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Annealing effects on the optical conductivity
of single crystal La1ÀxCaxMnO3, „xÄ0.1, 0.265…
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Optical reflectance spectra were measured in the temperature range 70–295 K, and in the energy range of
0.006–6 eV for single crystals of La12xCaxMnO3 (x50.1, 0.265) before and after annealing. The conduc-
tivity spectrum of the unannealed La0.735Ca0.265MnO3 in its low-temperature metallic phase features a Drude-
like peak, the spectral weight of which is dramatically increased by annealing the sample. Annealing also
repairs a negative anomaly in the conductivity, which is thought to be associated with a surface layer damaged
by polishing. A secondary ion mass spectrometry measurement shows, however, that the surface valence
becomes depth dependent upon annealing. On the basis that the skin depth is far greater than the extent of
annealing damages in the low-energy spectral region, analysis of the temperature dependence of the effective
number of carriers Ne f f below 0.5 eV is presented.
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I. INTRODUCTION

The complex magnetic and electronic behavior of the
lossally magnetoresistive~CMR! perovskite manganites with
the general formulaR12xAxMnO3 (R is the trivalent rare-
earth ions andA is the divalent alkaline-earth ions! has cap-
tured the attention of many and justified extensive stu
Material properties are highly tunable, and they exhibi
broad range of electronic and magnetic behaviors with h
doping of alkaline-earth ions onto the rare-earth ion site. T
Ca-doped LaMnO3 has a busy magnetic phase diagram.1 For
0,x,0.2 the manganites are insulators, with a param
netic to ferromagnetic transition upon cooling throughTc
5160–180 K. In the hole-doped range of 0.2,x
,0.5, La12xCaxMnO3 undergoes a transition from a par
magnetic insulator~PI! to a ferromagnetic metal~FM! at Tc .
The concomitant magnetic and metallic transition has b
explained in terms of the double exchange mechanism2 and
theoretically augmented by incorporating a strong latti
electron coupling3,4 to better explain the magnitude of CM
that is observed at temperatures close toTc .

Optical conductivity measurements play an important r
in determining the electrodynamics of materials, and wh
made at various temperatures and doping levels, the t
nique is able to probe electronic correlations and interacti
between the lattice and the carriers. A number of stud
0163-1829/2001/64~3!/035106~7!/$20.00 64 0351
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have now been published that report the ac conductivity
absorption spectra of manganite single crystals,5–14 thin
films,14,18–21and polycrystalline14,18–21samples with differ-
ent dopants (R,A) and levels of hole dopingx. The polycrys-
talline and single-crystal sample studies report differ
surface-preparation techniques such as polishing,5–7,14,18–21

annealing after a polishing treatment,11,12 and cleaving.8–10

Comparisons between spectra from this array of samp
most of which have been performed o
La12xSrxMnO3,5,6,8–10,12,15–17has highlighted the importanc
of careful sample surface treatments to recover the intrin
optical reflectivity. Although it is acknowledged that cleave
surfaces present the ideal surface for optical measurem
annealing has been used as an alternative for materials
have no easy cleavage plane. The sensitivity of optical
flection measurements is combated by the use of opti
absorption techniques,15–17which are less susceptible to su
face defects.

We have measured the temperature-dependent optica
flectance on single crystals of La12xCaxMnO3 (x
50.1, 0.265), first after polishing and second after a we
characterized thermal treatment on the same sample. A
ondary ion mass spectrometry~SIMS! measurement to char
acterize the composition near the sample surface before
after annealing shows that annealing La12xCaxMnO3 alters
©2001 The American Physical Society06-1
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the valence near the surface. Although the presence of
surface layer is shown to not significantly affect the quan
tative analysis of the optical constants for energies less
0.5 eV, we venture that the annealing conditions chosen
not fully repair the damage to a sample surface, and
interpretation of data from annealed samples should be
tempted with care.

II. EXPERIMENT

Single crystals of La12xCaxMnO3 were grown by the
floating-zone method, details of which are publish
elsewhere.22 Samples at thex50.1 andx50.265 doping lev-
els were polished with 1mm Al2O3 powder and their
temperature-dependent reflectance measured. Thex50.1
sample was then annealed for 1 h in a flowing O2 atmosphere
at 1000 °C following the procedure of Leeet al.11 The ther-
mal treatment opened small cracks on its surface, which m
be a symptom of strains being released in the material.
tical measurements were performed on a crack-free regio
the surface. Thex50.265 sample was annealed at the low
temperature of 650–500 °C for about 30 h. Temperatu
dependent reflectance measurements, before and afte
nealing, were carried out using a Bomem DA8 Fourier-ty
interferometer~0.006–2 eV! and a grating spectrometer~1–6
eV! at near-normal incidence. The area of the reflecting s
faces werep(1.5 mm)2. An evaporated Au film was used a
a reference in the infrared~IR! region and the front reflection
from a quartz plate used in the spectral range of 1 to 6
The reflectivity is reproducibly measured to a high pho
metric accuracy of60.01 in the 0.006–2 eV range. In orde
to apply the Kramers-Kronig~KK ! transform and extract the
ac conductivitys(v)5s1(v)1 is2(v), the reflectance a
the low-energy end of the spectrum was extrapolated to z
frequency using a Hagen-Rubens~HR! dependence for the
temperatures of 190 K and below, where thex50.265
sample is in its metallic phase. For the spectra that illust
the insulating phases (T.Tc for x50.265 and50.1) a con-
stant reflectance was assumed at frequencies less than
sured. Between 6 and 37 eV av22 extrapolation was used
Beyond 37 eV av24 dependence was assumed.

The magnetization was measured before and after ann
ing each sample to monitor any shifts inTc . There was a 0.5
K increase inTc for the x50.265 doped sample, and a
increase of approximately 3 K in Tc for the x50.1 doped
sample. This rather significant increase ofTc for x50.1 sug-
gests that bulk changes have occurred, something confir
by the extent of cracking in the sample.

III. RESULTS

A. Effect of annealing on optical constants

The frequency-dependent reflectivityR(v) was first mea-
sured for thex50.1 doped sample at room temperature,
fore and after annealing, as illustrated by dashed and s
lines, respectively, in Fig. 1~a!. Though not shown, anothe
R(v) spectrum taken at 75 K before the sample was
nealed is very similar to the 295 K spectrum. The only te
perature dependence is exhibited in the expected anharm
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broadening and softening of the low-energy optic phon
peaks. It can be seen that there are three phonon mod
low frequency, and in the unannealed sample these are p
lated with a number of small peaks. These small peaks
not present in the annealed sample, and there is an obv
softening of the mode atv50.021 eV. At higher frequen-
cies the spectra are dominated by a very broad midinfra
feature and a peak at;4 eV. The reflectance level has als
increased slightly between 0.1 and 0.8 eV, and is decrea
in the visible region.

The real part of the KK transform ofR(v) @hereon la-
beled asskk(v)# for the unannealed and annealedx50.1
sample is illustrated with dashed and solid lines, resp
tively, in Fig. 1~b!. The three peaks displayed in theskk(v)
spectra at 0.021, 0.045, and 0.073 eV have been assign
the ‘‘external,’’ ‘‘bending,’’ and ‘‘stretching’’ modes,
respectively.18 It happens thatskk(v) for our annealedx
50.1 looks much like the measured spectrum for polycr
talline x50.1,21 whereas the irregular spiky phonons of th
unannealedx50.1 skk(v) spectrum more closely resemb
the published x50 parent compound (LaMnO3)
spectrum.9,13,14,21The x50.1 spectra are in agreement the
but only after annealing. It appears that the thermal treatm
chosen has removed imperfections that were evident in
optical spectra as defect modes.

Next, R(v) was measured from thex50.265 sample be-
fore and after annealing. The higher level of hole dopi
yields significant temperature dependence in this crystal.
spectra at room temperature and 75 K, before and after

FIG. 1. ~a! R(v) and ~b! skk(v) for unannealed and anneale
La0.9Ca0.1MnO3 at 295 K. The inset to~b! showsskk(v) to 5 eV.
6-2
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ANNEALING EFFECTS ON THE OPTICAL . . . PHYSICAL REVIEW B64 035106
nealing, are shown in Fig. 2~a!. Examining first the room-
temperature data, the three phonon modes that were app
in the x50.1 sample are readily observed, though the de
modes of the unannealedx50.1 sample spectra are not vi
ible for the sample in either of its unannealed or annea
states. At room temperature the level ofR(v) for the an-
nealed sample increases in the mid-infrared region betw
0.1 and 0.8 eV, but is decreased in the visible region.

These changes are minor, however, in comparison w
those seen when thex50.265 sample is in its metallic phas
The energy of the mid-infrared-minimum in the reflectan
or so-called ‘‘plasma edge’’ more than trebles, as it sh
from 0.4 to 1.4 eV on annealing. This is a very similar effe
to that seen by Leeet al.,11 who found that the plasma edg
of single crystal Nd0.7Sr0.3MnO3 ~NSMO! shifted from 0.6 to
2 eV upon annealing. Here, this shifted spectral weight
sorbs the peak seen inR(v) in the unannealed sample
approximately 0.8 eV. The 4-eV peak is still seen in t
annealed material, but as for the sample at room tempera
the reflectance level in the visible region has decreased.

The differences that annealing makes are perhaps m
obvious in skk(v). The room-temperature spectra in Fi
2~b! show an increase in the spectral weight of the m
infrared peak for the annealed sample, though there are
tively small changes in the phonon region.

However, at 75 K the spectrum shows huge changes w
annealing. As seen in Fig. 2~c! the apparentskk(v) of the
unannealed sample actually goes negative between abou
and 0.6 eV. Clearly a negativeskk(v) is unphysical and
needs to be addressed.R(v) spectra were measured repe
edly, and with different Au reference surfaces, finding var

FIG. 2. ~a! R(v) andskk(v) spectra at~b! 295 K and~c! 75 K
for the annealed and unannealed La0.735Ca0.265MnO3. The legend in
the middle graph applies to all panels.
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tions no greater than our claimed uncertainty. Furthermor
wide range of both high- and low-energy extrapolations w
tried, finding that an unrealistic high-energy extrapolati
beyond 5 eV ofv218 was necessary to driveskk(v) posi-
tive. It was the negativeskk(v) more than anything else
which threw doubt on the quality of our polished samp
surfaces. It can, in fact, be shown that obtaining a nega
skk is not such a preposterous result for a sample tha
inhomogeneous, and thus violates one of the assumpt
made in the KK analysis. To demonstrate this, an effect
conductivity was calculated for a bulk material with
0.1-mm-thickness overlay with slightly different optica
features from the bulk. The thickness of the overl
was chosen as a conservative estimate of the extent of
ishing damages. Figures 3~a! and 3~b! show R(v) and
e2(v)@54ps1(v)/v#, respectively, in more detail. The
bulk e2b(v) ~dashed line! comprises a Drude peak withvp
51 eV andt51 eV21 and a Lorentzian oscillator centere
at vb53 eV. In addition to those oscillators of the bulk th
layer has a Lorentzian centered atv l51.5 eV ~dotted line!.
It can be seen that the calculated apparent conducti
e2c(v) ~solid line! from this hybrid material has a distinctl
negative component at about 1.2 eV. In addition, the K
transform of the calculatedR(v) of the hybrid material is
shown as solid circles in the inset of Fig. 3~b!, which mag-
nifies the region wheree2(v) goes negative. Though no
shown in the main panele2kk(v)5e2c(v) for all v.

FIG. 3. ~a! R(v) and ~b! e2(v) for a model material with a
0.1-mm overlayer, demonstrating an effective negative conductiv
for an inhomogeneous material. The inset to~b! is a closeup of the
1.2-eV energy region and includes the KK transform ofRe f f .
6-3
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Turning back to our measured spectra in Fig. 2~c!, skk(v)
for the annealed sample not only remains positive, but
extrapolation at the low-frequency end of the data, wh
carries a hugely increased spectral weight, yieldss(0)
52200 S/cm, rather close to the anticipated value from
sistivity measurements on the as-grown sample ofsdc
52500 S/cm. The extrapolated zero-frequency conducti
of the unannealed sample was about half this value.
resistivity of the annealed material has not been measu
but it was found by Leeet al.11 that the annealing proces
made very minor changes tor(T) in NSMO.

Takenakaet al.8 have suggested that polishing someh
localizes the carriers. This is why such a large difference
Drude spectral weight is typically seen between polished
cleaved samples in their metallic phase, and a relativ
small difference between polished and cleaved spectra
the insulating phases. This suggestion is certainly borne
in our result. It is also shown8 in a comparison betwee
cleaved and annealed sample spectra for La0.825Sr0.175MnO3
that annealing only repairs some of the surface dama
caused by polishing.

B. Effect of oxygen annealing on surface chemistry

The differences seen in the optical spectra due to ann
ing naturally led us to a more thorough examination of
sample surface. A SIMS measurement was made@see Figs.
4~a! and 4~b!# on the annealed and unannealedx50.265
sample. The composition variation of La, Ca, Mn, and
ions with depthz below the sample surface is plotted for th
x50.265 sample before~a! and after annealing~b!. The pro-
files for each ion have been normalized to their bulk value
z5220620 nm.

It can be seen that in the unannealed sample, within
certainty limits, the composition of the constituent ions
virtually independent of depth. By contrast, in the annea
sample profiles we see significant deviations from the
pected bulk compositions for all of the constituent ions n
the surface. The La ion in particular is present in quantit
of up to 170% of the unannealed sample near the surf
The average percentage for the ions in depths of 0<z
<23 nm is La51.35, Ca50.91, Mn50.88, and O51.12.
The Mn and Ca ion composition deviation is fairly linea
and recovered to 1 (6 the uncertainty in the data! at approxi-
mately z5190 nm. Forz>90 nm the ionic compositions
deviate by at most 5%.

Although the optical spectra of the unannealed sample
inconsistent with a single interface, SIMS measurement
this surface@Fig. 4~a!# show no sign of valence difference
that could contribute to the unphysicals(v). This lends
greater credence to the suggestion that strains, not com
tional changes, result in a surface layer with a dielectric c
stant different from the bulk. On the other hand, the SIM
measurement of the annealedx50.265 surface, showing sig
nificant disturbances in the valence which persist to depth
z'30 nm, prevent us from being entirely confident abo
presenting our annealed sample spectra as representati
the intrinsic optical properties. The question for these spe
then becomes, how significant are the surface changes
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the point of view of the light being used to probe the ma
rial? To answer this question, the skin depthd(v) for this
material was calculated by taking the inverse of the abso
tion coefficienta(v)52vk(v)/c. k(v) ~the imaginary part
of the refractive index! is found from the KK transform of
the annealedx50.265 sample reflectance. As can be seen
the inset to Fig. 4~a!, d(v), shown at 75 and 295 K, is
greater than 90 nm for all of the frequencies at which d
were measured. For frequencies less than 1 eVd(v) is at
least 450 nm, or five times the depth to which residual da
ages extend and 15 times the depth of significant surf
damages. Of course, we cannot deduce any informa
about the strains near the surface from SIMS, but the la
increase in Drude spectral weight seems to suggest that t
have been mostly relieved. We venture that for the analy
in the following section, which extends tov50.5 eV
~where light probes to a minimum depth ofz5600 nm), our
data are more than adequately representative of the bulk
tical properties.

C. skk„v,T… for La 0.735Ca0.265MnO3

Figure 5~a! shows R(v) measured for the anneale
La0.735Ca0.265MnO3 at various temperatures between 75 a
295 K and in the energy range of 0.006–5 eV. Though

FIG. 4. SIMS atomic composition profiles for~a! unannealed
and ~b! annealed La0.735Ca0.265MnO3. Horizontal dotted lines aty
51 are a guide to the eye. Ally-axis tick marks denote a spacing o
0.2. The inset to panel~a! shows the skin depthd(v) at 295 and 75
K. The dashed horizontal line denotes thez590 nm threshold. The
profiles obscured by the inset to~a! show behavior no different than
that shown.
6-4



on

re
gi
er

tu
ift
re
a

d
th

d.

lid
es
e
t
rk

ir
ra
th
d

s

cu-

e

as-
non
ture
f its
K

The
60 K
era-
as-
era-
as

ers

de
ove
de-

r-
zed

e-
e

or

ANNEALING EFFECTS ON THE OPTICAL . . . PHYSICAL REVIEW B64 035106
shown,R(v) was also measured in the mid-infrared regi
at 10 K. The difference betweenR(v) for 75 and 10 K in
this spectral region was a few percent. As the temperatu
decreased, the three phonon peaks in the far-infrared re
become progressively obscured by the increasing low-en
reflectivity background. The magnitude ofR(v) approaches
1 asv tends to 0. The reflectance shows strong tempera
dependence, even at the 4-eV peak, which displays a sh
energy as well as a change in magnitude. The other inte
ing features are a peak at about 0.7 eV, seen in the 190
160 K spectra, and a broad mid-infrared peak centere
about 1 eV. The 0.7-eV feature is indistinguishable from
1-eV peak in the spectra aboveTc , and if present inR(v)
for T,160 K it is obscured by the Drude-like backgroun

The KK transform of theR(v,T) spectra are shown in
Fig. 5~b! in the energy region 0.01–5 eV. Plotted as so
circles on they axis are zero-frequency conductivity valu
deduced from dc resistivity measurements. The sampl
295 and 255 K~i.e., for T.Tc) shows a gaplike feature a
0.1 eV. This feature is also seen at this energy in the wo
of Boris et al.7 and Kim et al.,20 respectively, on single-
crystal and polycrystalline samples of approximately a th
doped LCMO. The 295 and 255 K spectra are also cha
terized by two peaks, a broad one at about 1 eV and the o
at about 4 eV. The 4-eV peak has been alternately ascribe
the charge-transfer transition between O2p and Mn eg
bands11,16,21 and a transition between O2p and Mn t2g
bands.6,10,14 We find the broad feature at 1 eV near impo

FIG. 5. T-dependent~a! R(v) and ~b! skk(v) spectra for an-
nealed La0.735Ca0.265MnO3. The line patterns remain the same f
both panels.
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sible to fit with just one oscillator, and there is some spe
lation in the literature as to whether this peak is single.11,15

Below Tc there is a shift in the spectral weight from th
mid-infrared to the low-frequency region.23 This low-
frequency Drude-like weight increases further with decre
ing temperature and though it somewhat screens the pho
modes, they remain evident, even at the lowest tempera
displayed. The broad 1-eV peak seems to transfer some o
weight into the 0.7-eV peak, very prominent in the 190
spectrum, and the rest to the low-energy Drude peak.
weight and energy of the 0.7-eV peak has decreased at 1
as the Drude weight further increases, and at lower temp
tures there appears to be a clear division of weight: incre
ing below and decreasing above about 0.5 eV. The temp
ture dependence of the weight of this Drude-like feature w
investigated by evaluating the effective number of carri
Ne f f for below a cutoff frequencyvc by using the expression

Ne f f~v!5
2mV

pNe2E0

wc
s1~v8!dv8,

wherem is the electron mass,V is the volume of the unit cell
calculated from reported structural data,23,24 and N is the
number of Mn atoms in this volume.Ne f f was calculated to
vc50.5 eV, a crossover energy below which the Dru
weight increases with decreasing temperature and ab
which the spectral weight decreases as temperature
creases. The temperature dependence ofNe f f does not
change significantly with energy cutoffs60.05 eV.

Ne f f(T), shown as solid circles in Fig. 6, is not propo
tional to our measurement of the square of the normali
magnetization@M (T)/Ms#

2 ~not shown! @whereM (T) is the
magnetization andMs is the saturated ferromagnetic magn
tization at T50#, which would be expected in the simpl
double exchange~DE! picture.25 An absorption14 study and a

FIG. 6. Ne f f(0.5 eV) of the annealed La0.735Ca0.265MnO3 ~solid
circles! plotted withgDE(T)/gDE(0) ~solid line!.
6-5
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reflectance10 study demonstrate that the infrared spect
weight associated with the conducting carriers is transfer
from the higher-energy transitions in obeyance with the sc
ing relation 1-@M (T)/Ms#

2 predicted in the DE picture.25 A
similar analysis carries large uncertainties for the pres
data set, as the lesser skin depth for the higher-freque
region probes proportionally more of the damaged surf
layer than the bulk. HoweverNe f f(T) does scale rather wel
with a parameter which also incorporates Jahn-Teller~JT!
coupling in the DE model. This is the temperature depend
DE bandwidth, gDE(T)/gDE(0) predicted by Kubo and
Ohata26 and illustrated as a solid line in Fig. 6. The reas
for this good agreement, also seen in other opti
studies,11,19,20has been discussed by Kimet al.20 in terms of
the incorporation of Jahn-Teller~JT! coupling in the DE
model, whose Hamiltonian was studied by Ro¨der et al.27

However, we have demonstrated that the quantitative in
pretation of results of any optical measurement is not in
pendent of surface treatments. A clear picture of the elec
dynamics in the La12xCaxMnO3 system is yet to emerge.

IV. CONCLUSIONS

The recent observation that polishing single crystals
optical measurements obscures the intrinsic conducti
suggested that cleaved or annealed surfaces are necessa
overcoming this problem. Our measurements
La0.735Ca0.265MnO3 showed that this polishing damage w
extensive enough to return a negativeskk(v) for the sample
in its metallic phase. A calculation for a modeled bulk a
overlayer confirmed that the KK transform can return ne
tive skk(v) for inhomogeneous materials. We anticipat
that annealing would heal the surface strains induced by
ys
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ishing, and indeed the treatment rescued theskk(v) spec-
trum for La0.735Ca0.265MnO3 from apparently negative values
and produced an increased low-energy spectral weight. Ho
ever, a SIMS measurement on the sample showed that w
its composition before annealing was independent of dep
the composition of the sample surface after annealing d
fered significantly from that of the bulk, effectively introduc
ing a different type of surface layer. Given that in this ca
the skin depth of the probing light is many times deeper th
the extent of surface disruption we have no hesitation
presenting data on the effective number of carriers up to
eV from our optical spectra. However, we do suggest th
any optical study which uses annealing to release surf
strains due to polishing should also be accompanied b
surface characterization measurement, such as SIMS.

It was found that the temperature dependence ofNe f f
scaled well with the predicted temperature-dependent
bandwidth. This behavior is consistent with the suggesti
that Drude metallic behavior in La0.735Ca0.265MnO3 is com-
plicated by electron-phonon interactions. This is in contra
to optical results that appear to confirm the simple DE p
ture. The central issue for quantitative analysis by reflectiv
of bulk crystals appears to be the sample surface treatme
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