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Unoccupied states of tH&10 YBa,Cu;Og o (YBCO) thin films were investigated by tHe&lab and

Ellc polarized O & x-ray absorption near edge struct@®ANES) spectroscopy. With correction of

the self-absorption effect, tHellab O 1s XANES spectra of th€110 YBCO films obtained from

the normal incidence geometry and grazing incidence geometry are very similar. After the
self-absorption correction, thElc spectrum of thg110 YBCO film obtained from the normal
incidence geometry is almost identical to that of {081) YBCO film obtained from the grazing
incidence geometry. Hole distribution over the different oxygen sites has been derived. The hole
number in the apical sites in some thin films obtained in the present investigation is larger than that
from the previous x-ray absorption studies of single crystals and from the theoretical calculations.
The comparison of the XANES spectra between 8@1) and (110 YBCO thin films is also
presented. ©2003 American Institute of Physic§DOI: 10.1063/1.1544072

I. INTRODUCTION It is well-known that the x-ray absorption near edge
structure(XANES) measurement is a powerful tool to inves-
It has been well established that one of the key paramtigate the unoccupiethole) states in highF cuprates:*°In
eters controlling the superconducting transition temperatur@articular, polarized K-edge XANES spectrum is capable
(T¢) value of thep-type superconducting cuprates is the car-of giving information about the hole carriers on the specific
rier concentration in the CuQOplanes T, as a function of  sjtes. Due to the anisotropy of YBau;Os o (YBCO), Ellab
hole concentration in the Cy(planes is found to follow a andElic O 1s XANES spectra can provide the distribution of
parabolic curve for many hole-doped high- cuprate hole carriers over the different oxygen sitEstepresents the
superconductor$Also several theories for higi; cuprates  electric field vector of the linearly polarized synchrotron
suggest that the apical Qo2 orbital plays an important role  light. Knowledge of hole distribution on the different sites is
on superconductivity-® For example, the presence of apical indispensable to investigate the effects of, for example, Ca
oxygen atoms makes the Cy@lane easier to dope with and Pr substitution in YBC® However, there is a large
holes® The significance of apical Of, states in determining  discrepancy for the hole number in the apical oxygen sites in
the nature and dispersion of quasiparticle states of holehe YBCO single crystals in the literaturdor example,
doped cuprates has been proposeédso Di Castroet al. Napex= 0.2 in Ref. 16 andh,pe,=0.27 in Ref. 9.
have explained the depressionTf above a certain dopant The in-planec-axis-aligned YBCO thin films exhibit the
concentration by the occupancy of holes on Gl4,3_2 and ¢ axis lying in the surface plane and make a longer super-
apical O P, hybrids? Thus, hole carriers in the apical oxy- conducting coherence length accessible for the fabrication of
gen sites are proposed to have a negative influence on thgsephson tunneling junctions. Due to the significance of
superconductivity in the layered cuprates. In contrast, baseﬁbricating planar tunneling junctions, the growth of the
on the polarization-dependent @ and Cu D x-ray absorp-  (100) and(110) YBCO thin films has recently attracted great
tion measurements on the, Y,CaBa,Cu30;_ single crys-  attention. Several groups have successfully grown(166)
tals by Merzetal, it was concluded that the maximum and (110 YBCO thin films in spite of containing some im-
achievableT, in p-type cuprates is governed by not only the ity phases such 4403.2 Using the well-oriented110)
planar hole concentration but also the number of holes on thegco thin film with the ¢ axis aligning along the substrate
apical site? In other words, to obtain the maximuf,, the plane, both thé&llc andEllab absorption spectra can be mea-
optimally doped planes and the optimum hole number in thereq from the normal incidence geometry. Furthermore, in
apical sites are equally important. It is therefore essential tghe g c geometry, theEllab spectra can also be obtained by
accurately probe the hole count in the apical oxygen sites ife grazing incidence geometry.

the highT . cuprates to develop a comprehensive understand- | this study, unoccupied states of the well-oriented

ing of the superconducting properties. (001) and (110) YBCO thin films were investigated by the
Ellc andEllab O 1s x-ray absorption spectra. The distribu-
dElectronic mail: jmchen@srrc.gov.tw tion of hole carriers on the different oxygen sites was mea-
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FIG. 1. Normalized resistanc&®(R,qq ) Vs T of (a) the well-oriented110)
YBCO and(b) (001) YBCO. 8

(b) E//ab
sured and compared with results from both the previous
x-ray absorption studies of single crystals and theoretical cal-
culations. The comparison of the absorption spectra between 6 |
the (001) and (110 YBCO thin films related to their super-
conducting properties is also discussed.

[I. EXPERIMENTS

The well-oriented(110 YBCO thin film was deposited U‘ fs

on the(110) SrTiO; surface with the PrB&Lu;0;_, layer as ! b W
a buffer layer by the pulsed laser depositi&iD) method.
The detailed deposition conditions and the sample character- © 5
ization will be described elsewhet®.The well-oriented i
(001 YBCO thin film was deposited ofil00 SrTiO; sub-
strate by PLD. The normalized resistance vs. temperature of
both samples is shown in Fig. 1. Both samples show decent
T. of 89 K and similar electric transport properties. The 0 e L
thickness of the two films is estimated to be about 3000- 525 530 535 540 545 550 555
4000 A which is thick enough to avoid the contribution from Photon Energy (ev)
the buffer layer and the oxide substrate. The x-ray absorption _

G. 3. (a) Ellc and (b) Ellab O 1s XANES spectra of the well-oriented

. . . |
EXp.enmentS were performed at the . high-energy spherlc%lo) YBCO thin films. The spectra before and after the self-absorption
grating monochromatofHSGM) beamline of the Synchro-  correction are depicted.

H
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(a) E/fab (b) Elic (© (o) tron Radiation Research Center in Taiwan. The photon en-
ergy was calibrated using the known K3edge absorption
peaks of CuO. The energy resolution of the monochromator
was set to~0.2 eV for the OK-edge range. The incident
E - photon flux (,) was monitored simultaneously by a Au-
coated mesh located after the exit slit of the monochromator.
All the absorption measurements were normalizel,td=ig-
ure 2 shows the geometry arrangements of the incident lin-
early polarized x-ray and thin films. Figure&@2and 2b) for

E
\J
[ i
the Ellc and Ellab geometries correspond to a normal-

FIG. 2. The geometry arrangement of the incident polarized x-ray and well- _ _. . . . . L
oriented (110 YBO thin films for the (a) Ellab, (b) Elic, and (c) I(«) incident a“gn_ment with the poIanzan_n vector of I.nCIdem
spectra, respectivelE represents the electric field vector of the linearly synchrotron light parallel and perpendicular to thaxis of

polarized synchrotron light. thin films, respectively. For th&llc geometry, the sample

x-ray x-ray x-ray
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FIG. 4. Comparison of th&llab O 1s XANES spectra of thél10) YBCO
thin film obtained from the normal incidence geometry and grazing inci-
dence geometry. The pre-edge spectra are presented in the insets. sl (b) E//ab
was rotated withw=60° and 759« is the angle between the
incident synchrotron beam and the surface noyrmabbtain 6

the polarized x-ray absorption spectriay) [Fig. 2(c)]. Ac-
cording to

[ (a)=1gjc COS(a)+ | gap SIMP(a) (1)

the Ellab spectra were deduced.

X-ray absorption spectra were recorded by a bulk-
sensitive x-ray-fluorescence-yielKFY) mode. However,
for concentrated samples, the XFY spectra exhibit the con-

o (Mbarn/unit cell)
n

siderable distortions due to the self-absorption effect. More- 2r
over, these distortions vary with the experimental geometry —@— YBCO(001)
arrangements and cannot be neglected to obtain the correct F —— YBCO(110)

absorption spectra. The experimental XFY XANES spectra

3 H 0 " L & ] A 1 2 L . L 2 1
were _cor;ggted for the self-absorption effect by 525 530 535 540 545 550 555
employing®

.

|(E) (E) Photon Energy (eV)
F o Hx , (2 FIG. 5. (@) Comparison of théEllc spectrum of thg110 YBCO thin film
|o( E) Mtotal( E) Motall Er) measured from the normal incidence geometry andetleespectrum of the
cosa cosp (002) YBCO film obtained from the grazing incidence geomethy. Ellab

O 1s XANES spectra of thé001) and (110 YBCO.
whereE andEg are the energy of the incident x ray and the
fluorescence, respectively:(E) is the intensity of the fluo-
rescence detect'eUO(E) denotgs the inFe'nsity of thg incom- IIl. RESULTS AND DISCUSSION
ing x ray. u,(E) is the absorption coefficient associated with
the production of a core hole in the investigated leXeB is In Fig. 3, theEllc andEllab O 1s XANES spectra of the
the angle between the sample normal and the outgoing flug110 YBCO thin film obtained from the normal incidence
rescence toward the detectar,,(E) denotes the absorp- geometry are reproduced before and after the self-absorption
tion coefficients of all elements in the sample. The spectra&orrection. The absorption features of the Skl€dbstrate
were normalized to the tabulated standard absorption crosse not observed in Fig. 3, as demonstrated in Ref. 22. This
sectiorf! in the energy range from 600 to 620 eV. The axis ofensures that the observed spectra reflect only the bulk prop-
the fluorescence detector was oriented at 45° with respect &rties of YBCO. As shown in Fig.(3), the pre-edge peak at
the incident photon beam. In this geometry, for-60° and ~528 eV in theEllc spectrum of thé110) YBCO thin film is
75°, B=15° and 30°, respectively. The x-ray absorptionassigned to the O hole states in the apical oxygen sites.
measurements were performed at room temperature. For theEllab spectra in Fig. @), the absorption feature at
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~528.4 eV is ascribed to the hole states in the Cp@ne [see Fig. B)]. T. is considered to be determined predomi-
(i.e., the Zhang—Rice statesvhile the shoulder at-527.8  nantly by the hole number in the Cy@lanes. Accordingly,
eV corresponds to the unoccupied states in the CuO ¢Rain. the similarity of the pre-edgEllab spectra of two thin films
The peak at-529.5 eV is associated with the upper Hubbardis associated with their nearly identicg!'s as shown in Fig.
band. It is clearly seen from Fig. 3 that the distortion of thel.
XFY spectra due to the self-absorption effect cannot be ig- The hole number on the different oxygen sites of the
nored. Thus, the self-absorption correction is crucial for(001) and (110 YBCO thin films, derived from the inte-
quantitative analyses to obtain the number of hole carriers ograted cross section of the pre-edge absorption peaks, is
the specific sites. listed in Table I. The hole fractions were compared with
Figure 4 presents thillab O 1s XANES spectra of the those from the previous XANES studies of single crystals as
(110 YBCO thin film obtained from the normal incidence well as calculated values and results from the nuclear mag-
geometry[in Fig. 2(@ geometry and grazing incidence ge- netic resonance (NMR) investigations coupled with
ometry[in Fig. 2(c) geometry. As noted, after correction of electrical-field gradient calculatio$,as listed in Table I.
the self-absorption effect, the XFY spectra obtained from2n,, andngu,n, Obtained from the O 4Ellab XANES spec-
different incident geometries become much closer to eaclra, represent the total amount of holes in the Cylanes
other, while the pre-edge region shows only a slight differ-and in the CuO chains, respectively. Due to the randomness
ence, as shown in inset of Fig(al. This clearly confirms of the a and b axis arrangement of the YBCO thin film,
that the technique of the self-absorption correction can benlike the single crystal, the contribution from thé2pand
successfully used for complex XANES spectra of high- O(3) in the CuQ planes cannot be distinguish@tye,, ob-
cuprates. tained from theEllc XANES spectra, corresponds to the hole
In Fig. 5a), the Ellc O K-edge XANES spectra of both content in the apical O siteR, is the total hole number of
the (110 and (001) YBCO thin films are depicted. The all the O sites in an unit cell. The total hole number per unit
former is measured from the normal incidence geometrycell is assumed to be 0.9, since the oxygen content of the two
while the latter is obtained from the grazing incidence geom-YBCO thin films under studied is estimated to be 6.9. As
etry. As noted, after the self-absorption correction, Eie noted from Table I, the hole number in the apical sites in the
spectra of both thin films with different orientations are al- present investigation is sometimes larger than that from the
most the same, although the pre-edge region shows a slightevious x-ray absorption studies of single cryst&lsf. 16
difference. In general, the purity of th&10) thin films can- and from the theoretical calculations. Within the errors, the
not reach 1009%° The (103 impurity phase could lead to a values 0fngpex for (00D thin film (our work) and Ref. 9 are
difference in theElic spectra of both films with different in good agreement. However, thge, value of the(110
orientations. The similarity of th&llc spectra of thg001) YBCO film (our worK) is larger than one obtained from re-
and (110 thin films infers that thé110 YBCO thin film we  cent XANES studies in the YBCO single crystdRef. 9.
prepared is rather pure with respect to the orientation. Figur&ince the number of apical holes in some YBCO films is
5(b) shows theEllab O K-edge XANES spectra of both the larger than those in single crystals, in principle this differ-
well-oriented (001) and (1100 YBCO thin films obtained ence could manifest itself in properties such as anisotropy
from the normal incidence geometry. As noted, there is and interlayer coupling. Further investigations ofaxis
small difference in theéEllab spectra of thg001) and (110  transport and optical properties in the YBCO thin films are
YBCO thin films for the energy range above the edge, whiledesirabl€’* On the other hand, then2,, values of two films
the pre-edge region of these two films is very similar. Al-are slightly smaller than one in single crystals. As expected,
though hole number in the apical sites of t0@1) and (110 the T, (~89 K) of thin films is slightly smaller than that of
YBCO thin films shows a slight differendesee Fig. 8)], single crystalg~92 K). The T, deviations between present
planar hole concentration for both films is almost identicalthin films and single crystals may be due to the variations in

TABLE |. Hole distribution on the different oxygen sites of the well-orient@dl) and(110) YBCO thin films

as obtained by present experiments. Hole numigy,and ng.in, are analyzed by fitting the Eb XANES
spectra to a sum of Gaussian,,is obtained from thée//c XANES spectra. For comparison, the results of
previous XANES measurements by Meztzal. (XASI) (Ref. 9, Nucker et al. (XAS2) (Ref. 1), Krol et al,
(XAS3) (Ref. 16, of band-structure calculation®SC) (Ref. 29, of calculations using three-band model
(3BM) with local-density approximatiofRef. 26, and NMR results coupled with calculations of the electric-
field gradients EFG) (Ref. 23 are listed. Estimated error for thevalues+0.02. The oxygen content (£

for different samples is included.

Site 116 001° XAS1 XAS2 XAS3 BSC 3BM EFG
Nehain 0.19 0.21 0.24 0.34 0.27 0.17 0.22 0.30
2N, 0.38 0.39 0.40 0.40 0.52 0.60 0.76 0.50
Napex 0.33 0.30 0.27 0.26 0.20 0.20 0.24 0.28
Neotal 0.90 0.90 0.91 1.00 0.99

O 6.90 6.90 6.91 7.0 6.99

%110 YBCO.

5(001) YBCO.
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