PHYSICAL REVIEW B VOLUME 56, NUMBER 5 1 AUGUST 1997-

Synthesis, structure, and XPS characterization of the stoichiometric phase SuO,F,
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Thermogravimetric analysis has revealed that reduction g2 8B,F,. 5 in 10% H,/90% N,, occurs in two
distinct steps on heating up to 930 °C. Whereas reduction to givg SrB, 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
(14/mmm) phase, SICUO,F,, with unit-cell dimensionsaa=3.967(1) A andc=12.816(2) A. The structure
has been determined from powder x-ray-diffraction data and is related {€u@4 (T'-type). Madelung
energy, bond valence sum calculations, andsFXPS data clearly indicate that thé kons occupy sites within
the fluorite block (SF,) insulating layers. This contrasts with the JCaiO, (T-type) structure which is
adopted by SCUO,F,, 5. [S0163-18207)06629-0

[. INTRODUCTION of Ba for Sr in this structure has raised transition tempera-
tures to 64 K in the sample SBay {CuOF,, 5 which ap-
Sr,CuO; has a crystal structutevhich is related to that of pears to be the highedt, for a material with the LgCuO,
La,CuQ, [T structure, Fig. (a)] but contains channels of type of structur€.Ca,CuQ,F,, 5, which can be synthesized
oxygen vacancies that transform the sheets of Lo@ahe- similarly, is, however, nonsuperconducting and is structur-
dra in LaCuQ; into linear chains of corner linked square ally related" to No,CuQ, [T” structure, Fig. (d)] rather than
CuQ, units, giving an overall stoichiometry of CyQFig. ~ L@&CuQ,, even though SCuUQ; and CaCuG; are isostruc-
1(b)]. Superconductivity has been induced in materials delural. This is in accordance with ionic size effects which are

rived from SgCuO; by the insertion of oxygen and fluorine. generally assumed to determine the relative stability of the

; 2 ~2+ - :
Hiroi et al? reported that oxygen insertion at high pressurel 21dT structures” Ca" has a smaller ionic radius than

gives SpCu0;, 5, which is tetragonal and superconducting ;’; fgllssr:biig\}v /Sheaqdzr OCZ:AlI.i%fit;}o:OtLégl:t:rugctﬂ?:f. 13]
with T.=70 K; this can be increased to 92 K by post syn- . : L .
thesis annealing in M Neutron diffraction has shovirthat Following these early examples of fluorine playing

th ies in this oh ithin th Oan essentialstructural role in the formation of new
e oxygen vacancies in this phase occur within the Lu superconducting phases, subsequent work has led to the

sheets normally associated with superconducting propertieg, yihesis of other important superconducting oxide fluor-
which in this material may therefore originate from impurity jjes For example, using high pressure, Kawashima,
phases. . 6 . Matsui, and Takayama-Muromaéhi synthesized
Al-Mamouri et al.” reported that fluorine insertion into SKCa, 1CU, Oz sF2+y With n=2 andn=3, which have
SrCuG;, using k gas, occurs at ambient pressure and relacritical temperatures of 99 and 111 K, respectively. These
tively low temperatures to give the first superconducting ox-gre higher members in the series of whichGRO,F,, s is
ide fluoride, S§CuOF,. 5, with a maximumT, of 46 K the first (=1). Chenet al!>® have reported a number of
when 6~0.3. This materia[Fig. 1(c)] is also structurally n-type superconductors with the general formula
related to LaCuQ,, with O~ ions in the equatorial sites and L,Sr,_,CuO/F)4. s whereL=La, Nd. These materials have
F~ ions occupying the apical positions which are filled by T, values of 55 and 27 K, respectively, which are very high
0% in Sr,CuO,. The excess F ions (8) adopt interstitial ~ for n-type superconductors.
sites between the SrF layers which form the insulating block In order to assess the possibility of using other methods of
in this superconductor. This structural rearrangement, whiclelectronic control, e.g., cation substitutions, in the oxide-
involves an interchange of the Fand &~ ions within the  fluoride SECuO.F,,s, we have investigated further its
lattice to create intact Cu{planes, appears driven by a pref- structural characteristics and in particular explored the pos-
erence of F for the apical sites(Madelung energy sible formation of stoichiometric EuO,F,. The controlled
calculation§). The structure has been supported by atomistieemoval of fluorine from SCuUOF,, s under reducing con-
calculations’® ditions has been examined, and conditions for the formation
SrL,CuGF,, s can also be produced via other fluorination of Sr,CuO,F, have been found. The structure has been de-
routes involving either NiF (Ref. 9 or certain transition- termined using powder x-ray diffractigRD), and the O/F
metal difluoridesMF, (M=Cu, Ag, or Zn.*° Substitution site distribution deduced from Madelung energy and bond
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FIG. 1. Crystal structures ofa) La,CuQ, (T), (b) SrCuG;, (c) SrL,CuGF,,s (showing the relationship to LE&uQ,), and (d)
Nd,CuQ, (T').

valence sum calculations. XPS measurements have be@Ro distinct stepsFig. 2). Complete reduction to SsFSrO,
made to compare Fsland Cu 2 binding energies in  and Cu has occurred by 800 °C but-a#00 °C a plateau
Sr,CuG;F; with those in SICUG;F;, ; and CaCuGFy, 5 - suggests the formation of some intermediate product. Heat-
ing in pure N was found to give similar two-step behavior,
but the final products were Syland SrCyO,. No fluorine
Sr,CuO; [prepared from stoichiometric amounts of appears to be lost during the reduction process, and the initial
SrCG; (99+%) and CuO (98 %) using two heat treat- flyorine content of the sample may therefore be determined
ments at 950 °C for 16 h in diwas subjected to heat treat- oy the overall weight loss or by determining the copper
ments of 15 min at 215°C in a flowing 10%/BO% N, qyiqation state using titration metholfsand assuming the

2tm%sszri1nereg\r/grrnNggg:h i\t/;ageéf&:;”: h‘:’ll_?]ebtehzr;n:gm?g_ed composition SJCuOF,. s . The fluorine contents of samples
y P 9 9 b 2+ reported in this paper have been estimated using both meth-

bility of Sr,CuGO,F,, s and its decomposition products were
then examined by heating samples to various temperatur S. .
under 10% H/90% N, using a thermal analyzer. Products AS Prepared, samples are nonsuperconducting, since
were characterized using powder XRDu K« radiation, ~ (usually ~0.5 or highey corresponds to a hole density
Siemens D-5000 diffractometerand tested for supercon- (formal Cu oxidation stajewhich is too high to support
ducting properties using a dc superconducting quantum insuperconductivity. However, as previously repofted,
terference device magnetomet@ryogenics model S100 superconductivity can be induced by heating at low tempera-
XPS measurements were carried out using a Physicalires under 10% $90% N, (TGA, 15 min, temperatures up
Electronics ESCA spectrometéPHI 5600 ci monochro- to 200°Q or dry N, (furnace, 3 h, temperatures up to
matic AI Ka I’adlatIOF) W|th a. fu” W|dth at half maximum Of 330 °Q. |n the current Study’ Samples Showed a max|mum
0.3 eV. The energy resolution of the analyzer was 1.5% off ¢ approximately 46 K, in agreement with previous

the pass energy, giving an estimated energy resolution of Ie?ﬁceasuremem%.

than 0.35 eV. Samples in the form of pressed pellets were Further controlled reduction of SEUO,F,, 5 has been at-

oo et A ommes s o oot femped i a efort o denty he phase esponsie for e
' 9 b P 5apparently stable region in the TGA pl¢Fig. 2 and to
ture under vacuum at a pressure of less than

determine the exact conditions for its formation. Accord-
X 10™° mbar. The XPS spectra were calibrated using the AY : :
. i I I h 10%/80% he th I
41, signal from and Au foil E, . (AU 4f-;,) =84.0 eV]. ngly, samples were heated in 109%/80% N, in the therma

analyzer (20 °C min') to temperatures between 250 and
450 °C held for 5 min, allowed to cool and then analyzed by
powder XRD. For samples heated to 300—340 °C no starting
Reduction of SCuOF,, s during thermogravimetric material remained, and decomposition to SrEu, and a
analysis(TGA) in 10% H,/90% N, up to 930 °C occurs in new, unidentified phase was suggested. Similar results were

Il. EXPERIMENTAL

Ill. RESULTS AND DISCUSSION
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Temperature (°C) =22.1%), Rgagq= 29.4%). In particular, the apical anion po-
sition (0,0z) was unstable and varying its occupancy re-
FIG. 2. TGA trace for the decomposition of SUOF,, sunder  gyited in a value of zero. In contrast, the J8dQ, (T')
10% H,/90% N,. model, Fig. 1d), proved completely successful and the re-
sults are presented in Table | with the fitted profiles in Fig. 4.
obtained in N and a bulk sample was obtained by heatingThe possibility of a slight fluorine excess was also consid-
under N at 350 °C for 14 h. Under these conditions, theered by introducing a small occupancy into the interstitial
unknown phase was mixed with Srénd CuO, and its XRD  sites, which are the apical positions for this structure. How-
pattern (Fig. 3) indicated a structural relationship to ever, the refined occupancy of this remained £er0.01(2)]
La,CuQ, or Nd,CuG,. It was tentatively assigned the com- confirming the material to be stoichiometric with composi-
position SpCu(O/F),, and all XRD peaks from this phase tion S,Cu(O/F),.
could be indexed on a new body-centered-tetragonal unit cell Since O and F are indistinguishable by x rays, the refine-
with dimensionsa=3.967(1) A andc=12.816(2) A. ment gives no indication of the O/F ratio, and, because of the
Rietveld profile analysis of the XRD data has been used t&rF, impurity phase, use of a fluorine selective electrode is
determine the structure of &u(O/F), using the program not possible. Copper oxidation state titrations indicated that
FULLPROF'® Structural models were based on fieand T’ the oxidation state of Cu in the sample is very closer®,
structures, which differ only with respect to the location of and since the Cu in CuO has an oxidation state+d,
the anions in the insulating blocks. In order to account forSr,Cu(O/F), must also contain Cd, i.e., it must be
the presence of SgFand CuO, a multiphase refinement was Sr,CuO,F,.
performed. However, since the contribution from CuO was Confirmation of this was obtained by considering the
restricted to a region which contained only one minor peakmechanism for the reduction of SUO,F,, 5 to SLCUOF,
(112 from the primary phase, it was preferred to excludein H,/N.:
this region (32.56260<41.00) from the refinement to mini-
mize the number of refineable parameters; a two-phase re- SLCuQ,F,, s=xSrLCUuG,F,+YySrF,+zCu+ (1—x) 0.
finement was therefore performed. Refinement based on the

(500G, 1) o s WSR2 Ry, 205 IO Y, S 0 0 e oy

percentage weight loss to be calculated for this reduction.
Experimental values determined using a thermal analyzer
= were found to correlate very well with calculated percentages
(e.g., for a sample with=0.72, x=0.64, and effectively

(013)

é - 0.36 O, molecules are lost corresponding to 3.6% mass loss;
2 | experimental loss 3.7%and therefore confirm the phase to
£ be stoichimetric SICuO,F,.
< | Significant differences between the unit-cell dimensions
%‘ g e 0o of SRCUGF,, 5 (Ref. 6 (equivalent to a pseudotetragonal
:g 3 ©11) sl « (123 cell with a=3.856 A, c=13.468 A) and SECUQFZ are ob-
©02) . served, Table |. Contraction afto 12.8162) A and expan-
r oo, 119/} oo sion of a to 3.9672) A are consistent with removal of the
5 e - = - s F~ ions from_ interstitial positions between the SrF “rock-
20(deg) salt” layers in theT-type structure of SCuGOF,, s and

transformation to th&"’ structure. The corresponding signifi-
FIG. 3. X-ray-diffraction pattern of SEu(O/F), with impurities ~ cant increase in Cu-O bond length—from 1.60D8A in
marked,* indicates Srkand # indicates CuO. Sr,CUOF,, st0 1.9841) A in Sr,CuO,F,—can be attributed
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TABLE 1. Structural parameters and selected bond lengths ¢Cu#),F, based on the
Nd,CuO, (T')-type structure. a=3.967(1) A, c=12.816(2) A, 14Immm Re,=1.24%, Ry,
=5.93%, Rpagq= 3.68%.

Cell Bond

Atom Po$ x vy z B, (A%  occupancy Bond length
Sr 4e 0 O 0.36%1) 0.378) 4.00 Cu-gr)1 1.9841) A
Cu 2a 0 O 0 1.8) 2.00 QF)2-0(F)2 2.80%1) A
o(F1 4c 0 05 O 1.09 4.00 Sr-@F)2 2.4717) A
O(F)2 4d 0 05 0.25 1.00 4.00 Sr-@r)1 2.6328) A

@Due to the insensitivity of XRD to O/F in this material, these thermal parameters were constrained
to chemically sensible viues of 1.0?Asince attempts to refine them resulted in slightly negative
values.

to the decrease in Cu oxidation state and enhancement of t®2CuQF2+5as a function of, and the results are shown in
F-F repulsive interactions in the insulating block, as thisFig. 5. Madelung energies were calculated assuming struc-
changes from rocksalt in SLuOF,,; to “fluorite” in  tural parameters derived from SUO,F,. 5 for the T struc-
SrCUG,F,. ture and SJCUO,F, for T’. Although such calculations pro-
Bond valence sum calculatiofisfor Cu have been per- vide only a guide, it is clear that the Madelung energy
formed for SgCuQ,F, based on the refined parameters andincreases with increasing but the rate of increase is differ-
assuming ,=1.679 for Cu'® Assuming the & ions occupy  ent for the two structure types and a crossover in stability
the equatorial sitesy=1.759 which is very similar to the occurs ats~0.1. This is in agreement with the observed
value for Cu in the structurally related MouO,, whereV  structural transition but the calculations will be strongly de-
=1.807. On the other hand, occupancy of the equatorial sitgsendent on small structural change@sg., cell size, atomic
by F ions results inv=1.390, which is unacceptably low, displacemeniswhich are not allowed in this simple ap-
and these results strongly support the presence of complepgoach. Nevertheless, it is instructive that simple electrostatic
CuG; sheets in SICUG,F,. The F ions are therefore located arguments suggest that ass decreased, a transition from
between layers of 3f, to form regions which directly cor- T to T’ might be anticipated, although the precise stoichiom-
respond to the N, layers in NgCuQ,, Fig. 1(d). Made-  etry at which this would occur is beyond the accuracy of the
lung energy calculatioR® strongly supported this assign- calculations.
ment, since the model with equatoriaf Oions (and intact F 1s and Cu D3, 1/ XPS measurements on,SuG,F,,
CuG, sheet} gives a significantly higher Madelung energy Sr,CuO,F,, s and CaCuG,F,, s have also been performed,
(11 115 kJ molt) compared with the alternative description and spectra are shown in Fig. 6. Cpa 1,2 XPS spectra of
containing Cuk layers (9628 kJ mot). The retention of SLCuOF,, SLCUOF,. s and CaCuO.F,, s are practically
the CuQ layers in this phase is therefore of potential valueidentical, with main and charge-transfer satellite lines having
for possible electron doping to formtype superconductors. essentially the same energy and fine structure for all three
The structural transitiorT— T’ is normally associated materials. This implies that the chemical state and immediate
with cation size effects, but in this case only a change irenvironment of the copper atoms is the same for all materials
anion stoichiometry is occurring. In order to obtain an indi- under investigation.
cation of the relative stabilities of tieandT’ structures for F 1s XPS binding energy of stoichiometric BuO,F,
anion-excess phases, Madelung energies were calculated @84.7 eV\J reveals a significant chemical shift with respect to
that of S,CuQ,F,, 5 (683.8 eV. It is, however, found to be

1.507 very close to that of GEuG,F,, 5(685.1 eV. This chemical
farp r shift in the XPS F % spectra on reduction of SEuO,F,, sto
i} t La,CuO, type
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FIG. 5. Plot of Madelung energies againsé for FIG. 6. XPS spectra of SCLuG,F,, s, SLCuOF, and
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stoichiometric SJCuUO,F, can be explained by the change in from interstitial sites, but a complicated structural rearrange-
F~ ion site potentials due to the rearrangement of fluorinénent occurs, driven by oxygen abstraction and the formation
atoms within the unit cell, from apical sites to interstitial Of SrF,. The structure of SCuG,F, (Nd,CuQ, or T’ type) is
sites. The closeness of the B hinding energy for stoichio- different from that of SICUGF,, s (La;CuQ, or T type),
metric SECUO,F, to that of CaCuO,F,. 5, which also has a Which is surprising given their identical cationic size ratios.

T’ Nd,CuQ, structure, directly supports this conclusion.  In SLCUGF,, the F ions are not bonded to Cu, and occupy
sites in the fluorite blockSrF,) insulating layers.

IV. CONCLUSIONS
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