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Hole states in fluorine-doped La2CuO4 thin films probed by polarized
x-ray-absorption spectroscopy
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High-resolution polarized x-ray-absorption spectra at the OK edge and CuL edge for c-axis-oriented
La2CuO4Fx thin films using a bulk-sensitive x-ray-fluorescence-yield detection method were investigated. In
the O 1s absorption edge of La2CuO4Fx , the prepeak at 528.7 eV is assigned to transitions into O 2pxy hole
states located in the CuO2 planes. Fluoride ions present in La2CuO4Fx induce hole states in the CuO2 planes
near the Fermi level, which in turn play an important role in enhancing superconductivity for this compound,
as compared to parent La2CuO4. Thus, in La2CuO4Fx , fluoride ions are regarded as an electronic dopant to
induce superconductivity.@S0163-1829~99!08233-8#
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I. INTRODUCTION

The discovery of high-Tc superconductors by Bednor
and Müller in the La-Ba-Cu-O system has promoted an
tensive investigation for superconducting cuprates.1 To im-
prove the superconducting properties of this compound,
ferent treatments, such as annealing in moderate oxy
pressure,2,3 annealing in high oxygen pressure,4,5

fluorination,6–8 chlorination,9,10 and electrochemica
oxidation,11 have been widely applied. Fluorine doping in
cuprates as a technique to induce superconductivity has
cently attracted considerable attention.12–22 Several new
high-Tc superconductors containing fluorine, such
La2CuO42dFy (Tc;40 K),6,7,15–18 Nd2CuO42xFx (Tc

;27 K),19 Sr2CuO2F21d (Tc;46 K),20 La0.7Sr1.3Cu~O,F!41d

(Tc555 K),21 Sr2Can21CunO2n1dF21y ~Tc599 K for n52,
111 K for n53!,22 and HgBa2Can21CunO2n121dFy ~Tc

597 K for n51, 128 K for n52, 135 K for n53!,23 have
been reported.

La22xSrxCuO4 is one of the most widely studied cupra
systems. At lower Sr levels, the structure is an orthorhom
distortion of the type K2NiF4 ~space groupCmca!.24 For a
substitution level ofx.0.05, the crystal exhibits a tetragon
structure~space groupI4/mmm!. The substitution of La31

ions with Sr21 ions in the La2O2 layers of the paren
La2CuO4 gives rise to superconductivity withTc;40 K for
x50.15.25 It is reported by Tissueet al. that La2CuO41x
exhibits superconductivity withTc;36 K upon incorporation
of fluorine into the bulk.6 In addition, one significant chang
observed after fluorination of La2CuO41x is the increase in
orthorhombic distortion. In relation to the pare
La2CuO41x , thea parameter in La2CuO4Fx decreases andb
increases.15 Fluorination of La2CuO4 has also a drastic effec
on the transport properties. A decrease in thermal conduc
ity, electrical resistivity, and thermoelectric power
PRB 600163-1829/99/60~9!/6888~5!/$15.00
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observed.8 Although the physical properties of th
La2CuO4Fx cuprates have been widely studied, no investig
tions of electronic structure of these compounds have b
performed. It is therefore of great interest to understand
variation of electronic structure near the Fermi level of p
ent oxides La2CuO4 and fluorine-doped La2CuO4.

It is well known that the hole states play a pivotal role f
superconductivity in thep-type cuprate superconductor
Therefore, knowledge of the electronic structure near
Fermi level of these compounds is an important step towa
unveiling the mechanism of superconductivity. Soft x-ra
absorption spectroscopy using synchrotron radiation
been widely applied to investigate the local density of un
cupied states at the oxygen and copper sites in high-Tc su-
perconductors. In particular, polarization-dependent x-r
absorption measurements are able to provide deta
information on the orbital character of the holes in thep-type
cuprates.26,27 Pulsed laser ablation is now a well-establish
technique for the fabrication of thin films of oxide materia
In particular, it has been utilized to prepare thin films
high-Tc cuprate superconductors. Recently, Leeset al. have
successfully developed a method to anionically control
carrier concentration in La2CuO4Fx thin films with a Tc of
;38 K.28 In this study, we report the results of high
resolution polarized x-ray-absorption spectra at the OK edge
and CuL edge forc-axis-oriented La2CuO4 and La2CuO4Fx
thin films by using a bulk-sensitive x-ray fluorescence-yie
detection method.

II. EXPERIMENT

Detailed procedures for preparing superconduct
La2CuO4Fx thin films have been reported in deta
elsewhere.28 In brief, La2CuO4 target pellets were prepare
by standard solid-state techniques. Thin films of La2CuO4
were fabricated by pulsed laser ablation from the oxide
6888 ©1999 The American Physical Society
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get. A 248-nm KrF excimer laser with pulse length of 20
and a repetition rate of 10 Hz was employed as the li
source. Fluorine doping of the La2CuO4 thin films was at-
tempted using a gaseous fluorination approach. Optimum
sults were obtained with films held at 150 °C under 10%2
in N2 for 10 min. As checked by x-ray diffraction~XRD!, the
La2CuO4Fx thin films prepared by this procedure were sing
phase and highly preferentially oriented with thec axis per-
pendicular to the surface of the thin films.

The polarized x-ray-absorption experiments were carr
out at the Synchrotron Radiation Research Center~SRRC! in
Taiwan with an electron beam energy of 1.5 GeV. The s
chrotron radiation was monochromatized by a 6-m hig
energy spherical grating monochromator~HSGM! beamline
which covers a photon energy range of 150–1200 eV. T
polarization-dependent x-ray-absorption spectra with sev
incidence angles~f! with respect to the surface normal ha
been recorded by rotating the sample around a vertical a
Because very narrow slits centered around the electron o
plane were used, the linear polarization of the monoch
matic beam was estimated to be around 97%. The x
fluorescence-yield spectra were obtained using a microc
nel plate~MCP! detector.29 In contrast to the electron-yield
measurements, x-ray fluorescence-yield measurements
strictly bulk sensitive with a probing depth of thousands
angstroms. The MCP detector consists of a dual se
MCP’s with an electrically isolated grid mounted in front
them. During x-ray fluorescence-yield measurements,
grid was set to a voltage of 100 V, while the front of th
MCP’s was set to22000 V and the rear to2200 V. The grid
bias ensured that positive ions would not be detected w
the MCP bias ensured that no electrons were detected.
incident photon flux (I 0) was monitored simultaneously by
Ni mesh located after the exit slit of the monochromator.
the measurements were normalized toI 0 . The photon ener-
gies were calibrated using the known OK-edge and Cu
L3-edge absorption peaks of CuO. The energy resolution
the monochromator was set to;0.22 and;0.45 eV for the
O K-edge and CuL-edge x-ray-absorption measuremen
respectively. All the measurements were performed at ro
temperature.

III. RESULTS AND DISCUSSION

Polarized OK-edge x-ray-absorption spectra of the sup
conducting La2CuO4Fx thin film recorded at different inci-
dence angles~f! are reproduced in Fig. 1 obtained using
bulk-sensitive total-x-ray-fluorescence-yield method. The
sorption spectrum forf50° corresponds to the normal in
cidence geometry where the electric field vectorE of the
linear-polarized synchrotron light is parallel to theab plane
of the thin film, while spectrum forf575° represents the
grazing incidence geometry where theE vector is nearly par-
allel to thec axis of the thin film. The O 1s x-ray-absorption
spectra for the La2CuO4Fx thin film, as shown in Fig. 1, can
be divided into two regions: below and above the pho
energy;531 eV. The low-energy prepeaks with energy b
low 531 eV are ascribed to transitions from the O 1s core
electrons to hole states with mainly O 2p character, while
the strong rise in spectral weight of the absorption spe
above 531 eV is attributed to continuum absorption to
t
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3s, Cu 3p, La 5d, or La 4f empty states hybridized with O
2p states.26

The prominent features in the O 1s x-ray-absorption edge
for Eiab (f50°), asshown in Fig. 1, are two pronounce
prepeaks~labeled asA andB! at 528.7 and 530.2 eV, respec
tively. As f is increased fromEiab to Eic, the spectral
weights of prepeaksA and B are significantly reduced an
new prepeaks~labeled asA8 and B8! appear at;0.2 eV
lower in photon energies, as shown in the inset of Fig.
According to dipole selection rules, forEiab, only the un-
occupied electronic states with O 2pxy symmetry are probed
and in theEic case, the empty O 2pz states are accessibl
for the O 1s transition.26 Accordingly, prepeakA has mainly
O 2pxy symmetry and prepeakA8 has predominantly O 2pz
character. Since these absorption peaks correspond to tr
tions into unoccupied O 2p states near the Fermi level, th
observed different O 1s thresholds in Fig. 1 may be due t
chemical shifts originating from the influence of charges
the oxygen sites and the site-specific neighborhood.

The structure of La2CuO4 consists of one plane of Cu
atoms with four strongly bounded oxygen neighbors in
square-planar arrangement which is separated by two
planes. Therefore, there exists three nonequivalent oxy
sites in La2CuO4: O~2! and O~3! within the CuO2 layers

FIG. 1. Polarization-dependent OK-edge x-ray-absorption spec
tra of the La2CuO4Fx thin film as a function of the incidence angl
f with respect to the normal of the sample surface. The absorp
spectrum forf50° corresponds to the electric field vectorE of the
synchrotron light parallel to theab plane of the thin film, while
spectrum forf575° represents theE vector nearly parallel to thec
axis of the thin film.
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and O~1! in the LaO planes. Band-structure calculatio
based on the local-density approximation~LDA ! have been
successful in calculating the electronic structure of the
prate superconductors.30 Based on LDA band-structure ca
culations, for La2CuO4, the binding energy of the O 1s level
for O sites in the LaO planes is higher than that for O sites
the CuO2 planes.31 From the polarization-dependent x-ra
absorption measurements on single-domain crystal
La22xSrxCuO4, it was found that the O~2,3! 1s level is about
0.3 eV lower in energy than the O~1! 1s level, which is
consistent with the theoretical predictions.27 Therefore, the
spectral weight of the valence-band prepeakA for Eiab, as
shown in Fig. 1, corresponds to unoccupied O 2pxy states in
the CuO2 plane, while prepeakA8 for f575° is ascribed to
transitions into mainly unoccupied O 2pz states from the
apical oxygen. PrepeakB at 530.2 eV is assigned to
3d10L˜O1s3d10 transition, i.e., a transition into the O 2p
state, which by hybridization is admixed to the upper Hu
bard band ~UHB! with predominantly Cu 3d character,
whereL and O1s denote the O 2p ligand hole and a O 1s
hole, respectively. Due to the strong on-site correlation
fects on the copper sites in the cuprate superconducto
UHB state has always been assumed to exist.32 As shown in
inset of Fig. 1, for the UHB state, a chemical shift of;0.2
eV to lower energy is also observed in going fromEiab and
Ei;c.

The OK-edge x-ray-absorption spectra of the La2CuO4Fx
and La2CuO4 thin films for the incidence anglef50° are
displayed in Fig. 2. These spectra were normalized to
intensity in the energy range between 531 and 555 eV w
respect to the number of O atoms per unit cell, providing
absolute intensities of the prepeaks for the La2CuO4Fx and
La2CuO4 compounds. This is due to the fact that the spec
above 531 eV for the La2CuO4Fx and La2CuO4 thin films are
quite similar and independent of the different oxygen en
ronments.

As shown, in the O 1s absorption edge of the La2CuO4
sample, only a prepeak at 530.2 eV originating from
UHB is observed. In the La2CuO4Fx sample, a second pre
peak at 528.7 eV develops, which originates from dopi
induced hole states. This indicates that fluorination
La2CuO4 induces hole states in the CuO2 planes near the
Fermi level. La2CuO4 is nonsuperconducting, wherea
La2CuO4Fx thin film exhibits aTc of ;38 K. Thus the gen-
eration of holes in the O 2p orbitals within the CuO2 planes
is probably responsible for inducing a transition from a se
conductor to a superconductor.

Compared to La2CuO4, the UHB peak at 530.2 eV show
a decrease in spectral weight in La2CuO4Fx , as shown in
inset of Fig. 2. This change is related to the spectral we
transfer of states from the UHB to doping-induced ho
states near the Fermi level.33 Similar behavior has also bee
observed in O 1s absorption spectra of other systems.34,35

The O 2p hole state in the CuO2 planes is separated from th
UHB state by an energy of;1.5 eV, which is close to the
charge transfer gap of most p-type cuprate
superconductors.26 This indicates that the Fermi level for th
La2CuO4Fx sample is close to the top of the valence band
this respect, this compound is typical of ap-type cuprate
superconductor.36,37 Therefore, in La2CuO4Fx , fluoride ions
-
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are regarded as an electronic dopant to induce supercon
tivity.

The CuL3-edge x-ray-absorption fluorescence-yield sp
tra of La2CuO4Fx and La2CuO4 thin films at room tempera-
ture in the energy range of 926–937 eV are presented in
3. For the La2CuO4 sample, the CuL3-edge absorption spec
trum shows a symmetry peak centered at 931.2 eV. In the
L3-edge absorption spectrum of CuO, a white line at 93
eV and satellite structure at 937 eV are observed corresp
ing to transitions into (2p3/2)3d10 and (2p3/2)3d94s final
states, respectively, where (2p3/2) denotes a 2p3/2 hole.38

Therefore, the absorption peak at 931.2 eV shown in Fig.
ascribed to transitions from the Cu(2p3/2)3d9-O2p6 ground-
state configuration~formal divalent Cu oxidation state! to the
Cu(2p3/2)3d10-O2p6 excited state.

For the La2CuO4Fx sample, the absorption spectrum b
comes asymmetric and a new feature~indicated asL38! ap-
pears on the high-energy side of the CuL3 white line. From
the curve-fitting analysis, this new feature is found to cen
at about 932.2 eV. Based on photoemission studies and c
ter calculations on divalent Cu compounds, the high-ene
structure originates from the O 2p hole states and is assigne
to transitions from the Cu(2p3/2)3d9LI ground state~formal
trivalent Cu oxidation state! to the Cu(2p3/2)3d10L excited
state.39,40 Therefore, the intensity of this shoulder can be
garded as the total concentration of hole states in the cup
superconductors, as prepeaks observed in the O 1s x-ray-

FIG. 2. O K-edge x-ray-absorption spectra of the La2CuO4Fx

~solid circle! and La2CuO4 ~open circle! thin films for the electric
field vector E parallel to theab plane of the thin film. The O
K-edge-absorption spectra have been normalized to the intensi
the energy range between 531 and 555 eV.



ld
a

i-

e
s

K

.
-
o

to

e

en

en

e

f-
nt

n
ed

t
l-
d

O

g
ent
f

-
-

.
c-

t.
al

o.

tr

PRB 60 6891HOLE STATES IN FLUORINE-DOPED La2CuO4 THIN . . .
absorption spectrum. As shown, fluorination of La2CuO4
leads to an increase in intensity at the high-energy shou
in the CuL3-edge absorption spectrum, corresponding to
increase in the O 2p hole concentration. This is also ev
denced by the OK-edge x-ray-absorption spectra.

Recently, Al-Mamouriet al. demonstrated that fluorin
can force the apical oxygen to transfer to equatorial site
form CuO2 sheets and to induce superconductivity at 46
by fluorination of Sr2CuO3 with F2 gas.20 Apart from enter-
ing the apical site, F ions can also enter the interstitial site~0,
1/2, 1/4! in Sr2CuO2F21d to maintain electrical neutrality
Superconductivity in Sr2CuO2F21d has been induced by in
corporating extra F ions located in interstitial sites. F
iodine-intercalated Bi2Sr2CaCu2O8 compound, the I is in-
serted between the adjacent BiO layers and thus leads
remarkable expansion of the unit cellc dimension.41

Similarly, the formation of La2CuO4Fx structure occurs
via intercalation to produce F ions in interstitial sites b
tween LaO layers of the La2CuO4 structure.28 The charge
transfer between the intercalated F and CuO2 sheets in the
La2CuO4Fx material leads to an increase of the hole conc

FIG. 3. CuL3-edge x-ray-absorption fluorescence-yield spec
of La2CuO4Fx ~solid line! and La2CuO4 ~dotted line! thin films for
the incidence anglef535°.
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tration in the CuO2 sheets, as evidenced by OK-edge and Cu
L-edge x-ray-absorption spectra in Figs. 2 and 3. It has be
demonstrated that the concentration of O 2p holes in the
CuO2 planes is strongly correlated withTc .42,43Accordingly,
superconductivity is induced upon incorporation of fluorin
into the La2CuO4 sample.

As mentioned, La2CuO41x , which is orthorhombic before
fluorination, undergoes a further orthorhombic distortion a
ter fluorination. In other words, compared to the pare
La2CuO41x compound, thea parameter in La2CuO4Fx de-
creases andb increases. The decrease ina brings the Cu
atoms closer along one of the~110! axes of the perovskite
cell, which may be critical for pairing. A similar decrease i
a parameter is observed when the composition is chang
from YBa2Cu3O6 to YBa2Cu3O7. It has been proposed tha
the Cu-O bond length may be an important factor in contro
ling the CuO2 planes to be oxidized to induce hole-dope
superconductivity.44 Thus a structural factor might play a
notable role in determiningTc .

IV. CONCLUSION

We report high-resolution polarized OK-edge and Cu
L-edge x-ray-absorption fluorescence-yield spectra ofc-axis-
oriented La2CuO4Fx thin films. In the O 1s absorption edge
of La2CuO4Fx , the prepeak at 528.7 eV has predominantly
2pxy symmetry and is assigned to transitions into O 2p hole
states located in the CuO2 planes. Fluoride ions present in
La2CuO4Fx generate hole states in the CuO2 planes near the
Fermi level, which in turn play an important role in inducin
superconductivity for this compound, as compared to par
La2CuO4. In the Cu L3-edge absorption spectrum o
La2CuO4Fx , the high-energy shoulder at;932.2 eV is as-
signed to Cu(2p3/2)3d9L˜Cu(2p3/2)3d10L transitions,
where L denotes the O 2p ligand hole. Fluorination of
La2CuO4 leads to an increase in spectral weight of high
energy shoulder in the CuL3-edge absorption spectrum, cor
responding to an increase in O 2p hole concentrations. This
is also evidenced by the OK-edge absorption spectrum
Thus, in La2CuO4Fx , fluoride ions are regarded as an ele
tronic dopant to induce superconductivity.

ACKNOWLEDGMENTS

We thank the staff of SRRC for their technical suppor
This research is financially supported by SRRC and Nation
Science Council of the Republic of China under Grant N
NSC 86-2613-M-213-010.

a

C.

.

-

*Author to whom correspondence should be addressed.
1J. G. Bednorz and K. A. Mu¨ller, Z. Phys. B44, 189 ~1986!.
2S. A. Shaheen, M. Jisrawi, Y. H. Lee, Y. Z. Zhang, M. Croft, W

L. McLean, H. Zhen, L. Rebelsky, and S. Horn, Phys. Rev
36, 7214~1987!.

3P. M. Grant, S. S. P. Parkin, Y. V. Lee, E. M. Engler, M.
Ramirez, J. E. Vazquez, G. Lim, R. D. Jacowita, and R.
Greene, Phys. Rev. Lett.58, 2482~1987!.

4J. E. Schirber, B. Morosin, R. M. Merrill, P. F. Hlava, E. L
Venturini, J. F. Kwak, P. J. Nigrey, R. J. Baughman, and D.
Ginley, Physica C152, 121 ~1988!.
.
B

.
L.

.
S.

5G. Demazeau, F. Tresse Th. Plante, B. Chevalier, J. Etourneau,
Michel, M. Hervieu, B. Raveau, P. Lejay, A. Sulpice, and R.
Tournier, Physica C153-155, 824 ~1988!.

6B. M. Tissue, K. M. Cirillo, J. C. Wright, M. Daeumling, and D.
C. Larbalestier, Solid State Commun.65, 51 ~1988!.

7B. Chevalier, A. Tressaud, B. Lepine, K. Amine, J. M. Dance, L.
Lozano, E. Hickey, and J. Etourneau, Physica C167, 97 ~1990!.

8M. Cassart, E. Grivei, J. P. Issi, E. Ben, Salem, B. Chevalier, C
Brisson, and A. Tressaud, Physica C213, 327 ~1993!.

9A. Tressaud, C. Robin, B. Chevalier, L. Lozano, and J. Etour



es

s,

to,

, J
oy

L.

re

a

.

hi

R
m

ett

P
lo

d

W
W

.

M.

ett.

M.

. B

.

ev.

.

.

m-

C.
R.

hys.

P.
n.

,

C.

. T.

6892 PRB 60J. M. CHENet al.
neau, Physica C177, 530 ~1991!.
10Z. Hiroi, N. Kobayashi, and M. Tokano Nature~London! 371,

139 ~1994!.
11J. C. Grenier, A. Wattiaux, N. Lagueyte, J. C. Park, E. Marqu

taut, J. Etourneau, and M. Pouchard, Physica C173, 139~1991!.
12Z. Hiroi, M. Takano, M. Azuma, and Y. Takeda, Nature~London!

364, 315 ~1993!.
13P. R. Slater, J. P. Hodges, M. G. Grancesconi, P. P. Edward

Greaves, I. Gameson, and M. Slaski, Physica C253, 16 ~1995!.
14S. Adachi, X. J. Wu, Tamura, T. Tatsuki, A. Tokiwa-Yamamo

and K. Tanabe, Physica C291, 59 ~1997!.
15V. Bhat, C. N. R. Rao, and J. M. Honig, Solid State Commun.81,

751 ~1992!.
16C. Robin-Brisson, A. Tressaud, B. Chevalier, E. B. Salem

Hejtmanek, J. Etourneay, M. Cassart, and J. P. Issi, J. All
Compd.188, 69 ~1992!.

17M. H. Tuilier, B. Chevalier, A. Tressaud, C. Brisson, J.
Soubeyroux, and J. Etourneau, Physica C200, 113 ~1992!.

18V. Bhat and J. M. Honig, Mater. Res. Bull.30, 1253~1995!.
19A. C. W. P. James, S. M. Zahurak, and D. W. Murphy, Natu

~London! 338, 240 ~1989!.
20M. Al-Mamouri, P. P. Edwards, C. Greaves, and M. Slaski, N

ture ~London! 369, 382 ~1994!.
21X. Chen, J. Liang, W. Tang, C. Wang, and G. Rao, Phys. Rev

52, 16 233~1995!.
22T. Kawashima, Y. Maysui, and E. Takayama-Muromac

Physica C257, 313 ~1996!.
23M. Marezio, J. J. Capponi, P. G. Radaell, P. P. Edwards, A.

Armstrong, and W. I. F. David, Eur. J. Solid State Inorg. Che
31, 843 ~1994!.

24J. D. Jorgensen, H. B. Schu¨ttler, D. G. Hinks, D. W. Capone II,
K. Zhang, M. B. Brodsky, and D. J. Scalapino, Phys. Rev. L
58, 1024~1987!.

25J. B. Torrance, A. Bezinge, A. I. Nazzai, T. C. Huang, S. S.
Parkin, O. T. Keane, S. J. Laplaca, P. M. Horn, and G. A. He
Phys. Rev. B40, 8872~1989!.
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