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Evidence of apical oxygen in artificially superconducting SrCuQ-BaCuO, thin films:
A Raman characterization
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The artificially layered superlattices, &a,,Cu,, ;041204 (N=0,1,2,3) have been investigated by Raman
spectroscopy. Raman frequency shifts were observed in#i andn= 3 films, while no vibrational modes
were observed in the=0 andn=1 films. The crystalline structures of te=0 andn=1 films have an
infinite-layered structure. The Raman peaks located at 604'dmthe n=2 film and at 587 cm? in the
n=3 film can be assigned to the apical oxygen vibration alongcthgis. These observations indicate films
with compositionsn=2 andn=3 are superlattice structures with a Ba-O sublat{i§€163-18206)07126-3

The simple structures of the family of compour{&s, Ca, there could be an ideally layered structirginite-layer, or
or BaCuO,, without rare-earth atoms, continue to attractwhether within the Ba-O subunit layer there could be some
interests because these are the parent materials of highpical oxygens which could exist because of the difference in
temperature superconductof8TSO.1® Indeed, these el- Size of Ba and S(Ca) atoms. To date, there has been no
ementary compounds and structures are the building blockeXperimental evidence reported fo_r the direct determination
for all of the highT. cuperate superconductors. It is impor- of the structure for these superlattices.

. : o Raman spectroscopy has proven to be a useful technique
tant to investigate the artificially layered structure of thesef0r investigating the properties of cuprate superconductors.

HTSc parent materials, both for an improved understandingygies include contributions from lattice vibrations, mea-
of the nature of how hole carriers are provided, and for im-syrement of the superconducting gap, characterization of
proved techniques for synthesizing highr superconduct-  crystal structure, and determination of the oxygen stoichiom-
ors. etry and elemental substituti6n*®

An infinite-layer compound, such &Sr,CaCuO,, has a Of particular interest to this study are the high-frequency
layer-type structure with fourfold coordinated Raman modes in the Raman sp6ec'gra of the superconducting
CuO, planes separated by oxygen free alkaline-atoninaterials YBaCusO;_, (YBCO),” Bi compounds,and Hg
layersl2 (Sr1_4Cay) 1 ,CuO, has been synthesized under system& that have been assigned to oxygen vibrations.

: - Three oxygen Raman-active phonon modes with frequency
high pressure process W'thTQ onset at 110 I%._The defect shifts at 335, 440, and 500 cmin YBCO can be correlated
layers arising from the alkaline-earth deficiencies create hol

: . : R With the Cu-O bond strengthThese three Raman modes
carriers that in turn introduce supergonduc.tllv[ty into theare observed for both the superconducting and normal
infinite-layer structure. Recently, the first artificially layers siates, with slight changes in line shapes and phonon shifts
HTSc films, consisting of three unit cells—one unit cell noted. It was suggested that the 500 ¢mRaman band
BaCuQ,-CaCuQ, superlattice, were grown on SrTisub-  should be associated with the stretching vibration of the py-
strates by laser-molecular-beam epitaxy. This superlatticeamidal oxygen. A softening of the 500 crhmode was also
which was suggested to have an infinite-layer structure, has@bserved at different temperatures and laser powers, due to
T, (resistanceR=0) ~40 K* the distribution of oxygen in the base plaifel’ Two high-

Using a pulsed-laser deposition technique, Nomral.  frequency bands occurring at 460 and 630 ¢nin the Bi-
have synthesized the artificially superconducting materials2212 superconducting material have been assigned to the
Ba,Sr, 1Cu,11054n+1y and  BaSr, 1Cu,,1054041)  apical oxygen vibration along theaxis and to a planar Bi-O
(n=1-3 with T, (R=0)~50 K.> Based on the empirical motion, respectively. In a micro-Raman spectroscopy study
observation that, in all of the hole-doped HTSc, the apicabf mercury-based superconductors, Ratral. observed api-
oxygen within the pyramidal structure provides holes in thecal oxygenA;, modes located at 585 cm ! for all of the
CuO, layers is the basis for superconductivity in many one-Hg-layered systent8.This peak shifts to lower wave
HTSc, they proposed a crystallographic structure that, withimumber with increased laser power due to a redistribution of
the Ba layers, oxygens located at the apex positions are rexygen in the Hg-O planes. This vibrational mode was ob-
sponsible for the superconductivity in the artificially layered served to shift from 585 to 640 cm with increase in bond
superlatticeS. Therefore, the question arises for these artifi-strength due to an increase of external pressure on the
cially layered BaCu®-(Sr,CaCuO, films as to whether sample'®
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In this paper we report a study of the Raman spectra of — T T R
several SrCu@-BaCuG, artificially layered superconduct-
ing films. Several phonon modes were observed. Based
on an analysis of the structural symmetry and the corre-
sponding Raman spectra of superlattices with composition
SroBa,Cuy 1O410nex (N=0,1,2,3), we have proposed
structures for the SBa, Cuy, ,O442n1x filMs. The ob-
served value for Raman tensor can be tentatively assigned to
the apical oxygen vibration in the artificially layered super-
lattices.

The preparation details for the Ba,Cus, 1O 44214 x SU-
perlattice samples have been described elsewhdiee b
SrCuG, and BaCuQ compounds have a tetragonal structure
with cell spacing of 3.55 and 4.28 A, respectively. The in-
plane @-b plane cell length is 3.9 A, matching that of the
SrTiO5 substrate. The thickness of these films varies from
100 to 130 nm including a 9-nm-thick SrCyuffer layer
that was grown before depositing the superlattices. The
n=0 andn=1 compounds do not have a superconducting
transition, while the other $Ba,Cu,,,O4.on+x films
(with n>1) are superconductors wiff, (R=0) as high as
50 K.

Room-temperature Raman spectra of these layered com-
pounds were obtained using a 0.6 m Spex Triplemate spec-
trometer equipped with a CCD multichannel detector. The d
exciting source was an ion-argon laser operating at 514.5
nm. The operating power was-40—-100 mW with ~1
mm? spot size on the films. The-polarized beam was inci-
dent 55° to the film normal. The scattered light, without N i S
polarization, was focused onto the entrance slit of the spec- 200 400 600 800
trometer by an off-axis paraboloidal reflector located in a Wavenumber Shift (cm-1)
backscattering geometry. Several spectra were measured for
each sample at different areas. Spectra for each film showed _
the same features, indicting good uniformity over the surface F!G. 1. Raman spectra of 8a,CU;:O4+2n+x films,
of the films. SrTiO3 substrate, and BaCu®(a) n=0 andn=1 films, and sub-

Figures 1a) and b) illustrate the Raman spectra ob- Strate;(b) n=2 film; (c) (SrogCag2) 2BaCUs 010« (N=3) film;
tained on the SiBa,,Cu, ., ;04 21+« filMms. Two broad peaks and (d) BaCuo, target.
that were observed in the spectra of ttreO andn=1 films
are similar to those observed in the spectrum of the SgTiO tortion, however, may be responsible for the broad full-
substrate. The first peak covers the region 220—400'¢m width-at-half-maximum of both the 587 and 642 cin
while the second is located in the region 625-750 ém  peaks.

The fact that the=0 andn=1 films as well as the substrate ~ The vibrational modes located at 604 chfor n=2 and
show the same spectral features suggest that there are 8587 cni® for n=3 in the superlattice films do not origi-
Raman-active modes in these two film systems. nate from the cubic BaCuQimpurity, which is the starting

For then=2 superlattice, however, phonon modes in thematerial. The Raman spectrum for BaCu® shown in Fig.
Raman spectra are observed at 236, 288, 368, and 604d). The combination of a strong phonon mode at 640
cm™ L. The lower frequency shifts, located at 236, 288, andcm™* and a weak shoulder located near 580 ¢ris similar
368 cni'l, are very weak because of strong scattering conto that observed by other groups? The intensity of the
tributions from the substrate. These three, very weak eigerb80 cni ' mode in the Raman spectrum of BaCu® much
modes should be enhanced and more distinguished in meweaker than the intensity for the 640 cmmode. In con-
surements at lower temperatures. A very large shoulder itrast, for then=3 film the intensity ratio for the 587 peak to
the region of 724 cm! was observed on the 604 crhpeak, the 642 cm?! peak is quite large. If substrate effects are
and partially is due to contributions form the substrate. factored in, the intensity difference associated with these two

Only two strong Raman lines, located at 587 and 642peaks would be even smaller. These results suggest that the
cm !, are observed in the(SrogCap,),BasCusOq0,x 604 and 587 cm' peaks are the Raman frequency shifts for
(n=3) film. It can be expected that the 20% substitution ofthen=2 andn=3 films, respectively. As discussed later, the
Ca for Sr atoms in the film will generate a small distortion in 642 cni ! vibrational mode may also be the Raman mode in
the film structure. Any low-frequency Raman modes, and thehe n=3 film.
underlying structural distortion, associated with this substitu- The proposed primitive cell structures for the
tion would not be distinguished in these spectrum. This disSr,Ba,,Cu,, 104,20+« (N=1,2,3) films are shown in Fig. 2.

Intensity (arb.)
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9---O---:9 volve the Cu atoms with pyramidal coordination ar@.32

e A for YBCO, ~2.45 A for TI-2233, and~2.75 A for
Hg-1223%* The strong bond between apical oxygens and Cu
(YBCO), Tl (TI compound$ and Hg(Hg compoundsatoms
leads to the higher frequency shifts in tGezone. The loca-
tion of the Raman mode of the apical oxygens in
HB&,Ca,_ ;CU,0p 424« Varies from 580 to 590 cmt, de-
pending on the oxygen concentration in the Hg-O layérs.
The core structure of the central block with two Ba-O sub-
lattices in then=2 film is similar to that of the HgBa
,CuOQ, system, except the oxygen is located in the Hg-O
plane for the latter structure. It is reasonable to consider the
604 cm ! phonon mode to be due to the stretching vibration
of the apical oxygens along tlweaxis. It is also reasonable to
assume that the Cu(3) atoms located in the fourfold coordi-
nated Cu plane have a stronger bond to an apical oxygen
than would Hg in the Hg systems. This latter effect is even
more obvious for then=3 superlattice structure.

For then=3 film, two Raman peaks were observed, lo-
cated at 587 and 642 cm. It should be noted that in this
superlattice structure there are also two more Cu-O layers,
Each of the three cells belongs to tRd/mmm (D) space with the oxygen in the diagonal center. These(ZD(4)
group. Then=1 cell has an infinite structure, the same as forlayers are similar to the Hg-O layers that occur in Hg sys-
the n=0 film.! Both n=2 andn=3 structures have Ba-O tems. Because the @) bonds both @) and Q4), it is
subunit layers. The @) in the Ba-O layer and the fourfold obvious that the bond strength is reduced betweg3)Gnd
oxygens in the adjacent 2)-O(2) layer form a pyramidal O(3), although the distance~2.76 A) is large between
structure similar to other hole-doped HTSc. The position ofCu3) and Q4). Therefore, the apical oxygen eigenmode
the apical @3) depends on the @) occupation in the G@)-  shifts to a low photon energy value. The 587 cmmode in
O(4) layers. the n=3 film can be tentatively assigned also to thg,

The vibrational eigenvectors of heavy mass atoms, i.eyibration of pyramidal oxygen. An argument may be made
Ba, Sr, Ca, and Cu, are at low wave-number Raman shiftdpr the origin of the strong 642 cnt line if it is compared to
<230 cm' !, that are barely detectable in our measurementsthe oxygenE;q Raman tensor in the Bi-O layer in the Bi-
Only the 236 cm* shift in then=2 film may be associated 2212 compound® The 642 cm® peak may come from the
with the Cu vibration. The oxygen vibrational modes areO(4) vibration at the C(B)-O(4) layer. The 642 cm’® peak
located at higher Raman shifts. No Raman-active modes exlso could be possibly due to the Raman mode of the impu-
ist, since the symmetry of the=0 infinite structure is simi-  rity BaCuO, material. The 580 cm® shoulder is very weak
lar to that for perovskite materials. No phonon modes exist inn the Raman spectrum for BaCyGnd as a consequence
the n=1 infinite structure, as well. For this film the()'  may be overlapped by the broad 587 chpeak. The exact
atoms are the inversion centers. Therefore, for this film thererigin of the 642 cm! phonon mode is still an open ques-
is no evidence for active phonon modes that would originateion, to be determined in future experiments.
from the Cy2)-O(2) planes, which are common to most of  Also observed in then=3 film was a softening of the
high-T. superconductors. The=1 superlattice, therefore, phonon mode at 587 cht that corresponded with increased
can be treated as an infinite layer superlattice with the samexciting laser power and measuring time. This phonon soft-
oxygen structure as the=0 film. ening can be associated with change in the coupling strength

If the n=2 film has the infinite layer structure with no between @3) and Cy3). The peak shifts from 587 to 583
oxygen on the Ba plane, there would be no active Ramaom ! after the laser power and heating time are increased by
modes due to symmetry. However, in the-2 film there is  a fact of 10. Similar results were obtained for Raman spectra
a strong peak at 604 cm that can be assumed to arise from of apical oxygen vibrations in YBCO single crystals and
the high-frequency oxygen vibrations. Therefore, the mospolycrystalline Hg-1212 samples. The Raman phonon line of
reasonable structure, such as exists for most of the HTSc, xygen at the apex position softens from 500 to 485 tin
one where there are two Ba-O layers in tie 2 film. This  YBCO, from 585 to 581 cm® in the Hg-1212 compound,
structure is shown in Fig. (B). Since the polarization is and from 590 to 587 cm' in Hg-1201. These softenings are
strong along the axis, the mode at 604 ¢t may be as- attributed to the changes in bond lengths, arising from slight
signed to the stretching vibration of the oxygens located atlisplacement of the oxygens. The resulting frequency shifts
apex positions. This frequency shift is somewhat larger thamre small in the Hg compounds; however, displacement of
those observed in YBCO, Tl compounds, and Hg systemspxygens in the Cu-O chain of YBCO results in a much larger
for which the stretching phonon modes of the apical oxygershift of the vibrational line of the apical oxygéf. '8
vibration are in the 480-590 cm range. The Raman shifts In summary, we have measured the vibrational Raman
directly relate to C(B)-O(3) bond strengths, which can be modes in artificially layered S$SBa,Cus,,O44on+x
estimated from the corresponding distances betweeg83)Cu (n=0,1,2,3) superconducting films. Raman shifts of peaks
and Q3) sites. Typically, the apical Cu-O distances that in-observed at 604 and 587 cthin the n=2 andn=3 films,

e

FIG. 2. Primitive cells of SyBa,Cu,, 104 2n+x (N=1, 2, and
3) films.
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respectively, were assigned to be due primarily to the stretchitn=2 and 3) films were proposed based on the Raman
ing vibrations of the oxygen atoms located at apex positionsspectra.

A phonon softening effect was observed in the 3 film, . . o
arising from a change in the bonding force of the apical This work was supported in part by the University of
oxygen. Then=0 andn=1 superlattices have an infinite- Missouri Research Board under Grant No. RB95-061 and the
layered structure. A model for the crystalline structure of theU.S. Army Research OfficéResearch Triangle Park, N)C.
Ba-O subunit layers in the $Ba,Cu,.,04.0n+x under Grant No. DAAH04-94-G-0305.
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