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We present the effects of iemperature (between 10 K and 298 K) and of hole concentration on the [requency
and intensity of characieristic phonons in polyverystalline La:CuQOs-related compounds using FT-TR spectros-
copy . The influences of the concentration ol carrier doped on the phonon modces are prominent in the TR spectra
of La~CuOy-relaicd compounds. For La~StCuQq (x = 0.00. 0.03. 0.07. 0.10. and 0. [ 5) and clectrochemically
(or chemically) oxidized La-CuQ.. the intensitics of the transverse oxygen mode around 680 cm™' which cor-
responds mainly 1o Cu-O(l) stretching vibration in the basal plane of CuOq octahedron. are decreased and dis-
appearcd depending on the Sr-substitution raic and the amount of excess oxygen. while the longitudinal oxygen
mode around 310 ¢cm™! corresponding (o the Cu-0(2) strelching in the basal plane of CuQx octalicdron are near-
Iy invariable. Tn padicular. afier (wo cycles of cooling-heating between 10 K and 298 K for these sample, the
phonons around 680 ¢cm™ arc bluc shifted by about 13-15 cm™ . while the phonons around 310 cm™ are nearly
constant. The introduction of the charge carricr by doping would give risc to the small contraction of CuQs oc-
tahedron as Cu®' requires a smaller site than Cu'. which results in (he shortening of the Cu-O(1) bond length
and Cu-O(2) bond lengih with (he incrcased La-O(2) bond length. These results in the frequency shift of the
characteristic phonons. The TR spectra of La-LiasCuasQawhich exhibits an insulator behavior despite the Cu®
of ncarly [00%. corroborale our TR in(crpretations. The mode around 710 em™ corresponding to Cu-O(1)
stretching vibration is still strongly remained cven at low (emperature (10 K). Thus. we conclude that the con-
duction clectrons formed within CuQ- plancs of La-CuQa-related superconductors screen more ¢ffectively the
transverse oxy gen breathing mode around 680 cm™ depending on (he concentration of the doped charge carricr
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in La-CuQ;-related compounds.which might usc as a superconductivily probe.

Introduction

Despite the cnormous works that have been performed lor
superconducting matcrials. the understanding of the mecha-
nism of supcrconductivity has not been completed cven on
the simplest high-T, superconductors. La~CuQ;-related com-
pounds.

La-CuOs-related compounds have been intensively focused
on the clucidation of the origin of the supcrconductivity as it
has the simple local structure. The structure of LaxCuQy-relat-
cd compounds can be depicted as charge accepling CuQ»
plancs and charge donating La-O- layers which 1s called the
blocking layer.! So. the charge carricr concentrations in two
different recactions can be transferred (rom La-O- layvers to
CuOs lavers as follows:

i) La-CuO; after electrochemical oxidation™*
[La-O-] [CUO-" — [La:Osee] =[Cu0:]
ii) La-..Sr.CuO, as prepared **
[LasO- [CHO-T" = [LaseSrO-[Cu0-

For clectrochemical oxidation. the clectronic structural cvo-
lution of La~CuQ4 may be due to the vaniation of the concen-
tration of oxygen intercalated i the vicinity of the LaO rock
sall plancs. Assuming ionic model. the charge of CuO- plancs
varics from 2 to 2 + 2x depending on the amount of excess

oxy gen intercalated into the LaxCuOs Jattice by clectrochem-
ical oxidation. In casc of Sr'-substitution for La* . the charge
ol CuO:- plancs changes from 2 to 2 + x in proportion to the
substitution ratio of Sr*'.

The LaxCuQ; compound is charge-transfer (CT) insulator
with an cnergy gap between occupied O 2p and the lowest
Cu 3d (upper Hubbard) bands. The band structure calcula-
tions for La-CuQy; reveal that a Fermi encrgy 7 lics between
abroad ¢ band and the top of a 7 band.** The * band that is
primarily Cu-3d.2,2 in character. results from the covalent
mixing of Cu-3d,2,2 and O-2p & orbilals. while the 7 band
that is primarily O-2p 7 in character is formed by (he cova-
lent mixing between Cu-3dy and O-2p 7 orbitals.™ " Carrier
doping into CuO- plancs by oxygenation reaction. such as
high oxygen pressurc and clectrochemical oxidation. ! would
give risc to the corrclation splitting of the ¢ band which is
above the top of the 7~ band. which results in the formation
of the mobile holes.

It is gencrally acceepted that there is a certain inleraction
between the conduction clectrons and the transverse oxygen
vibrations as the carricr doping occurs mainly in the CuQ-
plancs. In this point of vicw. it is of grcat importance to
exanmune the phonon (lattice vibrations) i superconducting
materials using Raman scattering. infrarcd absorption and
reflection. and ncutron scatiering techmque.
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The space group of La:CuQOs-related compounds crystal-
lized in the tetragonal K:NiF, structure belongs to 1d/mmm
(D'7y) with z= 2. and the primitive unit ccll consists of onc
formula unit.'=* Therefore. group theory predicts 7 infrarcd
and 4 Raman active modces flor this structure. as follows:

A +E, Acoustic
3A-, +4E, IR

2A,. +2E, Rama
B-, Silent

The vibrational spectra have been obtained by mcans of
Raman spectroscopy on polyveryvsialline sintered and single
crystal samples of La:CuOy-relatcd compounds.'!” The
infrarcd spectra of LazCuOs-relaled compounds have been
also reported. '** Despite several IR and Raman Studics on
La:CuOy-related compounds. there still are many controver-
sics conceming their intrinsic spectra and assignments,

In particular, there was no sysicmatic IR and Raman study
on La:CuOs-rclated compounds as a lunction of hole con-
centration (or the concentration of Cu*') and tempceraturc as
far as we know.

Therefore. special attention will be paid (o the cllccts of
temperature and ol hole concentration on the (requency and
the intensity of characteristic phonons using FT-1R spectros-
copy on polverystalline La~SrCuO,.

Experimental Section

Sample preparation. For preparing the polverystalline sam-
ples of LazStCuOs (x = 0. 0.03. 0.07. 0.10. and 0.153). sto-
ichiometric amounts of La:Os. SrCOs. and CuO were mixed
in an agatc mortar. then calcined at 800 °C for 24 hours in
air. This powder was (incly ground. and pressed as pellcts.
then sintered in air at 1030 °C for 16 hours. and [inally sin-
tered in the same condition for 16 hours, For LaaLiy :Cuq:Os.
stoichiometric La~0s. CuO. and Li~COs were heated at 1000
°C for 20 hours with an intermittent grinding. and then
pressed pellets were treated at 1100 for 6 hours in air and
allowed 1o cool in furnace.

Electrochemical and chemical oxidation. In order to con-
trol the oxvgen conlent of LaxCuQs. the clectrochemical oxi-
dation was performed as previously reported.™ In this ox-
periment. sintered pellets (¢ = 8 mm. 2 mm thickness) were
embedded in cpoxy resin 1o form rotating disk clectrodes.
Bascd on the cyclhicvoltammogram of LaxCu(Qy. the clectro-
chemical oxidation was carricd out in 1 N KOH solution at
300 mV relative 1o Hg/HgO reference clectrode. The chemi-
cal oxidation was also performed 1o oxidize La-CuQy in an
aqucous solution of KMnO4.~*=* LaxCuO; powder (1 g) was
put into (he saturatcd KMnQy solution (20 c¢). then was
mamtaincd at 30 °C for 48 hours. Aficr oxidation. the pow-
der was Mlicred ofT. washed with distilled water and cthanol.
and dricd undcer vacuum at room temperature.

Physicochemical characterization. X-ray diffraction pat-
tcrms were obtained with Shimadzu instrument using Ni fil-
tcred Cu K, radiation. The oxyvgen contents of La-~. St CuOy
before and after oxidation were determined by iodomcetric
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titration = The thermal evolutions of the clectrical resistivity
were obtained using four probe method on sintered pellets.
Infrared spectroscopy. For infrarcd spectroscopic mea-
surements. the pellets were thoroughly ground and mixed
with dried KBr. The mixtures were pressed as thin pellets of
about (.3 mm thickness. Transmission spectra were measur-
¢d with Mattson Polaris Fouricr-transform infrared spectro-
meter (resolution : 4 cm™). The measuring temperaturcs were
controlled between 298 K and 10 K using CTI crvogenics.

Results and Discussion

Sample characterization. The X-ray dilfraction patterns
for La:SryCuO4 (x=0.00 and 0.15). La-CuQy after oxida-
tion. and La:LissCuy<Oy are displaved in Figure |. For
LaxCuQy as preparcd. the splitting ol (200) and (020) peaks
which can be considered as the degree of the orthorhombi-
city. is appcarcd. For La-CuQy afier clectrochemical oxida-
tion. this splitting is morc cnhanced by oxygen intercalation in
the vicinity of the LaO rock salt plancs. which results in the
more strongly distorted orthorhombic structure comparced
with La:CuQy4 as preparced.

For La>.SryCuQy as prepared. it scems that the higher sym-
melric (ctragonal structure is progressively stabilized at room
iemperature in proportion to  Sr-substitution ratio, At x
= 0.135. this splitting is disappcarcd. and (110) linc of the tct-
ragonal structure is obscrved. LasLinsMqsOs (M = Co. Ni.
Cu. and Au) compounds have been reported. ' Among them,
LazLi¢ sCunsO4 has been widely mentioned as Cu’' in CuO:
plancs is stabilized by the dircct substitution of lithium for
copper in LaxCuQ;. The structural strain reduces in propor-
tion (o lithium concentration until the tetragonal structure of
spacc group ld/mmm is cventually stabilized at room tem-
perature. Thus. La:Li; sCuqsO4 compound can be considered
as an adequate reference material for Cu’ '

The refined lattice parameters obtained from XRD data of
La;.SrCuO; and La;Li sCu; s0;arc listed in Table 1.

The temperature dependence of the clectrical resistivity 1s
shown in Figurc 2 for La-CuQ; before and after cleciro-
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Figure 1. X-ray diflraction paticrns of La:CuQy before clectro-
chemical oxidation (a), T.axCu()y after electrochemmical oxidation
(b), La ¢38r01:Cu0 (¢), and T.asl 1g sCup <O (d).
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Table 1. Refined lattice parameters and orthorhombicity for
L2281 Cu0), compounds

Compound alA)y  b(A)Y C(A) 2a-bYath)
[La-CuQy 3372 3420 13.188 1.89%
Lo:CuOy aller oxidation 5,332 3402 13.204 1.30%
Lil[ u?Sl’U U_:C L104 5.304 3403 13.196 0.71%
Ly 03810 9=Culy 5.362 3374 13218 0.23%
Lil[ uoSl’U [UC L104 3.792 3792 13.203 -
Ly 5s8r10 <CuQy 3.785 3785 13.282 —
LazLiosCupsOy 3.717 3717 13156 .
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Figure 2. Thermal evolution of the electrical resistivitv of
[.a2CuQ, betore and atter oxidation, and ot T.a; x5Sty s<CuQ go.

chemical oxidation. and the cleetrical resistivity ol
La, 3381, 1s:CuQy as prepared is also displaved. The matcrial
prepared by clectrochemical oxidation. La~CuQy.s reveals
zcro resistivity al 44 K. and its resistivity at room (empera-
ture strongly decreases (13 mQ-ecm) compared with LaxCuQ;
before oxidation (0.30 Q-cm).

Infrared spectroscopy. The inlluence of the oxygen con-
icnt on the phonon modes 1s prominent in the IR spectra. The
IR phonon modes of oxidized malcrials heated between 25
°C and 230 °C ar¢ compared with those of LaxCuQ;, s belore
oxidation and of La 3:8t;,,:CuO; (Figure 3).

The IR spectrum of La:CuQy before oxidation (Figure 3a)
is markedly different from that of LaxCuQy afier oxidation
(Figure 3b). In particular. the modc at 680 cm™' which corre-
sponds mainly (o Cu-O stretching in the basal planc.*-* is
abscnt for oxygen-cnriched La-CuQy,. This spectral ¢volu-
tion of phonon modc at 680 ¢cm™ can not be interpreted in
tcrms of a phasc transition from orthorhombic to tetragonal
as demonstrated by in-sifre IR mcasurcments. When heating
La-CuQy. 5 altcr oxidation up o 230 °C (fLe. above the
orthorhombic-ictragonal transition™) followed by cooling
down (o room-icmperature. (the same spectrum 1s obscrved
cither at 230 °C (Figure 3¢) or at 23 °C (Figure 3d).

It should be also pomted out that the strontium doped
conpounds which has a tetragonal symmctry. docs not exhi-
bit a phonon modc at 680 cm™ (Figure 3¢). As previously
reported.” TGA measurcment confinmed this transformation:
a compleic weight loss of clectrochemically  oxidized
La-CuQ;. s was obscrved around 230 °C. Thus. this irrever-
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Figure 3. IR spectra of LaxCu(, betore oxidation at 25 °C {(a),
cloctrochemically oxidized LaxCuQ1at 25 °C (b), electrochemically
oxidized LaxCuQy at 230 °C (¢), LaxCuOy measured at 25 °C (d)
atter cooling trom spectrum (c). and T.a; gs8rgsCuQy at 25 °C ().
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Figure 4. Room-temperature IR spectra of clectrochemically oxidized
LaxCuQ (a) as a function of polanzation time at 430 mV and of
LarxStCuy (b).
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sibility as depicted in Figure 3 demonstrates that the spectral
evolution at 680 cm™ is not due 1o a phase transition but
should rather result [rom oxy gen relcasing.

Therefore. onc may assume the intensity of this band to be
rclated to the hole concentration or in other words 1o the
amount of Cu’". The hole concentration for the Sr-doped
material is about 13%. and about 16% for clectrochemically
oxidized LaxCuQOy. s This concentration decreases with in-
creasing temperature for clectrochemically oxidized LaxCuQs..
which likely mcans that the lower the hole concentration is.
the more intense this band is.

Stavola and co-workers have obtained the IR spectra for
La-CuOy (between 133 °C and 300 °C) and La; gsSre 1:CuOy
(between 3 K and 295 K). They observed that the ictragonal-
te-orthorhombic phasc transition has little cliect on the
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intensitics or frequencies of the mode. ' However. it is pre-
sumed that a systematic IR study at low temperature would
give us valuable informations on Laz.SrCuQy. 5 as the super-
conducting transition tcmperature. 7; 1s about 40 K. More-
over. we have a new preparation technique. the clectro-
chemical oxidation which can allow us to control the oxygen
content in Lay St CuQy- 5 Figure 4 represents room-temper-
ature IR spectra of electrochemically oxidized La-CuQs(as a
function of polarization time at 430 mV vs. Hg/HgO refer-
cnce clectrode) and of Lax (Sr.CuQOyq (as a function of Sr-sub-
stitution rate). The IR spectra of the clectrochemically
oxidized La:CuQy reveal that the intensity of the phonon at
680 cm™! is gradually decrcased with the oxvgen content
increased by clectrochemical oxidation. and this phonon is
completely disappeared for Og=4.04. For La~.SrCuQ,. the
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Figure 3. IR spectra of LaxSrCuQy x = 0.00 (a) and x = 0.03 (b), and variation of phonon frequency on heating and cooling cyele of

Lo SrCu0y x = 0.00 (c) and x = 0.03 (d).
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intensity of the phonon at 680 cm™ is reduced. and this
phonon is also dramatically disappeared for x = 0.10. In two
cascs. it is clearly revealed that the hole concentration is
increasced by clectrochemical oxygen intercalation and the
Sr-substitution for La. so the formed conduction electrons
within CuO- plancs screen more cffectively the transverse
oxygen breathing mode around 680 cm™ than the longitudi-
nal oxygen mode around 310 om™'. Infrarcd specira for
LaxxSrCuQy (¢ = 0 and 0.03) obtained between 10 K and
298 K arc shown in Figure 5. For [R spectra of LaxCuOQs. the
phonons at 680 cm™ arc bluc shified by about 13 em™ (V-
vaosr) @s the measuring temperature is lowered. while the
phonons around 510 cm™ arc nearly constant. It is generally
accepled that the phonon around 680 cm™ corresponds 1o
the stretching vibration of oxygen atoms in CuQs planc (f,
svmmetry vibration) and the phonon around 510 cm™ is
assigned to the Ay, streiching vibration of apical oxvgen
atoms in CuOy octahedron **#
charge carricrs exists in CuQ: planc. laltice vibrations in this
planc may be characlerized by a strong clectron- phonon
coupling. Thus. it can be expected that the charge carricrs in
CuO- planc will have a greater cliect on the phonon around
680 cm™! compared with the phonon around 510 cm™. For
Lay 97Sr::CuOy. the intensity of 680 cm™ is severely reduced
comparcd with that of La:CuQy. and this mode is bluc
shificd with decrcasing (emperature (Vige-vhogs = 13 em™).
but there is no frequency shifl for around 310 ¢cm™ mode.
Howcver. it is remarkable that the mode around 510 cm™'is
red shified compared with that of La:CuQs. which is consis-
tent with that of LazSriCuQ4 as a function ol Sr-substitu-
tion ralc as depicted m Figure 4. [ should be mentioned that
the charge carrier doping by the Sr-substitution or clectro-
chemical oxidation would give risc to the small contraction
of the CuQx octahedron as Cu*' requires a smaller sile than
Cu~'. which corresponds (o the shoricning of the Cu-O(1)
bond Iength and the Cu-0(2) bond length with the increased
La-0O(2) bond length. And also. it can be said that the bluc
shift of the modc around 680 cm™ with decrcasing tempera-
turc may be duc (o the contraction of CuQys oclahedron as
well as the stability of Cu™ at low (empcrature. Figure 6 rep-
resents the IR spectra of Lay 5aStiyiyCuQO4 and Lay 381 :CuQy
as a function of tcmperaturc between 10 K and 298 K. For
two compounds. there appears onlyv onc mode around 310
cm™' with no cvolution cven as a [unction of temperature.
which mcans that the conduction clecirons formed by Sr-
substitution screen complelely the phonon mode around 680
em™ and that conduction clcetrons have no cffect on the
phonon mode around 510 cm™ as mentioned above, Figure
7 represents the TR spectra of clectrochenucally and chemi-
cally (KMnQy) oxidized La-CuO; as a function of tempera-
turc between 10 K and 298 K. For KMnOg-oxidized La~CuQs.
the mode around 680 cm™ is blue shifted by about 14 cm™.
and the modc around 310 cm™ is nearly constant within the
resolution range (4 em™). For the electrochemically oxidized
La-CuQ;. (he mode around 680 cm™ is disappearced duc to
the screening effect. and the mode around 510 cm™ is clearly
spliticd into two peaks and 15 not changed with decreasing

As the high concentration of
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temperature. More cspecially. the transmittance of overall
spectrum was considerably decrcased with decrcasing em-
perature below 7; (44 K). which can be regarded as the sign
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of the superconducting transition. Neutron powder diflrac-
tion data corroboratc our IR interpretation on the variation off
CuQx local structure. Radaclli and co-workers reported that
the Cu-O(1) bond length in La~.(SeCuQy slightly decrcased
in proportional (o the Sr-substitution and as a function of
tcmperature.™ and they obscrved a comparatively smaller
contraction of the Cu-O(2) bond length depending on the
excess oxvgen content in LaxCuO4,* The IR spectra of
La-Liy sCuq =0y reference compound are shown in Figure 8.
La-Liy:Cuq =04 compound is a good candidate (or reference
matcrial as it 1§ the samc space group (l4/mmm) with
La~SrCuO; compounds and cxhibits very high resistivity
despite the Cu® of ncarly 100%. As depicted in Figure 8. the
uncxpeeled mode is appearced. The mode at 867 cm™' is
assigned (o the vibration of the trace of Li-CO; which was
added cxcessively for preparing LasLip sCui,sO4 and the fre-
quency of this modc is ncarly constant independent of tem-
perature between 10 K and 298 K. Thus. this mode at 867
em™' can be regarded as the mode of frequency calibration.
In particular. it is remarkable that the mode around 710 ¢cm™
is strongly remained with blue shift by about 13 cm™ (v~
vaigs). and the mode around 520 cm™ s blue shifted by 10
em™ (Vig-vesr). The frequencics of two mode are slightly

higher than thosc of La:CuQ,-related compounds. which is
probably duc to the compressed “CuQg” octahedra as Cu’’
requires a smaller site than Cu® . and the Cu-O(apical) dis-
tances arc shorter for Cu™ duc to the removal of the Jahn-
Teller distortion.*” From the fact that the intensitics of this
modc which correspond mainly to Cu-O strciching in the
basal planc. arc not changed as the mcasuring (cmperature 18
lowered. it can be said that there is no intcraction between
conduction clectrons and lattice vibrations in La~Li sCui:0y
compound. [t should bc mentioned (hat m TR spectra of
La-CuO;-related superconductors. the mode around 680 cm™
15 suppressed and (inally disappeared depending on the Sr-
substitution ratc or the conceniration ol excess oxygen.

What is the difference in the tendency of this mode bet-
ween LasLig :Cui 504 and La~CuQy-related superconduciors?

It is presumed that the clear soluton for this question
would be the key of the origin of the supcrconductivity in
La-CuQ,rclated superconductors.

Band structure consideration for La-CuQy discloscs (hat
the band gap 1s narrowed. and Ferni energy is shifled with
Sr-substitution ratc (or. the concentration of ¢xcess oxygen)
m La-SrCuQy compound. which is in agreement with the
mercased concentration of mobile hole. Thus. the conduc-
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tion ¢lectrons formed within CuQ: plancs screen more cffec-
tively the transyerse oxy gen breathing mode around 680 cm’
! which results in the suppression and disappearance of this
mode depending on the number of carriers in CuQO- plancs.
According to the report of Kasmer ef of ™ Li-substitution
increascs the degree of disorder of the CuQ lavers where the
valence states are located. This results in the diminution of
the magnitude of the order parameter written as ¥ = Ac™¢.
so no superconductivity is observed cven a few percent of
Li-substitution. which is in accordance with the nonexist-
cnce of conduction clectrons. Based on the cfficacy of Li-
substitution, it can be cxplained that the mode around 710
cm™! is strongly remained because of no interaction between
conduction clectrons and lattice vibrations.

Conclusion

we find that there are the prominent ¢iTects of temperature
(between 10 K and 298 K) and of hole concentration on the
frequency and intensily of characteristic phonons in poly-
crvstalline La-CuQa-related superconductors using FT-IR
spectroscopy. For Sr-substituted LaxCuQs or the excess oxy-
gen-doped La-CuQ;. the conduction clectrons within CuQs
plancs arc formed and screen more eflectively the transyerse
oxvgen breathing mode around 680 ¢cm™' depending on the
concentration of the doped charge carricr. On the contrary.
for LazLinsCui<Oa. the mode 710 em™ is still strongly remain-
ed cven at low temperature (10 K). which mcans that the
clficacy of Li-substitution results in the increment of the
degree of disorder in the CuQ lavers and there is no conduc-
tion clectron lormed within CuO- plancs of La-Lig sCuq <Oy,

Qur results imply that the Infrared spectroscopy is one of

the techniques in probing the superconductivity of La-CuQy-
related compounds.
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