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Magnetization-dependent behaviors of interband transitions between the exchange-split bands
in doped manganite films
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Nagoya 464-01, Japan
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The temperature dependence of absorption spectra for thin films of double-exchange ferromagnet
R0.6Sr0.4MnO3 has been investigated with variation of the one-electron bandwidthW. With decreasing tem-
perature, which corresponds to the increase of the magnetizationM , a large amount of spectral weight transfers
from the high- (;3 eV! to low- (<1 eV! energy region. We ascribe these transitions to the interband transition
between the bands split by the on-site exchange interactionJ and the intraband transition within the lower
band, respectively. This suggests that optical excitations in the visible region strongly couple with local spin
alignments in these doped manganites.@S0163-1829~97!01733-5#
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The conducting ferromagnetic state in the hole-dop
manganese oxides with perovskite structure, e
La12xSrxMnO3, is mediated by the double-exchange~DE!
interaction.1–4 Recent extensive investigations on the ele
tronic properties have revealed colossal magnetoresist
~MR! phenomena5–7 near the ferromagnetic transition tem
peratureTC, which is attracting broad interest from th
viewpoint of applications. The generic magnetic and tra
port properties in the doped manganites mainly arise fro
strong on-site exchange interaction~Hund’s-rule coupling
J;2 eV! between the localizedt2g spins and itineranteg

electrons. The one-electron bandwidthW of the eg state is
likely to be smaller thanJ in these doped manganites, an
hence theeg carriers in the ferromagnetic ground state a
almost perfectly spin polarized, in contrast to the case
conventional itinerant ferromagnets. The MR behavior es
cially for La12xSrxMnO3 Ref. ~4! having maximalW is
well accounted for by a simple DE model3 that includes only
the transfer integralt of the eg electrons andJ. In these
systems with a largeJ value corresponding to the photo
energy in the visible region, one can expect that there
pears strong coupling of the optical excitations with t
t2g-spin alignment, and such a feature affects significan
the optical spectrum. Recently, several researchers hav
ported a significant variation of the optical spectra for dop
manganites, e.g., La0.825Sr0.175MnO3 crystal8 and
Nd0.7Sr0.3MnO3 film.9 However, there exists a large discre
ancy between the spectral behaviors reported in the litera
probably due to the different doping levelx. In addition, the
investigations are restricted in the narrow energy regions
low ;2 eV Ref. ~8! or ;3 eV Ref. ~9!, even though their
results imply that the spectral change extends far above 3

In this paper, we report on the temperature variation
optical spectrum in the energy range of 0.5–5 eV for th
films of R0.6Sr0.4MnO3 (R 5 La, La1/2Nd1/2, Nd1/2Sm1/2,
and Sm! with a fixed hole concentration ofx50.4. TheW
value was controlled by changing the trivalent rare-ea
ions, becauseW depends on the average ionic radiusr A of
the perovskiteA site.10 We observed a large transfer of spe
tral weight from the high- (;3 eV! to low- (<1 eV! energy
560163-1829/97/56~9!/5088~4!/$10.00
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region with decreasing temperature, equivalently cor
sponding to increasing magnetizationM . These observations
are well interpreted in terms of the transfer of spectral wei
from the interband transitions between the exchange-speg

bands to the intraband transitions within the lower band. T
findings indicate that the localt2g-spin alignment affects no
only the transport properties but also optical transitions in
visible ~2–4 eV! regions.

Thin films of R0.6Sr0.4MnO3 (R5La, La0.5Nd0.5,
Nd0.5Sm0.5, and Sm! with thickness of;100 nm were fab-
ricated using a vacuum pulsed-laser deposition~PLD! appa-
ratus. Calcined powder was pressed into a pellet with a
of 20 mm35 mm and sintered at 1300 °C for 48 h. A
excimer laser beam of 248 nm with a repetition rate of'5
Hz and pulse energy of'80 mJ was focused onto the targ
in the vacuum chamber. The compound was deposited o
a MgO ~100! substrate that was heated at 850–950 °C in
atmosphere of'300 mTorr oxygen. The MgO substrate
transparent in a wide energy region of 0.1–5.0 eV, and
suitable for the optical measurements. The fabricated fi
were annealed in 760 Torr oxygen atmosphere for 1 h,
then slowly cooled down. X-ray-diffraction measuremen
revealed that the obtained films were~110! oriented in the
pseudocubic setting. The thicknesses of the films were m
sured by a scanning electron microscope~SEM!. An absorp-
tion coefficient a(v) was determined from transmissio
spectra using the standard forumula, neglecting a mult
flection effect, since the optical density of our films is larg
than 0.7 in the spectral region investigated.

We show in Fig. 1 temperature dependence of magnet
tion M for thin films of doped manganites with systema
variation ofr A , that is,W. M was measured under a field o
0.5 T after cooling down to 5 K in zero field~ZFC!. TC was
determined from the inflection point of theM -T curve. In
La0.6Sr0.4MnO3 which has maximalW, magnetization be-
gins to rise belowTC'325 K ~indicated by a downward
arrow!. With decreasingr A , TC decreases down to'175 K
for R5Nd0.5Sm0.5, and eventually the transition disappea
for R5Sm~see also the inset of Fig. 1!. The observed critical
temperatures are consistent with the previously reported o
5088 © 1997 The American Physical Society
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56 5089BRIEF REPORTS
for thin films.11 To check the quality of these thin films, w
further measured resistivitiesr up to ;400 K ~not shown!.
For R5La, La0.5Nd0.5, and Nd0.5Sm0.5, the r-T curve
gradually increases with decreasing temperature aboveTC
and then decreases belowTC, similarly to the case of the
melt-grown crystals.4 In La0.6Sr0.4MnO3, especially, ther
value becomes sufficiently low (,131023 V cm! in the
ferromagnetic phase, indicating a high quality of our th
films. In the case of Sm0.6Sr0.4MnO3 having minimalW,
however, resistivity remains insulating down to the lowe
temperature in this study.

Figure 2 shows variation of the absorption spectruma(v)
in the temperature range of 6–400 K fo
La0.6Sr0.4MnO3 (TC'325 K!. The thick solid ~dashed!
curve represents the spectrum of the lowest~highest! tem-
perature. With decreasing temperature, the spectral s
significantly changes in the wide energy range of 0.5–
eV. Similar behaviors are observed in the spectra forR5La
0.5Nd0.5 (TC'315 K! and Nd0.5Sm0.5 (TC'175 K!.
In Sm0.6Sr0.4MnO3 where the ferromagnetic transition do
not appear, the behavior is qualitatively different: The sp
tral weight below;1.0 eV transfers to the higher-energ
region with decreasing temperature, showing a gap-ope
behavior. To analyze the spectral behavior more in detail
us decomposea(v) into temperature-dependent@aT(v)#
and temperature-independent@a0(v)# ~the hatched region o
the spectrum in Fig. 2! components as

a~v!5aT~v!1a0~v!. ~1!

The a0(v) component is considered to be dominated by
charge-transfer~CT! transitions from the ligandp states to

FIG. 1. Temperature dependence of magnetization for thin fi
of R0.6Sr0.4MnO3. Magnetization was measured in a field of 0.5
after cooling down to 5 K in thezero field~ZFC!. Vertical arrows
represent the Curie temperaturesTC . Inset represents relation be
tweenTC and average ionic radiusr A of the perovskiteA site. FM
and PI represent ferromagetic metallic and paramagnetic insula
phases, respectively.
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the Mn 3d levels. In the inset of Fig. 2, we show thea(v)
spectrum for a single crystal of LaMnO3 ~cited from Arima
et al..12!. In the energy region below;5 eV, the spectrum
consists of two CT-type transitions around;2 eV and;4
eV. The former and the latter correspond to the CT tran
tions of an up-spin and a down-spin electro
respectively.12,13 Corresponding structures are observed
the a0(v) spectrum around;1.3 eV and;4 eV. Note that
the energy splitting of these transitions is of the order ofJ.

Now, let us proceed to the temperature-dependent com
nentaT(v). With decreasing temperature, i.e., from the br
ken spectrum to the solid one, the spectral weight decre
in the energy region of 2.2–4.0 eV, while it increases bel
2.2 eV. Hereafter, we define the areas, i.e.,SA , SB , andS0,
of the higher- and lower-lying spectral regions ofaT(v) and
a0(v) as

SA[E
2.2 eV

4.0 eV

aT~v!dv, ~2!

SB[E
0.5 eV

2.2 eV

aT~v!dv, ~3!

and

S0[E
0.5 eV

4.0 eV

a0~v!dv. ~4!

As discussed above, the spectral weightS0 originates from
the CT-type transitions. We plotted in Fig. 3 the relati
magnitudes of the higher- and lower-lying components
thin films of R0.6Sr0.4MnO3 as a function of temperature. I
the case of~Nd0.5Sm0.5) 0.6Sr0.4MnO3, the relative magni-

s

ng

FIG. 2. Temperature dependence of absorption spectruma(v)
for La0.6Sr0.4MnO3 film. The hatched area represents t
temperature-independent componenta0(v). Inset shows thea(v)
spectrum for the parent LaMnO3 crystal.
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5090 56BRIEF REPORTS
tude of theA componentSA /S0 exhibits a weak temperatur
variation aboveTC'175 K ~indicated by a downward ar
row!, but steeply decreases belowTC @see Fig. 3~a!#. A simi-
lar behavior is also observed forR5La and La0.5Nd0.5, as
indicated by an arrow. In the insulating Sm0.6Sr0.4MnO3,
however,SA /S0 does not show any prominent temperatu
dependence. As seen in Fig. 3~b!, the lost spectral weight o
the A component is transferred into the lower-lyingB com-
ponent. For example,SB /S0 for ~Nd0.5Sm0.5) 0.6Sr0.4MnO3

steeply increases belowTC ~downward arrow!, which almost
complements the decrease ofSA /S0. In the wider-W ~high-
TC) compounds, the rise ofSB /S0 shifts toward the higher-
temperature side. Thus, the spectral change, being appar
temperature dependent, is governed by the spin polariza
This argument is consistent with effects of an external m
netic field on the optical spectrum for Nd0.7Sr0.3MnO3 re-
ported by Kaplanet al.:9 They found that the spectral chang
under the magnetic field is similar to the temperature va
tion of the spectrum.

The A and B components, whose spectral intensities
strongly dependent on the spin polarization, can be in
preted in the following way. The strong on-site exchan
interaction@J;2 eV ~Refs. 12 and 13!# between theeg elec-
tron and thet2g spins (S53/2! exceedsW, and hence the
eg band should be split into two bands by;J.3,8 Note that
optical transitions are allowed only between the same s
species. We show in the inset of Fig. 4 the schematic ene
structures of the exchange-spliteg states with up spins (↑)
and down spins (↓) for the ferromagnetic phase (T,TC, left
figure! and the paramagnetic phase (T.TC, right figure!. In
the paramagnetic phase, the occupation of the up-spineg
state ~or the down-spineg state! is the same in both the
bands, and hence the interband transitions between
J-split bands occur strongly. The higher-lyingA component
observed aboveTC is assigned to such an interband tran
tion, while the lower-lyingB component is assigned to th
intraband transition within the lower band. In the case of

FIG. 3. Temprature dependence of spectral weights of~a!
the higher-lying component@SA[*2.2 eV

4.0 eVaT(v)dv# and ~b! the
lower-lying component@SB[*0.5 eV

2.2 eVaT(v)dv# for thin films of
R0.6Sr0.4MnO3. The spectral weight is normalized by that of th
temperature-independent component@S0[*0.5 eV

4.0 eVa0(v)dv#. Ar-
rows represent the Curie temperatures.
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R0.6Sr0.4MnO3, the interband transition locates atEgap'3.0
eV.

With decreasing temperature belowTC, the induced mag-
netization significantly modifies the occupations of the u
and down-spin states in both theJ-split bands, as shown in
the inset of Fig. 4. In the strong-coupling limit (J@W), the
spectral weight of the interband transition~indicated by up-
ward arrows! decreases with the spin polarizationM /M s as
}12(M /M s)

2. We plot in Fig. 4 the relative magnitude o
SA /S0 for thin films of R0.6Sr0.4MnO3 as a function of
12(M /M s)

2. The values ofM were estimated under a fiel
of 0.5 T to avoid the complexity arising from the nonrem
nent behavior of the present system.4 The change of the spec
tral weight (SA /S0) with temperature is well reproduced b
the temperature-dependent spin polarization, indicating
the component should be characterized as the interband
sitions. On the other hand, the modified occupations enha
the intraband excitation within the lower band, which corr
sponds to the growth of the Drude-likeB component at low
temperatures@see Fig. 3~b!#. The spectral weight of the in
traband transition increases approximately in proportion
M /M s, which differs from the expected (M /M s)

2 depen-
dence. This suggests that additional interactions, such as
Jahn-Teller ~JT! coupling14 or the orbital fluctuation,15

dominate the low-energy intraband transitions as well
the transport properties. Okimotoet al.8 have observed simi-
lar temperature-sensitive excitations below;1 eV for
La0.825Sr0.175MnO3 crystal, in which the temperature depe
dence is not expressed byM /M s or (M /M s)

2.
Finally, let us discuss the strength of the interband tran

tion between theJ-split bands. As seen in Fig. 4, the relativ
magnitudeSA /S0 of the interband transitions atM /M s'0
~high-temperature limit! is strongly material dependent, an
increases from'0.05 for R5Nd0.5Sm0.5 to '0.08 for

FIG. 4. The relative intensity of the interband transitio
(SA /S0) vs 12(M /M s)

2 for thin films of R0.6Sr0.4MnO3. The inset
depicts the schematic band structures of the exchange-spliteg states
with up spins (↑) and down spins (↓).
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R5La. This enhancement can be ascribed to the variatio
the corresponding transition matrix element between
neighboringeg orbitals. The matrix element increases wi
the transfer integralt, and t increases when we change th
material fromR5Nd0.5Sm0.5 to La. Thus, the strength of th
interband transitions in the optical spectrum reflects the m
nitude ofW.

In conclusion, we have investigated the strong
temperature-dependent behaviors of the optical spectra u
;5 eV for doped manganites with variation of theW value.
We have observed two characteristic optical transitio
around;3 eV and;1 eV, and ascribed them to the inte
band and intraband transitions of the exchange-split ba
The temperature dependence of the interband transition
well explained by that of 12(M /M s)

2, as is expected from a
mean-field-type interpretation. Thus, in the doped mang
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ites, the strong on-site exchange interactionJ governs not
only the magnetic and electronic properties but also the
tical excitations in the visible region. The strong coupling
the optical excitations with thet2g-spin alignment suggests
controllability of the spin system by means of irradiation
visible light, which may lead us to apply the system
magneto-optical devices with a photon mode. A study alo
this trend is now in progress and will be published in
separate paper.
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