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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 La,CaMnO; (x=0.1, 0.265) before and after annealing. The conduc-
tivity spectrum of the unannealed J.aCa ,6MNO;3 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 )¢ below 0.5 eV is presented.
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[. INTRODUCTION have now been published that report the ac conductivity or

The complex magnetic and electronic behavior of the co-absorption spectra of manganite single crystat$, thin
lossally magnetoresistive€MR) perovskite manganites with films,**8-?*and polycrystallin&*®-?*samples with differ-
the general formuldr,_,A,MnO; (R is the trivalent rare- ent dopantsR,A) and levels of hole doping. The polycrys-
earth ions and\ is the divalent alkaline-earth ionbas cap- talline and single-crystal sample studies report different
tured the attention of many and justified extensive studysurface-preparation techniques such as polishifg’t8-21
Material properties are highly tunable, and they exhibit aannealing after a polishing treatmént:? and cleaving°
broad range of electronic and magnetic behaviors with hol&€omparisons between spectra from this array of samples,
doping of alkaline-earth ions onto the rare-earth ion site. Thenost of which have been performed on
Ca-doped LaMn@has a busy magnetic phase diagrafor  La, _,Sr,MnO,,>¢8-101215-1ha5 highlighted the importance
0<x<0.2 the manganites are insulators, with a paramagef careful sample surface treatments to recover the intrinsic
netic to ferromagnetic transition upon cooling throu@h  optical reflectivity. Although it is acknowledged that cleaved
=160-180 K. In the hole-doped range of €82  surfaces present the ideal surface for optical measurements,
<0.5, Lg_,CaMnO; undergoes a transition from a para- annealing has been used as an alternative for materials that
magnetic insulato(Pl) to a ferromagnetic metdFM) at T . have no easy cleavage plane. The sensitivity of optical re-
The concomitant magnetic and metallic transition has beeflection measurements is combated by the use of optical-
explained in terms of the double exchange mechah@md  absorption techniques;’which are less susceptible to sur-
theoretically augmented by incorporating a strong latticeface defects.
electron coupling® to better explain the magnitude of CMR ~ We have measured the temperature-dependent optical re-
that is observed at temperatures closé o flectance on single crystals of LaCaMnO; (x

Optical conductivity measurements play an important role=0.1, 0.265), first after polishing and second after a well-
in determining the electrodynamics of materials, and whercharacterized thermal treatment on the same sample. A sec-
made at various temperatures and doping levels, the teclondary ion mass spectrometf8IMS) measurement to char-
nique is able to probe electronic correlations and interactionacterize the composition near the sample surface before and
between the lattice and the carriers. A number of studiesfter annealing shows that annealing; LegcCaMnO; alters
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the valence near the surface. Although the presence of this 0.8 prr————"rrm

N o o
surface layer is shown to not significantly affect the quanti- _(a) .",‘ La,,Ca, ,MnO,
tative analysis of the optical constants for energies less than d ’ '

0.5 eV, we venture that the annealing conditions chosen do 0.6 |- o s T unannealed

not fully repair the damage to a sample surface, and that annealed

interpretation of data from annealed samples should be at-

tempted with care. ES:' 04
Il. EXPERIMENT
02
Single crystals of La ,CaMnOs; were grown by the I
floating-zone method, details of which are published ',f
elsewheré? Samples at the=0.1 andx=0.265 doping lev- 400 prol— it i
els were polished with 1um Al,O; powder and their 0.01 0.1 ! (b)

temperature-dependent reflectance measured. XHh6€.1
sample was then annealed for 1 h in a flowinga®@mosphere o
at 1000 °C following the procedure of Lex all! The ther- g

mal treatment opened small cracks on its surface, which may ¥

be a symptom of strains being released in the material. Op- 7 200
tical measurements were performed on a crack-free region of %

the surface. The=0.265 sample was annealed at the lower
temperature of 650-500°C for about 30 h. Temperature-
dependent reflectance measurements, before and after an
nealing, were carried out using a Bomem DAS8 Fourier-type

—————en

~ -

L . 1 . PR ks et ik b

interferometel(O.OOGI—Zl eV and a grating spectromet(élr_—B 0 0.02 ' 0.04 006 008 0.0 012 014
eV) at near-normal incidence. The area of the reflecting sur-
faces werer(1.5 mmY. An evaporated Au film was used as Energy (eV)

a reference in the infrargdR) region and the front reflection
from a quartz plate used in the spectral range of 1 to 6 eV, FICG' 1M§% Ra(lt“’%g?__’ng(?h(;krr(];‘gtf%rb)ugﬁgcvizlecéaingozng%abd
The reflectivity is reproducibly measured to a high photo--209~®¥N%%s ' ki '

metric accuracy of-0.01 |n_the 0.006-2 eV range. In order broadening and softening of the low-energy optic phonon
to apply the Kramers-KronigkK) transform and extract the peaks. It can be seen that there are three phonon modes at
ac conductivity o(w) =01(w) +io,(w), the reflectance at |ow frequency, and in the unannealed sample these are popu-
the low-energy end of the spectrum was extrapolated t0 zerRited with a number of small peaks. These small peaks are
frequency using a Hagen-Rube(tSR) dependence for the not present in the annealed sample, and there is an obvious
temperatures of 190 K and below, where the0.265 softening of the mode ab=0.021 eV. At higher frequen-
sample is in its metallic phase. For the spectra that illustratgjes the spectra are dominated by a very broad midinfrared
the insulating phasesT> T, for x=0.265 and=0.1) a con-  feature and a peak at4 eV. The reflectance level has also
stant reflectance was assumed at frequencies less than M@gsreased slightly between 0.1 and 0.8 eV, and is decreased
sured. Between 6 and 37 eV 2 extrapolation was used. in the visible region.
Beyond 37 eV a»w™ * dependence was assumed. The real part of the KK transform dR(w) [hereon la-

The magnetization was measured before and after annealg|ed aso,(w)] for the unannealed and annealeg 0.1
ing each sample to monitor any shiftsTg. There was a 0.5 sample is illustrated with dashed and solid lines, respec-
K increase inT; for the x=0.265 doped sample, and an tively, in Fig. 1(b). The three peaks displayed in thg.(w)
increase of approximatel3 K in T, for the x=0.1 doped  gspectra at 0.021, 0.045, and 0.073 eV have been assigned to
sample. This rather significant increaseTgffor x=0.1sug-  the “external,” “bending,” and “stretching” modes,
gests that bulk changes have occurred, something confirme‘,‘gspecti\,eb,l_8 It happens thair, () for our annealedk

by the extent of cracking in the sample. =0.1 looks much like the measured spectrum for polycrys-
talline x=0.12! whereas the irregular spiky phonons of the
ll. RESULTS unanneale=0.1 oy (w) spectrum more closely resemble

the published x=0 parent compound (LaMnQ
spectrunt:?*1421The x=0.1 spectra are in agreement then,
The frequency-dependent reflectivif w) was first mea-  but only after annealing. It appears that the thermal treatment
sured for thex=0.1 doped sample at room temperature, bechosen has removed imperfections that were evident in the
fore and after annealing, as illustrated by dashed and solidptical spectra as defect modes.
lines, respectively, in Fig.(&). Though not shown, another Next, R(w) was measured from the=0.265 sample be-
R(w) spectrum taken at 75 K before the sample was anfore and after annealing. The higher level of hole doping
nealed is very similar to the 295 K spectrum. The only tem-yields significant temperature dependence in this crystal. The
perature dependence is exhibited in the expected anharmordpectra at room temperature and 75 K, before and after an-

A. Effect of annealing on optical constants
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FIG. 2. (8) R(w) and oy (w) spectra atb) 295 K and(c) 75 K
for the annealed and unannealeg kaCa, ,,MnO;. The legend in Energy (eV)
the middle graph applies to all panels.

FIG. 3. (a) R(w) and (b) e»(w) for a model material with a
nealing, are shown in Fig.(8. Examining first the room- 0-1-um overlayer, demonstrating an effective negative conductivity
temperature data, the three phonon modes that were appard®itan inhomogeneous material. The insettibis a closeup of the
in thex=0.1 sample are readily observed, though the defect-2-€V energy region and includes the KK transformRgf;.
modes of the unannealed=0.1 sample spectra are not vis-
ible for the sample in either of its unannealed or annealedions no greater than our claimed uncertainty. Furthermore, a
states. At room temperature the level Rfw) for the an-  wide range of both high- and low-energy extrapolations were
nealed sample increases in the mid-infrared region betweelfied, finding that an unrealistic high-energy extrapolation
0.1 and 0.8 eV, but is decreased in the visible region. beyond 5 eV ofw ™ '® was necessary to drivey(w) posi-

These changes are minor, however, in comparison witfive. It was the negativer,(») more than anything else
those seen when the=0.265 sample is in its metallic phase. Which threw doubt on the quality of our polished sample
The energy of the mid-infrared-minimum in the reflectance surfaces. It can, in fact, be shown that obtaining a negative
or so-called “plasma edge” more than trebles, as it shiftsokk is not such a preposterous result for a sample that is
from 0.4 to 1.4 eV on annealing. This is a very similar effectinhomogeneous, and thus violates one of the assumptions
to that seen by Leet al,'! who found that the plasma edge made in the KK analysis. To demonstrate this, an effective
of single crystal Ng-Sr, sMnO; (NSMO) shifted from 0.6 to  conductivity was calculated for a bulk material with a
2 eV upon annealing. Here, this shifted spectral weight ab0.1-um-thickness overlay with slightly different optical
sorbs the peak seen R(w) in the unannealed sample at features from the bulk. The thickness of the overlay
approximately 0.8 eV. The 4-eV peak is still seen in thewas chosen as a conservative estimate of the extent of pol-
annealed material, but as for the sample at room temperaturishing damages. Figures(é3 and 3b) show R(w) and
the reflectance level in the visible region has decreased. €x(w)[=4moi(w)/w], respectively, in more detail. The

The differences that annealing makes are perhaps moleulk e;,(w) (dashed ling comprises a Drude peak with,,
obvious in o (w). The room-temperature spectra in Fig. =1 eVandr=1 eV ! and a Lorentzian oscillator centered
2(b) show an increase in the spectral weight of the mid-at w,=3 eV. In addition to those oscillators of the bulk the
infrared peak for the annealed sample, though there are reltayer has a Lorentzian centeredagt=1.5 eV (dotted ling.
tively small changes in the phonon region. It can be seen that the calculated apparent conductivity

However, at 75 K the spectrum shows huge changes witla,.(w) (solid line) from this hybrid material has a distinctly
annealing. As seen in Fig(@ the apparentr, (w) of the  negative component at about 1.2 eV. In addition, the KK
unannealed sample actually goes negative between about aransform of the calculate®(w) of the hybrid material is
and 0.6 eV. Clearly a negative,,(w) is unphysical and shown as solid circles in the inset of FighbB which mag-
needs to be addresse®(w) spectra were measured repeat-nifies the region where,(w) goes negative. Though not
edly, and with different Au reference surfaces, finding varia-shown in the main paned,, ()= e,.(w) for all w.
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Turning back to our measured spectra in Fi@) 20 () T T T T T 1.8
for the annealed sample not only remains positive, but the (a) :La u
extrapolation at the low-frequency end of the data, which ¥ L 1.0
carries a hugely increased spectral weight, yietd®) 2 E 095K ]
=2200 S/cm, rather close to the anticipated value from re- £ [ca 2" ]
sistivity measurements on the as-grown sample ogt c i 2, [ -~ 1.0
=2500 S/cm. The extrapolated zero-frequency conductivity >N\ - 2 ]
of the unannealed sample was about half this value. The ~= [Mn 0.1 N
resistivity of the annealed material has not been measured, i 0.01 04 ] 1.0
but it was found by Leeet al! that the annealing process - o (oY) .
made very minor changes (T) in NSMO. O -

" ] M

Takenakaet al® have suggested that polishing somehow ™, - 10

localizes the carriers. This is why such a large difference in (b)
Drude spectral weight is typically seen between polished and
cleaved samples in their metallic phase, and a relatively

P

small difference between polished and cleaved spectra for 2 .

the insulating phases. This suggestion is certainly borne out % . - Ca- 1.0

in our result. It is also shownin a comparison between c ]

cleaved and annealed sample spectra foyghsdry 174VIN0O4 >N\ Mn

that annealing only repairs some of the surface damages T s 1.0

caused by polishing. s N
s oo AP A A ] 1.0

B. Effect of oxygen annealing on surface chemistry 0 4'0 8I0 ' 1é0 1(;0 * 2(')0 240
The differences seen in the optical spectra due to anneal- z (nm)
ing naturally led us to a more thorough examination of the
sample surface. A SIMS measurement was nisge Figs. FIG. 4. SIMS atomic composition profiles fga) unannealed

4(a) and 4b)] on the annealed and unanneabed 0.265 and (b) annealed Lg;3:Cay 2MNO;. Horizontal dotted lines ay
sample. The composition variation of La, Ca, Mn, and O=1 are a guide to the eye. Aftaxis tick marks denote a spacing of
ions with depthz below the sample surface is plotted for the 0.2. The inset to panéh) shows the skin depthi(w) at 295 and 75
x=0.265 sample befor@) and after annealingp). The pro- K. The dashed horizontal line denotes #e90 nm threshold. The
files for each ion have been normalized to their bulk value aprofiles obscured by the inset ta) show behavior no different than
7z=220+20 nm. that shown.

It can be seen that in the unannealed sample, within un-
certainty limits, the composition of the constituent ions isthe point of view of the light being used to probe the mate-
virtually independent of depth. By contrast, in the annealedial? To answer this question, the skin dedifw) for this
sample profiles we see significant deviations from the exmaterial was calculated by taking the inverse of the absorp-
pected bulk compositions for all of the constituent ions neation coefficienta(w) =2wk(w)/c. k(w) (the imaginary part
the surface. The La ion in particular is present in quantitieof the refractive indexis found from the KK transform of
of up to 170% of the unannealed sample near the surfacéhe annealect=0.265 sample reflectance. As can be seen in
The average percentage for the ions in depths sfzO the inset to Fig. &), 6(w), shown at 75 and 295 K, is
<23 nmis La=1.35, Ca0.91, Mn=0.88, and G-1.12.  greater than 90 nm for all of the frequencies at which data
The Mn and Ca ion composition deviation is fairly linear, were measured. For frequencies less than 15é¥) is at
and recovered to 1 the uncertainty in the datat approxi-  least 450 nm, or five times the depth to which residual dam-
mately z=190 nm. Forz=90 nm the ionic compositions ages extend and 15 times the depth of significant surface
deviate by at most 5%. damages. Of course, we cannot deduce any information

Although the optical spectra of the unannealed sample arabout the strains near the surface from SIMS, but the large
inconsistent with a single interface, SIMS measurements dihcrease in Drude spectral weight seems to suggest that these
this surface[Fig. 4a] show no sign of valence differences have been mostly relieved. We venture that for the analysis
that could contribute to the unphysical(w). This lends in the following section, which extends ta=0.5 eV
greater credence to the suggestion that strains, not composiwhere light probes to a minimum deptho£600 nm), our
tional changes, result in a surface layer with a dielectric condata are more than adequately representative of the bulk op-
stant different from the bulk. On the other hand, the SIMStical properties.
measurement of the anneabed 0.265 surface, showing sig-
nificant disturbances in the valence which persist to depths of
z~30 nm, prevent us from being entirely confident about C. (@, T) for Lao7ad°3.26MNO3
presenting our annealed sample spectra as representative ofFigure 5a) shows R(w) measured for the annealed
the intrinsic optical properties. The question for these spectraay 73:Ca 26dMINO5 at various temperatures between 75 and
then becomes, how significant are the surface changes fro@95 K and in the energy range of 0.006-5 eV. Though not
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0.01 0.1 1 sible to fit with just one oscillator, and there is some specu-
Energy (eV) lation in the literature as to whether this peak is sirlgte’.

Below T, there is a shift in the spectral weight from the
FIG. 5. T-dependenta) R(w) and (b) oy(w) spectra for an- i infrared to the low-frequency regiGa. This low-

nealed Lg.73iCa.26dVINO;. The line patterns remain the same for frequency Drude-like weight increases further with decreas-
both panels. . .

ing temperature and though it somewhat screens the phonon

modes, they remain evident, even at the lowest temperature
shown,R(w) was also measured in the mid-infrared regiondisplayed. The broad 1-eV peak seems to transfer some of its
at 10 K. The difference betwedR(w) for 75 and 10 K in  weight into the 0.7-eV peak, very prominent in the 190 K
this spectral region was a few percent. As the temperature gpectrum, and the rest to the low-energy Drude peak. The
decreased, the three phonon peaks in the far-infrared regiomeight and energy of the 0.7-eV peak has decreased at 160 K
become progressively obscured by the increasing low-energgs the Drude weight further increases, and at lower tempera-
reflectivity background. The magnitude Bf ) approaches tures there appears to _be a clear division of weight: increas-
1 asw tends to 0. The reflectance shows strong temperatur@d below and decreasing above about 0.5 eV. The tempera-
dependence, even at the 4-eV peak, which displays a shift ifyre d_ependence of the _Welght of thls_Drude-Ilke feature was
energy as well as a change in magnitude. The other imerest{]vesngated by evaluating the effectlvg number of carriers
ing features are a peak at about 0.7 eV, seen in the 190 anteft for below a cutoff frequency by using the expression

160 K spectra, and a broad mid-infrared peak centered at

about 1 eV. The 0.7-eV feature is indistinguishable from the N (@) = 2mV
1-eV peak in the spectra abote, and if present irR(w) sffl®
for T<160 K it is obscured by the Drude-like background.

The KK transform of theR(w,T) spectra are shown in wheremis the electron mas¥ is the volume of the unit cell
Fig. 5(b) in the energy region 0.01-5 eV. Plotted as solidcalculated from reported structural d&t&’ and N is the
circles on they axis are zero-frequency conductivity values number of Mn atoms in this volumé s was calculated to
deduced from dc resistivity measurements. The sample a®.=0.5 eV, a crossover energy below which the Drude
295 and 255 K(.e., for T>T.) shows a gaplike feature at weight increases with decreasing temperature and above
0.1 eV. This feature is also seen at this energy in the workghich the spectral weight decreases as temperature de-
of Boris etal’” and Kim et al,?° respectively, on single- creases. The temperature dependenceNgf; does not
crystal and polycrystalline samples of approximately a thirdchange significantly with energy cutoffs0.05 eV.
doped LCMO. The 295 and 255 K spectra are also charac- Ng¢(T), shown as solid circles in Fig. 6, is not propor-
terized by two peaks, a broad one at about 1 eV and the othdional to our measurement of the square of the normalized
at about 4 eV. The 4-eV peak has been alternately ascribed toagnetizatiod M (T)/M]? (not shown [whereM (T) is the
the charge-transfer transition betweern,,Cand Mn g4 magnetization andl/; is the saturated ferromagnetic magne-
bands™'®* and a transition between ,Q and Mn t,, tization atT=0], which would be expected in the simple
bands>1%1*We find the broad feature at 1 eV near impos-double exchangéDE) picture?® An absorption’ study and a

We
—wNezjo oi(w')do’,
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reflectanc® study demonstrate that the infrared spectralishing, and indeed the treatment rescued dhg(w) spec-
weight associated with the conducting carriers is transferretrum for La, ;3<Cay 26gMNO; from apparently negative values
from the higher-energy transitions in obeyance with the scaland produced an increased low-energy spectral weight. How-
ing relation 1fM(T)/M,]? predicted in the DE pictur® A ever, a SIMS measurement on the sample showed that while
similar analysis carries large uncertainties for the presents composition before annealing was independent of depth,
data set, as the lesser skin depth for the higher-frequenape composition of the sample surface after annealing dif-
region probes proportionally more of the damaged surfacéered significantly from that of the bulk, effectively introduc-
layer than the bulk. HoweveM.{(T) does scale rather well ing a different type of surface layer. Given that in this case
with a parameter which also incorporates Jahn-Teldn the skin depth of the probing light is many times deeper than
coupling in the DE model. This is the temperature dependerthe extent of surface disruption we have no hesitation in
DE bandwidth, ype(T)/ype(0) predicted by Kubo and presenting data on the effective number of carriers up to 0.5
Ohat&® and illustrated as a solid line in Fig. 6. The reasoneV from our optical spectra. However, we do suggest that
for this good agreement, also seen in other opticabny optical study which uses annealing to release surface
studiest*1?°has been discussed by Kiet al?° in terms of  strains due to polishing should also be accompanied by a
the incorporation of Jahn-TelledT) coupling in the DE surface characterization measurement, such as SIMS.
model, whose Hamiltonian was studied by deo et al?’ It was found that the temperature dependenceNgf;
However, we have demonstrated that the quantitative interscaled well with the predicted temperature-dependent DE
pretation of results of any optical measurement is not indebandwidth. This behavior is consistent with the suggestion
pendent of surface treatments. A clear picture of the electrothat Drude metallic behavior in lggzCa ,6dMNO3 is com-
dynamics in the La ,CaMnO; system is yet to emerge.  plicated by electron-phonon interactions. This is in contrast
to optical results that appear to confirm the simple DE pic-
IV. CONCLUSIONS ture. The central issue for quantitative analysis by reflectivity

_ o ) of bulk crystals appears to be the sample surface treatment.
The recent observation that polishing single crystals for

optical measurements obscures the intrinsic conductivity
suggested that cleaved or annealed surfaces are necessary for
overcoming this problem. Our measurements of
Lag 73:Ca 26dMNO;5 showed that this polishing damage was The author gratefully acknowledges the Foundation for
extensive enough to return a negativg(w) for the sample Research into Science and Technology for support. This
in its metallic phase. A calculation for a modeled bulk andwork was financially supported by a Royal Society of New
overlayer confirmed that the KK transform can return negaZealand Marsden Fund, a Victoria University of Wellington
tive o (w) for inhomogeneous materials. We anticipatedgrant, and the New Energy and Industrial Technology Devel-
that annealing would heal the surface strains induced by pobpment Organization of Japan.
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