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Optical properties of a Nd, ;Sry3MnO 5 single crystal
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We investigated temperature-dependent optical conductivity spectra of SBieVinO; single crystal We
found that polishing and surface scattering effects on thg;8ig ;MnO; crystal surfaces could significantly
distort the optical responses, especially in the mid-infrared region. However, oxygen annealing and gold
normalization processes seemed to remedy the distortions. We found that the spectral weight of
Ndy /SthsMnO5 in the metallic state might be composed of a Drude carrier term and a strong incoherent
mid-infrared absorptions. The temperature dependence of the spectral weight suggests that the electron-lattice
coupling should be important in optical properties of colossal magnetoresistance manganites.
[S0163-182699)03432-3

[. INTRODUCTION As one of the possible scenarios for such variations, Tak-
enakaet al° reported that cleaved (La,Sr)Mg@ingle crys-

It has been well known that series of doped manganitetals had optical spectra different from those of the polished
with the chemical formul®; _ ,A,MnO; (R = Laor Nd, and  crystals, and claimed that the small Drude weight in the pol-
A = Ca, Sr, or Banearx~0.3 undergo paramagnetic insu- ished samples observed by Okimabal:* should be origi-
lator to ferromagnetic metal transitions and show colossahated from damaged surfaces during the polishing process.
magnetoresistanc€CMR) phenomena near the transitions. The problem due to the sample preparation method is more
The coexistence of metallicity and ferromagnetism in man-serious for Ng /St sMnO; thin films. Kaplanet al® reported
ganites has been explained by the double-exchédfein-  an optical response of a ReSrMnO; thin film. They
teraction with a strong Hund coupling betwegycarrier and ~ could not observe the Drude-like peak even in the metallic
t,y Spins. However, it has been argued that some additiondkgion at low temperature. Later, Quijagaal’ reported a
degrees of freedom, such as latttcerbital> and disorde?,  Drude-like free carrier behavior for an oxygen-annealed
should be included to explain the CMR quantitatively. Nd, /Srp sMnO5 film. Therefore, careful surface treatments

Optical measurements have been very useful to investiand exact optical measurements are inevitable to get correct
gate the basic mechanisms of some insulator-metal transglectrodynamical responses and to understand the basic
tions and associated electronic structure chafige¥here mechanism of the CMR.
have been numerous optical investigations on manganites, In this paper, we present optical conductivity spectra
however, the experimental data and their interpretations are(w) of a Nd, /Sty MnO; (NSMO) single crystalfor an-
varied. Especially, there are several different views on therealed and polished surfaces. Although dc conductivity val-
spectral weights in the metallic states. Okimetaal* mea-  ues of both surfaces were nearly the same, théis) were
sured optical responses of (La,Sr)Mn€ingle crystals, and quite different. Using the oxygen annealing and gold normal-
claimed that the corresponding Drude peaks are very weaigation techniques, surface strain and surface scattering ef-
and sharp. Similar behaviors were observed infects could be removed. Our experimental data suggested
Lay /Cay, s;MnO; polycrystalline samples by Kim, Jung, and that the low-frequency spectral weight in the metallic states
Noh® However, Quijadaet al® investigatedo(w) of an-  might be composed of a Drude part and a strong incoherent
nealed Nd +Srp sMnO3, Lay /Cay aMNO;, and mid-infrared absorption. The temperature dependence of the
Lag ;Sth sMnO; films on LaAlO; substrates, and observed spectral weight supports the conclusion that lattice effects are
broad and strong(w) features at the low-frequency region. important in NSMO.

They attributed these features to Drude responses and coher-
ent conductions. Boriset al!® measured o(w) of a

Lag 6Ca 3dMNO5 single crystal. At 78 K, itsr(w) showed a

very broad Drude-like behavior which was much stronger The NSMO single crystal was prepared by floating zone
than those of polycrystalline samples. Takenakal® also  methods. Details of crystal growth and characterizations
measuredr(w) of cleaved (La,Sr)Mn@single crystals, and were described elsewhele.Just before optical measure-
observed a Drude-like peak with a large spectral weight. ments, the sample was polished up to w8 using dia-

IIl. EXPERIMENT
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mond pastes. After the polishing, we carefully annealed the F|G. 2. (a) R(w) and (b) o(w) for polished and annealed
sample again in an £atmosphere at 1000 °C for 1 h. Figure NSMO.
1 shows values of temperaturé-¢) dependent dc resistiv-

ity p(T) of our NSMO single crystal, which were measured tained at room temperature from 6.0 to 30 eV, assuming that
by the conventional four-probe method. The solid and thgeflectivity in the high-energy region should be nearly tem-
dashed lines represent th¢T) curves of the polished and perature independent. For the frequency region above our
the annealed NSMO, respectively. Th€T) curves show @  measurements, the reflectivity at 30 eV was extended up to
typical insulator-metal transition around 198 K. It seems thayyg e\ and theny 4 dependence was assumed. Using spec-
overall features op(T) for the polished and the anm_aal_ed troscopic ellipsometrySE), we obtainedr(w) in the region
NSMO are nearly the same except for small deviationsf 1.5-5.0 eV without relying on the KK extrapolation. The
aroundTc . Although such an annealing procedure does nof,(,) obtained by the SE method were quite consistent with
changep(T) significantly, it seems to be very important for those obtained by the KK analysis. This fact suggests the

optical properties of the NSMO sample. As demonstrated iRgjidity of our gold normalization techniques and the ex-
the next section, optical properties of the NSMO crystal betrapolations used in the KK analysis.

came drastically changed after the oxygen annealing.

Near normal incident reflectivity spectr&(w), were
measured in a wide photon energy region of 5 meV-30 eV [ll. RESULTS AND DISCUSSION
and at temperatures between 15 and 300 K. We used a con-
ventional Fourier transform spectrophotometer between 5
meV and 0.8 eV. Above 0.6 eV, grating spectrometers were Although the oxygen annealing process does not change
used. Especially above 6.0 eV, we used the synchrotron ra(T) very much, it affects the optical responses of NSMO
diation from the normal incidence monochromator beam linesignificantly. Figure 2a) showsR(w) for the polished and
at Pohang Light SourcéPLS). T-dependenR(w) below 6.5  the annealed surfaces of the NSMO single cryghite that
eV were measured using a liquid-He-cooled cryostat. Tdooth of these spectra were corrected by the gold normaliza-
subtract surface scattering effects frd®w), we used the tion technique, so differences are mainly due to the oxygen
gold normalization techniqu¥ a gold film was evaporated annealing effects.In the insulating region abov&c, the
onto the sample surface just after spectra were taken. Thedifferences inRR(w) are not significant. However, in the me-
the reflectivity of the gold-coated surface was measured anthllic region belowT., R(w) for the polished surface are
used for normalizindR(w) of the NSMO sample. much lower in the frequency region fromx2l0™ 2 to 1.5 eV.

Using the Kramers-KronigKK) analysis with the nor- The dip inR(w), the so-called “plasma edge,” for the pol-
malizedR(w), we obtainedr(w). For this analysisR(w) in  ished surface appears around 0.6 eV, which is much lower
the low-frequency region were extrapolated with the Hagenthan the observed dip around 2.0 eV for the annealed surface.
Rubens relatiol? for metallic states and with constants for The differences in the polished and the annealed surfaces can
insulating states. To obtain accuratéw) in the far-infrared be clearly seen ir(w), which are displayed in Fig.(B).
region, we also comparefR(w) extrapolated using the After the annealing, the spectral weight in the infrared region
Hagen-Rubens relation with those extrapolated using thbecomes considerably enhanced. Although Drude-like peaks
Drude model, and we obtained nearly the same results in that the far-infrared region can be observed at 15 K for both
far-infrared region. Th@-dependenR(w) spectra below 6.5 surfacesp(w) of the polished surface has a smaller spectral
eV were smoothly connected with the reflectivity data ob-weight.

A. Effects of oxygen annealing
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FIG. 3. (a) R(w) and(b) o() for gold corrected and not cor- e gold normalizationR(w) in Fig. 3@ show that the light
rected NSMO. In(b), the solid square denotes the value of dc con-gcatiering effects are not significant below 0.1 eV, but that
ductivity. they become very severe between mid-infrared and visible

) ) regions. The scattering loss effects become evident(in).
~ Changes in the optical response due to the oxygen annegtigyre 3b) shows that the spectral weight becomes reduced
ing were already noticed in NSMO thin films. Kaplabal  jn most of the frequency region. Especially, the spectral
reported that a NSMO film, whose resistivity peak temperachange below 0.5 eV becomes quite large.
ture Tp was located around 180 K, had a strong mid-infrared  Recently, Takenakat al® compared optical reflectivity
peak and no Drude-like free carrier péakater, the same  spectra of (La,Sr)Mn@cleavage surfaces with those of pol-
group reported thatp of a_NSMO film becam_e about 230 K jshed surfaces, and they showed tbdtw) of the cleaved
when it was annealed in an oxygen environnfefiey  syrface have a much more enhanced Drude weight. They
showed that the strength of the mid-infrared peak becamg|aimed that the damage of the polished surface should result
conS|d_erany weake.ned and that the Drude-like free_ carriefy 5 serious distortion imr(w). Since the optical spectra of
behavior appeared in the oxygen-annealed NSMO film. Weneijr cleaved surfacé.e., Fig. 2 of Ref. are very similar to
think that the optical response changes in the NSMO filmgy results after the oxygen annealing and the gold normal-
were related to the dc resistivity changes reported by Xiongation processes, it can be suggested that the differences

et al They investigated the effects of oxygen annealing ingpserved by Takenaket al. were likely to be remedied by
NSMO films. With more annealing, their resistivity values o experimental techniques.

became smaller antl, moved to a higher temperature. They
suggested that the annealing effects in the NSMO films could
be explained by a change of oxygen content and a variation
of mixed Mre*/Mn** ratio. In Fig. 4, we showT-dependeniR(w) of the annealed
Sincep(T) of our NSMO single crystal does not change NSMO single crystal from 5 meV to 10 eV. At 300 K, there
by the annealing process, the optical response changes o#€ three sharp peaks originated from optic phonon modes in
served in Fig. 2 might not come from oxygen contentthe far-infrared region. And, broad peaks above 0.1 eV come
changes. We think that the differences in optical spectrdrom the optical transitions between electronic levels. With
should be originated from damage due to the polishing prodecreasingr, the value of reflectivity approaches 1.0 in the
cess. Since the electron-phonon interactions are believed & limit (i.e., o—0) and the sharp phonon features become
be very strong in manganites, the stress applied during thecreened by the free carrier. Note that there is strbmg-
polishing process could damage the surface region and dgendence irR(w) up to 5.0 eV. Similar behaviors were ob-

form optical responses significantly. served in other CMR manganit&s?
Figure 5 showd-dependentr(w) of the annealed NSMO

single crystal, which were obtained by the KK analysis. In
the temperature region aboVe , we can see two interesting
We also found that light scattering from the polished sur-features: an optical gap near 0.18 eV, and broad peaks
face was quite severe in the NSMO sample. Figufesé&hd around 1.2 and 4.5 eV. AE decreases, a significant amount
3(b) showR(w) and o(w) of the oxygen annealed NSMO of spectral weight between 1.0 and 5.0 eV moves to a low-
sample at 15 K, respectively. The dashed lines are resulisnergy region. Above 5.0 eV, the spectral weight is ne@rly
without any correction, and the solid lines are results afteindependent. Due to the similarities in peak position and

C. Spectral weight in the insulating state

B. Effects of gold normalization
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FIG. 5. T-dependenis(w) of the annealed NSMO with gold

correction. FIG. 6. Schematic diagrams fof-dependento(w) of the
NSMO for (@) T>T¢ and(b) T<T., respectively.

strength to those of charge-transfer transitions in the other
manganite$®1’the peak around 4.5 eV can be assigned to @bsorption peak below 1.0 eVij) a peak centered around
charge-transfer transition between theOand the Mne, 1.5 eV, (iii) a broad peak centered around 3.5 eV, which is
bands. The large spectral weight change between 2.0 and 500iginated from interband transitions between the Hund rule
eV can be interpreted in terms of an interband transitiorsplit bands, andiv) a peak due to charge-transfer transitions
between the Hund rule split bands, igy(t,)—el(t3;) and  between the O @ and the Mney bands.
ey(tsg)—ey(thy), in the DE picture®® (This notation indi-
cates that the transitions occur between ®yobands with D. Spectral weight in the metallic state
the same spin but differenp, spin background.As T de- . .
creases below, the spins gf the,4 electrons are pointing Th Figure 7 shows detailettdependentr(w) below 2.0 ev.

along one direction and the interband transition become ciosr?(ljlgc?i?/lijt?erse,otfnfg gllez,oar;dnc(itlicgg Le prreesseencttit\r/] :I m;:\zil:/reed
weakened, which results in the decrease of the spectr$ : P » respe y.
¢, we can find three optic phonon modes. With cooling, the

weight. ! .
l\?ow let us focus on the spectral weights in the insulating%ptIC phonon modes become screened by the free carrier, but

state. Although the peak near 1.2 eV appears to be one bro Igéeigvj'_?nattﬂg gagctt)glofté SaetL\;Zg Z\é(e)?/;tolg é(\?/r”gf g:::zgsan d
peak, we claim that it should be interpreted in terms of a c P ’ '

two-peak structuré® one peak is located near 1.5 eV and the
other is located below 1.0 eV. For most manganites with

3500 —

hole concentrations below 0.4, the 1.5 eV peak could not be 'c * 15 K ]
seen clearly. However, there have been several reports which 3000 |- O 3. 1/~ 120 om™ -
support the existence of the 1.5 eV p&akerom doping- - <, \/—\ ]
dependent conductivity studies on (La,Ca)MnQlung 2500 |- k= N
etal’® showed that such a peak should exist. Machida, 'g ~ '

Moritome, and NakamufA also observed similar peaks in _©O 2000 S e
transmission spectra of (NesSmy 75065 MNO; and ' ©

Smy ¢St MNnO;3 films. And, to explain optical spectra of 1500

&
Ndy 7Srp.sMNO;, Lag Ca sMnO3, and Lg 7Sty sMnO5 thin 3
films, Quijadaet al®’ assumed the existence of the 1.5 eV g
peak.

Moreover, if the broad peak around 1.2 eV is interpreted 500
as one optical transition related to small polaron absorption,
there will be some discrepancies between the optical data | . ; | .
and other experimental data. For example, recent transport 0.0 0.5 1.0 1.5 2.0
measurement shows that a small polaron activation energy
should be about 0.15 e’ which is smaller than 0.3 ¥ Photon Energy (eV)
When we accept the double-peak structure, we can present a FiG. 7. Magnifiedo(w) of NSMO up to 2.0 eV. The solid
schematic diagram for the spectral weight in the insulatingsquare, triangle, and circle represent the dc conductivity values at
state, which is shown in Fig.(8). As shown in this diagram, 15, 120, and 180 K, respectively. In the inse{w) at 15 K are
there are four main peaks below 5.0 €¥}:a small polaron fitted with the simple Drude model.

1000

Ndg 7Sro.sMnO3
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those below 0.8 eV increase significantly. The increasing 0.30 . . . . . .
spectral weight belowT; seems to form an asymmetric NdgSro sMnOs 1 1.0

band, whose peak position moves down with decreasing tem- 0251

perature. Even at 15 Kg(w) seem to make a downturn = o020} 0.0 s
around 0.1 eV, and the corresponding dc conductivity is © )
higher by about 10000 cm™! than o(w=0.1 eV). It o 015¢ >
should be noted that our(w) data at 15 K, displayed in Fig. £ 0401 0.8 B
7, are similar to the low-temperature spectral responses ob- =z N>
served by Quijadat al® and Boriset al® 0.05 k-

One important question which we should address at this 197
point is whether we should interpret the low-frequency broad 0.00 —=5"700 750 200 250 30
absorption feature at 15 K as a single-component Drude
peak. There are three important experimental facts which we Temperature (K)

should notice. First, our experimental data showed the down-
turn of optical conductivity around 0.1 eV &@t<T.. The
Lag 6/Ca 3gMNO; single-crystal data of Borist al.*° showed

. . . we 9
the same behavior, and the thin film data of Quij@li@l.” 5 1ator-metal transition in NSMO. Such a crossover from
showed similar trends, _although such beha\_nors WEre N&he small to the large polaron was also observed by other
glected by the authors. since the downturn regions were CIOS@xperiments, including Raman scattefihand pulsed pair
to the low-frequency mfrgred cutoff of LaAlQsubstrates. density function (PDP measurement® In this polaron
Second, the spectral weight changes of all the reported ex;,q5over scenario, the strong oxygen annealing dependence
periments, including the NSMO single-crystal case displayedy e gptical responses in the metallic states might be ex-
in Fig. 7, cannot be described by a decrease of one SpeCtrBJained. Just after the polishing, the surface region should be

component at a fixed frequency and an increase of a singlgymaged quite significantly, which blocks the motion of in-

Drude component near the zero frequency. Rather, they caynerent polaron motion. However, after the annealing, such

be reasonably described by a continual evolution of an asymseqs_induced damages could be repaired. More detailed in-
metric peak whose position moves down as the samplGagigations are needed to clarify this scenario.
changes from the insulating state to the metallic state. A

similar trend was observed for the room temperature data of
the cleaved (La,Sr)Mn©single crystals, investigated by
Takenakaet al® As Sr doping increased and the sample be- To get a further understanding of the low-energy spectral
came more metallic, a spectral weight increased in the lowweight, we evaluated the effective number of carriers,
frequency region, which could be described by a continuaNeg(wc), below a cutoff frequencywc :
movement of an asymmetric peak. Third, some optical data
cannot provide reasonable values for electrodynamic quanti- Mg A
ties, when a single-component Drude peak is assumed. For Ner(wc) = —e?N fo o(w)do’, @
example, the single-crystalline § gCa ;dMnO; data at 78
K indicate mean free path=3.9-5.2 A, which is compa- Wherem is a free electron mass amtirepresents the num-
rable to the lattice constamt This value is rather too small ber of Mn atoms per unit volume. For actual estimation, the
for metallic conductiorf® On the other hand, assuming the value of wc was chosen to be 0.8 eV, since the low-
two-component response for §#a, ;MnO; polycrystals, frequency spectral weight below 0.8 eV increases a%
Kim, Jung, and Nohreported that~25 A at 15 K and that decreases beloWc, as displayed in Fig. 7.
| becomes about 4.2 A near the metal-insulator transition Figure 8 shows theT dependence ol (0.8 eV).
temperature. Above T, N is nearly independent of. As T decreases,
Therefore, we think that the low-frequency responseNes Shows an increasing behavior. In the simple DE picture,
should be interpreted in terms of two components, i.e., 4he spectral weight of the Drude carriers should be propor-
coherent narrow Drude peak and an incoherent mid-infraretional to (1+M?2)/2, whereM is the magnetization. How-
absorption band. Figure(l®) shows a diagram of(w) for ~ ever, measured magnetization data show a very sharp in-
T<Tc, which takes account of the two-component contri-crease neaffc, so a quantitative agreement betweldgy
butions. Another feature of the diagram is that the peak dua@nd (1+M?)/2 could not be obtained. Recently, Kiet al.
to the charge-transfer transition is neaflyindependent. In  investigated optical properties of (La,RgCa MnO;,* and
addition, as temperature decreases belgw the transition  found that all of theNg4/T¢ data for various values of Pr
between the Hund rule split bands becomes weakened armncentration can be scaled witlpe(T), which represents
the spectral weight below 1.0 eV increases significantly. the temperature-dependent DE bandwidth due to spin order-
As displayed in Fig. 7, the incoherent mid-infrared ab-ing within the DE model predicted by Kubo and Oh&tao
sorption band is quite asymmetric and the Drude weighexplain this scaling behavior, they adopted the theoretical
starts just below the characteristic phonon mode frequencyesultS® based on a Hamiltonian including the DE interac-
These optical features are quite consistent with coherent arftbn and Jahn-TelleXJT) electron-phonon coupling terms.
incoherent absorptions of a large polaron, predicted bylhey showed thalNg~t&ype(T), whereé is the polaronic
Emin2® From these observations, it can be argued that &and narrowing term. The solid line in Fig. 8 represents the
crossover from small to large polaron states accompanies thgedicted behavior ofype(T)/ype(0), which agrees quite

FIG. 8. T-dependeniN. (0.8 eV) of the NSMO single crystal.
The solid line refers to the behavior ¢f(T)/ ype(0).

E. Temperature dependence of low-energy spectral weight
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well with the evaluated values df.; (0.8 eV). This agree- Note that our estimated value ofi*/m, for NSMO is

ment suggested that both the DE interaction and the Jiarger than those of other manganites. From specific heat

electron-phonon coupling play important roles in NSMO. measurements, Hamiltaet al.** found thaty/ y, was around

5 for LaggBag3dMNO; and around 8 for LggCa ,MnO;.

And, from optical measurements, Kim, Jung, and Nod

portedm*/m, ~13 for La ;Ca ;MnO;. In the DE model,
One of the important issues in barely conducting materialS - should be proportional to an effective transfer integgal

is to determine electrodynamic quantities, such as scatterinfgr an electron hopping between Mn ions. And, in the tight

rate 1, carrier densityn, and effective mass*. The mean binding calculationN(Eg) is inversely proportional tdg.

free pathl and dc conductivityy can be written in terms of Sincevy is proportional taN(Eg), y should also be inversely

F. Electrodynamic quantities

the electrodynamic quantities: proportional tot.;. From the fact thal - of NSMO is quite
B T smaller than those of lggCa, sMNO; and Lg gBay 33MNn0O;,
| =7h(37"n) "/ m*, (2 the large value of* in NSMO seems to be reasonable. This
and also supports the validity of our analysis for the NSMO me-
tallic state in terms of a small Drude weight and a strong
o=ne’r/m*. (3)  incoherent peak.
Assuming hole carrier conductiofi.e., n=0.3), | at 15 K IV. CONCLUSION
was estimated to be about 13 [A¥hen we assumed electron
carrier conductior(i.e.,n=0.7), | should be about 7 A As We investigated the temperature-dependent optical con-

shown in the inset of Fig. 7, we fitted the free carrier absorpductivity spectra of a NghSr ;MnO; single crystal. We
tion with the simple Drude model and found that4/120  found that the polishing process could damage the surface
+20 cm ! provided a reasonable fit to our low-frequency region of the crystal and deform the optical spectra quite
data. Using this value of %/ we found thatm*/m,~21  significantly. Using the oxygen annealing process and the
+3, gold normalization technique, such damage due to the pol-
Values ofm* could be estimated using other experimen-ishing process seems to be recovered. Based on optical con-
tal techniques, such as specific heat measurements. Condultictivity spectra, we provided schematic diagrams for spec-
tion carriers provide d-linear term, whose coefficient can tral weight distributions in the metallic and the insulating
be written asm?k3N(Eg)/3, whereks and N(Eg) are the regions. We found that the optical response in the metallic
Boltzmann constant and density of states at the Fermi erf€gion should be interpreted in terms of a Drude part and a
ergy, respectively. In the free electron model, the correstrong incoherent mid-infrared absorption.
sponding linear coefficienty, can be written as
(47°mck3V/3h?)(3n/ )3, where h is Planck’s constant.
Therefore,y/ vy should be the same as*/m,. From spe- We thank H. K. Lee, N. J. Hur, Dr. E. J. Choi, Dr. H. C.
cific heat measurements of \gSr, ;MnOs, Gordonet al®?  Lee, and Dr. Y. Chung for useful discussion and helpful
reported the values of(T=0) as 25 mJ/K mol. (Note  experiments. We acknowledge the financial support by the
that y, was estimated to be around 0.9 m3/knol.) How-  Ministry of Education through Grant No. BSRI-98-2416, by
ever, they claimed that the value ¢f y,, i.e., 26, was too the Korea Science and Engineering Foundation through
large for the conduction carrier contribution, and that theGrant No. 971-0207-024-2, and through RCDAMP of Pusan
coupling between Nd and Mn spins might enhance the valudlational University. Experiments at PLS were supported in
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