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Hole states in fluorine-doped LgCuO, thin films probed by polarized
x-ray-absorption spectroscopy
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High-resolution polarized x-ray-absorption spectra at th& @dge and Cu. edge forc-axis-oriented
La,CuQ,F, thin films using a bulk-sensitive x-ray-fluorescence-yield detection method were investigated. In
the O Is absorption edge of L&UOQ,F,, the prepeak at 528.7 eV is assigned to transitions intqg) Bole
states located in the Cy®lanes. Fluoride ions present in JGuQO,F, induce hole states in the Cy@lanes
near the Fermi level, which in turn play an important role in enhancing superconductivity for this compound,
as compared to parent 4@uQ,. Thus, in LagCuQyF,, fluoride ions are regarded as an electronic dopant to
induce superconductivityS0163-182@9)08233-9

[. INTRODUCTION observed Although the physical properties of the
La,CuQyF, cuprates have been widely studied, no investiga-
The discovery of highF, superconductors by Bednorz tions of electronic structure of these compounds have been
and Muler in the La-Ba-Cu-O system has promoted an in-performed. It is therefore of great interest to understand the
tensive investigation for Superconducting Cupré’[é’g im- variation of electronic structure near the Fermi level of par-
prove the superconducting properties of this compound, difent oxides LaCuQ, and fluorine-doped L&LuO,.
ferent treatments, such as annealing in moderate oxygen !tis well known that the hole states play a pivotal role for

pressuré® annealing in high oxygen pressur®, superconductivity in thep-type cuprate superconductors.
6-8 9,10 Therefore, knowledge of the electronic structure near the

fluorination, chlorination; and electrochemical i ; i
oxidation!! have been widely applied. Fluorine doping into Ferm_l_level of these cqmpounds is an important step towards
nveiling the mechanism of superconductivity. Soft x-ray-

cuprates as a technique to induce superconductivity has ré ; . e
cently attracted considerable attentfdn??> Several new absorption spectroscopy using synchrotron radiation has

high-T, superconductors containing fluorine, such aSbeen widely applied to investigate the local density of unoc-
La,CuO, F, (Te~40 K) 571518 NA,CuO, F (T, cupied states at the oxygen and copper sites in highu

- S . 20 perconductors. In particular, polarization-dependent x-ray-
27K),™ SLCUOK, 5 (Tc~46K),™ Lag SnaCUO.Fais  apsorption measurements are able to provide detailed

(Te=55K),* SrZng,1CL1nOZn+ sFary (Tc=99K forn=2, irtormation on the orbital character of the holes in paype

111 K for n=3),” and HgB@Caﬂ_1Cu102n+2+5F3y (Te  cuprate€®?” Pulsed laser ablation is now a well-established

=97K forn=1, 128 K forn=2, 135 K forn=3),* have  technique for the fabrication of thin films of oxide materials.

been reported. In particular, it has been utilized to prepare thin films of
La,,SrCuQy is one of the most widely studied cuprate high-T,, cuprate superconductors. Recently, Leesl. have

systems. At lower Sr levels, the structure is an orthorhombiguccessfully developed a method to anionically control the

distortion of the type KNiF, (space groupCmca.** For a carrier concentration in L&UO,F, thin films with aT, of

substitution level ok>0.05, the crystal exhibits a tetragonal ~38 K28 |n this study, we report the results of high-

structure(space groug4/mmm. The substitution of L%  resolution polarized x-ray-absorption spectra at thé &dge

ions with SF* ions in the LaO, layers of the parent and CuL edge forc-axis-oriented LgCuO, and LaCuO,F,

La,CuQ, gives rise to superconductivity with,~40K for  thin films by using a bulk-sensitive x-ray fluorescence-yield

x=0.15%° It is reported by Tissueet al. that LaCuO,., detection method.

exhibits superconductivity witfi;~36 K upon incorporation

of fluorine into the bull In addition, one significant change

observed after fluorination of L&uQ, ., , is the increase in

orthorhombic distortion. In relation to the parent Detailed procedures for preparing superconducting

La,CuQy.,, thea parameter in LgCuQyF, decreases andl  La,CuQ,F, thin films have been reported in detalil

increases® Fluorination of LaCuQ, has also a drastic effect elsewherée? In brief, La,CuQ, target pellets were prepared

on the transport properties. A decrease in thermal conductivby standard solid-state techniques. Thin films ot@a0O,

ity, electrical resistivity, and thermoelectric power is were fabricated by pulsed laser ablation from the oxide tar-

IIl. EXPERIMENT
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get. A 248-nm KrF excimer laser with pulse length of 20 ns
and a repetition rate of 10 Hz was employed as the light
source. Fluorine doping of the k@uQ, thin films was at-
tempted using a gaseous fluorination approach. Optimum re-
sults were obtained with films held at 150 °C under 10% F
in N, for 10 min. As checked by x-ray diffractiof)XRD), the

Intensity

La,CuQyF, thin films prepared by this procedure were single f‘§ 528 529 530 531
phase and highly preferentially oriented with thexis per- g
pendicular to the surface of the thin films. ¥
The polarized x-ray-absorption experiments were carried 5;
out at the Synchrotron Radiation Research Cef8&®RQ in %
Taiwan with an electron beam energy of 1.5 GeV. The syn- e

chrotron radiation was monochromatized by a 6-m high-
energy spherical grating monochromatetSGM) beamline
which covers a photon energy range of 150—-1200 eV. The
polarization-dependent x-ray-absorption spectra with several
incidence angleég) with respect to the surface normal have
been recorded by rotating the sample around a vertical axis.
Because very narrow slits centered around the electron orbit
plane were used, the linear polarization of the monochro-
matic beam was estimated to be around 97%. The x-ray
fluorescence-yield spectra were obtained using a microchan-
nel plate(MCP) detector® In contrast to the electron-yield
measurements, x-ray fluorescence-yield measurements ar
strictly bulk sensitive with a probing depth of thousands of
angstroms. The MCP detector consists of a dual set of L 1 L L . L : '
MCP’s with an electrically isolated grid mounted in front of 525 530 535 540 545 550
them. During x-ray fluorescence-yield measurements, the
grid was set to a voltage of 100 V, while the front of the
MCP’S was set tO—ZOOQ_V a_nd the rear t6-200 V. The grid . FIG. 1. Polarization-dependentidedge x-ray-absorption spec-
bias ensured that positive ions would not be detected whilg, of the | gcuo,F, thin film as a function of the incidence angle

the MCP bias ensured that no electrons were detected. Theyith respect to the normal of the sample surface. The absorption
incident photon flux ;) was monitored simultaneously by a spectrum for=0° corresponds to the electric field vec®of the
Ni mesh located after the exit slit of the monochromator. All synchrotron light parallel to thab plane of the thin film, while

the measurements were normalized §o The photon ener-  spectrum forgp=75° represents the vector nearly parallel to the
gies were calibrated using the known IQedge and Cu axis of the thin film.
L ;-edge absorption peaks of CuO. The energy resolution of
the monochromator was set t€0.22 and~0.45 eV for the  3s, Cu 3p, La 5d, or La 4f empty states hybridized with O
O K-edge and Cu.-edge x-ray-absorption measurements,2p states’®
respectively. All the measurements were performed at room The prominent features in the G k-ray-absorption edge
temperature. for Ellab (¢=0°), asshown in Fig. 1, are two pronounced
prepeakglabeled a#A andB) at 528.7 and 530.2 eV, respec-
tively. As ¢ is increased fronEllab to Elic, the spectral
weights of prepeak# and B are significantly reduced and
Polarized OK-edge x-ray-absorption spectra of the super-new prepeakglabeled asA’ and B’) appear at~0.2 eV
conducting LaCuQyF, thin film recorded at different inci- lower in photon energies, as shown in the inset of Fig. 1.
dence angle$¢) are reproduced in Fig. 1 obtained using aAccording to dipole selection rules, fé&llab, only the un-
bulk-sensitive total-x-ray-fluorescence-yield method. The abeccupied electronic states with @g, symmetry are probed,
sorption spectrum fogp=0° corresponds to the normal in- and in theEllc case, the empty O£ states are accessible
cidence geometry where the electric field veckbof the  for the O Is transition?® Accordingly, prepeald has mainly
linear-polarized synchrotron light is parallel to tab plane O 2p,, symmetry and prepeak’ has predominantly O 2,
of the thin film, while spectrum foky="75° represents the character. Since these absorption peaks correspond to transi-
grazing incidence geometry where tRevector is nearly par- tions into unoccupied O [ states near the Fermi level, the
allel to thec axis of the thin film. The O & x-ray-absorption  observed different O 4 thresholds in Fig. 1 may be due to
spectra for the L&CuO,F, thin film, as shown in Fig. 1, can chemical shifts originating from the influence of charges on
be divided into two regions: below and above the photorthe oxygen sites and the site-specific neighborhood.
energy~531 eV. The low-energy prepeaks with energy be- The structure of LgCuQ, consists of one plane of Cu
low 531 eV are ascribed to transitions from the ® dore  atoms with four strongly bounded oxygen neighbors in the
electrons to hole states with mainly Qo Zharacter, while square-planar arrangement which is separated by two LaO
the strong rise in spectral weight of the absorption spectrplanes. Therefore, there exists three nonequivalent oxygen
above 531 eV is attributed to continuum absorption to Cuwsites in LagCuQ,: 0O(2) and Q3) within the CuQ layers

Normalized Fluorescence

Photon Energy (eV)
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and Q1) in the LaO planes. Band-structure calculations
based on the local-density approximatidrbDA) have been
successful in calculating the electronic structure of the cu-
prate superconductorS.Based on LDA band-structure cal-
culations, for LaCuQy, the binding energy of the Osllevel
for O sites in the LaO planes is higher than that for O sites in
the CuQ planes®! From the polarization-dependent x-ray-
absorption measurements on single-domain crystal of
La, _,Sr,CuQ,, it was found that the 2,3) 1s level is about
0.3 eV lower in energy than the (D 1s level, which is
consistent with the theoretical predictiofisTherefore, the
spectral weight of the valence-band prepdator Ellab, as
shown in Fig. 1, corresponds to unoccupied @ 2states in
the CuQ plane, while prepeak’ for ¢=75° is ascribed to
transitions into mainly unoccupied Op2 states from the
apical oxygen. PrepeaB at 530.2 eV is assigned to a
3d'% — 01s3d*° transition, i.e., a transition into the Op2
state, which by hybridization is admixed to the upper Hub-
bard band(UHB) with predominantly Cu @ character,
whereL and QLs denote the O @ ligand hole ad a O 1Is
hole, respectively. Due to the strong on-site correlation ef-
fects on the copper sites in the cuprate superconductors, a
UHB state has always been assumed to €Xisis shown in
inset of Fig. 1, for the UHB state, a chemical shift 0.2
eV to lower energy is also observed in going fré&fab and
Ell~c. Photon Energy (eV)
The OK-edge x-ray-absorption spectra of the,CaO,F,
and LaCuQ, thin films for the incidence angleée=0° are

.dltSpla).ied. |r’:hF|g. 2. These spt))ec{‘tra Wesrglnorrgaslgsed \t/O t.rt]%solid circle and LgCuQ, (open circle thin films for the electric
intensity in In€ energy range between an eV Willheld vector E parallel to theab plane of the thin film. The O

respect t? the n_u_mber of O atoms per unit cell, providing thQ(-edge-absorption spectra have been normalized to the intensity in
absolute intensities of the .prepeaks for the@aO,F, and 40 energy range between 531 and 555 eV.
La,CuQ, compounds. This is due to the fact that the spectra
above 531 eV for the L&LUQ,F, and LaCuQ, thin films are  are regarded as an electronic dopant to induce superconduc-
quite similar and independent of the different oxygen envi-tivity.
ronments. The CuL 3-edge x-ray-absorption fluorescence-yield spec-
As shown, in the O & absorption edge of the LGuQ, tra of LaCuQ,F, and LgCuQ, thin films at room tempera-
sample, only a prepeak at 530.2 eV originating from theture in the energy range of 926-937 eV are presented in Fig.
UHB is observed. In the L&uQ,F, sample, a second pre- 3. For the LaCuQ, sample, the ClL;-edge absorption spec-
peak at 528.7 eV develops, which originates from dopingirum shows a symmetry peak centered at 931.2 eV. In the Cu
induced hole states. This indicates that fluorination ofL3z-edge absorption spectrum of CuO, a white line at 931.2
La,CuQ, induces hole states in the Cu@lanes near the eV and satellite structure at 937 eV are observed correspond-
Fermi level. LaCuQ, is nonsuperconducting, whereas ing to transitions into 2p3)3d° and (2ps,)3do4s final
La,CuQ,F, thin film exhibits aT, of ~38 K. Thus the gen- states, respectively, wher@s,) denotes a @z, hole3®
eration of holes in the O R orbitals within the Cu@planes  Therefore, the absorption peak at 931.2 eV shown in Fig. 3 is
is probably responsible for inducing a transition from a semi-ascribed to transitions from the Cyg2,) 3d°-02p® ground-

Normalized Fluorescence Yield (arb. units)
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FIG. 2. OK-edge x-ray-absorption spectra of the,CaO,F,

conductor to a superconductor. state configuratiofformal divalent Cu oxidation stat¢o the
Compared to LgCuQ,, the UHB peak at 530.2 eV shows Cu(2p3)3d'%-02p° excited state.
a decrease in spectral weight in CaQO,F,, as shown in For the LaCuQyF, sample, the absorption spectrum be-

inset of Fig. 2. This change is related to the spectral weightomes asymmetric and a new featyirdicated ad 3) ap-
transfer of states from the UHB to doping-induced holepears on the high-energy side of the Cywhite line. From
states near the Fermi levE| Similar behavior has also been the curve-fitting analysis, this new feature is found to center
observed in O & absorption spectra of other systefid®  at about 932.2 eV. Based on photoemission studies and clus-
The O 2p hole state in the Cugplanes is separated from the ter calculations on divalent Cu compounds, the high-energy
UHB state by an energy of1.5 eV, which is close to the structure originates from the Qpzhole states and is assigned
charge transfer gap of most p-type cuprate to transitions from the Cu(®,,)3d°L ground statgformal
superconductor€ This indicates that the Fermi level for the trivalent Cu oxidation stajeto the Cu@ps,)3d°L excited
La,CuQ,F, sample is close to the top of the valence band. Instate3®%° Therefore, the intensity of this shoulder can be re-
this respect, this compound is typical ofpetype cuprate garded as the total concentration of hole states in the cuprate
superconductot®®’ Therefore, in LaCuQ,F,, fluoride ions  superconductors, as prepeaks observed in thesG-flay-
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tration in the Cu@ sheets, as evidenced bylGedge and Cu
L-edge x-ray-absorption spectra in Figs. 2 and 3. It has been
demonstrated that the concentration of @ Boles in the
Cu0, planes is strongly correlated wifh, . *>*3 Accordingly,
superconductivity is induced upon incorporation of fluorine
into the LgCuQ, sample.

As mentioned, LgCuQ, . ,, which is orthorhombic before
fluorination, undergoes a further orthorhombic distortion af-
ter fluorination. In other words, compared to the parent
La,CuQ, ., compound, thea parameter in LgCuQ,F, de-
creases and increases. The decrease anbrings the Cu
atoms closer along one of tH@10) axes of the perovskite
cell, which may be critical for pairing. A similar decrease in
a parameter is observed when the composition is changed
from YBa,CusOg to YBa,CwO4. It has been proposed that
the Cu-O bond length may be an important factor in control-
ling the CuQ planes to be oxidized to induce hole-doped
superconductivity? Thus a structural factor might play a
notable role in determining . .

Normalized Fluorescence Yield (arb. units)

n 1 " 1 n 1 " 1 " 1
926 928 930 932 934 936

Photon Energy (CV) IV. CONCLUSION

We report high-resolution polarized ®-edge and Cu
edge x-ray-absorption fluorescence-yield spectreafis-
oriented LaCuQyF, thin films. In the O & absorption edge
of La,CuQyF, , the prepeak at 528.7 eV has predominantly O
2p,y Symmetry and is assigned to transitions into @Ile
States located in the Cy(lanes. Fluoride ions present in
a,CuQyF, generate hole states in the Cu@anes near the
ermi level, which in turn play an important role in inducing
superconductivity for this compound, as compared to parent
La,CuQ,. In the Cu Lj-edge absorption spectrum of
£aCuO,F,, the high-energy shoulder at932.2 eV is as-

FIG. 3. CuL;-edge x-ray-absorption fluorescence-yield spectraL_
of La,CuQyF, (solid line) and LgCuQ, (dotted ling thin films for
the incidence anglep=35°.

absorption spectrum. As shown, fluorination of,Ca0y,
leads to an increase in intensity at the high-energy should
in the CuL ;-edge absorption spectrum, corresponding to art
increase in the O R hole concentration. This is also evi-
denced by the (K-edge x-ray-absorption spectra.

Recently, Al-Mamouriet al. demonstrated that fluorine
can force the apical oxygen to transfer to equatorial sites t .
form CuGQ, sheets and to induce superconductivity at 46 KS|gned to Cu(2>3,2)3d9L—>C_:u(2p3,2)3d1°L transitions,
by fluorination of SsCuQ, with F, gas®® Apart from enter- where L denotes the O [ ligand hole. Fluorination of
ing the apical site, F ions can also enter the interstitial(gite -2CUQs leads to an increase in spectral weight of high-
1/2, 1/4 in SLCuOF,, 5 to maintain electrical neutrality. €N€'9Y shoulder n the C1u3-.edge absorption spectrum, cor-
Superconductivity in SCUOF, . 5 has been induced by in- _respondlng to an increase in @ 2ole concentrations. This
corporating extra F ions located in interstitial sites. For'S a'SQ evidenced by th_e G_(—edge absorption spectrum.
iodine-intercalated BBr,CaCyOg compound, the | is in- 1hUS: in LBCUO,F, fluoride ions are regarded as an elec-
serted between the adjacent BiO layers and thus leads to!8PNiC dopant to induce superconductivity.
remarkable expansion of the unit celdimensiorf*!

Similarly, the formation of LsCuQ,F, structure occurs
via intercalation to produce F ions in interstitial sites be- We thank the staff of SRRC for their technical support.
tween LaO layers of the L&uQ, structure?® The charge This research is financially supported by SRRC and National
transfer between the intercalated F and gwheets in the Science Council of the Republic of China under Grant No.
La,CuQyF, material leads to an increase of the hole concenNSC 86-2613-M-213-010.
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