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Double-layered ruthenate SgRu,O,F, formed by fluorine insertion into Sr;Ru,0;
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A new compound with the composition of {®u,0;F, has been obtained by fluorination of the double
layered Ruddlesden—Popper phasgR850;. Neutron powder diffractiodNPD) reveals that due to a similar
rotation of RuQ@ octahedra, the structure of;Ru,0,F, can be described with the same space gi@bpnas
Sr;RW,0; but with a large expansion in theaxis and slight contraction in thaeb plane[a=5.4231(4) A,
b=5.4168(4) A, andc=24.2505(8) A, 290 K The fluorinated ruthenate retains the layer structure: F
occupies the interstitial sites in the rock salt layer leaving the double RuO layer intact. NPD at 2 K shows that
SRWO,F, is antiferromagnetic, with &-type ordering of the Ru spins and an ordered momeng.pof
=1ug/Ru along thec direction. Magnetization measurements implies a small ferromagnetic moment below
185 K, which is attributed to canting of the Ru spins from thaxis.

. INTRODUCTION the composition SICUO,F,., represent a new type of
superconductot The fluorination of the double layered man-

Layered ruthenate compounds with the so-calledganite (La,SrjMn,0O; with giant magnetic resistance prop-
Ruddlesden-Popper structure {ARu,03,,41) have re- erty is also promising for chemical control of the Mn oxida-
ceived much attention because of their interesting electrition state in such material8.We have found that fluorine
and magnetic properties. The infinite layer SIRU@=c insertion into the layered ruthenates is also possible. Since
membey is known to be a ferromagneti&M) metal with an ~ fluorination increases the valence state, while retaining the
ordered moment below 165 KThe recent finding of super- layered structure, different ground states and properties are
conductivity in then=1 member, SIRUQ,,2 has stimulated ~€xpected for these F-containing compounds. In this paper we
detailed studies of the ruthenate compounds, since it podVill report the preparation of §Rw,0;F, [a RUV) phasg
sesses the same,KiF, type structure as the highs super- from SRW,0; [a_RL{IV)_ oxide] and the results from struc-
conductor (La,SHCuO, and may be the first member of tural and magnetic studies.
another kind of exotic superconductofhe properties of the

intermediate member with=2 appears to depend on pre- Il. EXPERIMENT
parative conditions and doping. A flux grown single crystal ] .
showed FM behavior below 105 K with a large (&g#/Ru) The starting material $RW,0; was prepared from

saturation magnetizatichwhile floating zone melt grown SrCG;, and Ru metal powder. An excess of 1% SgQias
crystals and powder samples prepared by solid state reaction

are paramagnetic or antiferromagnetitFM).>® Neutron R - e '
powder diffraction (NPD) study on powdered $Ru,O, 0.0020 SIRUOCuF, | 12 ZFc
sample also failed to detect any ordered moment in excess 0 oos 0

0.05ug/Ru ! 0.0016 ST,Ru0,F, :': E SuRwOFs

Among the ruthenate compounds, as aforementioned, the
magnetic ground state is susceptable to impurity or doping.
Both the magnetism of SrRyOand superconductivity of 2 °*®
SrLRuQ, can be easily suppressed by doping Sr with Ca. TheZ ownt & w20
magnetic instability of these oxides may be instrumental in= 1 A
forming the triplet superconducting pairing state in il
SrL,RuQ,.® Doping Sr with Ca in the double-layer §u,0, \
can also change its electronic ground state which spans fron %
FM metal to AFM metal and AFM insulatSrThis change o.0002 | i
caused by isovalent cation doping was attributed to band- . ‘ ) .am
width variation resulting from changes in Ru—O bond length ° %0 10 150 200
and Ru—O—Rubond angles.

Band filling also has a major influence on the properties FiG, 1. Magnetic susceptibilitiesZFC) of SrRW,O;F,,
of transition metal oxides and can be achieved by aliovalen$y,Ru,0,, and SrRu@+CuF, (the inset shows the field cooled
ion doping or ion insertion. Fluorine intercalation has provedmagnitizations of the samples, note the scale of the ZFC curve of
to be particularly powerful for varying the physical proper- SrRuG, has been reduced tg5 and all the measurements were
ties of such oxides. Insertion of F into 8uO; produces a performed with an applied field of 200 G except for STRu®here
structural transformation and the fluorinated samples withhe applied field is 10 §&

0.0014

SrRu0,+CuF,

0.0008
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FIG. 2. Neutron diffraction pattern€-Bank of S;Ru,O;F, at
290 K (top) and 2 K (bottom): (dot9 observed plot(lines) calcu-
lated and difference plot; the vertical marks represent the allowed
diffraction peaks for $Ru,O;F, (uppey and CuO(lower). The
two arrows in tke 2 K pattern indicate the diffraction peaks from the
cryostat, which were excluded from the refinement

added in order to suppress the formation of ferromagnetic
SrRuG;,. The sample was repeatedly heated up to 1400 °C in
air to obtain a single phase sample based on x-ray powder
diffraction (XRPD). Fluorinated samples were prepared by
mixing and heating the synthesized,Bu,0; with CuF; in a

FIG. 3. Crystal and magnetic structure of;Bu,0;F,. The

1:1.02 molar ratio. The mixture was repeatedly heated foParge shaded circles represent Sr atoms, small open circles are oxy-
. ) P Y gen, small filled circles are Ru, and medium shaded circles are

12 h in air at temperatures rising from 220 to 300 °C. XRPDﬂuorine
was performed with a Siemens D-5000 diffractometer '
equipped with a CuK«; radiation source and a position agree with those reported in the literature. Thermal gravimet-
sensitive detector. Time of flight NPD data were collected atic analysis(TGA) gave an oxygen content of 7.}, indi-
room temperatur€290 K) and 2 K with the pulsed neutron cating that a stoichiometric sample was obtained. The XRPD
source at POLARISISIS, RAL, UK). Magnetization mea- pattern of the fluorinated sample was also indexed with the
surements were made using a Cryogenics S100 supercogsame space group but with a much largegparameter and
ducting quantum interferences device susceptometer. Strustightly smallera parameter §=3.830 A,c=24.26 A).
ture refinement was performed on the NPD data with the Although XRPD patterns suggested that the samples were
GsAs packagée! single phase, magnetic measurements gR80O,; showed
that a small amount of SrRyQs always present to cause a
IIl. RESULTS AND DISCUSSION ris_;e in magnetization at 165 KFig. 1). This result agrees
with other reports that only several ppm of SrRu@esent
The XRPD patterns showed that the as-synthesizeth the layered ruthenate material can cause a detectable FM
sample of SRy, O; is single phase. All the diffraction peaks moment at 165 K. In the zero field coolédFC) magnetiza-
were indexed on a tetragonal unit cell, space griglipnmm tion curve, a second peak around 100 K is observed, which
and cell parameters ofa3.892 A, c=20.72 A), which  may originate from the FM transition of $Ru,0; itself, as
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TABLE I. Refined structural parameters of;Bu,0,F, at 290 and 2 K. Fractional occupanciefor all atoms taken as unity except for
06 and O7, where=0.5.

At 290 K At 2 K

Space GroupPban a=5.4231(4) A Space Grou@?ban a=5.4091(4) A

b=5.4168(4) A,c=24.2505(8) A b=5.4014(4) A,c=24.2145(7) A

Atoms X y z Us(A%) 2 X y z Us(A?%) 2
Sr1 0.25 0.25 0 0.0066) 0.25 0.25 0 0.0003)
Sr2 0.75 0.25 0.5 0.0043) 0.75 0.25 0.5 0.00q2)
Sr3 0.25 0.25 0.1838) 0.01025) 0.25 0.25 0.183@) 0.00454)
Sr4 0.75 0.25 0.31Q17) 0.01146) 0.75 0.25 0.3104) 0.006(5)
Ru1P 0.75 0.25 0.086Q) 0.00344) 0.75 0.25 0.086Q) 0.00145)
Ru2P 0.25 0.25 0.4158) 0.00836) 0.25 0.25 0.4158) 0.005@6)
o1 0.75 0.25 0 0.020) 0.75 0.25 0 0.01@)
02 0.25 0.25 0.5 0.00%8) 0.25 0.25 0.5 0.0023)
03 0.75 0.25 0.1619) 0.0191) 0.75 0.25 0.161@) 0.0161)
04 0.25 0.25 0.33908) 0.01158) 0.25 0.25 0.337@) 0.00627)
05 0.455110) 0.046@9) 0.08111) 0.00333) 0.45288) 0.050Q8) 0.08161) 0.000%3)
06° 0.44344) —0.0566(4)  0.412@) 0.01616) 0.44285) —0.0572(5)  0.412@) 0.01556)
o7°¢ 0.55664) 0.05664) 0.41261) 0.01616) 0.55725) 0.05725) 0.41272) 0.01556)
F 0.52495) 0.00477) 0.25 0.01044) 0.52624) 0.00576) 0.25 0.0034)
Rwp 2.89% 1.46%
X2 3.04 2.32

dMean-square atomic displacemebty,= Bjs /4.
bm,=1.05(7)ug for Rul and Ru2 at 2 K.
‘Constraint by symmetry.

observed in the flux grown single crysfahut only a very points of interpolated background were refined together with
small magnetic moment~0.02ug/Ru) can be seen here structural and other instrumental parameters. The reaction
(Fig. 2). After fluorination, a distinct rise in the susceptibility product CuO was incorporated as a secondary phase in the
at 185 K is observed, which indicates a FM transition at thatrefinement. Only three peak profile parameters were refined
temperature. To ensure this peak is unrelated to the FM trarfer CuO owing to its very broad and low intensity peaks in
sition of SrRu@, we have subjected a sample of SIRuU® the pattern. When the constraint on the phase fraction was
identical fluorinating conditions used for fluorinating

SRW,O;. The magnetization of this sample, also shown in TABLE II. Selected bond lengths (A) and bond angles of
Fig. 1, clearly shows the FM transition at 165 K, coincidentsr,Ru,0,F,

with the T, of SrRuG, but no features at higher tempera-
tures. It is therefore clear that the transition at 185 K ob-Bonds At 290 K At 2 K
served after fluorinating $Ru,O; can be attributed to the
majority phase, which has been shoyaee beloywto have
the composition SRu,O;F,. The small kink at 70 K in the Sr1-05<4 25162 3.0002) 2.5042)  3.0203)
ZFC magnetic susceptibility curve of 5u,O,F,, which co- Sr2—02<2 2.7121) 27081  2.7081)  2.70X1)
incides with the spin reorientation temperature ofR&50, Sr2-06<4 2.58%3)  3.1644) 2.5784)  3.1604)
according to Cao, McCall, and Crotunay be attributed to Sr3-03x2 2.76@2)  2.7632)  2.7531)  2.75Q1)
the unfluorinated starting materials®u,0, or SrRuQ con- ~ Sr3-05x2 2.9424)  3.3643) 2.9104)  3.3643)

Sr1-01x2 2.7121) 2.7081) 2.70581) 2.7011)

tained in the sample. Sr3—-Fx2 2.5633) 2.4443) 2.5613) 2.4413)
Structure refinements were performed using the neutrofr4—04x2 27882  2.7912) 2.7802)  2.7844)
diffraction data. The high resolution C-bank 2145°  Sr4-06x2 2.8835)  3.4124) 2.8825  3.4144)
backscatteringand the wide range A-bank (2=35°) data  Sr4-Fx2 2.3283) 2.5084) 2.3123) 2.5083)
were used simultaneously. Several small peaks aralind Rul-O1 2.0983) 2.0943)
=2.32 A andd=2.37 A were inconsistent with the space Ru1-03 1.83®) 1.8247)
groupl4/mmm It is known that in SfRu, O, rotation of the  Rul-05x2 1.9487) 1.9557) 1.9415  1.96Q5)
RuQ; octahedra causes a symmetry reductiginom Ru2-02 2.04®3) e 2.0443) e
l4/mmmto Pbam) and the appearance of additional peaks. Ru2-04 1.8867) e 1.8817) e
For SERu,0,F,, adoption of the space grolgbamresulted Ru2-06x2 1.9661) 1.9671) 1.9621)  1.9611)
in these extra peak@abeled as O in Fig. 2being well de- Ru1-05-Rul 158.7(1) 156.9(1)
scribed, and a much better fit to the pattern was obtained. IRy2—-06-Ru2 154.7(2) 153.9(2)

the final refinement, a pseudo-Voigt peak profile and 28
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released, the correct ratio of CuO to the main phase a0l T ' ‘ ’ ' "]
SRWO,F, (1.02:1) was obtained. In the refinement, the i Sr,Ru,0,F, RT

oxygen position in the middle double layéfig. 3 had to be

split into two positions similar to that reported by Huang 30 ¢

et al’ for SERW,O,. This indicates that whereas the RuO
octahedra rotations of adjacent layers within a double layer
are correlated, those between the double layers are not. No 20
significant oxygen or fluorine deficiencies were observed in
any of the atomic sites, which is consistent with our TGA
results. The latter gave an oxygen content of @Q3which 8
also agrees very well with the ideal chemical formula tﬁ
SRW,0;F,. The final refined structure parameters are listed ~ [ -
in Table I. The important bond lengths and angles are listed 3

in Table II. § 40
The layer sequence of the ;8u,0;F, structure can be 5 I
described as I ]
c/2 30 b i
SrO—RuO,—-SrO—F,—SrO—Ru0,—Sr0
compared to the $SRu,0; structuré 20 - .
c/2 § ES
STO—Ru0,—S10—SrO—Ru0,—Sr0. 10 g3 ]
This clearly shows that $Ru,O,F, can be derived from the | e 6 ¢ s a B R,
double layer SfRu,O; by inserting F atoms into the rock salt ol
SrO layers. The inserted F occupies the tetrahedral holes : : : : - '
formed by four neighboring Sr atoms. Fluorine insertion de- 2 3 4 5 6 7 8
couples the apical O coordination to Sr3 and Sr4 atoms and d(@
now Sr3 and Sr4 are linked ¥ F atoms instead, leaving all
the Sr atoms to be 12 coordinatésirl,Sr2—-120, Sr3,Sr4-— FIG. 4. Neutron diffraction pattern&-Bank) of S;Ru,0,F, at
80+4F). The Sr—0 and Sr—F bond lengths are close to thos@90 K (top) and 2 K (bottom: (dots calculated (lines) observed
reported in related compounds, eg., SrRuO and difference, the vertical marks represent the allowed diffraction

(2.505-3.123 AY?2 SnLRuO, (2.428-2.744 A)® and Peaks for \RL,O;F; (uppey and CuO(lower).

SRWKO; (2.459-2.962 AY,and Srf; (2.511 A). The in  indicating the changes are purely due to thermal expansion
plane Ru-O bonds and the Ru-O apical bonds pointing tand no structural transition takes place between 290 and 2 K.
the central O atoms within the double layer are also common Because there is no reliable form factor for the®Ru

to the related layered ruthenates. However, there is a prden,'® we have taken the values for the ‘Ruion, which
nounced contraction in the external Ru—O apical bondgives a magnetic moment of 1.05(Zg/Ru. It is known that
pointing toward the F2 layefRu1-03, 1.833 A and Ru2- the form'fact_or of higher valent state of an ion decays more
04, 1.888 A) in S§Ru,0,F, compared with the equivalent SlIowly with sind/\ than lower valent states. If we adopt the

bonds in S§Rwu,0; (2.025 A). This change is consistent LOJ{n (fjae(i;tg;s()f r\r/ch’hthiﬁ)r\]Nre]?S :ﬁ:nsagj?’ :lecmtroonqiecnftaéf

. . . + +
\g'rtg o(>)<|(|j:at|on fom Rd" in SkRWO; to RU™ in 0.98(6)ug/Ru is obtained. Since the form factor of thd%

3RLY7 . . ion will decay faster than that of thed3 ion, it is clear that

At low temperature(z_ K), additional weak peaks are the magnetic moment of Ru in sRu,O,F, will be between
present at higrd values, i.e.d=5.28 A, d=4.95 A, and ha 1w refined values, that is aroungtd/Ru. There may be
d=4.50 A (Fig. 4), which indicated magnetic order and geyeral reasons for the reduction in moment below the ideal
could be indexed with the same unit cell as the major peakg,a|ue, 3ug/Ru. First, the strong covalency of the Ru-O
Pattern simulation showed that the peaks are consistent witfond will decrease the localized moment on Ru. Second, the
aG-type magnetic structure with magnetic moment along thewo-dimensional nature will also reduce the moment due to
c direction, similar to that observed in8n,0,.' Structure  zero-point fluctuations. Related to the above, there may also
refinement at 2 K was performed in a similar fashion to thatbe mobile electrons moving in the Rii4—02p,—Rudd,,
at 290 K, except that here the lattice constants of CuO wererbitals, which again suppress the localized moment on Ru.
also refined. The refined CuO cgla=4.665(1) A, b  The observation of a FM moment below 185 K in the sample
=3.418(1) A, c=5.134(2) A, andB=99.06(3)], is in  may be due to the Dzyaloshinsky—MorigdM) spin canting
accord with reported low temperature NPD restitit is mechanism, and it is indeed allowed in the orthorhombic
worth noting that the orthorhombic distortion of;8u,0;F,  lattice. However, due to the small FM moment
at 2 K is only slightly enhanced as one can see from thg(~0.02ug/Ru), the directiorwithin theab plane if the DM
change of lattice constants. There are no dramatic changes imechanism appligsand magnitude cannot be determined in
the bond lengths between Sr—O, Sr—F, and Ru-O eithethe present NPD refinement.
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It is known that rotation of transition metal oxygen octa- Large rotations of the RuQoctahedra within the Ru—O
hedra has a major effect on the electron transfer bandwidtglanes were revealed from the NPD structure refinements.
of perovskite related oxides. The rotation angles for Rud ~OThe Ru magnetic moments order antiferromagnetically along
(11° at 290 K, 11.6° at 2 Kand Ru2—@ (13° at 290 K,  the ¢ axis at low temperature with &-type structure. The
13.1° at 2 K octahedra are significantly larger tha”7th059 INEM transition at 185 K may be attributed to canting of the
SRW,0; [7.2° at room temperatur@®T), 8.0° at 9 K" and  moments to produce a component in &ieplane. However,
may be comparable with those in a related double layer comye do not have a satisfactory explanation of the high order-
pound Silr,0; (11.8° at RT."" A reduction of bandwidth jng temperature observed for;8u,0,F,. It is higher than
can be expected in the fluorinated compound due to such gy strontium ruthenium oxide, and may relate to the high
large RuO plane distortion. Given that the®Rwalent state  covalence in this R material, which would give a high

in Sr3RU207F2 W|" result in an exact half f|”|ng Of thng |eve| Of T Character to the Ru-0O bonding_
orbitals, both factors will favor the AFM ordering between

Ru ions through Riy4—02p . —Ru,4 superexchange interac-
tions. . . . ACKNOWLEDGMENT
In conclusion, we have succeeded in preparing a new lay-
ered ruthenate which is derived from the double layer R—P We are grateful to EPSRC for funding this work and pro-
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