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Optical conductivity studies of Lay,Srq,,NiO,: Lattice effect on charge ordering
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Optical conductivity spectra(w) of a Lay,Sr;,NiO, single crystal were investigated over a wide photon
energy range with variations of temperature and polarization. Strong anisotropies in phonon modes and elec-
tronic structures are observed betweenabeplane E||ab) andc axis (E|/c). In the midinfrared regiong(w)
for E|lab show several peaks due to small polaron and optical transitions between neighboring Ni sites;
however, those foE|c show negligible spectral weights. By assigning proper optical transitions, the crystal
field splitting energy betweee, orbitals and Hund's rule exchange energy are estimated to be around 0.7 eV
and 1.4 eV, respectively. With decreasing temperature, there are large changes in the phonon modes and the
spectral weights are transferred to higher energy. Below the charge ordering temperature, the polaron absorp-
tion is suppressed and an optical gap starts to appear. The optical gap initially increases with decreasing
temperature; however, it starts to decrease near 120 K. Our x-ray diffraction measurements show an increase
of the a axis lattice constant below 120 K. These results suggest the importance of the lattice degrees of
freedom for stabilizing the charge ordering insl&r ,NiO,.
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[. INTRODUCTION other Ni site, respectively. This work suggests the impor-
tance of the coupling between the ordered holes and the crys-
The physical properties of La,SrNiO, have been in- tal lattice in producing the commensurate states.
vestigated by many workers due to their close similarities Optical studies have proved to be quite useful for inves-
with La,_,Sr,CuQ, and the possibility of observing high- tigations of electron-phonon coupling and the electronic
temperature superconductivity. Both parent compounds, i.estructures of several strongly correlated systems. There have
La,NiO, and LgCuQ,, are antiferromagnetic insulators in been numerous reports on the optical properties of
their ground states. However, their physical properties with-a,_,SKLNiO,4 (Refs. 7—10; however, most of these studies
Sr doping have been shown to be quite different. While thehave concentrated on samples witk:1/3. Moreover, the
cuprates show high-temperature superconductivity sor role of lattice degrees of freedom on the stability of charge
=0.05, the nickelates do not show superconductivity for anyordering and the detailed electronic structure near the Fermi
x. And metallic conductivity appears much more slowly in level are not clearly understood yet.
the nickelates than the cuprates with respect to the hole dop- In this paper, we report temperature- and polarization-
ing, i.e., x=1.0 in L&_,SpNiO, and x=0.05 in dependent optical conductivity spectrac(w) of
La,_,Sr,CuQ,.! Such a self-localizing behavior of the holes Lag;,Sr;,NiO,. (Hereafter,E||ab and E|c indicate the fact
has been attributed to a strong electron-phonon coupling arithat the light polarization is pointing along tlad plane and
a strong magnetic localization in the nickelatés. the ¢ axis, respectively.At room temperatureg(w) show
Using a neutron scattering experiment, Tranquatial. broad peaks below 2.5 eV fd||ab and a peak around 3.3

proposed a stripe phase, which includes charge and spin cgV for E|lc. We find thato(w) for E|ab originate from
dering, to explain the magnetic and nuclear superlatticsmall polaron absorption and optical transitions between Ni
peaks in insulating LaNiO, 1,5.* The stripe phase has been 3d levels. Based on our assignments, we obtain the values of
observed for a wide range of hole doping, i.e.0X<0.5in  the crystal field splitting energy betwees, orbitals
La,_,SrNiO,,° where the holes tend to segregate into(~0.7 eV) and Hund’s rule exchange energy 1.4 eV),
stripes and form antiphase domain walls between the intewhich are consistent with other experimental restits.
vening antiferromagnetic regions. Especially, Chen, Cheong/ith decreasing temperature, the small polaron absorption is
and Coopét reported evidence of quasi-two-dimensional suppressed and a large amount of spectral weights move to a
(quasi-2D charge modulations ir=1/3 and 1/2 at low tem- higher energy. Below the charge ordering temperaiigg
perature in their electron diffraction studies. According to~240 K, a clear optical gap and changes of phonon struc-
their observations, it has been suggested that the hole stripesge can be observed fdE|ab. However, the optical gap
in x=1/3 and 1/2 should be located every third and everystarts to decrease below 120 K. This intriguing behavior
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might be related to the fact that the lattice constant along the 10* ——————————t
a axis seems to increase, indicating the importance of lattice i i
degrees of freedom for stabilizing the charge ordering in 102k i
La3/28r1/2NiO4. ’g I i
O
o 10°F -
Il. EXPERIMENTS = | |
The La,,Sr;,NiO, single crystal was grown by the float- * 102l -
ing zone method. Details of crystal growth and characteriza- - .
tion will be reported elsewherg.Temperature-dependent dc ot o L L ) |
resistivities for theab plane,p,,, and along the axis, p., 0 100 200 300 400
were measured using the four-probe method. For the mea- Temperature (K)
surement, the sample was cut into a rectangular shape and T T T T T T T
electrical contacts were made with a heat treatment of silver 2r e
paint. High-resolution x-ray diffraction measurement was ol _f,___.::'b-"' i
performed using the synchrotron radiation source at the Po- o ;;_;'--" 4
hang Light Sources. The temperature-dependent lattice con- < _p | Teo ‘_.--" i
stants were obtained using a closed-cycle He refrigerator. £ _..-" Ts
Just before the optical measurements, the sample was pol- -4 ‘l’.,;ng. .
ished up to 0.1um using diamond paste. The temperature- .._..n"
and polarization-dependent reflectivity spectra were mea- -6 "’I | | | | | (b)l N
sured from 5 meV to 6 eV. For the energy regions of 5-20 2 3 4 5 6 7 8 9 10

eV, we used highly polarized light from the synchrotron ra- 1000/T (K™
diation source to measure the polarization-dependent reflec-

tivity spectra at room temperature. Kramers-Kronig analysis g|G. 1. (a) Temperature-dependent dc resistivities for tie
was used to obtain(w). Details of the reflectivity measure- piane, p,, (solid line), and along thes axis, p. (dashed ling (b)
ments and the Kramers-Kronig transformation were reportedurve of Inp,;, vs 1/T.

elsewherd? We also independently measured optical con-

stants for the energy regions of 0.6-5 eV using spectroscopigce constants for tha and thec axes, respectively. The error
ellipsometry. Since the optical constants ofzhan,,NiO,  pars around 120 and 150 K are larger than those at other
are anisotropic, we should measure the ratios of reflectancgsmperatures, since we determined independently the lattice
for p- ands-polarized light at several incident angles with the constants at these temperatures using a conventional x-ray
incident plane of the light along one of the optical axes of thegpparatus. The room-temperature lattice constants foathe
sample, and then calculate the optical constéhis.was  andc axes are 3.820 A and 12.724 A, respectively. With
found that the data from the spectroscopic ellipsometry meagecreasing temperature, the lattice constants start to decrease
surements agreed quite well with the results of our Kramersyithout apparent changes neBgg, which is similar to the

Kronig analysis. LagsSr5NiO, case'’ However, thea axis lattice constant
starts to increase nedrg, while thec axis lattice constant
IIl. RESULTS AND DISCUSSIONS continues to decrease without any noticeable changes. Be-

Figure 1 shows the electrical characteristics of 3.825 ——
Lag;,SroNiO,. The solid and the dashed lines in Figa)l Ts | Teo
represenp,, andp., respectively. In most of the measured sg20f (@ a .
temperature region, relatively large anisotropies betwggn - :
and p, can be seen. With decreasing temperature, pgth < 3815t 7
andp. increase, which is a typical insulator response. Figure £ s g0l |
1(b) shows the curve of Ip,, vs 1/T, whose slope corre- 2 : :
sponds to the activation energy, . Clearly, there is a change 5 3.805 ————+—t+—+—+—+—+——+—+—+
of E, around 240 K: the value dE, changes from 0.068 to © 1274F ) ¢ .
0.121 eV. Its temperature, i.e., 240 K, corresponds to the & i ' : ]
charge ordering temperatur@co. Note that this single- £ 12721
crystal value is smaller than that reported in a polycrystalline ~ — 12.70 [

. 6 . . .

sample, i.e., 340 R® To our surprise, we find that the value |
of E, changes once more from 0.121 to 0.063 eV near 120 K 12.68 | 5 5
(=Ts). Since the charge ordering is already stabilized at this 0 50 100 50 200 250 300

lower temperature, the decrease=yfis quite unusual. Later,

we will show that this change might be related to an increase

of the a-axis lattice constant. FIG. 2. Temperature-dependent lattice constants for(dhea
Figures 2Za) and 2b) show the temperature-dependent lat-and(b) ¢ axes.

Temperature (K)
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FIG. 3. (a) Polarization-dependent(w) below 10 eV at 290 K. FIG. 4. Midinfraredo () at 10 and 290 K fofa) E|ab and(b)

(b) Magnifiedo(w) for E|ab below 2.5 eV. In(b), the solid circles, E[c. In (¢), Ao (w) [=0(®,10 K)—o(w,290 K)] is shown for
the dotted lines, and the solid line represent the real data, the fittin§|\ab-
lines, and the sum of the fitting lines, respectively.

have two absorption peaks in the low-energy regidiote

tween 100 and 200 K, theaxis lattice constant increases by that electron-phonon interaction and crystal field splitting be-
about 0.137% and the axis lattice constant decreases by tweeney orbitals were neglected in their Hamiltonian.
about 0.107%. Itis not clear whether this intriguing tempera- To understand the origins of the peaks below 2.5 eV, we
ture dependence comes from a structural phase transition givestigated the temperature dependencas(af) for E||ab
not. Further studies on this point are highly desirable. and E||c, which are shown in Figs.(d) and 4b), respec-

Optical conductivity spectra show a strong anisotropy intively. While o (w) for E||c show little temperature depen-
the low-energy region. Figure@ showso(w) at 290 Kfor  gences, those fdE|ab show significant changes up to 2 eV.
two light polarizations. The sohd_and dashed lines represeng; 1o K, o(w) for E|ab show an optical gap and a signifi-
o(w) for Ellab andE|c, respectively. Above 5.0 eV, both ¢ant amount of spectral weight below 0.5 eV is transferred to

spectra show two broad an_d strong peak:f, around 7.4 and 8h$gher energy. These differences () with respect to
eV. These peaks were assigned asf-Ni 3d and O D temperature are quite consistent with a recent result that

—La 5d/4f transitionst® which should be nearly polariza- \ o .
tion independent and dipole allowed. On the other hand, th(e:harge ordering should occur within the Ni(lanes and

low-energy peaks are rather weak and highly anisotropic. FO(];harge ordering correlation along thexis should be nearly

E|lab, o(w) show a broad peak below 2.5 eV and a Steepabsenﬁ Figure 49) shows the difference of(w) between
rise above 3 eV. FoE|c, however, spectral weights below 10 @nd 290 K, i.e.Ao(w)[=0(w,10 K)=o(w,290 K)]
2.5 eV are negligible, and the first peak appears around 3.8 Ellab. (For clarity, Ao(w) below 0.1 eV is omitted.
eV. Clearly, the most significant spectral weight changes occur
There have been several works which have considered telow 0.5 eV, near 0.75 eV, and near 1.5 eV. The sum of
origins of theab plane peaks below 2.5 eV. Idet al® missed spectral weights below 0.5 eV is nearly the same as
reported two broad absorption peaks around 0.6 eV and 1hat of increased spectral weights between 0.5 and 2.0 eV.
eV in o(w) of La,_,SrNiO, (0.1=x=<0.5) and suggested This satisfaction of the optical sum rule suggests that most of
that they should be related to the symmetry of the dopedhe related electronic structure changes occur near the Fermi
holes. Bi et al’ investigated the midinfrared absorption energy.
bands of the 0.08x<0.2 samples and assigned them to The lowest spectral weight changes may be due to the
photon-assisted hopping of the small polarons. The smakmall polaron absorption. Many optical res(its on
polaron model could explain the rising region®fw) quite  La, ,SKNiO, with x<1/3 have suggested the existence of
well; however, it could not explain the(w) above 0.5 eV. the small polaron at high temperature due to the strong
Recently, Tsutsuét al2° calculateds(w) for the doped nick-  electron-phonon interactici:?? Even for our sample with
elates by using the numerically exact diagonalizationx=1/2, the small polaron absorption is the most plausible
method. Using a Hamiltonian with electron hopping, on-sitepicture. Then, the negative value afo(w) below 0.5 eV
Coulomb interaction, and Hund’s rule coupling betweencan be explained by the suppression of the small polaron
electrons irgy orbitals, they found that 2D nickelates should absorption due to the charge ordering.
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1 I which are displayed in Fig. 30ther optical transitions may
B exist above 2.5 eV or have small optical strengtigansi-
Xy’ —-?— 1 R e tion | corresponds to an optical transition betweeA*Nand
Al 7 A o A Ni%* ions with the same spin direction. The electron in the
) ., filled ds,2_,2 (1) level in Ni?* site moves to the unfilled
3z "—T—— - $ 4 —],——32 T dy2_y2 level in Ni#* site, and it requires an energy of about

. - - (A’"+A)/2. Transitions Il and Il correspond to optical tran-
NI Ni Ni sitions between Ni” and NF* ions with the opposite spin
FIG. 5. Schematic diagram of the optical transitions, and thedirection. In transition Il, the electron in the filletj> 2 ()
electronic configurations of R and NP* ions. level in the NF* site moves to the unfilled,z_2 level in
the NP* site, and it requires an energy of abali (A’
Keeping in mind the existence of three peaks below 2.5-A)/2. (HereJ represents the Hund’s rule exchange engrgy.
eV, we fittedo(w) below 2.5 eV, using the functional forms In transition Ill, the electron in the filled,2_2 (|) level in

of the small polaron and the Lorentz oscillators, i.e., the NP site moves to the fillediz,2_,2 (1) level in the
. Ni®* site, and it requires an energy of abdut (A’ +A)/2.
o(w)=0 sinh(7i w/2kgT) exf — (h ) 2I8EkgT] It is expected that the strengths of transitions | and 1ll may be
de hwl2kgT boB smaller than that of transition Il, since the former transitions
occur between different types of orbitals, i.€g,2_,2 and
ST iw?

+2 1) dy2_y2, and the latter occurs between the same types of or-
i (wz_wi2)2+ri2w2‘ bitals, i.e.,dxz_yz.
As mentioned earlier, the optical data seem to be fitted

The first term corresponds to the small polaron absorptionguite well with two Lorentz oscillators centered around 0.71
ando 4. andEy, represent the dc conductivity and the polaronand 1.4 eV. The strength of the first Lorentz oscillator is
binding energy, respectivefy. The second term denotes a larger than that of the second one. Comparing with the ener-
sum of the Lorentz oscillators, whe&, I';, andw; repre-  gies and the strengths of transitions I, I, and 1, we claim
sent the strength, the damping constant, and the energy of thieat the first Lorentz oscillator might come from the sum of
ith Lorentz oscillator, respectively. For the small polaron fit-transitions | and Ill, and the second one comes from transi-
ting, we used the value ofrq.=120 O tcm ™! and E, tion Il. From these assignments, we can extract the approxi-
=0.19 eV. It is known that the value @&, should be 2 mate value oA ~0.7 eV andl~1.4 eV?’ These values are
times larger than that df, . The fitting parameter of 0.19 quite consistent with recent experimental results. Kuiper
eV is somewhat larger than 0.14 eV-2x0.068 eV) for et al!! obtained a similar value of using the polarization-
E,. Similar results were previously noticed for the dependent x-ray absorption spectra at the nitkedges in
La,_,SK,NiO, (0.05<x=<0.2) samples by Bet al’ For the  La,NiO,. Pellegrin et al!? investigated the polarization-
Lorentz oscillator fitting, we first subtract the contribution dependent O 4 x-ray absorption measurement on
from the charge transfer transition above 2 eV, and then fita, ,SrNiO, (0=x<0.6). For E|ab, they observed
the remainingo(w) using two Lorentz oscillators centered peaks at 528.7 and 530 eV, and assigned as the high-
around 0.71 and 1.4 eV. As shown in Figbg this fitting  spin (ds2_y21ds2_,21)) and the low-spin [(1\/2)
result can explain the experimenta{w) quite well. X(|dy2—y2Tdg2_r2])—|dy2_y2] d32_,21))] states, respec-

To understand these two peaks, we considered the eledvely. The energy difference 1.3 eV) between these
tronic configurations of the Ri and the Ni* ions, as states may correspond fo
shown in Fig. 5. In Ni*(3d®), six electrons fillt,y levels It would be helpful to compare our assignments with
and two electrons file, levels. The electrons in they levels  those done by Tsutswt al?® They calculatedr(w) of the
haveds,2 2 and d,2_,2 orbitals, and have the same spins doped nickelates from a Hamiltonian which does not include
due to the large Hund's rule exchange energy. Since the inA. They obtained two broad peaksdtfw), and assigned the
plane Ni-O bonding length is different from the out-of-plane first peak as originating from the hopping of the electron
bonding length, thels,2_,2 and thed,2_ 2 levels are split by  which disturbed the spin configuration, and the second peak
A. On the other hand, in Rif (3d”), six electrons fill thet 4 as from the excitation in which the motion of carrier changed
levels and one electron fills the, level with d;,2 2  doubly occupied sites from high-spin to low-spin states. Al-
orbital?* Since one electron fills irey level with d3,2 2 thoughA is much smaller than the on-site Coulomb repul-
orbital in Ni**, there could be an additional Jahn-Teller-like sion, it is still comparable to the low-energy excitations ob-
distortion?® (In fact, the lattice constant ratio betweemnd  served in Fig. &). Therefore, we think that our assignments
a axes, i.e.c/a, has been known to be increased upxto which consider the role oA are more plausible.
=1/2 in La_,Sr,NiO,.'") Therefore, the level splitting be- Figures 6a) and 6b) show the temperature-dependent op-
tween theds,2_ 2 and thed,2_,2 in the NP* ion (A’) could  tic phonon modes foE|lab andE|c, respectively. At 290 K,
be slightly larger tham . And the difference betweeh’ and  o(w) for E|ab show four optic phonon modes, centered
A might be similar toE, . around 149, 234, 361, and 667 ch and those forE||c

Among numerous intersite optical transitions betweenshow two optic phonon modes, centered around 262 and
Ni?* and NP" ions, we considered three optical transitions491 cm . According to the group theory of LAIO, with
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FIG. 6. Optic phonon modes fd¢a) E||ab and(b) E|c at some Temperature (K)

selected temperatures. ] ]
FIG. 7. Temperature-dependent frequencie&bthe stretching

(wstretc, (b) the bending @peng, and (c) the external ey

17 ; CAnti
Dy, symmetry, four(threg infrared-active phonon modes are modes forE|ab.

expected foE||ab (E|c).28 They correspond to one external,
two bending, and one stretching mode f6ffab and one
external, one bending, and one stretching modeEflar. For  mode located around 262 crh becomes sharper and
La,NiO,, Tajima et al® reported four optic phonon modes slightly moves to higher frequency. No significant changes,
centered around 150, 236, 367, and 675 ¢ifor E||aband  such as bending mode splitting and a shift of the stretching
three modes centered around 280, 370, and 515 ‘cior mode, can be observed. To obtain more quantitative informa-
Ellc. In our Lay,Sr,NiO, sample, only two modes are ap- tion on the temperature-dependent optic phonon modes, we
parently visible forE||c and all the frequencies are smaller fit them with Lorentz oscillators and summarize the fitting
than those for LgNiO,. These differences of phonon modes parameters foE[ab andE|c in Table I.
between LgNiO, and La,Sr,NiO, might be due to the Figures Ta), 7(b), and 7c) show the temperature-
change of the lattice constant or the change of local symmedependent frequencies of the stretching{e:c), the bend-
try with doping. ing (wpend, and the externald,,;) modes forE|ab, respec-
With decreasing temperature, f&fab, the broad back- tively. Above T¢o, there are little changes. BeloWcg,
ground of o(w) decreases and the phonon modes become.,, ..., moves to a higher frequency by about 15 ¢mand
clear. In particular, the bending mode located aroundw,,, shifts to a lower frequency by about 3 ¢ In addi-
361 cm! starts to split and the stretching mode locatedtion, one of the split bending mode moves to higher fre-
around 667 cm® moves significantly to higher frequency quency and the other moves to the opposite. It seemdthat
just belowTco~240 K. The changes of the optic phonon is another important temperature where the temperature de-
modes neafl -, suggest that the charge ordering should bependences of the phonon frequency change. Bdlgwthe
coupled with the local lattice distortion. F&t|c, the phonon  shifts of the bending and the stretching modes seem to be

TABLE I. The phonon parameters of 4,55r,,,NiO, at 290 and 10 K foE[ab andE||c.

Elab Elc
wj(ecmb  Tiem?d) s @ temleml) o (em?)  Ti(em?l) S @Q temieml
290K 10K 290K 10K 290K 10K 290K 10K 290K 10K 290K 10 K

149.1 1444 156 10.8 6491 9249 262.3 267.9 43.8 26.5 19055 21209
233.6 2341 219 315 789 2597
346.7 35.9 7100
360.5 386.9 499 124 7721 1026
441.9 47.2 1515 490.6 490.9 279 20.2 679 990
5231 133.8 12079
667.2 6826 33.1 294 3390 5302
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T T density-wave and the spin-density-wave transititsclear
goo k| °° i deviation of 2A from the BCS functional form occurs .
010 Note that such a behavior has not been reported in
| 3 E//ab ] La5,3Sr1/3NiO4.8
g 005 As yet, the decrease ofA?below Tg is not clearly under-
& 60 : . ] stood. However, the increase of the lattice constant for the
g 0 0 20 0 . T a axis belowTg will be an important clue. When the lattice
T i Temperature (K) ", ] constant increases, the distance between the hole stripes
s} 400k 1 should also increase. Then, the interaction such as Coulomb
— repulsion between the hole stripes will decrease. Since the
< | ] electron fills theds,>_,> orbital (and the hole in thel,> 2
_ K orbital) in the hole stripe of the Ni site, it is also likely
200 L3 b K that the electron with thes,2_,2 orbital (also the hole with
kA T ﬁ the d,2_2 orbital) will be unstable. And an antiferromag-
it K T netic exchange interaction between the spins in the Ni sites
] Moo o ——= 10K will also decrease. The combined effects of such phenomena
Oo.o 0.1 0.2 0.3 0.4 0.5 can result in a decrease ofA2below Tg. Although more
Photon Energy (V) systematic studies are needed, our results suggest that there

might be a strong correlation between the stabilization of
FIG. 8. Temperature-dependentw) for E|ab below 0.5eV.In  charge ordering and the lattice degrees of freedom in
the inset, values of optical gap 43 are shown. The solid line is the Lag;,Sr;;5NiO,.
BCS functional form.
saturated. Also,wey; Shows an additional shift of about V. SUMMARY
2 cm ! at this temperature. Another interesting fact is that We have investigated the temperature- and polarization-
the shifts of wrerch aNd wpeng are quite large, i.e., about dependent optical conductivity spectra of gk&r,NiO,,
15 cm L. Such a large value of the phonon shift cannot bewhich undergoes a charge ordering beldyw,~240 K. The
explained solely by the changes of the lattice constants. Fagptical conductivity spectra show strong anisotropies in both
Lay Ca MnO; and La,,Sr;,MnO,, similar changes were the optic phonon modes and the electronic structures be-
observed and attributed to other degrees of freedom, such ageen theab plane and the axis. With variations of tem-
the strong electron-phonon coupling and/or the intersite Couperature, the phonon modes are significantly changed and
lomb repulsiort®3! large changes of the electronic structures are observed for the
The importance offg can be also observed in the tem- ab plane. However, these show little temperature depen-
perature dependent-spectral weight change&farb below  dences along the axis. In the midinfrared region, for theb
0.5 eV, shown in Fig. 8. At 290 Kg(w) show the midinfra- plane, we find that there are several peaks due to a small
red feature due to the small polaron absorption. In the dgolaron absorption and optical transitions betwegtevels
limit (i.e., ®—0), o(w) approach a finite value, which in neighboring Ni sites. Below co, the small polaron ab-
agrees with the experimental value of the dc conductivitysorption is suppressed and an optical gap starts to appear.
Since it is an insulating state, the strong Drude peak canndthe optical gap increases but suddenly decreases with the
be observed. With decreasing temperature, the spectriicrease of thea axis lattice constant near 120 K. This in-
weights below 0.5 eV decrease and move to the higher enriguing behavior suggests that there might be a strong cor-
ergy. BelowT¢o, o(w) in the low-frequency region become relation between the stabilization of charge ordering and the
strongly suppressed and an optical gap starts to appear. Thatice degrees of freedom in 455r,,NiO,.
spectral weight suppression becomes largest ardyndt is
quite clear thatr(w) below 0.35 eV at 10 K is larger than
those at 120 K(Since the amount of spectral weight changes
between 10 K and 120 K are rather small, we measured the We acknowledge Professor Y. K. Bang, Professor Jaejun
optical reflectivity spectra several times and found that suctvu, and Professor B. J. Suh for helpful discussions and J. H.
intriguing behavior was quite reproducible. Park and Professor K.-B. Lee for their help in synchrotron
To get further understanding, we evaluated the values of-ray diffraction measurements. This work was supported by
optical gap A from the crossing points of abscissa with the Ministry of Science and Technology through the Creative
linear extrapolations ofr(w). As shown in the inset of Fig. Research Initiative Program, and it was also supported by the
8, 2A shows an interesting change nday. With decreasing Korea Science and Engineering Foundation through the
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