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X-ray emission, photoelectron spectra, and electronic structure of Sr,CuO,;F;,;
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The electronic structure of the high-T. superconductor Sr2CuO2F2+s has been investigated by
means of x-ray-emission spectroscopy (O K&, Cu La,s, F Ko.), x-ray-photoelectron spectroscopy,
and band-structure calculations using the full-potential linear muffin-tin orbital method. The local
environment of the F atoms and the valence state of the Cu atoms in SroCuO2;F2.s are discussed.
On the basis of the x-ray-photoelectron and x-ray-emission spectra it is concluded that the F atoms

preferentially bond to Sr atoms in this compound.

I. INTRODUCTION

Relatively high superconducting transition tempera-
tures (7,=70-100 K) are found in a new family of cop-
per oxide superconductors, Srp41Cu, 02,4145, stabilized
at high pressure.! In the next member of this supercon-
ducting family, SroCuzF3 5 (T.=46 K), superconductiv-
ity was induced via the incorporation of interstitial F
atoms.? This is the first high-T, superconductor in which

FIG. 1. Structure of SroCuO2F2 s showing idealized apical
(F) and interstitial (F’) atoms.
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fluorine atoms play an essential role.?

It is rather difficult to determine the accurate posi-
tions of the O and F atoms in the Sr-Cu-O-F system
using x-ray or neutron diffraction because of the similar-
ity of their scattering factors. According to the structural
model suggested in Ref. 2 (see Fig. 1), Sr2CuO3F2.s has
orthorhombic structure with Fmmm symmetry and F
atoms located at both apical and interstitial positions
[near the ideal (, 1, 1) positions].

It seems very important to check this model with the
help of local structure sensitive methods. For this rea-
son, x-ray-emission and photoelectron spectroscopy were
recently used for estimating fluorine atom incorporation
into Y123 and Bi2212 compounds, for determining their
positions in the crystal structure of these cuprates,*
and for analyzing substitution effects in Y123 compounds
containing oxyanions groups.>™7 In this paper we present
x-ray-emission valence band spectra (Cu Lo g, O Ko, F
K, ) and x-ray-photoelectron core level and valence band
spectra of SrpCuO2F2.5. These spectra are compared
with that of Sro,CuQOg3, CuF,, and SrF, reference com-
pounds. The results of the SroCuQO,;F; band-structure
calculation, using the full-potential linear muffin-tin or-
bital (FLMTO) method, are presented also.

II. EXPERIMENT AND METHOD
OF CALCULATION

SrCuO3 was prepared from SrCOz and CuO using
two heat treatments at 950 °C for 16 h in air. This com-
pound was then annealed in a nickel boat to 210°C in
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dry N, and subjected to a flowing F2 /N, atmosphere for
15 min. The resulting samples of SroCuO2F5s were an-
nealed for approximately 3 h in N, at temperatures up to
330°C. A new orthorhombic (Fmmm) phase was found
with unit cell dimensions similar to those of La;CuQOy:
a=5.394(1), b=5.513(1), c=13.468(3) A. The supercon-
ducting properties were examined magnetically with a
dc superconducting quantum interference device magne-
tometer using a field of 10~2 T. Superconductivity was
found for compositions having §=0.25-0.48 with a maxi-
mum T.=46 K for Sr;CuO.F; 33. A single-phase sample
of SroCuO,;F3¢ was chosen for the x-ray-emission and
photoelectron spectra determinations. As reference sam-
ples we also studied a SrF; single crystal and CuF; pow-
der.

The x-ray-emission spectra (XES), Cu Lgg
(2ps/2,1/2 — 3d4s transition), O K, (1s — 2p transi-
tion), and F K, (1s — 2p transition), were measured
with a JCXA-733 electron probe microanalyzer with a
fully focused Johan-type spectrometer and a TAP (thal-
lium phtalate) crystal analyzer (2d=25.76 A) curved to
R=280 mm. The energy resolution was 2.8, 0.5, and 1.8
eV, respectively. A soft operation mode at (V=5 keV,
=100 nA) was chosen for the x-ray tube and the fo-
cused electron beam on the sample surface was changed
for every scan to avoid sample decomposition during the
measurement.

X-ray-photoelectron spectra (XPS) were recorded us-
ing a physical electronics instrument 5600 ci Perkin
Elmer electron spectroscopy for chemical analysis
(ESCA) spectrometer with monochromatized Al K, ra-
diation. The samples were studied in pressed pellet form
and were cleaved in situ before starting the measurements
with an estimated energy resolution of 0.4 eV. The spec-
tra were calibrated using the C 1s signal of hydrocarbons
(E»=284.6 €V). A small amount of hydrocarbons origi-
nated from the residual gas and was accumulated during
the measurement time.

In order to calculate the electronic structure den-
sity of states (DOS) of Sr,CuO2F;, we neglected its
orthorhombicity and used an idealized K;NiF4 struc-
ture with a=7.322 a.u. and c¢/a=2.455. The calcula-
tions were performed using the FLMTO method® ° in a
spin-restricted scalar-relativistic mode with atomic Cu
3d 19451, Sr 5s24p®, O 2s22p*, and F 2s22p® orbitals
treated as valence band electrons and Cu 3s23p®, Sr 4s2
treated as semicore states (in a second energy window).
We used a triple-x basis set for each type of atom with
angular momentum [, up to two for Cu, O, and F, and
up to three for Sr for k2 = —0.01 Ry, and up to one for
k? = —1.0 and —2.3 Ry. The charge density was cal-
culated exactly in the muffin-tin spheres. The Brillouin
zone integrations were carried out using a 646 k-point
mesh corresponding to 24x24x24 divisions in the 5 ir-
reducible wedge.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the Cu L, g x-ray-emission spec-
tra (23/2,,/2 -+ 3d4s transition) of Sr;CuOz and
Sr;CuO2F; 6. As can be seen, the ratio of integrated in-

(a) Cu La

Cu LB

Sr;Cu0;

Srgcu()ng,s

LIS N B B N B IO B S SO SN S S SN R SO N I (NS S SR S S S BN S R

910 920 930 940 950 960 - 970
Photon energy (eV)

Cu 2ps/2

Intensity (arb.units)

(b)

Cu 2p,,2

Sr2Cu03

SI‘gCllOgFg_a

L N S N R S R B S N SO BN N S BN B BN NN (N NN B U BN B B B SN BN

910 920 930 940 950 960 970
Binding energy (eV)

FIG. 2. X-ray-emission Cu La,3 spectra of SrzCuO2zF2.6
and SrzCuOs (a); x-ray-photoelectron Cu 2p spectra of
Sl‘zCquFg.c and Sl‘zcuo:; (b)

tensites I(Lg)/I(Ly) in SrCuO2F; 6 (0.27) is lower than
that of Sr2CuOj3 (0.39). In accordance with the estimates
given in Refs. 11 and 12, this indicates a decrease of the
occupancy of the Cu 3d orbitals or a decrease of the co-
valency of chemical bonding between Cu and its ligands.
These data are very similar to those for Nd;CuO4_sF,
(Ref. 12) in which the doping of Nd2CuO4 with fluorine
leads to decrease of the I(Lg)/I(Ly) ratio that was in-
terpreted as the formation of Cu* ions. In addition, F
doping leads to a decrease in the Cu L, (Cu 3d) band-
width. This can be attributed to the more localized Cu
3d states and to a higher ionicity of Cu-O and/or Cu-F
bonds.

For the XPS Cu 2p3/; spectra [Fig. 2(b)], the inten-
sity ratio (I,/I,,) of the satellite and the main line for
SraCuO.F, ¢ is higher with respect to that for SroCuO3
(0.37 and 0.13, respectively), which is in accordance with
Refs. 18 and 19, and shows an increasing influence of the
3d® initial configuration and increasing ionicity of the
chemical bonds. '

The Cu 2p3/; and Cu 2p;,; XPS binding energies in
SroCuO,F ¢ are closer to those in CuO than in CuF; (see
Table I). Hence, one can conclude that the contribution of
the Cu-F bonds to the Cu 2p XPS spectra of Sr;CuO3F; ¢
is very small.

Fluorine K, x-ray-emission spectra of SroCuO.F; ¢,
SrF, and CuF, are shown in Fig. 3(a). A fluorine K,
emission spectrum in general consists of a prominent
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TABLE I. Binding energies of the core levels of the some compounds (eV)
Core level Sr2CuO3 SroCuOzF3 6 SrF2 CuF2 CuO
Sr 3ps/2 269.0 269.25
Sr 3p1;2 279.2 279.1 279.55
Sr 3ds 5 133.2 132.7
Sr 4s 36.7 37.3 38.05
Sr 4p 18.5 19.2 19.65
Cu 2ps /2 931.35 933.5 936.1 (Ref. 17), 937.0 (Refs. 22), 936.8 (Ref. 20) 932.5
Cu 3s 122.5 124.3 123.1
O 1s 530.85 530.6 529.3
F 1s 683.2 684.0 684.5 (Refs. 17, 22), 685.9 (Ref. 20)
F 2s 28.4 29.05
C1s 284.6 284.6 284.6
peak (K1L°) and high-energy satellites K'L! and K1L?
F K« (due to K1L! double-hole and K'L? triple-hole states,
( a) respectively).}®1% The relative intensities of the K!L!
3 satellites to that of the main peak correlate strongly with
R CuF, the ionic character of the bonds to the fluorine atoms in
- fluorides. The anomalously low intensity of the K!L?!
& satellite peak observed for SrF; is explained by a reso-
s nant transfer of an electron between the 4p level of Sr2+
R eereaaeesesenna, s ion and the 2p level of the F~ ion.!%16 The full width
P at half-maximum (FWHM) of the main F K, peak is
Y SrFz closely related to the difference in the electronegativity
) K . \'\_—/\_— of the metal and fluorine atoms: the FWHM decreases
_____/ N with increasing electronegativity (in other words, with
“n L increasing ionicity).'®
- A Sr,Cu0,F,¢ The F K, spectrum of SroCuO3F ;¢ is very similar
o s \ P to that of SrF; but quite different from that of CuFs.
:f ..'. ""M.\w-,_&" \-v-’-"‘ Since the contribution of the F-Cu bonds to the F K,
£~ ___.,,.// spectrum of SroCuO3F; ¢ seems to be very small, the
; 670 DY AP Py T 850 fluorine atoms in t.he crystal structure of SroCuO.F; ¢
~ Photon en ergy ( eV ) appear to preferentially bf)nd.to Sr z.a.toms rz.mther than to
By Cu atoms. Such a conclusion is consistent with the Cu 2p
= XPS data and with the structural model of the compound
n in question? given in Fig. 1 for which the number of Sr-
g F 1s F bonds is larger than that of the F-Cu bonds and the
- N length of the F-Sr bonds (2.5-2.6 A) is shorter than that
,E‘ (b) ."j of the F-Cu bonds (2.5-3.4 A).
Do The F 1s XPS spectra of SroCuQO2F3 ¢ and the refer-
Do ence compound SrF, are presented in Fig. 3(b). The F
. 1s signal of SrpCuO3F; ¢ is rather symmetric and there
SrF, _.'; is no second peak that could be associated with the pres-
s ence of the two types of F atoms. The XPS F 1s binding
o0 energy of SroCuO,;F2¢ is 683.2 eV, which is closer to
- Nt
B that of SrFy (684.0 €V) than to that of CuF, [684.5 eV
Sr.Cu0.F N (Refs. 17 and 22) or 685.9 eV (Ref. 20)]. This is also in
2 o : B agreenient with the results of the x-ray-emission spectra.
".. The x-ray-emission O K spectra of SroCuQO3F; ¢ and
§ -._M SroCuOg3 are presented in Fig. 4(a). Both spectra are
T P ——r very similar and show a high-energy subband in the en-
670 675 685 690

Binding energy (eVv)

FIG. 3. X-ray-emission F K, spectra of SroCuO;F2z,
SrF2, and CuF; (a); x-ray-photoelectron F 1s spectra of SrF;
and Sr2CuOzF2.6 (b).

ergy region between 526 and 529 eV. This subband may
be particularly due to the strong hybridization of the O
2p states with Cu 3d states. But on the other hand,
such satellites can also be seen in the O K, spectra of
YOF, YBa;Cu3Og.5_-F. (Ref. 3), and in other oxides
with strong ionic bonds. The nature of this satellite is
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FIG. 4. X-ray-emission O K. spectra of SroCuOzF:.¢
and Sr2CuO; (a); x-ray-photoelectron O 1s spectra of
SrzCquFz.e and Srzcuos (b)

probably the same as for the F K, spectra. The intense
satellites indicate that certain of the chemical bonds in
Sr,CuO,F; ¢ and SroCuQO3; are more ionic than that in
other high-T, superconductors.

The O 1s binding energies in SroCuO3F;¢ and
SroCuO; [see Fig. 4(b)] are found to be very similar:
530.6 and 530.8 eV, respectively, which is in agreement
with the XES data and the proposed structural model of
SI‘zCUOze_G.z

In accordance with the structural model, F atoms both
substitute oxygen atoms in the Sr-O chains of Sr,CuOj;
and occupy some interstitial positions. The substitu-
tion of O atoms by F atoms increases the ionicity of
the chemical bonding. This means that oxygen-copper
bonds in SroCuO3F; ¢ are similar to those in SroCuQOs,
which is confirmed by the O K, x-ray-emission spectra
of SroCuO,F2 ¢ and SraCuOj3, which are very similar [see
Fig. 4(a)].

The XPS valence band spectrum and F K,, O K,,
and Cu L, x-ray-emission spectra of SroCuOyF; ¢ are
shown in Fig. 5. The position of the Fermi level of the
x-ray-emission spectra is determined with the help of the
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FIG. 5. X-ray-emission and photoelectron valence band
spectra of Sr2CuO2F2 6.

binding energies of the F 1s, O 1s, and Cu 2p3/; core
levels. According to the dipole selection rules, the F
K., O K., and Cu L, x-ray-emission spectra probe F
2p, O 2p, and Cu 3d4s partial DOS, respectively, in the
valence band whereas the intensity of the XPS valence
band is proportional to the contribution of the total den-
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sity of states weighted with atomic photoionization cross
sections. Based on the analysis of these data, one can
conclude that Cu 3d states are mostly concentrated at
the top of the valence band and are strongly hybridized
with O 2p states, which prevail in the middle part of the
valence band. F 2p states dominate at the bottom of
the valence band and form the most intensive peak of
the XPS valence band spectrum. The structure of the
energy bands of Sr,CuO;F; ¢ (see Fig. 5) is found to be
rather different in respect to that of F-free superconduct-
ing cuprates for which a stronger Cu3d—-O 2p hybridiza-
tion takes place and the reverse mutual position of Cu
3d and O 2p bands is established.?!

The interpretation of the XPS and XES data of the
valence band of SroCuO2F3 ¢ is in agreement with the
results of the FLMTO calculations, which are presented
in Fig. 6. The feature near Fermi level (at —0.36 eV)
is caused by a Van Hove saddle point singularity.!® The
main contribution to the total DOS near the Fermi level
comes from the Cu 3d and O 2p orbitals and is almost
three times larger than that at Er for the undoped com-
pound. The main contribution of the F 2p states is at
about —6 eV. The results of the calculations reflect the
strong hybridization between the Sr and F electron states
(the maximum of the Sr DOS is at the same energy as
that of the F 2p DOS). On the other hand, the Cu3d-F 2p
hybridization is small. These calculations are consistent
with the details of the electronic structure determined
from x-ray-emission and photoelectron spectroscopy, and
support the structural model for SroCuO;F; 6.2
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IV. CONCLUSION

X-ray-emission and photoelectron spectra of
Sr,CuO,F; ¢ and Sr,CuO; have been investigated. Ac-
cording to the analysis of these spectra and their compar-
ison with spectra of reference compounds, it is concluded
that fluorine atoms are really incorporated into SroCuOg
lattice and form strong bonds primarly with Sr atoms,
which is in accordance with the structural model of this
compound suggested in Ref. 2. The valence band struc-
ture of SryCuO3F, ¢ is analyzed and compared with one
calculated by the FLMTO method. Differences between
the electronic structure of alkaline earth copper oxyfluo-
rides and the corresponding oxides have been highlighted.
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