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Ell ipsomet ri c studies of N dM nO 3 single cr yst als of ort horhom bic sym -
metry were carried out in the spectral range 0 : 5À 5.0 eV . Exp erimental data ,
w hich w ere obtained on the (00 1) p c -typ e planes of pseudo- cubic system, were

analy zed in the mo del of biaxial crystal. For the Ùrst time, three comp onents
" ; " ; " of the e˜ecti ve dielectri c function for manganites of orthorhom-
bic symmetry were determined. From ellipso metric data, the spectra of op-

tical conductivi ty and loss function w ere also calculated and considered.
T he Ùne structure of the spectra and optical anisotropy w as the basis for
discussi on of the microscopic origin of the optical transitions resp onsibl e
for the optical features. T he electronic excitations due to dip ole-forbi dden

spin- all owed transition s of the d À d -typ e in Mn- ions, f À f -typ e in N d- ions
and charge- transf er 2 p (O ) À 3 d (Mn) transition s w ere ta ken into account. T he
data for N dMnO 3 were compared w ith those obtained for other related

undop ed and dop ed single crystals of pero vskite- typ e structure, LaMnO 3 ,
(La Ba)(Mn C o)O 3 and (LaC a)C oO3 .

PAC S numb ers: 71.20. {b, 78.20.C i

1. I n t rod uct io n

Undo ped RMn O (R = La, Nd, Pr) and doped R x A x MnO (A = Ca , Sr,
Ba) manganites have attra cted a lot of attenti on due to thei r colossal m agneto re-
sistance [1]. The double exchange model wa s used to expl ain the ferro magneti sm

corr esp on din g au t h o r; e-m ail : szym h @if pa n. edu. p l
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and m etal l icit y of mangani tes. In order to interpret the colossal magneto resistance,
two addi ti onal m odels were developed, whi ch have ta ken into account the polarons
due to the Jahn{ T eller e˜ect for Mn 3 + ions and the orbi ta l Ûuctua ti ons. In order to
inv estigate the microscopi c mechanism of these phenom ena, the opti cal pro perti es
of m angani tes were studi ed along wi th the magneti c intera cti ons. The studi es of
opti cal response were used to pro be the orbi ta l and spin orderi ng in LaMnO 3 [2],
heavi ly doped Nd 1 À x Srx MnO 3 [3], Pr 1 À x Ca x MnO 3 [4], Bi 1 À x Ca x MnO 3 [5] and
layered m angani te La1= 2Sr = MnO [6]. The orbi ta l correl ati on was found to exi st
far above the NÇeel tem perature in Nd x Srx MnO [3]. The nanoscale phase sep-
arati on was revealed in La : Ca : MnO Ùlm s [7, 8] leadi ng to the texture- dri ven
opti cal ani sotro py of the opti cal response. Studi es of com positi onal and tempera-
ture dependence in La x Cax MnO have also shown [9] tha t short- range charge
orderi ng Ûuctuati ons are anom alously stro ng in m angani tes.

The Ùne structure of opti cal spectra of m anganites wa s also the object of wi de
di scussions. In general , the exci ta ti ons of free and bound electro ns were ta ken into
account. The Drude- term -l ikecontri buti on of free charge carri ers wa s disti ngui shed
in thi n Ùlms of doped m angani tes La : Ca : MnO 7 10 La : Sr : MnO
Nd : Sr : MnO 10 and Pr : Sr : MnO [11] whereas no pro nounced response of
thi s typ e was noti ced even in the m etal -l ik e region for polycrysta l l ine
La = Sr = MnO 12 and La : (Sr : x Cax Mn O 13 sampl es In
Pr = Sr = MnO a spectra l weight was tra nsferred from high- to low- energy photo n
region wi th increase in the D rude- l ike peak as the m agneti c Ùeld was increased up
to 14 T [14]. Sim i lar tem perature and m agneti c Ùeld dependent tra nsfer of the spec-
tra l wei ght was observed in cati on-deÙcient La : Mn : O single crysta l 15

It should be noted tha t the studi es of opti cal reÛectivi ty spectra from cleaved
and pol ished surfaces of La x Srx MnO single crysta ls have shown [16] tha t a
smal l D rude- typ e contri buti on can be due to a deteri orati on of the sam ple surface,
in parti cul ar f or heavi ly doped crysta ls. The spectra l weight of the D rude- l ike peak
increased dra mati cal ly by anneal ing the La x Cax MnO , 0.265) sing le
crysta ls [17].

The exci ta ti on of bound electro ns resul ts in an appearance of more or less
pro nounced opti cal f eatures in the spectra of m anganites. The absorpti on spec-
tra of Pr : Sr : MnO thi n Ùlm s were decom posed into the regions of indi rect
(2 .0{ 2.4 eV) and di rect (3 .2{ 3.5 eV) opti cal tra nsiti ons wi th the energy gaps
varyi ng wi th the gra in size [11]. As a rul e, some di stinct peaks were observed
in the opti cal spectra of m angani tes [1] whi ch were usual ly appro xi m ated by
the Lorentzi an- typ e l ines. The strong peaks were interpreted by charge tra ns-
fer (O) (Mn) and intra conÙgurati onal (Mn ) tra nsiti ons. It shoul d be
noted tha t the microscopic mechanism of the opti cal tra nsiti ons responsible f or the
opti cal features in the spectra of mangani tes is not com pletel y understo od. There-
fore, the opti cal studi es of vari ous m angani tes are of a parti cul ar im porta nce for
reveal ing of general regul ari ti es in thei r electro nic structure.
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In the present work the ell ipsometri c studi es of NdMnO 3 single crysta ls were
carri ed out. For the Ùrst ti m e, al l the com ponents of the e˜ecti ve dielectri c func-
ti on f or m angani tes of ortho rho mbi c sym m etry were determ ined for the sampl es
of distorted pseudo-cubi c perovski te structure. The analysis of the Ùne structure
and opti cal anisotro py of the spectra was the basis for the discussion of the m icro -
scopic ori gin of the opti cal tra nsiti ons responsi ble for the opti cal features. The data
for NdMnO 3 were com pared wi th tho se obta ined for other perovski tes, LaMnO 3 ,
(La Ba)(MnCo )O 3 , and (La Ca)Co O 3 .

2 . E x per i m en t a l

Single crysta ls of NdMnO 3 were grown by electro deposi ti on techni que (f or
deta i ls, see [18] and references therei n). X- ray di ˜ra cti on has shown tha t the sam -
pl es were characteri zed by the space group P bn m of ortho rho mbic sym metry wi th
the latti ce consta nts a = 0 : 5 4 0 5 nm , b nm , nm . The lat-
ter values are close to tho se determ ined previ ousl y [19] for NdMnO . From the
analysis of cati on compositi on [18] i t fol lows tha t 2{ 3% of Mn- sites are occupi ed
by Mn leading to appro xi matel y 1% excess oxygen in NdMnO . The sampl es
possessed natura l (100) - typ e perovski te pseudo-cubi c faces from whi ch the op-
ti cal m easurements were perform ed. As is kno wn [20], in m angani tes the growth
axi s is close to di recti on of the pseudo-cubi c cell .

The structure of NdMnO (Fi g. 1) m ay bevi ewed as the distorted perovski te-
- typ e latti ce composed of Mn{ O polyhedra sharing apical O-atom s. In order to
estim ate the intera to m ic distances in NdMnO , we have used the atom positi ons
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determ ined in [19] and the values of latti ce consta nts for investi gated sam ples.
The Mn{ O octahedro n is com posed of the nearest O ato ms at distances 0.192 and
0.222 nm in the ab pl ane of ortho rho mbic latti ce and two api cal O ato m s along the
c -axi s at 0.193 nm from Mn ato m. The shortest Mn{ Mn distance in the ab plane
is 0.394 nm whi le i t is equal to c=2 = 0 : 3 7 9 nm along the c -axi s wi th the angle
¤ 1 5 6 £ between bonds Mn{ O{ Mn.

The magneti c characteri sti c of ortho rhom bic NdMnO 3 crysta l was obta ined
by measuri ng the tem perature (5{ 300 K) and Ùeld (up to 5 T) dependence tha t
has been determ ined in magneti c Ùeld appl ied along the crysta l lographi c axes
(a ; b; c). At T 78 K a tra nsi ti on associated wi th the orderi ng of the Mn
from paramagneti c state to som eki nd of noncol l inear anti ferromagneti c (AF) state
wa s found in agreement wi th reference data [21, 22]. A stro ng m agneti c ani sotro py
wa s observed wi th the easy -axi s of ferromagneti c com ponent and practi cal ly
isotro pic plane. At K som e tra nsform ati on of AF structure app eared most
pro babl y due to a change of canti ng angle [23]. Bel ow 20 K the evi dence of AF
orderi ng of Nd ions wa s found.

Some other m angani tes were also studi ed in order to com pare the opti -
cal data obta ined for NdMnO . The structure of La MnO sam ples [18], whi ch
have been also grown by the electro depositi on techni que, was simi lar as tha t
for NdMnO . The ortho rho mbic sym metry was found for the space group
and latti ce parameters nm , nm , nm . The
(La Ba Mn Co O single crysta l grown from Ûux mel t [24] was charac-
teri zed by a pseudo-cubi c crysta l structure ( 0 390 nm ) wi th small rho mbohe-
dra l di storti on (space group ) at 300 K. The single crysta l of (La Ca Co O
wa s grown by a Ûoati ng zone techni que and was characteri zed by tri gonal sym me-
try (space group wi th latti ce constants nm , nm in
hexagonal system setti ngs). Twi nni ng structure sim i lar to tha t in La Sr Co O
[20] wa s observed in the investi gated (La Ca )Co O sam ple.

In thi s wo rk the opti cal pro perti es of perovski te- typ e sam ples were con-
sidered in the pseudo-cubi c system. For thi s reason and due addi ti onal possible
inÛuence of twi nning e˜ects [20], the pseudodielectri c functi on appro xi mati on [25]
wa s mostl y used in the interpreta ti on of the opti cal response. In thi s appro xi m a-
ti on the exp erimenta l data were trea ted in the m odel of isotro pic crysta l ta ki ng
into account tha t the m ain contri buti on to the opti cal response cam e f rom the
di electri c functi on tensor pro jecti on onto the intersecti ng l ine between the sampl e
surf ace and plane of l ight inci dence [25]. The opti cal anisotro py in the (100) - typ e
pl anes of pseudo-cubi c perovski te NdMnO sam ple was assumed to characteri ze
the basic features of ortho rho mbic or tri gonal latti ce in the case of (La Ca)Co O .
In the pseudo-cubi c perovski te system ( ) wi th -axi s norm al to the sampl e
surf ace and -axi s in the plane of l ight inci dence, the e˜ecti ve dielectri c functi on
components were determ ined for NdMnO as f or bi axi al crysta l [26]
from the Fresnel coe£ cients f or light polari zed para l lel (p) or perpendicul ar (s) to
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the plane of light inci dence
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where and is the angle of l ight incidence. It
should be noted tha t twi nni ng structure typi cal of the sam ples grown by Ûoati ng
zone techni que [27] was absent in the investigated NdMnO sam ple.

The rati o of the com plex ampl itude reÛection coe£ cients

ta n exp i (3)

where are ell ipsometri c param eters, was determ ined from ell ipsom etri c mea-
surements at 300 K in the spectra l region 0.5{ 5.0 eV. The photom etri c ell ipsometer
[28] wi th rota ti ng analyzer was used and the signal was processed on-l ine by a non-
l inear regression analysis. The experim ents were perf orm ed at .

In the pseudodi electri c functi on appro xi mati on, i ) spectra
were calculated f rom -values (3) :

i
i

i

ta n sin (4)

where -axi s was para l lel to the plane of l ight inci dence.

Fi gure 2 shows the spectra of ell ipsom etri c param eters measured from the
plane of NdMnO sam ple. The spectra indi cate two m ain opti cal f eatures

in the region 1{ 2 and 3{ 4 eV as in the other mangani te- typ e compounds [1]. In
addi ti on to the broad features, a series of narro wer l ines was observed in the region
2{ 3 eV (Fi g. 3). In thi s range the spectra of the com plex pseudodielectri c functi on

were described by the contri buti ons of Lo rentzi an- l ike term s

j

j

j
i j

(5)

where j j , and j i s the ampl itude, energy, and hal fwi dth of -th l ine and
is the contri buti on of other opti cal tra nsi ti ons outsi de the spectra l range under
considerati on. The Ùtti ng pro cedure has shown two strongest l ines at 2.33 and
2.69 eV wi th hal fwi dth 0.16 and 0.23 eV, respecti vely. These l ines were correl ated
to the intra conÙgurati onal tra nsiti ons in Nd ions from the ground state

= to the exci ted states = and = [29]. The - typ etra nsiti ons =

= = , in Er ions were observed in hexagonal m angani te ErMnO [30].
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Fig. 2. Spectral dep endence of ellip sometri c parameters ˆ and Â measured from the

(0 10 ) p c plane of N dMnO 3 sample w ith the z -axis parallel to the plane of light incidence.

Fig. 3. Exp erimental (p oints) and Ùtted by Lorentzian lines (curves) spectra of pseu-

dodiel ectric function determined from ellips ometric measurements on (001) p c plane of

N dMnO 3 sample w ith x -axis in the plane of light incide nce in the region of 4
I 9 = 2 !

4G 7 = 2 ; 2G 9 = 2 transition in N d3 + ions.

The el lipsometri c data ˆ obta ined from the planes and
(100) wi th , and axes, respect ively, al igned paral lel to the pl ane of l ight
inci dence were used to determ ine the e˜ecti ve dielectri c functi on components

f or NdMnO (Fi g. 4) by solvi ng the inverse probl em accordi ng to (1){ (3).
The Ùne structure of experim enta l spectra was Ùtted by the Lorentzi an- typ econtri -
buti ons (5). As is seen from Fi g. 4, three m ain structure s label led are ob-
served. The m ain peak at eV is qui te strong f or al l polari zati ons. The
analogous opti cal feature was observed in La Sr MnO ) [31, 32]
and wa s found to shift to the lower photo n energy at an increase in Sr-content and
increasing the tem perature from 10 to 300 K in Nd Sr MnO [10]. In NdMnO
the energy of the peak depends slightl y on l ight polarizati on and equals to 2.06,
1.9, and 2.36 eV for , and com ponents, respecti vely. The -peak am pl i -
tude is signiÙcantl y lower for -component tho ugh the oscil lato r strength is high
enough indi cati ng tha t the other opti cal tra nsiti ons occur in thi s spectra l range.
A simi lar opti cal ani sotro py was observed in La MnO [2]: the opti cal conducti vi ty
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¥ ( E ) peak at ¤ 2 eV was m ore pronounced for polarizati on e k ab tha n for e k c

for the setti ng of ortho rho mbic axes a; b; c (i n the nota ti ons of space group
). In insul ati ng Sm Sr MnO [33] and Pr Ca MnO [4] the peak,

whi ch was analogous to peak in NdMnO , increased at lowering the tem perature
below the charge-ordered state ( 235 K). A sim i lar tem perature behavi or
wa s observed in doped mangani tes (Nd Sr MnO , (La Nd Sr MnO ,
(Nd Sm Sr MnO ( , 0.75) [33] below the insul ato r{ m etal tra nsi ti on
tem perature tho ugh the Ùne structure was masked by intra band free chargecarri er
tra nsiti ons, whi ch caused the spectra l weight tra nsfer to the Drude- typ e band at
low tem peratures. The peak m ani fests i tsel f as a bum p on the lower-energy side
of a stro nger peak . Peak is better resolved for the -com ponent (Fi g. 4c).

Fi gure 5 shows the spectra of opti cal conducti vi ty and loss functi on
{ Im (1/ calcul ated from pseudodi electri c f uncti on obta ined from ell ipsom etri c
m easurements on the and (100) planes of NdMnO . Num erical -values
at peaks and in NdMnO are close to tho se for (La Sr)MnO [31, 32]. In both
opti cal conducti vi ty and lossfuncti on spectra the opti cal ani sotro py is clearl y seen.
In the opti cal conducti vi ty spectra the and com ponents are qui te close
tho ugh som e di ˜erence occurs at eV. In the loss functi on spectra the -
and -com ponents show simi lar spectra l dependence tho ugh di ˜er in m agnitude.
A stro ng increa se in loss functi on shoul d be noted at eV for -component.
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Fig. 5. Optical conductiv ity (a) and loss function (b) spectra of N dMnO 3 calcula ted

from pseudo dielectric function determined by ellip sometri c measurements from pseu-

docubic planes (010) and (100) w ith axes x ; z , and y , respectively , in the plane of light

inciden ce.

The opti cal ani sotro py is wel l il lustra ted by anisotro py param eter

Â i j =
" 0 0

i À " 00

jq
"

i j

(6)

where
k

i s the -th com ponent of the im aginary part of dielectri c f uncti on. Fi gure 6
presents the i j spectra f or the e˜ecti ve di electri c functi on of NdMnO shown
in Fi g. 4. As is seen, the in-plane opti cal anisotro py x y di ˜ers considerably f rom

x z and y z wi th respect to the -axi s. In the who le spectra l range the opti cal
ani sotro py wi th respect to the -axi s is qui te large tho ugh i t changes the sign at

eV. In a higher photo n energy region x z and y z show sim i lar spectra l
dependence and the in-plane ani sotro py does not depend on the photo n energy.
Ho wever, a t eV the in-plane ani sotro py is signi Ùcant and vari es wi th
photo n energy.

Fi gure 7 presents a com pari son of the dielectri c functi on for NdMnO and
som e other investi gated related perovski te- typ e compounds. As is seen, sim i lar
opti cal features mani fest them selves in al l the spectra tho ugh som e tra nsform a-
ti on shoul d be noti ced. In the low energy region the opti cal response is increased
for doped single crysta ls (La Ca )Co O and (La Ba)(MnCo )O m ost probably due
to enhanced contri buti on of free charge carri ers. Thi s contri buti on m asks the
peaks and . The Ùne structure of pseudodielectri c functi on spectra for
La MnO was qual ita ti vely sim ilar to tha t f or NdMnO . Ho wever, in LaMnO the
opti cal ani sotro py wa s not observed in the ell ipsom etri c spectra obta ined f rom
(100) -typ e pl anes. The analysis of the Ùne structure in of LaMnO re-
vealed the doubl et- typ e structure of peak ( C eV, C eV).
Thus, the spectra in the region of hi gher photo n energy are simi lar for
NdMnO and LaMnO . However, in La MnO the peak occurs at lower energy
( B eV) tha n in NdMnO . The opti cal response m easured from the (111)
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Fig. 6. Sp ectral dependence of anisotropy parameter for the comp onents of e˜ective

dielectri c function in N dMnO 3 .

Fig. 7. Imaginary part of the dielectri c function for investigated p erovskite- typ e single

crystals.

pl ane of La MnO 3 was weaker tha n tha t f rom (010) p c and a lower energy peak at
E A ¤ 0 : 8 eV coul d be disti ngui shed as i t was in the case of NdMnO 3 .

In the spectra of (La Ca)Co O crysta l (Fi g. 7) the peak at 2.5 eV
should be m ost pro bably correl ated to the peak in NdMnO and La MnO in-
di cati ng the shift of charge tra nsfer tra nsiti ons in cobal ti tes and manganites [34].
The bum p at eV in the spectra of (La Ca)Co O is in a good agree-
m ent wi th the low energy peak at eV observed in LaCoO [35]. In addi ti on,
an increase in opti cal response in the investigated doped (La : Ca : CoO sam -
pl e agrees well wi th a sim i lar dependence of the opti cal conducti vi ty spectra in
La x Srx Co O at an increase in Sr-content [35]. It shoul d be noted tha t the opti cal
ani sotro py was weak in inv estigated (La Ca)Co O sampl e m ost probably because
of a twi nni ng structure observed under polari zing m icroscope.
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The observed regul ari ti es in the dielectri c functi on spectra can be interpreted
as fol lows. As in La 1 À x Sr x MnO 3 [31, 32], in NdMnO 3 the peaks B and C can be
attri buted to the charge tra nsfer exci ta ti ons from the O 2 p to the Mn 3 d states,
correspondi ngly to the tra nsi ti ons t 3

2g and , where
is a l igand hole. In the spectra l range 0.5{ 2.5 eV some contri buti on can be also
due to the -typ e tra nsi ti ons in Mn ions. The polari zed intersi te tra nsiti ons of

-electro ns f rom Mn to Mn observed in Pr : Ca : MnO [4] can be im por-
ta nt in NdMnO as wel l . The in-plane opti cal anisotro py observed in NdMnO
(Fi g. 6) can be related to som e charge orderi ng in the system of Mn and Mn
ions. On the basis of experim ental investigati ons of nonl inear opti cal spectro scopy
(second harm onic generati on and Faraday e˜ect), broad bands at 1.7 and 2.7 eV
were assigned to the tra nsiti ons between Mn levels in hexagonal m an-
gani tes YMnO and ErMnO . R ecent theoreti cal calculati ons of the energy level
structure by a cl uster appro xi mati on (MnO -octahedro n) in LaMnO has shown
[36] a great numb er of di pole-al lowed one-electro n charge tra nsfer tra nsi ti ons f rom
oxyg en - , - , -orbi ta ls to - and -states of (Mn) in the spec-
tra l range 2.5{ 11 eV and a series of di pole-forbi dden tra nsiti ons. The lowest energy
di po le-forbi dden tra nsiti on was found at 1.7 eV whi ch was fol lowed by
a weak dipole-al lowed tra nsiti on at 2.5 eV and stro ng di pole-al lowed

tra nsi ti on at 3.5 eV.
Sum mari zing, the regulari ti es in the di electri c functi on spectra of inv esti -

gated related compounds of perovski te-typ e structure have shown, on the one
hand, tha t the higher energy peak depends signiÙcantl y on the tra nsiti on m etal
typ e. A replacement of Mn by Co results in a large shift of the peak to wards lower
photo n energies. On the other hand, the typ e of rare-earth (R E) element inÛuences
m ainly on the low- energy peaks and . A dopi ng of perovski tes substi tuti ng
tri valent RE elements by di valent elements Ca and Ba leads to an increase in
D rude- typ e contri buti on indi cati ng expl ici tl y an increase in free charge carri ers.
The present study has also shown tha t the opti cal anisotro py can pro vi de addi -
ti onal argum ents for the interpreta ti on of opti cal tra nsiti ons in perovski te-typ e
compounds.

The work in W arsaw was partl y supp orted by the Sta te Comm ittee for Scien-
ti Ùc R esearch (Poland) under the pro ject 5P03B01620. The autho rs acknowl edge
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