielectric function for manganites of orthorhom-
bic symmetry were determined. From ellipsometric data, the spectra of op-
tical conductivity and loss function were also calculated and considered.
The fine structure of the spectra and optical anisotropy was the basis for
discussion of the microscopic origin of the optical transitions responsible
for the optical features. The electronic excitations due to dipole-forbidden
spin-allowed transitions of the d—d-type in Mn-ions, f—f-type in Nd-ions
and charge-transfer 2p(O)—3d(Mn) transitions were taken into account. The
data for NdMnOj3; were compared with those obtained for other related
undoped and doped single crystals of perovskite-type structure, LaMnOs,
(LaBa)(MnCo)O3 and (LaCa)CoOs.

PACS numbers: 71.20.-b, 78.20.Ci

1. Introduction

Undoped RMnOs3 (R = La, Nd, Pr) and doped Ri_;A;MnO3s (A = Ca, Sr,
Ba) manganites have attracted a lot of attention due to their colossal magnetore-
sistance [1]. The double exchange model was used to explain the ferromagnetism
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and metallicity of manganites. In order to interpret the colossal magnetoresistance,
two additional models were developed, which have taken into account the polarons
due to the Jahn—Teller effect for Mn3t ions and the orbital fluctuations. In order to
investigate the microscopic mechanism of these phenomena, the optical properties
of manganites were studied along with the magnetic interactions. The studies of
optical response were used to probe the orbital and spin ordering in LaMnOs [2],
heavily doped Ndj_,Sr,MnOs [3], Pri_,Ca,MnO3 [4], Bij_,Ca,MnOs [5] and
layered manganite Laq /9Sr3/2MnOy [6]. The orbital correlation was found to exist
far above the Néel temperature Tty in Nd;_,Sr; MnOs [3]. The nanoscale phase sep-
aration was revealed in Lag 7Cag 3sMnOs films [7, 8] leading to the texture-driven
optical anisotropy of the optical response. Studies of compositional and tempera-
ture dependence in Laj_,Ca,MnOs have also shown [9] that short-range charge
ordering fluctuations are anomalously strong in manganites.

The fine structure of optical spectra of manganites was also the object of wide
discussions. In general, the excitations of free and bound electrons were taken into
account. The Drude-term-like contribution of free charge carriers was distinguished
in thin films of doped manganites Lag7CagsMnQOs [7,10], Lag 7Srg.3sMnOs,
Ndg 7Srg.3sMnOs3 [10] and Prg sSrg 2MnOg [11] whereas no pronounced response of
this type was noticed even in the metal-like region for polycrystalline
La7/gSr1sMnO3z  [12] and  Laj o(Sris—.Ca;)Mn2O7r  [13]  samples. In
Pry/95r1/2MnOs a spectral weight was transferred from high- to low-energy photon
region with increase in the Drude-like peak as the magnetic field was increased up
to 14 T [14]. Similar temperature and magnetic field dependent transfer of the spec-
tral weight was observed in cation-deficient Lag 936Mng 05203 single crystal [15].

It should be noted that the studies of optical reflectivity spectra from cleaved
and polished surfaces of Laj_,Sr,MnQOgs single crystals have shown [16] that a
small Drude-type contribution can be due to a deterioration of the sample surface,
in particular for heavily doped crystals. The spectral weight of the Drude-like peak
increased dramatically by annealing the Lai_,Ca,MnOs (¢ = 0.1, 0.265) single
crystals [17].

The excitation of bound electrons results in an appearance of more or less
pronounced optical features in the spectra of manganites. The absorption spec-
tra of PrgsSrg2MnQOgs thin films were decomposed into the regions of indirect
(2.0-2.4 €V) and direct (3.2-3.5 V) optical transitions with the energy gaps
varying with the grain size [11]. As a rule, some distinct peaks were observed
in the optical spectra of manganites [1] which were usually approximated by
the Lorentzian-type lines. The strong peaks were interpreted by charge trans-
fer 2p(0)—3d(Mn) and intraconfigurational d—d (Mn3*) transitions. It should be
noted that the microscopic mechanism of the optical transitions responsible for the
optical features in the spectra of manganites is not completely understood. There-
fore, the optical studies of various manganites are of a particular importance for
revealing of general regularities in their electronic structure.
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In the present work the ellipsometric studies of NdMnOs3 single crystals were
carried out. For the first time, all the components of the effective dielectric func-
tion for manganites of orthorhombic symmetry were determined for the samples
of distorted pseudo-cubic perovskite structure. The analysis of the fine structure
and optical anisotropy of the spectra was the basis for the discussion of the micro-
scopic origin of the optical transitions responsible for the optical features. The data
for NdMnOgs were compared with those obtained for other perovskites, LaMnQs,
(LaBa)(MnCo)Os, and (LaCa)CoOs.

2. Experimental

Single crystals of NdMnOg were grown by electrodeposition technique (for
details, see [18] and references therein). X-ray diffraction has shown that the sam-
ples were characterized by the space group Pbnm of orthorhombic symmetry with
the lattice constants a = 0.5405 nm, b = 0.5743 nm, ¢ = 0.7566 nm. The lat-
ter values are close to those determined previously [19] for NdMnOs. From the
analysis of cation composition [18] it follows that 2-3% of Mn-sites are occupied
by Mn**t leading to approximately 1% excess oxygen in NdMnQ3 1. The samples
possessed natural (100)pc-type perovskite pseudo-cubic faces from which the op-
tical measurements were performed. As is known [20], in manganites the growth
axis is close to (100)p. direction of the pseudo-cubic cell.

The structure of NdMnOs (Fig. 1) may be viewed as the distorted perovskite-
-type lattice composed of Mn—O polyhedra sharing apical O-atoms. In order to
estimate the interatomic distances in NdMnQOs, we have used the atom positions
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Fig. 1. Structure of orthorhombic NdMnOs (space group Pbnm) as composed by Mn-O
octahedra and viewed along the direction close to a-axis (a) and c-axis (b). The atoms

shown are Mn (small circles) and Nd (larger circles).
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determined in [19] and the values of lattice constants for investigated samples.
The Mn—O octahedron is composed of the nearest O atoms at distances 0.192 and
0.222 nm in the ab plane of orthorhombic lattice and two apical O atoms along the
c-axis at 0.193 nm from Mn atom. The shortest Mn—Mn distance in the ab plane
is 0.394 nm while it is equal to ¢/2 = 0.379 nm along the c-axis with the angle
~ 156° between bonds Mn—-O-Mn.

The magnetic characteristic of orthorhombic NdMnOg crystal was obtained
by measuring the temperature (5-300 K) and field (up to 5 T) dependence that
has been determined in magnetic field applied along the crystallographic axes
(a, b, ¢). At T\ &~ 78 K a transition associated with the ordering of the Mn3+
from paramagnetic state to some kind of noncollinear antiferromagnetic (AF) state
was found in agreement with reference data [21, 22]. A strong magnetic anisotropy
was observed with the easy c-axis of ferromagnetic component and practically
isotropic ab plane. At & 40 K some transformation of AF structure appeared most
probably due to a change of canting angle [23]. Below 20 K the evidence of AF
ordering of Nd3t ions was found.

Some other manganites were also studied in order to compare the opti-
cal data obtained for NdMnOgs. The structure of LaMnOs samples [18], which
have been also grown by the electrodeposition technique, was similar as that
for NdMnQOgs. The orthorhombic symmetry was found for the space group Pbnm
and lattice parameters a = 0.5493 nm, & = 0.5536 nm, ¢ = 0.7821 nm. The
(Lag.7aBag 26)(Mng.sCop 2)Os single crystal grown from flux melt [24] was charac-
terized by a pseudo-cubic crystal structure (ap. = 0.390 nm) with small rhombohe-
dral distortion (space group R3c) at 300 K. The single crystal of (Lag.oCag.1)CoO3
was grown by a floating zone technique and was characterized by trigonal symme-
try (space group R3m with lattice constants @ = 0.54395 nm, ¢ = 1.30953 nm in
hexagonal system settings). Twinning structure similar to that in Laj_;Sr;CoOs3
[20] was observed in the investigated (LaCa)CoOs sample.

In this work the optical properties of perovskite-type samples were con-
sidered in the pseudo-cubic system. For this reason and due additional possible
influence of twinning effects [20], the pseudodielectric function approximation [25]
was mostly used in the interpretation of the optical response. In this approxima-
tion the experimental data were treated in the model of isotropic crystal taking
into account that the main contribution to the optical response came from the
dielectric function tensor projection onto the intersecting line between the sample
surface and plane of light incidence [25]. The optical anisotropy in the (100)pc-type
planes of pseudo-cubic perovskite NdMnQOs sample was assumed to characterize
the basic features of orthorhombic or trigonal lattice in the case of (LaCa)CoOs.
In the pseudo-cubic perovskite system (x, y, z) with ¢-axis normal to the sample
surface and j-axis in the plane of light incidence, the effective dielectric function
components €, €y, £, were determined for NdMnOs as for biaxial crystal [26]
from the Fresnel coefficients for light polarized parallel (p) or perpendicular (s) to
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the plane of light incidence

AFeose— (i) 1)
P — )
VEiy/Ej cosp + (EZ' — sin? go)l/z

cos ¢ — <€k — sin? go)l/z

= 2

T’s =
cos ¢ + <€k —sin? ¢
where @, j, k =z, y, z, 1 # j # k # ¢ and ¢ is the angle of light incidence. It
should be noted that twinning structure typical of the samples grown by floating
zone technique [27] was absent in the investigated NdMnO3s sample.
The ratio p of the complex amplitude reflection coefficients
p )
p= i tan ¥ exp(14), (3)
where ¥, A are ellipsometric parameters, was determined from ellipsometric mea-
surements at 300 K in the spectral region 0.5-5.0 eV. The photometric ellipsometer
[28] with rotating analyzer was used and the signal was processed on-line by a non-
linear regression analysis. The experiments were performed at ¢ = 70°.
In the pseudodielectric function approximation, {¢;) (i = z, y, z) spectra
were calculated from p-values (3):

2
1—p; .
(e;)y = (1 +Z> tan ¢ + 1| sin ¢, (4)

where ?-axis was parallel to the plane of light incidence.

3. Results and discussion

Figure 2 shows the spectra of ellipsometric parameters measured from the
(010)pe plane of NdMnOs sample. The spectra indicate two main optical features
in the region 1-2 and 3-4 eV as in the other manganite-type compounds [1]. In
addition to the broad features, a series of narrower lines was observed in the region
2-3 eV (Fig. 3). In this range the spectra of the complex pseudodielectric function
(¢) were described by the contributions of Lorentzian-like terms

A
e(E) = o+ ZJ: T SiET, 75 BT (5)

where A;, E;, and I is the amplitude, energy, and halfwidth of j-th line and o
is the contribution of other optical transitions outside the spectral range under
consideration. The fitting procedure has shown two strongest lines at 2.33 and
2.69 eV with halfwidth 0.16 and 0.23 eV, respectively. These lines were correlated
to the intraconfigurational f—f transitions in Nd®t ions from the ground state
419/2 to the excited states 4(;7/2 and 2G9/2 [29]. The f— f-type transitions 4115/2 —
4111/2, 419/2, in Ert ions were observed in hexagonal manganite ErtMnQOs3 [30].
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Fig. 2. Spectral dependence of ellipsometric parameters ¥ and A measured from the

(010)pc plane of NdMnOs sample with the z-axis parallel to the plane of light incidence.
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Fig. 3. Experimental (points) and fitted by Lorentzian lines (curves) spectra of pseu-
dodielectric function determined from ellipsometric measurements on (001),. plane of
NdMnOs sample with z-axis in the plane of light incidence in the region of 419/2 —

4G7/2, 2G9/2 transition in Nd®T ions.

The ellipsometric data W(E), A(E) obtained from the planes (010)p. and
(100)pc with z, z, and y axes, respectively, aligned parallel to the plane of light
incidence were used to determine the effective dielectric function components
o, €y, €, for NdMnOs (Fig. 4) by solving the inverse problem according to (1)—(3).
The fine structure of experimental spectra was fitted by the Lorentzian-type contri-
butions (5). As is seen from Fig. 4, three main structures labelled 4, B, C are ob-
served. The main peak C' at E¢ = 3.67 eV is quite strong for all polarizations. The
analogous optical feature was observed in Lai_,SroMnOs (0 < z < 0.3) [31, 32]
and was found to shift to the lower photon energy at an increase in Sr-content and
increasing the temperature from 10 to 300 K in Ndg 7Srg sMnQOg [10]. In NdMnO3
the energy of the peak B depends slightly on light polarization and equals to 2.06,
1.9, and 2.36 eV for ¢, ¢y, and ¢, components, respectively. The B-peak ampli-
tude is significantly lower for €,-component though the oscillator strength is high
enough indicating that the other optical transitions occur in this spectral range.
A similar optical anisotropy was observed in LaMnOs [2]: the optical conductivity
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o(F) peak at & 2 €V was more pronounced for polarization e || ab than for e || ¢
for the setting of orthorhombic axes a, b, ¢ (in the notations of space group
Pbnm). In insulating Smg eSroaMnOs [33] and PrgeCag4MnOsz [4] the peak,
which was analogous to peak B in NdMnOs3, increased at lowering the temperature
below the charge-ordered state (Ico = 235 K). A similar temperature behavior
was observed in doped manganites (Ndg.5Sr0.5)MnOs, (Lao sNdo 5)0.65r0.4aMnOs,
(Nd1_2Smg)0.65r0.4aMnOs (¢ = 0.5,0.75) [33] below the insulator—metal transition
temperature though the fine structure was masked by intraband free charge carrier
transitions, which caused the spectral weight transfer to the Drude-type band at
low temperatures. The peak A manifests itself as a bump on the lower-energy side
of a stronger peak B. Peak A is better resolved for the €,-component (Fig. 4c).

Im(z,)

2

5
E, eV

Fig. 4. Experimental (points) and fitted by Lorentzian lines (curves) spectra of the

effective dielectric function components ¢, (a), €4 (b), €. (¢) for NdMnOs.

Figure 5 shows the spectra of optical conductivity {(¢)(E) and loss function
—Im(1/{¢)) calculated from pseudodielectric function obtained from ellipsometric
measurements on the (010)pc and (100)pe planes of NdMnOgs. Numerical o-values
at peaks B and €' in NdMnOs are close to those for (LaSr)MnOsz [31, 32]. In both
optical conductivity and loss function spectra the optical anisotropy 1s clearly seen.
In the optical conductivity spectra the (), and {5}, components are quite close
though some difference occurs at £ < 1.7 eV. In the loss function spectra the z-
and y-components show similar spectral dependence though differ in magnitude.
A strong increase in loss function should be noted at E < 1 eV for z-component.
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Fig. 5. Optical conductivity (a) and loss function (b) spectra of NdMnOs calculated
from pseudodielectric function determined by ellipsometric measurements from pseu-
docubic planes (010) and (100) with axes &, z, and y, respectively, in the plane of light

incidence.

The optical anisotropy is well illustrated by anisotropy parameter

€ € 1

= (6)
2 2
62/ + Eé»/

where €/ is the k-th component of the imaginary part of dielectric function. Figure 6

"_

Aij =

presents the A;;(F) spectra for the effective dielectric function of NdMnOgs shown
in Fig. 4. As is seen, the in-plane optical anisotropy A, differs considerably from
Ay, and Ay, with respect to the z-axis. In the whole spectral range the optical
anisotropy with respect to the z-axis is quite large though it changes the sign at
E =~ 2 eV. In a higher photon energy region A,, and A, show similar spectral
dependence and the in-plane anisotropy does not depend on the photon energy.
However, at £/ < 1.7 eV the in-plane anisotropy is significant and varies with
photon energy.

Figure 7 presents a comparison of the dielectric function for NdMnQOs and
some other investigated related perovskite-type compounds. As is seen, similar
optical features manifest themselves in all the spectra though some transforma-
tion should be noticed. In the low energy region the optical response is increased
for doped single crystals (LaCa)CoOs and (LaBa)(MnCo)Os most probably due
to enhanced contribution of free charge carriers. This contribution masks the
peaks A and B. The fine structure of pseudodielectric function (£) spectra for
LaMnO3s was qualitatively similar to that for NdMnOgs. However, in LaMnQO3 the
optical anisotropy was not observed in the ellipsometric spectra obtained from
(100)pe-type planes. The analysis of the fine structure in {€}(E) of LaMnOs3 re-
vealed the doublet-type structure of peak C' (Ec1 = 3.72 €V, Eca = 4.54 V).
Thus, the ()(F) spectra in the region of higher photon energy are similar for
NdMnOs and LaMnOs. However, in LaMnOgs the peak B occurs at lower energy
(Ep = 1.47 eV) than in NdMnOs. The optical response measured from the (111)pc
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Fig. 6. Spectral dependence of anisotropy parameter for the components of effective

dielectric function in NdMnOs.
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Fig. 7. Imaginary part of the dielectric function for investigated perovskite-type single

crystals.

plane of LaMnO3s was weaker than that from (010),. and a lower energy peak at
E4 =~ 0.8 eV could be distinguished as it was in the case of NdMnOs.

In the {¢)(E) spectra of (LaCa)CoOs crystal (Fig. 7) the peak at 2.5 eV
should be most probably correlated to the peak €' in NdMnOgz and LaMnOs in-
dicating the shift of charge transfer transitions in cobaltites and manganites [34].
The bump at & 1.4 eV in the {¢)(E) spectra of (LaCa)CoOs3 is in a good agree-
ment with the low energy peak at &~ 1.3 eV observed in LaCoOs3 [35]. In addition,
an increase 1n optical response in the investigated doped (Lao.gCao.l)CoO;), sam-
ple agrees well with a similar dependence of the optical conductivity spectra in
Laj_;Sr; CoOs at an increase in Sr-content [35]. It should be noted that the optical
anisotropy was weak in investigated (LaCa)CoOs sample most probably because
of a twinning structure observed under polarizing microscope.
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The observed regularities in the dielectric function spectra can be interpreted
as follows. As in Laj_;Sr,MnO3 [31, 32], in NdMnOs the peaks B and C' can be
attributed to the charge transfer excitations from the O 2p to the Mn 3d states,
3eee — t3gezl and t3,ep — 3.l L, where L
is a ligand hole. In the spectral range 0.5-2.5 eV some contribution can be also

correspondingly to the transitions ¢

due to the d—d-type transitions in Mn ions. The polarized intersite transitions of
d-electrons from Mn?T to Mn*t observed in Prg¢Cag 4MnOs [4] can be impor-
tant in NdMnO3s as well. The in-plane optical anisotropy observed in NdMnOs3
(Fig. 6) can be related to some charge ordering in the system of Mn®+ and Mn*+
ions. On the basis of experimental investigations of nonlinear optical spectroscopy
(second harmonic generation and Faraday effect), broad bands at 1.7 and 2.7 eV
were assigned to the d—d transitions between Mn3t levels in hexagonal man-
ganites YMnOs and ErMnOs. Recent theoretical calculations of the energy level
structure by a cluster approximation (MnOg-octahedron) in LaMnQOsz has shown
[36] a great number of dipole-allowed one-electron charge transfer transitions from
oxygen t1y(0)-, t1u(m)-, tay(m)-orbitals to eg- and tag-states of 3d (Mn) in the spec-
tral range 2.5-11 eV and a series of dipole-forbidden transitions. The lowest energy
dipole-forbidden transition ¢14(7) — ez was found at 1.7 eV which was followed by
a weak dipole-allowed transition tay(7) — eg at 2.5 eV and strong dipole-allowed
t1u(m) — ey transition at 3.5 eV.

Summarizing, the regularities in the dielectric function spectra of investi-
gated related compounds of perovskite-type structure have shown, on the one
hand, that the higher energy peak C' depends significantly on the transition metal
type. A replacement of Mn by Co results in a large shift of the peak towards lower
photon energies. On the other hand, the type of rare-earth (RE) element influences
mainly on the low-energy peaks A and B. A doping of perovskites substituting
trivalent RE elements by divalent elements Ca and Ba leads to an increase in
Drude-type contribution indicating explicitly an increase in free charge carriers.
The present study has also shown that the optical anisotropy can provide addi-
tional arguments for the interpretation of optical transitions in perovskite-type
compounds.
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