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Abstract: An homologous series of layered oxysulfides Sr,MnO,Cuzm—-sSm+1 With metamagnetic properties
is described. Sr,MnO,Cuz-5S; (m = 1), Sr,MNnO,Cus-sSs (m = 2) and Sro,MnO,Cus-sS4 (m = 3), consist of
MnO; sheets separated from antifluorite-type copper sulfide layers of variable thickness by Sr?* ions. All
three compounds show substantial and similar copper deficiencies (6 ~ 0.5) in the copper sulfide layers,
and single-crystal X-ray and powder neutron diffraction measurements show that the copper ions in the
m = 2 and m = 3 compounds are crystallographically disordered, consistent with the possibility of high
two-dimensional copper ion mobility. Magnetic susceptibility measurements show high-temperature Curie—
Weiss behavior with magnetic moments consistent with high spin manganese ions which have been oxidized
to the (2+0)* state in order to maintain a full Cu-3d/S-3p valence band, and the compounds are
correspondingly p-type semiconductors with resistivities around 25 Q cm at 295 K. Positive Weiss
temperatures indicate net ferromagnetic interactions between moments. Accordingly, magnetic susceptibility
measurements and low-temperature powder neutron diffraction measurements show that the moments
within a MnO;, sheet couple ferromagnetically and that weaker antiferromagnetic coupling between sheets
leads to A-type antiferromagnets in zero applied magnetic field. Sr,MnO,Cus sS4 and Sr,MnO,CussS; are
metamagnets which may be driven into the fully ordered ferromagnetic state below 25 K by the application
of fields of 0.06 and 1.3 T respectively. The relationships between the compositions, structures, and physical
properties of these compounds, and the prospects for chemical control of the properties, are discussed.

Introduction with complex crystal structures composed of distinct oxide and
chalcogenide or pnictide layers which may form an homologous
The chemistry and physics of solid-state compounds with series’
layered structures is often quite different from that of compounds  Layered oxychalcogenides of current interest include the
with isotropic structure$:® Low-dimensional structures are LnOCuS'8 series [n = lanthanide) composed of alternating
often favored when the anions are polarizabsnd there are LnyO, fluorite layers and Gib, antifluorite layers: La xSKOCuUS
more examples of layered sulfides than there are of layeredis a rare example of a transpargmtype semiconduct8rin
oxides. The layered nature of sulfides can be reinforced if two which the Cu-8/S-3 valence band is doped with holes. Related
different metal cations are incorporated which have different copper sulfide antifluorite layers are found in the more complex
chemical requiremenfsA more extreme way of enforcing a homologous series of compounds described in this paper which
layered crystal structure is to choose compounds in which the also contain strontium manganese oxide layers. Figure 1 shows
chemical preferences and/or coordination requirement®ibf the idealized crystal structures of a series of such compdrids.
the cation- and anion-forming elements are different. While this To emphasize the layered nature of these compounds we will
approach is not guaranteed to lead to a single-phase Compound{\lrite the formulas so as to reflect the compositions of the distinct
there are many examples of, for example, oxychalcogenides and?xide and sulfide layers.

oxypnictides where it is successful. The results are compounds (6) Cava, R. J.; Zandbergen, H. W.: Krajewski, J. J.; Siegrist, T.; Hwang, H

Y.; Batlogg, B.J. Solid State Cheni997, 129 250.
(7) Ueda, K.; Inoue, S.; Hirose, S.; Kawazoe, H.; HosondAppl. Phys. Lett.

T University of Oxford. 200Q 77, 2701.

* University of Antwerp. (8) Hiramatsu, H.; Kamioka, H.; Ueda, K.; Hirano, M.; Hosono,JHCeram.
(1) Canadell, E.; Whangbo, M. KChem. Re. 1991, 91, 965. Soc. Jpn2005 113 10.
(2) Rouxel, J.; Brec, RAnnu. Re. Mater. Sci.1986 16, 137. (9) Takano, Y.; Yahagi, K.; Sekizawa, Rhysica B1995 206—-207, 764.
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Figure 1. Idealized structures of the homologous series of compounds
Sth+1MnOszn—1ClmSmi1, Mostly represented by compounds in whidh=

Mn. CompoundsD andE are described here for the first time together
with new measurements on compoudd?! (Color key: Sr: blue; Mn/Fe:
gray; O: red; Cu: green; S: yellow).

Sr|
n=

The homologous series $iMnOzn—1ClomSm+1 (WhereM is
a transition metal) is represented by the= 1, 2, 3;m=1
members in which G, antifluorite layers (which we refer to
as “single” copper sulfide layers) are separated either BySGs
layers containingO, sheetsif = 1), as in numerous examples
of compounds SMO,Cw,S, (M = Mn,!! Co14716 Ni,17 Cu !’
Zn11819 (C in Figure 1), or by thicker oxide layers which
resemble fragments of the perovskite structuregMaDsCw,S,
(B) (n = 2; M = Fel3 Sd) and SgMnz07sClS; (A) (n =
3).12 Here we introduce the new= 1; m = 2, 3 manganese-
containing members of the serigs @ndE) containing “double”-
and “triple”-thickness copper sulfide layers respectively, and
provide further analysis of then 1, m = 1 member
SKLMNO,Cup—sS; (C).1 Thesen = 1 members of the homolo-
gous series §r1MnOsn—1CUmSm+1 Will be referred to by their
m indices. SIMN,04CusSs,10 a 1:1 intergrowth of then = 1
and m = 2 members, hints that a more complex series of
intergrowth phases of this type may be attainable.

Property measurements on®NO,CpSt (n=1; m=1)
and isostructural relatives reveal complex chemistry and physics.
The reported susceptibility measurements oVBIO,Cu,S,!t
suggest three-dimensional antiferromagnetic ordering of man-
ganese moments. The semiconducting cobalt-containing ana
logue SpCoO,CLS,1416 also shows long-range antiferromag-
netic ordering, but also more complex electronic behavior

glasses with no long-range magnetic order. Investigations of
then =2; m= 1 andn = 3; m = 1 representatives of the
Shh+1MnOsn—1ClemSn+1 homologous series, $e0sCw,S,, 2

and SEMnz0;sCwCh, (Ch =S, Se}? reveal that these Mott
Hubbard insulators show low dimensional antiferromagnetic
ordering. The properties of the analogous band gap insulators
such as SZnO,Cw,S;!! are, like those of LaOCuS, dominated
by the ease of depletion of the antibonding states at the top of
the Cu-3/S-3p valence band. Hole doping, achieved by
substituting 5% Nafor SET in SLZNO,CWS,, has been shown

to enhance the conductivity by 7 orders of magnittRi€he
layered oxychalcogenides and oxypnictides of the 1st row
transition metals exhibit a range of properties and present
numerous, as yet largely unexploited, opportunities for control
of the magnetic and electronic transport properties via ionic
substitutions on many of the crystallographic sites.

Although SEMNn,04CusSs,2C is the first of these oxysulfide
intergrowths to be reported containing [fChn1]? layers
with m > 1, several ternary chalcogenides contain these
structural fragments, notably TIGEBm+1 (M = 1,25 2,26 327),
TICUmSEm+1 (M= 1,28 2%%), ACwS; (A = K, Rb 3 Cs*Y) and
ACwSe (A = K, Rb, C2%3) These all formally contain
[CuamSh+1]~ monoanionic layers, and this implies the existence
of one hole per formula unit in the Cwd&-3 valence band.
Conductivity measurements show these compounds to be
metallic® and calculations on these lay&rsuggest that such
holes should be mobile in the [Gy6m+1]~ layers due to large
Cu-3d/S-3p overlap. In the oxysulfide intergrowth compounds
reported here, the structural, magnetic and electronic properties
will be determined by the geometry of the transition metal cation
in the oxide layer, the structural demands of both the oxide and
sulfide layers, and the electronic communication between the
oxide and sulfide layers. Here we discuss the correlation between
the compositions, crystal structures and properties ofrihe
1, m= 2, andm = 3 members of the homologous series\B1-
O.Clom-Sm+1.

Experimental Section

Synthesis of SgMNO ,Cuzm-—sSm+1 (M = 1, 2, 3) The products of
these reactions are air stable, however moisture-sensitive reactants
required a drybox (combined ;Qand HO content< 1 ppm) for
manipulations of solids. Starting materials were: MmOwder (ALFA
99.999%), Cu powder (ALFA 99.9995%), Mn flake (Aldrich 99.99%)
ground into powder, CuO powder (ALFA 99.99%). SrS was synthesized

indicating a strong correlation between charge transport and theyy he reaction at 800C for 8 h between SrCOpowder (ALFA

magnetic staf® which has yet to be fully resolved. In contrast,
then = 1; m = 1 oxypnictidesA,MnO,Zn,As,?124 are spin

(14) Zhu, W. J.; Hor, P. H.; Jacobson, A. J.; Crisci, G.; Albright, T. A.; Wang,
S.-H.; Vogt, T.J. Am. Chem. S0d.997, 119, 12398.

(15) Matoba, M.; Takeuchi, T.; Okada, S.; Kamihara, Y.; Itoh, M.; Ohoyama,
K.; Yamaguchi, Y.Physica B2002 312—-313 630.

(16) Okada, S.; Matoba, M.; Fukumoto, S.; Soyano, S.; Kamihara, Y.; Takeuchi,
T.; Yoshida, H.; Ohoyama, K.; Yamaguchi, ¥. Appl. Phys2002 91,
8861.

(17) Otzschi, K.; Ogino, H.; Shimoyama, J.; Kishio, &. Low Temp. Phys.
1999 117, 729.

(18) Hirose, H.; Ueda, K.; Kawazoe, H.; Hosono, Bhem. Mater2002 14,
1037

(19) Uedei, K.; Hirose, S.; Kawazoe, H.; Hosono, Ghem. Mater2001, 13,
1880

(20) Okada, S.; Terasaki, |.; Ooyama, H.; Matoba,JMAppl. Phys2004 95,
6816.

(21) Brock, S. L.; Raju, N. P.; Greedan, J. E.; Kauzlarich, SIM\lloys Compd
1996 237, 9; Brock, S. L.; Kauzlarich, S. Ml. Alloys Compd1996 241,

82.
(22) Ozawa, T. C.; Olmstead, M. M.; Brock, S. L.; Kauzlarich, S. M.; Young,
D. M. Chem. Mater1998 10, 392.

99.994%) and CSAldrich 99.5%) vapor (details and safety precautions
are detailed elsewhefie CwS was prepared by reacting copper powder
with sulfur (ALFA 99.9995%) in a dried evacuated sealed silica tube

(23) Matsushita, A.; Ozawa, T. C.; Tang, J,; Kauzlarich, SPMysica B200Q
284-288 1424.

(24) Ozawa, T. C.; Kauzlarich, S. M.; Bieringer, M.; Wiebe, C. R.; Greedan, J.
E.; Gardner, J. SChem. Mater2001, 13, 973.

(25) Berger, RJ. Less Common Mel989 147, 141.

(26) Klepp, K. O.; Boller, H.; Voellenkle, HMonatsh. Chem198Q 111, 727.

(27) Berger, R.; Eriksson, L1. Less Common Me199Q 161, 165.

(28) Berger, R.; van Bruggen, C. B. Less Common Metalk984 99, 113.

(29) Brown, D. R.; Zubieta, J. A.; Vella, P. A.; Wrobleski, J. T.; Watt, T.;
Hatfield. W. E.; Day, PInorg. Chem.198Q 19, 1945.

(30) Ruedorff, W.; Schwarz, H. G.; Walter, M. Anorg. Allg. Chem1952
269 141.

(31) Burschka, CZ. Anorg. Allg. Chem198Q 463 65.

(32) Hartig, N. S.; Dorhout, P. K.; Miller, S. MJ. Solid State Chenl994
113 88.

(33) Vajenine, G. V.; Hoffmann, Rnorg. Chem.1996 35, 451.

(34) Broadley, S.; GaZ. A.; Cora F.; Smura, C. F.; Clarke, S.lhorg. Chem.
2005 44, 9092.
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for 12 h at 400°C, followed by a further 4 days at 70€. SrO was
prepared by decomposing SrgOnder dynamic vacuum at 90
for 24 h with a final firing d 3 h at1100°C. The quinary products for 8 g of SEMNO,Cus 55, and 550uA-<h for 2 g of SEMNO,Cus 5Sa.
were obtained as bulk powders on the-1D g scale by grinding Data on SfMnO,Cus 5S; and SsMnO,Cus sS, were also collected at
stoichiometric quantities of the reactants thoroughly in an agate pestle betwea 5 K and room temperature and in applied magnetic fields on
and mortar in the drybox, pressing the mixtures into pellets at 150 MPa the diffractometer D2B at the Institut Laue-Langevin, Grenoble. Inside
and placing the pellets in dry alumina crucibles inside silica tubes that either a closed-cycle helium refrigerator or in an Oxford Instruments 5

26 of 35°, 90°, and 148 for a total integrated proton current at the
production target of 17&xA-h for 8 g of SEMNO,Cuy 5S,, 175uA<h

had been baked dry under vacuum fer2h at 1000°C prior to loading
in the drybox. The tubes were sealed under vacuum?(fbar) and

T vertical field cryomagnet were placed-8 g samples. Measurements
were made using neutrons of wavelength 1.59 or 2.40 A in the angular

heated in an electrical resistance chamber furnace at temperatures ofange 8 < 20 < 150 with a step size of 0.05 Samples were pressed

850-1000°C for 15-20 h followed by cooling at the natural rate of
the furnace. Single crystal growth in the pellets was often observed
with copper sulfide likely acting as a flux. Single-crystal X-ray analysis
was carried out on crystals of MnO,Cu S, and SgMnO.Cus 555
made in this way. The highest quality (smallest mosaicity) crystals of
SKLMNO,Cus Sy and SEMN,O4ClsSs 1° were obtained when dry Ki
(ALFA 99.99%) was ground with 0.25 g of the reactant mixture in a
3:1 molar ratio, placed in an alumina crucible inside a baked sealed
silica tube and heated at 90C for 24 h followed by cooling at 0.1
°Cmin~* to 400°C prior to removal from the furnace.

Chemical Analysis. Energy dispersive analysis of X-rays (EDX)
was carried out on single crystals using a JEOL JSM-840A scanning
electron microscope equipped with an Oxford Instruments 1SIS300
energy-dispersive X-ray analysis system. It was not possible to obtain
guantitative analysis for oxygen using this instrument.

Powder X-ray Diffraction. Measurements were made using a
Phillips PW 1729/10 diffractometer operating in Braggrentano
geometry with CKau/a, radiation and equipped with a diffracted beam
monochromator.

Single-crystal X-ray Diffraction. Crystals were mounted in a nylon
loop using paratone oil. MNO,Cus5S;, SEMNO,CussSs, and Si-
Mn;04CusSs were measured at 293 K, MnO,Cuy sS, was measured
at 240 K. Crystals of SMNO,Cus 5S; and SgMnO,Cus 5S4 were also
measured between 150 and 200 K either after being cooled rapidly in
a few seconds, or more slowly, over a period of about 1 h, using an
Oxford Instruments nitrogen gas cooling system. High redundancy data
sets were collected on a Nonius Kappa CCD diffractometer using Mo-
Ka. (A = 0.71073 A) radiation. Data reductimwas followed by Direct
Methods structure solution and full-matrix least-squares refinement with
SHELXS97 and SHELXL97 respectivéfyia the WinGX’ interface.
Refinement onF? was performe# using anisotropic displacement

firmly into the cylindrical vanadium sample can to minimize field-
induced preferred orientation. PND data were analyzed using the
Rietveld profile refinement suite GSASForm factors for magnetic
scattering were taken from the International Tables for Crystal-
lography?®

Electron Diffraction Measurements. Measurements were carried
out on a Phillips CM20 transmission electron microscope withd.aB
filament. Cooling was performed in situ using a cooling stage with
liquid nitrogen, allowing a base temperature of 110 K to be reached.

Magnetic Susceptibility MeasurementsMeasurements were car-
ried out using Quantum Design MPMS-5 or MPMS-XL SQUID
magnetometers in the temperature rang8@0 K and at magnetic fields
of up to 7 T. Approximately 2670 mg of material was weighed
accurately into a gelatin capsule. Measurements of the susceptibility
were made on warming in measuring fields of between 2.5 mT and
5000 mT after cooling in zero field (zero-field-cooled: ZFC) and then
again on warming after cooling in the measuring field (field-cooled:
FC). Magnetization isotherms at room temperature were usually slightly
nonlinear in the low-field region due to the presence of minuscule
amounts of ferromagnetic impurity; the measurement of the true bulk
susceptibility of the sample was made by measuring the sample moment
as a function of temperature at both 3 and-4iE., in the linear region
of the magnetization isotherm. Hysteresis measurements were made
after cooling in the maximum field (5 T) and then measuring a full
magnetization isotherm in the rang& T. Small corrections for core
diamagnetism were carried out using standard tales.

Electrical Conductivity Measurements. Rectangular bars of dimen-
sions 5x 2 x 1 mn?® were cut from sintered pellets of the materials
used for the PND measurements. The resistivity was measured using
the four-probe method with contacts made using silver-laden epoxy
cement.

X-ray Absorption Near Edge Structure (XANES) Spectroscopy

parameters for all atoms. Neutral atom scattering factors and values
used to calculate the linear absorption coefficients were taken from Measurements.Data were collected in transmission mode on station
the International Tables for X-ray CrystallograpiyThe diffraction 7.1 of the Synchrotron Radiation Source, Daresbury Laboratory, UK.
data were corrected for Lorentz-polarization and a face indexed X-Tay energies between 6.3 and 7.1 keV were selected using a Si(111)
numericat® absorption correction was applied through the PLAFON monochromator crystal and the position of the Mn K-edge at around

interface. The absence of additional/missed symmetry was checked by6-55 keV was measured for the oxysulfide samples and for binary and
ADDSYM.42 ternary standard materials. Each measurement was calibrated against a

Powder Neutron Diffraction. Powder neutron diffraction (PND)
data were collected at room temperature using the diffractometer
POLARIS at the ISIS Facility, Rutherford Appleton Laboratory, UK.
Diffraction patterns were measured by the time-of-flight method in the
d-spacing range 0.5 d < 8 A using detector banks at scattering angles

(35) Otwinowski, Z.; Minor, W. DENZO-SMN. InMethods in Enzymology,
Macromolecular Crystallography, Part;ACarter, C. W., Jr., Sweets, R.
M., Eds.; Academic Press: New York, 1997; Vol. 276.

(36) Sheldrick, G. M.SHELX97 Programs for Crystal Structure Analysis
(Release 97-2); University of Gingen: Germany, 1997.

(37) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.

(38) The minimisation function was:SW(|Fo|2 — |Fc9?% where w =~
1/[(o(Fo))? + (aP)2 + (bP)], P ~ (|Fo2 + 2|F?)/3. The details of the
weighting scheme used in each case are given in the appropriate crystal-
lographic information file.

(39) Wilson, A. J. C., EdInternational Tables for Crystallography/olume
C; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1995.

(40) Alcock, N. W.Cryst. Computl197Q 271.

(41) Spek, A. L.Acta Crystallogr., Sect. A99Q 46, C34.

(42) LePage, Y.J. Appl. Crystallogr 1987 20, 264. Spek, A. L.J. Appl.
Crystallogr. 1988 21, 578.
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5-um thick manganese foil.
Results

Synthesis and Crystal Structures. SsMnO ,Cu; 5S,. The
m = 1 member of the series $ANO,ClprSn+1 Was reported
as SgMnO,Cw,S; following Rietveld analysis of PXRD dafa.
Our attempts to reproduce this composition revealed consider-
able copper deficiency in the oxysulfide (copper metal was
observed on the surface of the pellets) similar to that in Sr
Mn,04CusSs.1° Refinement against PND data of the structure
of a sample made with composition “$mn0O,Cw,S," produced
a refined composition of IMNO,Cuy 4815, and the relative
phase fractions of this phase and surplus copper metal (the only

(43) Larson, A.; von Dreele, R. Bhe General Structure Analysis Systéms
Alamos National Laboratory: Los Alamos, NM, 1985.

(44) Landolt-Bornstein New Series [1/10: Magnetic properties of transition metal
compoundsSpringer-Verlag: Berlin, 1979; Supplement 2.
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Figure 2. Refinements of SMnO,Cu; 55, (m = 1, top), SpMnO,Cus 553
(m= 2, middle), and SMnO,CussS; (m = 3, bottom) against POLARIS
PND data (145 detector bank). The measured (points), calculated (line),
and difference (lower line) profiles are shown. The lowest sets of tick-
marks show allowed reflections for the main phases with refined composi-
tions SEMNO2Cuy 50152, SEMNO2Cug 41)Ss, and SEMNO2Cus 52)54. 2%

by mass SrS impurities in the = 1 andm = 3 samples and a 0.5% by
mass MnO impurity in then = 1 sample (uppermost set of tick-marks) are
included in the refinements. A weak reflection from an unidentified impurity
phase was excluded from thea = 3 refinement. The insets show
maghnifications of the lowd-spacing regions.

x +/2a x ¢ expansion of the room-temperature unit cell at 110
K accompanied by twinning.

SroMnO 2Cus sSs. The synthesis of SMn,04CusSs with both
“single”- and “double”-thickness antifluorite copper sulfide
layerd? suggested that $MnO,Cuy—S3 containing only “double”
thickness layers might be attainable. A sample of composition
“SroMnO,CwS;” prepared from SrS, Mn, CuO, and €31in
the ratio 2:1:2:1 was heated at 98D for 13 days, and a sample
of composition “SgMnO,CwsS;3” prepared from SrS, Mng)
Cw,S, and Cu in the ratio 2:1:1:1 was heated at 900for 10
days. In the copper-rich case, excess copper metal had precipi-
tated on the surface of the pellet. Small crystals were produced
in the copper-poor reaction, and an SXRD study at 150 K after
rapid cooling of the sample (i.e. in a few seconds) suggested a
new compound crystallizing iP4/mmmuwith cell dimensions
a = 5705 A ¢ = 11.28 A, consistent with the expected
dimensions for SMnO,Cuw—sSs. Structure solution and refine-
ment suggested the compositionnO,Cus sS5. Subsequently,
single-phase powder samples for PND and physical property
measurements were prepared at this composition on-H8egR
scale from mixtures of SrS, MnOMn, CuO, and Cg5 in the
molar ratio 2:0.5:0.5:1.5:1 reacted together at 1000for 18
h. The SXRD measurements reported here were made on
crystals prepared by reaction at 980 carried out on the 2-g
scale between SrO, Mn, Cu, and S in the ratio 2:1:3.5:3. EDX
measurements on these crystals produced a Sr:Mn:Cu:S ratio
of 1.7(1):1:3.4(1):2.9(1). SXRD measurements and PND mea-
surements (Figure 2) showed that the room-temperature unit
cell dimensions in space gro®g#/mmmwerea = 4.0217(1) A
andb = 11.4180(3) A (i.e. half the volume of the cell obtained
after rapid cooling to 150 K). Electron diffraction measurements
confirmed these dimensions (Figure 4). The crystal structure is
shown in Figure 3.

The refined composition using SXRD wasi8nO.Cus 4(1)Ss.
PND measurements on an 8-g sample prepared with the
stoichiometry “SsMnO,Cus 533" showed that this contained a
single crystalline phase with a refined composition agh810,-
Cug 401y When measured on POLARIS (Figure 2) angh810,-
Cus 525 when measured on D2B. Compositions oiNnO-
Cuz s> and SgMnO,Cus 5153 were obtained for further
samples measured on POLARIS from starting materials which
were slightly copper rich; in these cases the amount of elemental

additional phase observed by PXRD measurements) were 2.1(1)¢opper in the diffraction pattern accounted within error for the
1, consistent with the refined composition (i.e. independent difference between the composition of the sample and the
refinements of the fractional occupancy of the copper site and refined copper content in the oxysulfide phase. These values
the phase fraction of elemental copper in the sample producedare all consistent with the EDX measurements. The reason for
consistent compositions for the oxysulfide phase). Refinement the relatively large uncertainty in the copper composition is that
against data collected on a single crystal obtained from a samplethe copper atoms in the “double thickness” copper sulfide layers
synthesized at the composition suggested by the PND resultspartially occupy several positions and have highly anisotropic
yielded a refined composition of S1nOCuy 451> —equal to displacement ellipsoids, as in 4#M,0,CusSs. 1% Our best
within error of the composition obtained from the PND description of the composition of this phase isMB1O,Cus 523
measurement. Subsequently, phase-pure (by PXRD) bulk matehased on the available independent measurements, consistent
rial for property measurements was made on the 8-g scale bywith the fact that the purest material is obtained when a
reacting together SrS, MnOMn, and CuO in the ratios 2:0.25:  composition of “SgMN0.Cls 535" is used in synthesis. However,
0.75:1.5 at 90C°C for 16 h. PND refinement on this sample because of the experimental uncertainty in the determining the
(Figure 2) produced a refined composition of,8nO,- copper content, we cannot fully rule out the existence of a finite
Cuwso>. The results of refinement against SXRD and PND phase width in this compound. In the case of the= 1
data are presented in Tables 1 and 2. The crystal structurecompound, SMnO,Cu sS;, the uncertainty in the copper

derived from the SXRD refinement is shown in Figure 3.
Preliminary electron diffraction measurements show.&28

composition is much smaller because the copper ions occupy
only one site in the “single” copper sulfide layers with much

J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006 8533
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Table 1. Results of Single Crystal X-ray Refinements for Sr,MnO2Cu; 5S2, SraMn;04CusSs, SroMnO,Cus 5Ss, and Sro,MnO2Cus 5S4
Sr,Mn0O,Cuy S, Sr;Mn,0,CusSs Sr,Mn0O,Cu35S; Sr,Mn0O,Cus 5S4 Sr,Mn0O,Cus 5S4
refined composition SMNO2Cuy 48152 SuMN204Cus 0(1)Ss SEMNO2C s 41553 SEMNO2CUs 2354 SEMNO2C s 5354
radiation Mo Ko, 2 = 0.71073 A
instrument Enraf Nonius FR53CCD
physical form black single crystal
TIK 240(2) 293(2) 293(2) 293(2) 150(1)
space group 14/mmm #/mmm R/mmm #/mmm Cmca
formula weight 420.4(6) 1002(6) 574(6) 720(20) 740(20)
alA 4.0139(2) 4.0177(1) 4.0217(1) 4.0057(2) 28.214(2)
b/A a a a a 5.6837(3)
c/A 17.1663(9) 40.0019(9) 11.4180(3) 28.296(2) 5.6898(3)
VIA3 276.57(2) 645.71(3) 184.676(8) 454.03(4) 912.43(8)
z 2 2 1 2 4
R12 0.0202 0.0223 0.0213 0.0291 0.0637
wR22 0.0387 0.0463 0.0407 0.0578 0.0850
GoF 1.225 1.037 11 1.128 1.072
aFor all data.
Table 2. Results of PND Refinements at 295 K for SroMnO2Cu1 5S2, SroMnO2Cuz5S3, and Sro,MnO,Cus 5S4
Sr,MnO,Cuy 5S; SroMnO,Cus5S; SroMnO,Cus 5S4
refined composition SMNO.Cuy 501132 SKLMNO.Cus 413 SKLMNOLCus 7354
radiation neutron
instrument POLARIS
physical form black powder
TIK 295 295 295
space group 14/mmm R/mmm #/mmm
Formula weight 420.4(6) 574(6) 750(20)
alA 4.01218(3) 4.01554(3) 4.01365(7)
c/lA 17.1916(2) 11.4052(1) 28.3917(6)
VIA3 276.743(5) 183.904(4) 457.37(1)
z 2 1 2
Rwp 0.0237 0.0157 0.0139
Re2 0.043 0.049 0.165
Va 2.076 1.246 2.336

smaller and almost isotropic displacement ellipsoids. While the 109 and real space unit cell vectors obtained by multiplying
cell suggested by SXRD for $M1nO,Cus 5S; after rapid cooling the tetragonal cell vectors by the matrix
to 150 K was av/2a x +/2a x c expansion of the room

temperature cell, measurements on crystals slowly cooled (at 2 10
about 100 K per hour) below 190 K showed evidence for larger 82 g g

unit cell expansions. The nature of the supercells was investi-

gated by electron diffraction measurements on the bulk sample
for which PND and property measurements are reported. Three
diffraction patterns all taken along the same direction, but under
different conditions, and indexed on the tetragonal room-
temperature cell for comparative purposes are shown in Figure
4, a—c. Figure 4a obtained at room temperature shows the same
tetragonal cell (of dimensionar and cr) as was determined
from the SXRD and PND measurements (Tables 1 and 2).
Figure 4b was obtained at 110 K from a different crystallite
after rapid cooling (room temperature to 110 K in 30 min). The
diffractogram shown in Figure 4c was obtained from the same
crystallite as that shown in 4a after slow cooling (i.e., 100 K

per hour, as for the SXRD measuremenits).

The measurement carried out with rapid cooling suggested

an incommensurate modulation with an approximatel{2ér

x 4+/2ar basal expansion of the room-temperature tetragonal
cell. The measurements carried out after slow cooling showed
a 12-fold volume expansion of the room-temperature tetragonal

cell, yielding a monoclinic supercell with dimensioas= 9.1
A (VBar), b= 232 A (&), c = 11.4 A (2/2ar), andf =

(45) Diffractogram 4 (c) was recorded first, and the sample was then warmed

prior to measurement of diffractogram 4 (a).
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The systematic absences were consistent only with space group
P2;/c. The diffraction patterns along the main directions for the
monoclinic phase are shown in Figure 4; d. The presence
on the [100] diffraction pattern of the 00l = 2n + 1
reflections, forbidden folP2;/c, is due to double diffraction:
verified by their absence on [010]. Th&® k = 2n + 1
reflections, present on [100] and [010], are also due to double
diffraction: verified by tilting the crystallites around th& axis,
resulting in the disappearance of these reflections. Further
investigations of the low-temperature structures are in progress.
SroMnO ,Cus 5S4, Evidence for SIMNO,Cus—5Ss, the m =
3-member of the homologous seriesNNO,ClomSmi1, Was
first found from black crystals grown in a pellet of composition
“LaSrsMnzCwO75S3". The unit cell was determined to be
tetragonal with lattice parametess= 4.02 A andc = 28.2 A,
and the systematic absences were consistent with a body-
centered lattice. Structure solution in space grédfmmm
yielded the structure of then = 3-member of the homologous

series SIMNO,Clpm-sSm+1. A sample of composition “Sf
MnO,CusS,”, prepared from a 2:1:2:1 mixture of SrS, MpO

Cw,S, and Cu heated at 90C for 10 days and cooled at 0.1

°C min~1, yielded crystals and powder of SnO,Cus—sS, as
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Figure 3. The room-temperature structures obnO,Cuy 5, SMN204CusSs, SEMNO,Cus 553, and SsMNO,Cus 5S4 derived from refinement against
SXRD data; 75% displacement ellipsoids are shown. The bottom series of diagrams shows the observed Fourier map of the electron density due to copper
in each of the disordered layers.

the majority product. SXRD measurements on the crystals on the flux-grown crystals (SMnO.Cus 22S4), although the
produced by these methods suggested the composition was closealues are equal withind3 Attempts to synthesize bulk powder
to SeMnO,CussS, and showed that the copper ions in the materials with compositions ranging between,NnO,Cus ,S,”
copper sulfide layers were extremely delocalized. The highest-and “SeMnO,Cus sS,” invariably produced samples which
quality single crystals were prepared using a Kl flux: SrS, contained some small amounts of SrS and other unidentified
MnO,, Mn, CuO, and CS were mixed in the molar ratio 8:1:  phases. Reaction temperatures above 850longer heating
3:6:4, and 0.25 g of this mixture was ground with 0.196 g of times, and repeated grinding and heating cycles were found to
Kl, and the mixture was reacted as described in the Experimentallead to degradation of the sample with the formation of Sr
Section. EDX measurements on crystals so produced revealedMinO,Cus 5S3 as a notable side product. The refined composi-
a Sr:Mn:Cu:S ratio of 1.8(1):1:5.0(1):3.9(1). The refined tions from the room-temperature SXRD study »{&nO,-
composition of such crystals from SXRD analysis at room Cus22Ss), and PND investigations of different bulk powders
temperature was SVInO,Cus 2354, and the results of the  on POLARIS (SsMnO2Cue 7(2Ss) and D2B (SsMNO2Cus 7254
refinement are presented in Table 1; the structure is shown inand SsMnO,Cus g354) together with the EDX study (8YInO,-
Figure 3. A bulk powder sample (2 g in mass) with this Cus.14)Ss) suggest that a composition of 28NO.Cus 53154 is
composition was prepared by reacting together a well-ground reasonable. The large uncertainty is, as EVBIO,Cus 553, due
pelletized mixture of SrS, Mn§ CwS, and Cu in the molar  to the delocalized nature of the copper ions in the copper sulfide
ratio 2:1:1:1.2 at 850°C for 18 h. The results of Rietveld layers, and we cannot yet rule out the existence of a finite phase
refinement against POLARIS data obtained on this sample, width in this compound.

which contains a small SrS impurity, are shown in Figure 2.  Slow cooling of a crystal to 150 K on the diffractometer
The PND refinement suggested a slightly higher copper contentyielded a diffraction pattern for which the highest Laue
(refined composition SMNO.Cus 7(24) than that obtained from  symmetry compatible with the cell metrics was orthorhombic
the room-temperature refinement against SXRD data collectedmmm(Riergé® = 0.069 compared WitRperge= 0.232 (4fm) or
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Table 3. Metal—Anion Bond Distances in A for the Four Compounds Obtained from SXRD Measurements at Room Temperature

bond length/A
bond Sr,MnO,Cu; 5S; Sr;Mn,0,CusSs Sr,Mn0O,Cus35S; Sr,MnO,Cus 5S4
Mn—O [4]2b 2.0070(1) 2.0094(1) 2.0076(1) 2.0029(1)
Mn—S [2] 2.915(1) 2.804(1)/2.986(1) 2.877(1) 2.835(1)
Sr—0 [4] 2.6372(3) 2.612(1) (Sr(HO) 2.6463(4) 2.6607(3)
2.679(1) (Sr(2)-0)
Sr—S [4] 3.0833(6) 3.1117(4) (Sr(£)S(2)) 3.0645(5) (SrS(1)) 3.0324(5) (SrS(1))
3.0391(4) (Sr(2yS(1))
Cu—Ssingle [4]° 2.4335(7) 2.4398(5) (Cu()S(2))
[Cu—Suter[4]¢ 2.456 2.459 2.441
[Cu—Shhner[4]9 2.474

aThe numbers in square brackets indicate the number of bonds of a particulat TyEeMn—O distances in each case are equal to half the basal lattice
parameter® Cu—Ssingie Signifies the Cu-S distance in a “single” thickness €uyS, layer.d The [Cu—SOdistances are calculated assuming an idealized
location of a copper ion in the center of a distorted tetrahedron described by four sulfur BBomSJuw.rindicates the distance in the outer Su—S layers
in the thicker copper sulfide slabs, affflu—ShGiner indicates the distance in the central part of the copper sulfide slabMNE,Cus 5S4

Rmerge= 0.236 (4mmn) for tetragonal symmetry). A satisfactory
structure solution was obtained in space gr@mcawith the
lattice parameters. = 28.214(2) A,b = 5.6837(3) A,c =
5.6898(3) A at 150 K, an@ = 4 (Table 1). The locations of
the copper ions were determined from the Fourier difference
map. The refined composition from this low-temperature SXRD
investigation was SMnO,Cus 5354—slightly higher than that
obtained in the room-temperature SXRD measurement on the
same crystal. Preliminary investigation of the system using
electron diffraction suggests that a more complex superstructure
is obtained at 100 K, but correct indexing is hampered by
twinning.

SrsMn04CusSs. We have previously reportétthe structure
of this 1:1 intergrowth. of the.n -1 andm - 2 members of the Figure 4. Electron diffraction patterns of 8inO,Cus 5Ss. Room-temper-
SEMNOClomSmi1 .Se”es' ngher'qua“ty smgle CrySta_lS were ature diffractogram (a) confirms the tetragonal cell (Tables 1 and 2).
prepared by reacting together SrS, Mn®In, and CuO inthe  Diffractogram (b), measured at 110 K after rapid cooling from room

molar ratio 8:1:3:6 at 900C and then recrystallizing 0.235 g  temperature, shows an incommensurate modulation with an approximately

of the resulting product with 0.265 g of KI flux. EDX 4\_/2a x 4+/2a basal expansion of the room-temperature tetragonal cell.
h | o . Diffractogram (c), measured at 110 K after slow cooling of the sample
measurements on these crystals produced a Sr:Mn:Cu:S raliGrom room temperature, shows a monoclinic cell 12 times the volume of

of 1.8(1):1:2.4(1):2.6(1), consistent with the refined composition the room-temperature cell. Diffractograms (a), (b), and (c) are indexed

of SMN04Cus o1Ss. The results of the refinement are listed —according to the room-temperature cell. Diffractograms (d), (e), and (f),
in Table 1. The structure is shown in Figure 3 the 110 K diffraction patterns measured along the three main zones of the

: . same phase as measured in (c), are indexed on the monoclinic cell. (c) and
Comparison of Crystal Structures. The geometries of the  (f) show the same diffractogram indexed on the tetragonal (c) and

SrLMNO; cationic layers are very similar in all four compounds. monoclinic (f) cells.

Mn is in square planar coordination by four oxide ions forming the difference Fourier map indicated that all the scattering
MnO; sheets, and is additionally weakly coordinated axially density was accounted for in the model. Inevitably this approach
by two sulfide ions. The MrO and Mn-S distances are  to accounting for the smeared out scattering density leads to
summarized in Table 3. The main difference between the reasonably large errors in the refined copper contents of these
compounds is in the nature of the copper sulfide layers. In our phases as discussed above. The use of a Kl flux for crystal
report of SiMn,0,CusSs'° we described GuS; “single” layers growth produced higher-quality crystals of8n,0,CusSs than

with well-localized copper ions and @uS; “double” layers we reported previousBf and additional copper density inSr
with highly disordered copper ions; these were modeled using Mn,0,CusSs (site Cu(4)) was consistently located in analysis
partial occupancy of the ideal tetrahedral site and partial of the diffraction patterns of the flux-grown crystals. This site
occupancy of trigonal sites directed toward the two faces of corresponds to the site Cu(3) located in similar “double”
Cus, tetrahedra which pointed toward the center of the layers. thickness copper sulfide layers in the structure oiVBIO,-

In this respect the Gu,S; “double” layers resemble fragments  CugsS;. Figure 3 shows the refined structures from SXRD
of the a-Cu,S fast-ion conducting phasé.Our analysis of measurements for all four phases including observed Fourier
SrMNO,Cw-5S3 and SsMNO,Cus-5Ss, containing only “dou- maps of the electron density due to copper ions BMBO,-

ble”- and “triple”-thickness copper sulfide layers respectively CugSs, SLMNO,Cus 5y, and SiMn,04CusSs. The PND refine-
shows that the copper ion disorder in the thicker layers is the ments gave entirely consistent results. The relationship between
norm. In the SXRD refinements we modeled the copper the crystallographic disorder and the structural parameters is
scattering density using up to four crystallographic sites until discussed below.

Magnetic Susceptibility MeasurementsFigure 5 shows the

46) Rmerge |(F2(obs) — F2(mean))}/ 3 [F?(obs, - . :
2473 e e, e 2lF (0ol id State lonicao8g magnetic susceptibilities measured as functions of temperature
28-30, 1332. of the samples of SMNO,Cuy 5S;, SEMNO,Cus 5S3, and Sg-
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0 100 200 300 Figure 6. Magnetic moments per Mn ion of S1nO,Cuy s, (®), Sr-
Temperature / K MnO.Cus sSs (W), and SsMnO,Cus sS; (@) as a function of applied field
T T T T T T measured at 5 K. The lines are guides to the eye.
80 7 ordering of the manganese moments when measured in a field
of 0.1 T. Magnetization isotherms measuréd & (Figure 6)
"5 60 . show that then = 3 compound is ferromagnetic with a moment
E: of 3.2 ug per manganese ion in an applied fieldsT which
g 40 appears to be close to the saturation regime. This value
\g | approaches the value expected for full ferromagnetic ordering
E of all the manganese moments. Tine= 2 compound is driven
20 . into the ferromagnetic regime by the application of a magnetic
field exceeding 1.3 T, and the saturation moment is comparable
i ) ) to the value obtained in the= 3 compound. The magnetization

300 isotherm for them = 2 compound exhibits a pronounced
hysteresis which is under investigation. Tine= 1 compound

Figure 5. - (Top) Magnetic susceptibilities of $nO.Clom-sSwea measured — does not enter the ferromagnetic regime at magnetic fields of
in a field of 100 mT after cooling in zero field (filled symbols) and in the

0 1 1
0 100 200
Temperature / K

measuring field (open symbols): BMOCur =S, (M= 1: #, <), SEMNO,- up to 7 T, but there is an upturn in the magnetization at the
ClesSs (M= 2; W, 0), and SpMNO,Cls < (M= 3; @, O). (Bottom) Inverse high-field region of the isotherm which suggests that this
magnetic susceptibilities of BMNOCuy 55, (#), SLMNOCg 5S;, (M), and compound may become ferromagnetic at higher fields.

SEMNO,Cus 5S4 (®). The lines are extrapolations of fitsto the linear

regions above 200 K which produced the parameters given in the text. Magnetic Neutron Scattering.A sample of SIMnO.Cle sS4

was cooledd 5 K in zero applied field on D2B. New reflections

MnO,Cus sS4 used for PND investigations. The measurements at low scattering angles were observed which could be indexed
' § on a primitive orthorhombic cell with lattice parameters=

show that between 200 and 300 K these samples all obey the28 161(2) Ab — 5.6698(6) A and: = 5.6864(6) A i ith
Curie—Weiss law!® The Curie constant for several samples of th. (2) ,I N mé) ,tand_ IIId ('b)' ![EIVSI:) K
SKLMNO,Cuy sS; is fairly consistent with that reportéd for € same volume as trie-centered cell describing the
material with a reported composition of SNO,CWS; (i.e. crystal struc_ture. The |ntenS|_ty of these new reflections was
reportedly not copper deficient). An effective magnetic moment modeled using am-type antiferromagnetic arrangement of

(uefr) Of 5.3 ug per manganese ion was reportédjgnificantly manganese mor:nefntr? cli; 3'?(% In-which thedi?entical
lower than the spin-only.es of 5.92ug expected for the high- moments in each of the Mn(planes were arranged ferromag-

spindd configuration of Mi&*. Our meaner for three samples netically and aligned along the [1 0 0] direction of the cell of
of SEMNO,Cui<S; is determined to be 5.45(3), consistent the orthorhombic 150 K model (i.e. the moments are directed
with the previdus report and similar to the vaiue of 543 perpendicular to the Mng£planes). The moments in neighboring
expected for a mean Mn oxidation state 2.5. SEMNO,- planes were aligned antiferromagnetically. Alternative antifer-

tic models and moment directions did not account for
ClssSs (teff = 5.55(2)ug) and SEMNO,Cus sSy (Meanue = romagne . . 1oL
5.28(5)ug) yield similar effective moments. The positive Weiss the pbserved scatterlng..ln a vertlcgl magnejuc field of 5 T
constants for SMNO,Cui =S, (+16(2) K), SEMNO,Cus <S5 applied @ 5 K the zero-field magnetic reflections had zero
(+27(2) K), and S,an02C.u5A5S4 (+24(3) K,) contrast with the observgble intensity, while the _nu_clear _Bragg peaks_ at low
negative value reported previously for,BnO,C,S,H and scattering angle were enhanced in intensity. On warming from

suggest that the dominant exchange interactions in the temper-5 to 7,5 K in. the. applied field b'_S.T thg inten.sity of these
ature range 208300 K are ferromagnetic. reflections diminished. The additional intensity & K was

. oo . modeled using a ferromagnetic alignment of all the manganese
Low-temperature magnetic susceptibility measurements in : ) . X
o . - moments with refined moments of 4.6(23 aligned in theac
measuring fields of 0.1 T or less show evidence for antiferro-
. N _ plane at an angle of 55(1)to the MnQ planes. These
magnetic ordering in SMNO,Cuy 55, (M = 1) and SsMnO,- X - .
. . . refinements (Figure 7) were hampered by the observation that
CuzsS3 (M= 2) at 29 and 26 K respectively. The observation : .
o . . . ‘ the 150 K structural model which was used is not adequate at
for them = 1 member is consistent with previous observatitns.

~ . - temperatures below 100 K. A qualitatively similar evolution of
SEMNOCLe S, (M = 3) shows evidence for ferromagnetic magnetic scattering is observed fosNinO,Cus sSs. How-

(48) The susceptibility was fit tg = C/(T — 0) in the temperature range 200 gver, in this Case the meas_urer_nents carried out in ?dn ap_plled
K < T <300 K. field were complicated by field-induced preferred orientation
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Figure 7. Refinement of the magnetic structures ofMinO,Cus sS4 against 02
D2B data £ = 2.4 A). In zero applied field (bottom)-type antiferromag-
netic ordering is adoptednla 5 Tmagnetic field (middle) Bragg scattering 0.0
resulting from antiferromagnetic ordering (*) is replaced by Bragg scattering L L ! L
resulting from ferromagnetic ordering which enhances nuclear Bragg 6530 6540 6550 6560
intensities ). At 75 K the magnetic scattering is almost zero (top). The energy / eV

measured (points) and fit (line) are shown with tick marks forGheentered
orthorhombic nuclear cell (lower), a small amount of SrS impurity (middle),
and the primitive magnetic cell with the same volume as the nuclear cell
(upper). Two unidentified reflections)(arise either from magnetic Bragg
scattering from an impurity phase or from an unresolved low-temperature
expansion of the nuclear cell. The diffractograms are shown on the same .
scgle but are offset relative to one another bgy 150 counts along the vertical MNO2CUs 555, and SsMNOCue sS4 of only 0.6 eV, suggesting

axis. that the Mn oxidation states are very similar in the three
members of the series. The positions of the absorption edges
suggest that, even allowing for the different coordination
geometries, the Mn oxidation state in the oxysulfides is
intermediate between those in MnO and J@g

Figure 9. Mn K-edge XANES spectra for @vinO,Cu, 55, (dotted line),
SrpMNO,Cus 555 (dashed line), and SInO,Cus 5S4 (solid line) compared
with the spectra for MnO (a), M3 (b), MnG; (¢), and CaMn@perovskite
(d).

4.0 T T T T T

3.5

3.0 J Discussion

Composition, Structures, and Electronic Properties.The
T four members of the IMNO,Clpm—sSn+1 seriesh= 1, 2, 3
and the intergrowth of then = 1 andm = 2 members which

log (p/Qcm)

25

20 . has an effectiven of 1.5) have similar copper deficiencies per
Mn ion with 6 ~ 0.5 indicated by the compositions required to
1.5 . synthesize single-phase samples and from the SXRD and PND
0 100 200 300 refinements. The refined MrO distances in the four com-
Temperature / K pounds cover a range 2.086 0.003 A at room temperature,

Figure 8. Electrical resistivity as a function of temperature for the samples l.e., the grea_teSt difference in analogous dIStance,s 's 0.3% and

of SLMNO,CuLsS; (), SEMNO:Cs 5S; (M), and StMNOCus <S4 (@) used the Mn—S distances range between 2.835(1) A ia\810,-

in the PND experiments. CussSs and 2.922(1) A in SIMNnO,Cuy sS,. This alone suggests

that the Mn oxidation states in the four compounds are all very

and by the complex structural changes evident from the low- similar. The narrow spread of absorption edge energies of 0.6

temperature electron diffraction measurements. Further neutroneV in the XANES experiment and the similar effective magnetic

diffraction measurements on powder and single-crystal samplesmoments per Mn ion obtained from magnetic susceptibility

coupled with the results of low-temperature electron diffraction measurements support this conclusion.

measurements are required to resolve the low-temperature crystal The compound®\CulomSmi1 (A= Tl for m=1, 3;A =T,

and magnetic structures of these compounds. K, Rb, Cs form = 2) contain similar copper sulfide layers to
Transport Measurements. Measurement of the electrical  those reported here. Sindeforms a monovalent cation, the

resistivities of SsIMnNOCuy 55, SLMNO,Cug 553, and SsMNnO,- formulation of the copper sulfide layers is [&i®n1]~. Since

Cus 554 (Figure 8) showed that all three materials are semicon- copper has only been observed in the monovalent state in copper

ducting. The resistivities increase on cooling from room- chalcogenides, this is interpreted as one hole per formula unit

temperature values of 27(£) cm for SeMnO,Cuy 5S,, 20(1) at the top of the valence band. The 481 layers readily

€2 cm for SeMNnO2Cus sSs, and 24(1)X2 cm for SEMNO.Cus s54. accommodate holes because the—Gy Cu-Cu, and S-S

The resistivity of SSMnO.Cus 5S4 shows a sharp change in the  antibonding crystal orbitals which lie at the top of the valence

gradient at 210 K presumably associated with the structural band are readily depleté&>°The metallic properties measured

changes described above. The resistivity ofMBIO.Cus 553 in the series TICySn+12%27and KCwSz?° demonstrate that the

shows less dramatic changes in gradient which may also beholes are mobile, in accord with the large calculated @u-3

associated with the complex structural changes observed in thatS-3p overlaps for the hole statés.

compound. The Seebeck coefficient measured at room temper- One rationalization, therefore, of the copper deficiencies of

ature for a sample of @MnO.CussS; was positive in sign  the manganese oxysulfides reported here is that in each case

indicating majority hole carriers.
XANES Measurements XANES measurements (Figure 9) (49) Brese, N. E.; O'Keeffe, MActa Crystallogr., Sect. B: Struct. Sdi991,

: 47,192.
show a spread of absorption edges fosMBTO,Cuy 5S;, Sro- (50) Berger, R.; van Bruggen, C. B. Less Common Metal985 113 291.
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there ared (~0.5) holes in the valence band per,Sr
MnO.Clom-sSm+1 formula unit and the oxidation state of Mn
is +2. However, the values of the effective moments per Mn
ion suggest that Mn is oxidized to approximately the&.5
oxidation state. Bond valence calculatibhsupport this,
producing values of 2.51n{ = 1), 253 n = 1/m = 2
intergrowth), 2.551h = 2), and 2.611h = 3). Furthermore, the

graphically unique Mn site. An alternative explanation for the
ferromagnetism of the sheets might be that the Mn ions are
coupled ferromagnetically via double exchange involving itiner-
ant Mn-3de_y2 electrons. This should result in materials that
are metallic in two dimensions which is not evident from our
conductivity measurements on powder samples. The relationship
between the crystal structures and the magnetic properties and

XANES measurements (Figure 9) suggest, even allowing for the possibility of enhancements in the electrical conductivity

the different coordination geometries, a Mn oxidation state
intermediate between those in MnO and J@g. Apart from

in the ferromagnetic state, comparable with those observed in
mixed-valent 8%3d* ternary manganese oxides, are currently

these direct measurements of the Mn oxidation state, theunder investigation using further electron diffraction measure-

semiconducting nature of SANO,Cuy 55, SEMNO,Cus 553, and
SpMNO,Cus 5S4 provides further evidence that, unlike the
metallic TICmSm+1 seried>?”22and KCuS;,2° the Cu-3/S-

3p valence band is full, and therefore manganese is oxidized.

Calculations on the copper sulfide lay&rsuggest that in the
compounds reported here iy orbitals can overlap in a
m-sense with the Mn-&dy, orbitals and S-B, can overlap in
a o-sense with the Mn-@®z orbital. Such overlap will stabilize
the Cu-3/S-3p antibonding states at the top of the valence band

ments, and using further PND and transport measurements in
applied magnetic fields.

Copper lon Disorder and Mobility. The room-temperature
crystal structures of the SMNO,Clpm-sSn+1 Series show that
the copper vacancies are disordered, and imthe2 andm =
3 compounds there is further copper site disorder. In contrast,
in the TICumSnw+1 analogues the copper ion displacement
ellipsoids are not unusually large. In the Tz8m+1 series the
basal lattice parameters which correspond to the length of one

at the expense of the Mn-based states, which will become moregqge of a Cusgtetrahedron increase with from 3.7771(1) A

antibonding. Thus, the antibonding Cdf3-3 states may
formally be filled by oxidation of the manganese ions. A
rationalization of this is that the copper deficiency is the variable
which allows optimization of the electron count in response to
the interaction between the oxide and sulfide layers.

Magnetic Ordering. The PND and magnetometry measure-
ments show that in zero or very low applied magnetic fields
these compounds exhibA-type antiferromagnetic ordering
below about 30 K with ferromagnetic sheets coupled antifer-
romagnetically. In sufficiently large applied magnetic fields, the

in TICU;S, (M= 1) to 3.9357(5) A in TICysS: (m= 3)33 The
interlayer S-S distances, corresponding to the other crystallo-
graphically distinct edges of the Cu&trahedra, decrease as
mincreases with the mean €S distance of 2.40 A remaining
approximately constant witlm. This squashing of the CyS
tetrahedra along the direction perpendicular to the layera as
increases, is presumably dictated by the precise nature of the
band structure in the TIGWSw+1 series. In our SMnO,-
Clbm-Sm+1 series the rigid [SMNO,] @)+ Jayers fix the basal
lattice parameters and therefore the in-plan&S®dge of a Cus

antiferromagnetic coupling between the sheets is overcome, andetrahedron. The interlayer-5 distances are observed to

the m = 2 and m = 3 compounds exhibit close to full
ferromagnetic orderingni 5 T fields. The between-plane

increasefrom 3.9674 A in SsMnO,Cu, sS, to 4.0544 A in the
central part of the copper sulfide layer in8NO,Cus 5S4. This

coupling decreases in strength as the thickness of the coppeis presumably dictated by the filling of-SS antibonding states
sulfide layers increases and is therefore overcome by fields asnear the top of the valence baffdThe consequence of this is

low as 0.06 T in then = 3 compound, but is not overcome at
routinely attainable fields in then = 1 compound.

The explanation for the in-plane ferromagnetism is unclear.
At room temperature there is only one crystallographically
unique Mn ion with a mean oxidation state of approximately

that, unlike in the TICp.Sn+1 series, the size of the CuS
tetrahedral site increases with increasingrhis is summarized
in Table 3 which gives the mean distances from the sulfur atoms
to the centers of the tetrahedral sites for each type of layer.
The response of the copper ions is to move away from the

+2.5. At low temperatures the superstructures suggested bycenters of the tetrahedra to mainly occupy less highly coordi-

electron diffraction measurements are complex and, at least innated trigonal sites located toward the faces of the tetrahedral
them= 2 case, dependent on the thermal history of the sample. sites. The degree of delocalization of the copper ions correlates
We are as yet unable to refine the low-temperature crystal extremely closely with the size of the tetrahedral site. Figure 3

structures with any certainty because the large supercells requireshows that for the outer site in the £4%, “triple” layer the

an unacceptably large number of structural variables to be scattering density is less delocalized than in the similar sites in

refined. For MA&™ and Mr#t ions in sites with 4hmmsymmetry
the dominant 1800-type superexchange interaction involving
the dy2—y2 orbitals on Mn and mediated by the @xg2 orbitals
is expected to be antiferromagnetic between pairs ot 'Mn
Mn3* ions, but to be ferromagnetic between a¥ion and a

the two Cu sS; “double” layers found in SIMnO,Cus 5S3 and
SrMn,04CusSs and this accords with the slightly larger sites
in the two “double” layers. The CuSetrahedron in the center

of the Cu sS4 layer in SpMNO,Cus 5S4 has the largest mean
Cu—S distance, and accordingly, the copper scattering density

Mn3* ion. Therefore, low-temperature charge ordering between is extremely delocalized with very little residing at the center

the equal populations of distinct Mhand Mr#t centers in the

MnO; sheets should result in ferromagnetic sheets. However,

while the low-temperature structural distortions are of the type

of the § tetrahedron as shown in Figure 3. While the copper
ions are disordered at room temperature according to our X-ray,
neutron, and electron diffraction measurements, long-range

that could enable low-temperature charge-ordering to occur, orordering of the copper ions and copper ion vacancies may be

may be driven by it, there is no direct evidence for charge

the driving force for the low-temperature structural distortions.

ordering. Indeed the orthorhombic structure reported here of The copper sulfide slabs in these compounds resemble fragments

SpMNO,Cus 5S4 at 150 K still contains only one crystallo-

of the a-Cw,S fast ion-conducting phase, and the delocalized
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nature of the copper scattering density suggests high copperow-temperature structures and the magnetic and electronic
ion mobility. Recent investigations show that the copper ions properties of these phases will be essential for determining the
in SEMNO.Cuy 5, SEMNOLCus 5S35, and SEMNO,LCus 5S4 are origin of the low-temperature structural distortions. More widely,

chemically exchangeable at room temperature by lithiumiéns, there are numerous possibilities for control of the electron count
suggestive of high mobility. and properties using chemical substitution at nearly every

crystallographic site in these and related structures.
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