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The O-X x-ray near-edge-absorption spectra of L CaBa sCus0, and La sCaBa;, 5 ,Cus0, have been
measured by using synchrotron radiation. Their spectral features of the pre-edge spectra indicate that there is
an electronic structure change similar to the effect of Prjn,Pr,Ba,Cu;O;_5; the holes on the Cu{planes
increase with the doping concentration of Ca ions; not all the excess oxXjmey=7.0) in the basal plane
supply holes; and there is a sign of increasing, rather than decreasing, the holes around the apical @ygen O
with the increase of the replacement of Ba by La on the Ba sites, an indication of a redistribution of holes.
[S0163-182699)03930-3

. INTRODUCTION CuO, planes and the T, of both series of
La; 5 xCaBay Cus0y and LasCaBa s ,CusOp was
A series of single-phase Lg ,CaBa; sCu0, (0=X  found. They found instead, a universal curve AfF
=0.5) and LasCaBa s ,CuwOy (0=x=0.5) compound =OFc,y—OF g, versusT;, whereOFc,y and OF g,
with tetragonal symmetrysimilar to the YBaCuO, nonsu-  designate, respectively, the occupation factor of Ca on the Y
perconducting phagehad been prepared and studied bysijte and La on the Ba site. This inspired our interest to look
x-ray powder diffraction using Rietveld analysidt was into this matter by using Oslx-ray near-edge-absorption
found that the Ca ions were solely on the Y sitesspectroscopy to directly probe the hole around each oxygen
and the rest were occupied by Ia for x=0.4. sjte (the site of each oxygen is shown in Fig.since O-%
Therefore, Las «CaBa sCO, can be written as x-ray near-edge-absorption spedtkdNEAS) of YBa,Cuz0,
(Lay xCa)(Bay sLags)Cus0y, and La CaBay 5 «CUsOy as  and other relevant compounds have been studied and proved
(Lay —xCa)(Bay 5 xLag s ) Cus0, for x=0.4. Referring to  to contain the information of the distribution of holes on
the lattice structure of YB&£uO,, (La_,Ca) represents different oxygen sites, namely the(Z3 (in the CuQ
the ions on the Y site, while (Balags and planes, O(1) (in the CuO chaihand 44) (the apical oxygen
(Bay s yLag s x) represent the ions on the Ba sites. It is clearsurrounded by four barium iond* We thus conduct an ex-
that the only difference between these two series of samplgseriment to measure the GXNEAS of the two series of
is the elements on the Ba sites; one remains to b&C-123 and BC-123.
(BaysLags), while the other varies with x as In this paper, we will show that the holes in the GuO
(Bay 5-yLags5iy)- planes indeed play a major role in the transition of nhonsuper-
La; Bay sCus0, (x=0) is a semiconductor and will be- conductivity to superconductivity by doping €aions in
come a superconductor with €adoping. The superconduc- Lay $Bay sC;0, . In addition, we observe an indication of
tivity appears in Las «CaBa sCusO, (abbreviated as LC- the increase of holes on thg4) site with the increase ofin
123 for x=0.15 and in LasCaBa; 5 ,Cu;0, (abbreviated BC-123. It appears that the hole will be redistributed when
as BC-123 for x=0.25. The superconductivity was attrib- the L&" substitution of BA" increases. No such redistribu-
uted to the increase of holes in the Guflanes by C& tion is indicated in LC-123 due to the constant percentage of
doping. The method of Tokuratal? was used by Kao La®' substitution of B&".
et all to assign the number of holes in the Gulane and in Although there is intercalation of oxygen in the basal
the chain. No universal correlation between the holes in th@lane in excess of the stoichiometry to compensate the
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hole reduction by the L% substitution of B&" in both LC-

123 and BC-123, the compensation is found incomplete or
partial for a large amount of [3a substitution of B&" simi-

lar to what found in YBa_,La,Cu0O;. 5.° This fact was
apparently ignored in the use of the method of Toketral.

to assign the total number of holes as well as the holes in the
CuG; planes Py, and in the chain R,) for LC-123 and
BC-123. We will make a comment based on our ©-1
XNEAS data in the last section.

II. EXPERIMENTS

The samples used in this study had been prepared and
characterized by x-ray powder diffraction to be a single-
phase tetragonal structut&he volume of the unit cell was
found to decrease with the increase of the doping concentra-
tion in both series of Las ,CaBa sCu;0, (LC-123) and
Lay s$CaBay 5 «Cus0, (BC-123. The Rietveld analysis was
used to reveal the occupation site of?CaUp to x=0.4, all
the doped C& was found on the Y site. Wher>0.4, some
Ca" would go to the Ba site. The oxygen content andThe
had been determined, respectively, by the iodometric
method and the four-point-probe method. Their values are
listed in Table I.

The synchrotron radiation from the high-energy spherical

FIG. 1. The sketch of the lattice structure of the perOVSkitEQrating monochromator beam line at the Synchrotron Radia-

cuprate LasBa; sCu0y .

tion Research CentefSRRQ, Taiwan, R.O.C. is used to

TABLE I. Pg,, P¢,, andP defined in the text are the calculated values by using the method of Tokura
et al. The values ofP, are the total number of holes per unit cell derived from the pre-edge spectra of the
O-1s XNEAS. y and T, are, respectively, the oxygen content and the onset superconducting transition
temperature. The numbers in the parentheses are the errors of the last digit.

X y Psh Pch P Pex TC(OI’]SG)L
La; 5 «CaBay sCu0, (LC-123

0 7.20@2) 0.200 0.700 0.900 0.79

0.05 7.1642) 0.214 0.664 0.878 0.82)

0.10 7.1042) 0.204 0.604 0.808 0.83)

0.15 7.09%4) 0.245 0.595 0.840 0.82) 48.3
0.20 7.0863) 0.286 0.586 0.872 0.89) 58.6
0.25 7.08%2) 0.335 0.585 0.920 0.91) 74.1
0.30 7.0614) 0.361 0.561 0.922 0.92) 80.9
0.35 7.0582) 0.403 0.553 0.956 0.95) 84.3
0.40 7.0082) 0.408 0.508 0.916 0.91) 82.2
0.48 7.0042) 0.450 0.500 0.950 0.91) 83.3
0.5¢% 6.9452) 0.445 0.445 0.890 0.89) 83.7

La, sCaBay 5 Cus0, (BC-123

0 7.20G2) 0.200 0.700 0.900 0.79)

0.05 7.1842) 0.184 0.684 0.868 0.83)

0.10 7.1582) 0.158 0.658 0.816 0.8D)

0.15 7.16%2) 0.165 0.665 0.830 0.81)

0.20 7.22%2) 0.225 0.725 0.950 0.82)

0.25 7.17%3) 0.175 0.675 0.850 0.83) 41.8
0.30 7.1964) 0.196 0.696 0.892 0.89) 51.2
0.35 7.22%2) 0.225 0.725 0.950 0.80) 53.6
0.40 7.231) 0.231 0.731 0.962 0.8%) 77.6
0.458 7.2512) 0.251 0.751 1.000 0.81) 64.9
0.5¢ 7.22713) 0.227 0.727 0.954 0.79 62.2

8P, P, andP are calculated by assuming the Ca ions are solely on the Y sites.
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FIG. 3. Same as Fig. 2 but for LgCaBa; 5 xCuz0, .
FIG. 2. The O-% XNEAS of La, 5 ,CaBa sCus0, for x=0 to

0.5. The threshold energy 527.0 eV and the main peak energie[%iS energy region is extended to other samples we have
about 528.5 and 529.5 eV of the pre-edge are indicated by arrows

. O Studied, such as Y ,PrBaCuO,; s (Ref. 7 and
The peak of 532 e\(see textis also indicated. Y (Ba,_,St,),Cu0,_ 5.8 This observation supports the sug-
measure the OSIXNEAS. The energy resolution of the pho- gestion made by Raker et al® that they probably related to
ton beam is adjusted to be 0.25 eV at about 530 eV. Théhe presence of unoccupied states of oxygeharacter from
openings of both the entrance and exit slits are ag@  the covalent mixing of the copper and the oxygen states. No
Although the oxygerK x-ray fluorescence yieldXFY) is  correlation withT. has ever been found in this portion of the
measured by a seven-element Ge detector to obtain tH#ectral structure.
x-ray-absorption spectrum, the sample current generated by The rapid rise of the portion of the spectrum starting from
the photoabsorption is also monitored. Since the latter is su31 to 537 eV can be attributed to the unoccupied states of
face sensitive, a signal coming from the surface defect of the@xygenp character. They are the covalent mixing states of
sample can be readily detected. No substantial surface effett€ oxygen states and the states of metal cations other than
is observed for all the series of samples used in this studycopper, such as Badband 4f, and La & and 4f, etc. The
This is in contrast to the fully oxygenated YRa,O,_s  relative pronounced peak at 532 eV has also been observed

(YBCO), its surface was always observed to be oxygen dePreviously in the study of Y_,Pr,Ba,Cu0;_ 5.* The shift
ficient. of the peak energy as well as the variant of the peak intensity
All the spectra obtained from the XFY detection haveiS observed to be very similar to that of

been normalized such that the absorption intensity betwee¥1-xPrB&CusO7_5. In Y, ,PrBaCwO;_5, it was as-
550-560 eV is the same. The x-ray self-absorption effect ogribed to coming from the hybridization of the Pf2_ 2
the intensity of the normalized spectrum has also been cond O D, states.’ and therefore, this peak is probably in-
rected by using the same method as we did forduced by the hybridization of the Ladgf states(on the Y
Y,_PrBa,Cu0,_ 5.” The final spectra are shown in Fig. 2 Site) and the oxygen @ states. As shown in Fig. 2 and Fig. 3,

and Fig. 3, respectively, for LC-123 and BC-123. its energy is observed to shift to higher energy and its inten-
sity becomes smaller with the increase of the concentration
Ill. RESULTS AND DISCUSSION of Ca. Both of these phenomena indicate that the La occu-

pation on the Y site is decreased when the Ca concentration
is increased, in agreement with the result of the Rietveld

The spectral structure above 537 eV looks very much th@nalysis of the x-ray powder diffraction data aforementioned
same for both series of samples. The spectral similarity ofn the previous section.

A. Spectrum above the energy of 531 eV
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FIG. 4. The comparison of the pre-edge spectra betweer o5 | 527.6eV - (x=0.10)
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both spectra have been subtracted. The position of the peak corr__ o.6

sponding to about 529.5 eV is also indicated. (=040

B. Pre-edge spectrum

sity (arb. units)
S
1

The portion of the spectrum in the energy range of 527-2 v

530 eV is called the pre-edge of the spectrum. The profile 0% rel
the pre-edge spectra of the two series of samples are simili -0.4 |
to that of YBgCusOg g5 (T.=91.5K) observed in our previ- s }
ous work!® but the spectral intensity is distributed differ- 27 [
ently. In Fig. 4, we compare the profile of LaBa; sCus0; -0.9
and YBaCu;Og g5 One notices immediately that the rise of Photon Energy (eV)

the edge starting from the threshold at about 527 eV is FIG. 5. The spectral difference of the pre-edge spectra relative

steeper for LasBa, :Cu;0; ». This steep rise of the edge per- h ithx=0 f L B
sists for all other samples in the series of LC-123 and pclo the one withx=0 for (& Las-,CaBaCu0, and (b)

. La Ba, :_,Cuw,O,. For the purpose of clarification, onl
123. Next,. the shoulder at about 52,9'5 eV is seen more pro- 655@021(553)( al:13d 6.4 are pIottgd. EI)'he energy correspondingto the
nounced in LasBa <C07, than in YBaCwOggs IS pre-edge of @) is indicated.
energy is smaller in LaBa; :Cu;0; , than in YBgCusOg g5
The energy shift of this shoulder is similar to that of and the theory? one concludes that it comes from the
Y1-«PrBaCwO;_5. In the O-B XNEAS study of change of the electronic structure in the Guianes induced
Y1-«PrBaCus0;_ 5, this energy shift is attributed to the by the change of the number of holes in those planes. Similar
rise of both the binding energy of the G-level and the change of these two spectral weights was also observed in
Fermi level in the valence band but leaves the energy of thea,_,Sr,CuQ, and the same interpretation was givén.
upper Hubbard band unchanged due to the presence of the PrBased on the multiband calculatiéhthe peak at 528.5
ions on the Y site&.’” A similar change of the energy level of eV is due to the transitions from the G-&tates to the Fermi
the O-X state and the Fermi level in the valence band carevel in the valence band. The peak at 529.5 eV is due to the
occur in LC-123 and BC-123 due to the presence of'La transitions to the conduction barthe upper Hubbard band
ions on the Y sites for the size of the Taion being larger with mainly Cu & character. The counter change of the
than that of the Pf ion and its ionicity being comparable to spectral weight of these two spectral lines correlates with the
that of PP*. However, the energy shifts of this peak amonghole doping in the Cu@planes, which will form the hole
the samples in both series of LC-123 and BC-123 are not setates(the Zhang-Rice singlet staté$in the valence band.
noticeable within the limit of our spectroscopic resolution. When the hole doping increases in the Gu@anes, the

In order to look into the spectral weight in the pre-edgenumber of hole states increases and the spectral weight of
spectrum more clearly, we compare the differences of th&28.5 eV increases and that of 529.5 eV decreases accord-
pre-edge spectra of=0, 0.1, 0.2, 0.3, and 0.4 in Fig. 5 for ingly. With this in mind, our data as shown in Fig. 2 and Fig.
LC-123 and BC-123. In Fig. 5, the spectral differences rela3, or more clearly in Fig. 5, indicate that the number of holes
tive tox=0 are plotted. For clarification, not all the spectral in the CuQ is increased by the Ca doping, qualitatively in
differences are shown. The spectraxof0.4 are rejected in  agreement with the results given by using the method of
the figures for the partial occupation of €aon the Ba site. Tokura et al. The total number of hole®, the number of
It appears that the peak height at about 529.5 eV decreasbsles in the Cu@planesPy,, and the number of holes in the
whenever the peak height at about 528.5 eV increases. Th&hainP, calculated by using the method of Tokweal. are
feature has been observed in YBCO with different oxygerlisted in Table | for reference. In the method of Toketaal,,
content**In combination with the studies of the experiment the total number of holeP is calculated by using the for-
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mulaQ+ 6+ P=2y, whereQ is the total charge of the non-
copper cations, angis the oxygen contents. This formula is
derived on the basis of an ionic mod®&,;, is obtained by a
formula of P,,=y—6.5 as derived by looking at a lot of 123
materials in which La substitution on the Ba site, Ca substi-
tution on the Y site were made, and the substitution concen-
tration as well as the oxygen content is purposely varied.
And P, is obtained byP =P — P.,. We will not attempt to
make a quantitative comparison Bf;, and P, between our
data and the values obtained by the method of Toletira.
since the pre-edge spectrum contains components from the
oxygen sites other than the(®3) in the CuQ planes. It is
hard to separate them even though a curve-fit analysis has
been tried® The peak at about 529.5 eV is, however, rela-
tively uncontaminated by the others and it can be separated
by using the curve-fit analysis method aforementioned. A
guantitative comparison of the total number of hoRebe-
tween our data and the value obtained by the method of
Tokura et al. (based purely on an ionic modebecomes
therefore possible.
For separating the peak relevant to the conduction band N T S T
(at about 529.5 e\from the other components relevant to 526 527 528 529 530 531 532
the valence band, we use four Gaussians to fit the profile of Photon Energy (eV)
the pre-edge spectrum. The width, height, and position of
these Gaussians are free parameters of the fitting. However, FIG. 6. Some typical curve-fit pre-edge spectra of
in the first attempt, the width, height, and position of eachlLa, s_,CaBa, sCu0, and La {CaBa, 5 ,CusOy . The solid curves
component in the spectrum are chosen by looking up thare the four Gaussians, while the lighter solid curves are the sum of
spectra of the different oxygen sites as obtained from dhe four Gaussians. The experimental data are shown by open
polarization-dependent x-ray absorption spectroscopy studsircles.
on single crystals of YBCO.The width of each spectrum in
Ref. 3 for each oxygen site is different;1.4 eV for Q4), The overall agreement between the calculated and the
and~0.9 eV for 42,3, much larger than the width of the measured values is better for LC-123 than for BC-123. The
core level of oxygen. The broadening of the x-ray-absorptiordiscrepancies are observed mostly to occur in the samples of
spectrum must stem from the electronic structure of the vahigh content of oxygen. In BC-123, a better agreement oc-
lence band. curs for the oxygen content of about 7.17 or less. In LC-123,
A typical fit is shown in Fig. 6 for LasBa; sCu;05 ., it is about 7.1 or less, and a large discrepancy is observed for
La; ,Cay aBay sCUs07 g51, and Lag sCay :Bay ,CUs0;.105 Here,  Ca concentratiorx<<0.1, where the oxygen contents are
one notes that the centers of the four Gaussians are respegreater than 7.15.
tively, at 527.8, 528.5, 529.4, and 530.1 eV. From previous Furthermore, we note that in terms of the ionic model, the
studies>®"® the first and the second Gaussians can be rekoles will come solely from the oxygen in the basal plane,
garded as coming mainly from the transitions to the Fermiand independent of the doping concentration of Ca in BC-
level in the valence band of the apical oxygetdQand of  123. Because in BC-123 there is a La to be repelled to the Ba
0(2,3 in the CuQ planes, respectively. Some contributions site for adding every one Ca in the Y site. The hole increased
from O(1) in the CuO chain is inevitable. The last two Gaus-by Ca on the Y site will be canceled by La on the Ba site.
sians can be regarded as the transitions to the conductiokccordingly, the necessary oxygen contents required to give
band of 32,3) in the CuQ planes. The sum of the area of the measured number of hole per unit cell can be calculated
the first two Gaussians thus can be regarded as a measurefam the ionic model. They are 7.145-7.175 for BC-123, a
the total number of holes of the sample. In order to comparslight increase with the Ca concentrationThe actual oxy-
the measured value with the calculated one on the basis @fen contents as shown in Table | are mostly higher than
the ionic model, we assume that the corresponding intensitthese values. This indicates that some of the oxygen in the
of this portion of spectrum in YB&Zu;Og g5 be 0.7 per unit  basal plane does not dope holes. We attribute it to that the
cell. The spectrum of YB&£u,Og g5 has been taken in our oxygen may intercalate as dimeric,O peroxide ions rather
previous work on the study of Y ,Pr,Ba,Cu;0,_ 5 (the ex-  than as a monomeric species assumed in the ionic model
perimental setup is identical to the present woakd the calculation. The presence of dimerig?O peroxide ions on
spectral intensity of this portion is 123:%.0. By using the the basal planes was first suggested by Manthieaml. in
spectral intensity equivalent of holes/unit cell, 120.5/0.7, wetheir studies of YBa_,La,Cu0;_5.°
obtain the total number of holes per unit cell for the series of The apical oxygen @) was suggested to play a signifi-
samples of LC-123 and BC-123. These values as well as theant role in the superconductivity of the superconducting
values calculated by the ionic model are listed in Table | forcuprates® We are interested in looking into the spectral dif-
comparisons. ference around the threshold where the apical oxygéet) O

La ,Ca Ba Cu,O.

377.061

Intensity (arb. unit)

La Ca Ba ,Cu,O

377196
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contributes the most, although as aforementioned, it is harBC-123 with the increase of the replacement of Ba by La,
to obtain a quantitative hole distribution from the pre-edgeindicating a redistribution of holes.

spectrum of a powder sample. Since in BC-123, thé'La  The increase of holes on the Cuflanes is in agreement
occupation on the Ba site is increased by Cdoping, while  with the x-ray Rietveld analysis, which showed that all the
it remains unchanged in LC-123, and thus one would expedta ions occupied the Y sites far=0.4. The increase of Ca
that there is no difference between the pre-edge spectra atccupation on the Y sites will dope more holes in the GuO
the sample in the LC-123 series around the threshold. Anglanes. The reason that the method of Toketal. cannot

we indeed find no significant difference as show in Fig)5 give a universal correlation between the holes on the £LuO
around the threshold. However, some differences are founplanes and th@_; may rest on the fact that not all the excess
in the BC-123 series as shown in Figlbh The spectral oxygen in the basal plane provides holes. As to why both of
intensity close to 527.6 eV increases with the doping conthe series of samples show that the changd ofvith AF
centration of Cax, in BC-123. This should not be the case in = OF,y— OF s, remains open. Nevertheless, by consid-
term of the ionic model since more concentration of Ca willering the redistribution of holes induced by the replacement
let more L&" occupy on the Ba site, and the holes there will of Ba by La, it looks like theAF may be a better value to
become less because of the hole filling by the additionatepresent the holes in the Cu@lanes than the value &g,
electron given by L3 on the Ba site. The spectral intensity that was calculated by the method of Tokwtaal. by full

of O(4) should decrease witk) not opposite as we observe in account of the holes supplied by the excess oxygen in the
this work. Our observation indicates that a redistribution ofbasal plane. In LC-123)F, 5, remains constant for all Ca

holes occurs when 4 is on the Ba site. concentratiorx, andAF simply describes the change of the
hole on the Cu@planes byOFc,y. While in BC-123, both
IV. SUMMARY AND REMARKS OF v andOF g, are increased witly, andAF describes

H q b . fthe change of the hole on the Cu@lane byOFc,y but
The O-k x-ray near-edge-absorption spectra of oy ced by the amount @F, g, And therefore AF in
Lay 5 xCaBa, sCus0y (LC-123 and La sCaBa s xCuOy e 123 might have implicitly taken the holes transferred

(BC-123 have been measured by using synchrotron radiafrorn the CuQ planes to the chaifinamelv. to into
tion. Their spectral features of the pre-edge spectra indicatgccount_ Qp b y, o @4}

that (1) there is an electronic structure change induced by La
on the Y site similar to what happened in

Y1 «PrBaCuO;_ 5 induced by Pr on the Y sitg(2) the ACKNOWLEDGMENTS
hole on the Cu@planes increase with the doping concentra-
tion of Ca ions;(3) the excess oxygeffor y=7.0) in the This project was supported in part by the National Sci-

basal plane induced by the La substitution of Ba on the Bance Council of R.O.C. under Project No. NSC-87-2613-
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