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Synthesis, structure, and XPS characterization of the stoichiometric phase Sr2CuO2F2
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Thermogravimetric analysis has revealed that reduction of Sr2CuO2F21d in 10% H2/90% N2, occurs in two
distinct steps on heating up to 930 °C. Whereas reduction to give SrF2, SrO, and Cu is complete above 800 °C,
a stable intermediate forms in the region between 250 and 450 °C. This has been identified as a new tetragonal
(I4/mmm) phase, Sr2CuO2F2, with unit-cell dimensionsa53.967(1) Å andc512.816(2) Å. The structure
has been determined from powder x-ray-diffraction data and is related to Nd2CuO4 ~T8-type!. Madelung
energy, bond valence sum calculations, and F 1s-XPS data clearly indicate that the F2 ions occupy sites within
the fluorite block (Sr2F2) insulating layers. This contrasts with the La2CuO4 ~T-type! structure which is
adopted by Sr2CuO2F21d . @S0163-1829~97!06629-0#
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I. INTRODUCTION

Sr2CuO3 has a crystal structure1 which is related to that of
La2CuO4 @T structure, Fig. 1~a!# but contains channels o
oxygen vacancies that transform the sheets of CuO6 octahe-
dra in La2CuO4 into linear chains of corner linked squa
CuO4 units, giving an overall stoichiometry of CuO3 @Fig.
1~b!#. Superconductivity has been induced in materials
rived from Sr2CuO3 by the insertion of oxygen and fluorine
Hiroi et al.2 reported that oxygen insertion at high pressu
gives Sr2CuO31d , which is tetragonal and superconductin
with Tc570 K; this can be increased to 92 K by post sy
thesis annealing in N2.

3 Neutron diffraction has shown4 that
the oxygen vacancies in this phase occur within the Cu2

sheets normally associated with superconducting proper
which in this material may therefore originate from impuri
phases.5

Al-Mamouri et al.6 reported that fluorine insertion int
Sr2CuO3, using F2 gas, occurs at ambient pressure and re
tively low temperatures to give the first superconducting
ide fluoride, Sr2CuO2F21d , with a maximumTc of 46 K
when d'0.3. This material@Fig. 1~c!# is also structurally
related to La2CuO4, with O22 ions in the equatorial sites an
F2 ions occupying the apical positions which are filled
O22 in Sr2CuO3. The excess F2 ions ~d! adopt interstitial
sites between the SrF layers which form the insulating bl
in this superconductor. This structural rearrangement, wh
involves an interchange of the F2 and O22 ions within the
lattice to create intact CuO2 planes, appears driven by a pre
erence of F2 for the apical sites ~Madelung energy
calculations6!. The structure has been supported by atomi
calculations.7,8

Sr2CuO2F21d can also be produced via other fluorinatio
routes involving either NH4F ~Ref. 9! or certain transition-
metal difluorides,MF2 ~M5Cu, Ag, or Zn!.10 Substitution
560163-1829/97/56~5!/2831~5!/$10.00
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of Ba for Sr in this structure has raised transition tempe
tures to 64 K in the sample Sr1.4Ba0.6CuO2F21d which ap-
pears to be the highestTc for a material with the La2CuO4
type of structure.9 Ca2CuO2F21d , which can be synthesize
similarly, is, however, nonsuperconducting and is struct
ally related11 to Nd2CuO4 @T8 structure, Fig. 1~d!# rather than
La2CuO4, even though Sr2CuO3 and Ca2CuO3 are isostruc-
tural. This is in accordance with ionic size effects which a
generally assumed to determine the relative stability of
T and T8 structures.12 Ca21 has a smaller ionic radius tha
Sr22 @r Sr51.31 Å and r Ca51.18 Å for CN59 ~Ref. 13!#
and falls below the 1.204 Å limit for theT structure.

Following these early examples of fluorine playin
an essentialstructural role in the formation of new
superconducting phases, subsequent work has led to
synthesis of other important superconducting oxide flu
ides. For example, using high pressure, Kawashim
Matsui, and Takayama-Muromachi14 synthesized
Sr2Can21CunO2n1dF26y with n52 and n53, which have
critical temperatures of 99 and 111 K, respectively. The
are higher members in the series of which Sr2CuO2F21d is
the first (n51). Chenet al.15,16 have reported a number o
n-type superconductors with the general formu
LySr22yCu~O/F!41d whereL5La, Nd. These materials hav
Tc values of 55 and 27 K, respectively, which are very hi
for n-type superconductors.

In order to assess the possibility of using other method
electronic control, e.g., cation substitutions, in the oxid
fluoride Sr2CuO2F21d , we have investigated further it
structural characteristics and in particular explored the p
sible formation of stoichiometric Sr2CuO2F2. The controlled
removal of fluorine from Sr2CuO2F21d under reducing con-
ditions has been examined, and conditions for the forma
of Sr2CuO2F2 have been found. The structure has been
termined using powder x-ray diffraction~XRD!, and the O/F
site distribution deduced from Madelung energy and bo
2831 © 1997 The American Physical Society



2832 56J. L. KISSICK et al.
FIG. 1. Crystal structures of~a! La2CuO4 (T), ~b! Sr2CuO3, ~c! Sr2CuO2F21d ~showing the relationship to La2CuO4!, and ~d!
Nd2CuO4 (T8).
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valence sum calculations. XPS measurements have
made to compare F 1s and Cu 2p binding energies in
Sr2CuO2F2 with those in Sr2CuO2F21d and Ca2CuO2F21d .

II. EXPERIMENTAL

Sr2CuO3 @prepared from stoichiometric amounts
SrCO3 (991%) and CuO (981%) using two heat treat
ments at 950 °C for 16 h in air# was subjected to heat trea
ments of 15 min at 215 °C in a flowing 10% F2/90% N2
atmosphere~from which traces of HF had been remove
by passing over NaF! to give Sr2CuO2F21d. The thermal sta-
bility of Sr2CuO2F21d and its decomposition products we
then examined by heating samples to various temperat
under 10% H2/90% N2 using a thermal analyzer. Produc
were characterized using powder XRD~Cu Ka1 radiation,
Siemens D-5000 diffractometer! and tested for supercon
ducting properties using a dc superconducting quantum
terference device magnetometer~Cryogenics model S100!.

XPS measurements were carried out using a Phys
Electronics ESCA spectrometer~PHI 5600 ci monochro-
matic Al Ka radiation! with a full width at half maximum of
0.3 eV. The energy resolution of the analyzer was 1.5%
the pass energy, giving an estimated energy resolution of
than 0.35 eV. Samples in the form of pressed pellets w
cleaved in high vacuum in order to produce contaminant-f
surfaces. All investigations were performed at room tempe
ture under vacuum at a pressure of less than
31029 mbar. The XPS spectra were calibrated using the
4 f 7/2 signal from and Au foil@Eb.e.(Au 4f 7/2)584.0 eV#.

III. RESULTS AND DISCUSSION

Reduction of Sr2CuO2F21d during thermogravimetric
analysis~TGA! in 10% H2/90% N2 up to 930 °C occurs in
en

es

n-

al

f
ss
re
e

a-
5
u

two distinct steps~Fig. 2!. Complete reduction to SrF2, SrO,
and Cu has occurred by 800 °C but at;400 °C a plateau
suggests the formation of some intermediate product. H
ing in pure N2 was found to give similar two-step behavio
but the final products were SrF2 and SrCu2O2. No fluorine
appears to be lost during the reduction process, and the in
fluorine content of the sample may therefore be determi
from the overall weight loss or by determining the copp
oxidation state using titration methods,17 and assuming the
composition Sr2CuO2F21d . The fluorine contents of sample
reported in this paper have been estimated using both m
ods.

As prepared, samples are nonsuperconducting, sincd
~usually '0.5 or higher! corresponds to a hole densit
~formal Cu oxidation state! which is too high to support
superconductivity. However, as previously reporte6

superconductivity can be induced by heating at low tempe
tures under 10% H2/90% N2 ~TGA, 15 min, temperatures up
to 200 °C! or dry N2 ~furnace, 3 h, temperatures up
330 °C!. In the current study, samples showed a maxim
Tc of approximately 46 K, in agreement with previou
measurements.6

Further controlled reduction of Sr2CuO2F21d has been at-
tempted in an effort to identify the phase responsible for
apparently stable region in the TGA plot~Fig. 2! and to
determine the exact conditions for its formation. Accor
ingly, samples were heated in 10% H2/90% N2 in the thermal
analyzer (20 °C min21) to temperatures between 250 an
450 °C held for 5 min, allowed to cool and then analyzed
powder XRD. For samples heated to 300–340 °C no star
material remained, and decomposition to SrF2, Cu, and a
new, unidentified phase was suggested. Similar results w
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56 2833SYNTHESIS, STRUCTURE, AND XPS . . .
obtained in N2 and a bulk sample was obtained by heati
under N2 at 350 °C for 14 h. Under these conditions, t
unknown phase was mixed with SrF2 and CuO, and its XRD
pattern ~Fig. 3! indicated a structural relationship t
La2CuO4 or Nd2CuO4. It was tentatively assigned the com
position Sr2Cu~O/F!4, and all XRD peaks from this phas
could be indexed on a new body-centered-tetragonal unit
with dimensionsa53.967(1) Å andc512.816(2) Å.

Rietveld profile analysis of the XRD data has been use
determine the structure of Sr2Cu~O/F!4 using the program
FULLPROF.18 Structural models were based on theT andT8
structures, which differ only with respect to the location
the anions in the insulating blocks. In order to account
the presence of SrF2 and CuO, a multiphase refinement w
performed. However, since the contribution from CuO w
restricted to a region which contained only one minor pe
~112! from the primary phase, it was preferred to exclu
this region (32.50,2u,41.00) from the refinement to mini
mize the number of refineable parameters; a two-phase
finement was therefore performed. Refinement based on
La2CuO4 (T) model was unsatisfactory~Rexp51.24%, Rwp

FIG. 2. TGA trace for the decomposition of Sr2CuO2F21d under
10% H2/90% N2.

FIG. 3. X-ray-diffraction pattern of Sr2Cu~O/F!4 with impurities
marked,* indicates SrF2 and # indicates CuO.
ll

to

f
r

s
k

e-
he

522.1%,RBragg529.4%!. In particular, the apical anion po
sition (0,0,z) was unstable and varying its occupancy r
sulted in a value of zero. In contrast, the Nd2CuO4 (T8)
model, Fig. 1~d!, proved completely successful and the r
sults are presented in Table I with the fitted profiles in Fig.
The possibility of a slight fluorine excess was also cons
ered by introducing a small occupancy into the interstit
sites, which are the apical positions for this structure. Ho
ever, the refined occupancy of this remained zero@20.01~2!#
confirming the material to be stoichiometric with compo
tion Sr2Cu~O/F!4.

Since O and F are indistinguishable by x rays, the refi
ment gives no indication of the O/F ratio, and, because of
SrF2 impurity phase, use of a fluorine selective electrode
not possible. Copper oxidation state titrations indicated t
the oxidation state of Cu in the sample is very close to12,
and since the Cu in CuO has an oxidation state of12,
Sr2Cu~O/F!4 must also contain Cu21, i.e., it must be
Sr2CuO2F2.

Confirmation of this was obtained by considering t
mechanism for the reduction of Sr2CuO2F21d to Sr2CuO2F2
in H2/N2:

Sr2CuO2F21d5xSr2CuO2F21ySrF21zCu1~12x!O2.

If d is known, x, y, and z can be determined~Sr: 2x1y
52; Cu:x1z51; F: 2x12y521d! which then allows the
percentage weight loss to be calculated for this reduct
Experimental values determined using a thermal analy
were found to correlate very well with calculated percenta
~e.g., for a sample withd50.72, x50.64, and effectively
0.36 O2 molecules are lost corresponding to 3.6% mass lo
experimental loss 3.7%! and therefore confirm the phase
be stoichimetric Sr2CuO2F2.

Significant differences between the unit-cell dimensio
of Sr2CuO2F21d ~Ref. 6! ~equivalent to a pseudotetragon
cell with a53.856 Å, c513.468 Å! and Sr2CuO2F2 are ob-
served, Table I. Contraction ofc to 12.816~2! Å and expan-
sion of a to 3.967~2! Å are consistent with removal of th
F2 ions from interstitial positions between the SrF ‘‘roc
salt’’ layers in the T-type structure of Sr2CuO2F21d and
transformation to theT8 structure. The corresponding signifi
cant increase in Cu-O bond length—from 1.928~1! Å in
Sr2CuO2F21d to 1.984~1! Å in Sr2CuO2F2—can be attributed

FIG. 4. Observed~dots!, calculated~continuous line! and differ-
ence Rietveld refinement profiles of Sr2CuO2F2 based on theT8
structure. Reflections from SrF2 ~upper ticks! and Sr2CuO2F2 ~lower
ticks! are shown.
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TABLE I. Structural parameters and selected bond lengths of Sr2CuO2F2 based on the
Nd2CuO4 (T8)-type structure. a53.967(1) Å, c512.816(2) Å, I4/mmm, Rexp51.24%, Rwp

55.93%, RBragg53.68%.

Atom Posn x y z Biso (Å 2)
Cell

occupancy Bond
Bond
length

Sr 4e 0 0 0.365~1! 0.37~8! 4.00 Cu-O~F!1 1.984~1! Å
Cu 2a 0 0 0 1.8~1! 2.00 O~F!2-O~F!2 2.805~1! Å
O~F!1 4c 0 0.5 0 1.00a 4.00 Sr-O~F!2 2.471~7! Å
O~F!2 4d 0 0.5 0.25 1.00a 4.00 Sr-O~F!1 2.632~8! Å

aDue to the insensitivity of XRD to O/F in this material, these thermal parameters were constr
to chemically sensible vlues of 1.0 Å2, since attempts to refine them resulted in slightly negat
values.
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to the decrease in Cu oxidation state and enhancement o
F-F repulsive interactions in the insulating block, as t
changes from rocksalt in Sr2CuO2F21d to ‘‘fluorite’’ in
Sr2CuO2F2.

Bond valence sum calculations19 for Cu have been per
formed for Sr2CuO2F2 based on the refined parameters a
assumingr 051.679 for Cu.19 Assuming the O22 ions occupy
the equatorial sites,V51.759 which is very similar to the
value for Cu in the structurally related Nd2CuO4, whereV
51.807. On the other hand, occupancy of the equatorial s
by F2 ions results inV51.390, which is unacceptably low
and these results strongly support the presence of com
CuO2 sheets in Sr2CuO2F2. The F2 ions are therefore locate
between layers of Sr21, to form regions which directly cor-
respond to the Nd2O2 layers in Nd2CuO4, Fig. 1~d!. Made-
lung energy calculations20 strongly supported this assign
ment, since the model with equatorial O22 ions ~and intact
CuO2 sheets! gives a significantly higher Madelung energ
(11 115 kJ mol21) compared with the alternative descriptio
containing CuF2 layers (9628 kJ mol21). The retention of
the CuO2 layers in this phase is therefore of potential val
for possible electron doping to formn-type superconductors

The structural transitionT→T8 is normally associated
with cation size effects, but in this case only a change
anion stoichiometry is occurring. In order to obtain an in
cation of the relative stabilities of theT andT8 structures for
anion-excess phases, Madelung energies were calculate

FIG. 5. Plot of Madelung energies againstd for
Sr2CuO2F21d , assuming Nd2CuO4 and La2CuO4-type structures.
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Sr2CuO2F21d as a function ofd, and the results are shown i
Fig. 5. Madelung energies were calculated assuming st
tural parameters derived from Sr2CuO2F21d for the T struc-
ture and Sr2CuO2F2 for T8. Although such calculations pro
vide only a guide, it is clear that the Madelung ener
increases with increasingd, but the rate of increase is differ
ent for the two structure types and a crossover in stab
occurs atd'0.1. This is in agreement with the observe
structural transition but the calculations will be strongly d
pendent on small structural changes~e.g., cell size, atomic
displacements! which are not allowed in this simple ap
proach. Nevertheless, it is instructive that simple electrost
arguments suggest that asd is decreased, a transition from
T to T8 might be anticipated, although the precise stoichio
etry at which this would occur is beyond the accuracy of
calculations.

F 1s and Cu 2p3/2,1/2 XPS measurements on Sr2CuO2F2,
Sr2CuO2F21d and Ca2CuO2F21d have also been performed
and spectra are shown in Fig. 6. Cu 2p3/2,1/2 XPS spectra of
Sr2CuO2F2, Sr2CuO2F21d, and Ca2CuO2F21d are practically
identical, with main and charge-transfer satellite lines hav
essentially the same energy and fine structure for all th
materials. This implies that the chemical state and immed
environment of the copper atoms is the same for all mater
under investigation.

F 1s XPS binding energy of stoichiometric Sr2CuO2F2
~684.7 eV! reveals a significant chemical shift with respect
that of Sr2CuO2F21d ~683.8 eV!. It is, however, found to be
very close to that of Ca2CuO2F21d ~685.1 eV!. This chemical
shift in the XPS F 1s spectra on reduction of Sr2CuO2F21d to

FIG. 6. XPS spectra of Sr2CuO2F21d , Sr2CuO2F2, and
Ca2CuO2F21d . ~a! F 1s, ~22F2, and Cu 2p3/2,1/2.
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stoichiometric Sr2CuO2F2 can be explained by the change i
F2 ion site potentials due to the rearrangement of fluori
atoms within the unit cell, from apical sites to interstitia
sites. The closeness of the F 1s binding energy for stoichio-
metric Sr2CuO2F2 to that of Ca2CuO2F21d , which also has a
T8 Nd2CuO4 structure, directly supports this conclusion.

IV. CONCLUSIONS

The stable intermediate phase that exists betwe
Sr2CuO2F21d and its ultimate reduction products has bee
unambiguously identified as the stoichiometric oxid
fluoride Sr2CuO2F2, which has a formal copper oxidation
state of12 and is hence nonsuperconducting. The reduct
does not simply involve the extraction of excess F2 ions
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from interstitial sites, but a complicated structural rearran
ment occurs, driven by oxygen abstraction and the forma
of SrF2. The structure of Sr2CuO2F2 ~Nd2CuO4 or T8 type! is
different from that of Sr2CuO2F21d ~La2CuO4 or T type!,
which is surprising given their identical cationic size ratio
In Sr2CuO2F2, the F ions are not bonded to Cu, and occu
sites in the fluorite block~Sr2F2! insulating layers.
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