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Single phase (SbxPb)2(Mn;-,Sk)O, (0.0 < x < 0.608, 0.0< y < 0.372) samples with the &b
MnQ,—type structure were prepared at 68D by solid-state reaction in evacuated sealed silica tubes. A
replacement of Sb by Pb results in the oxidation of'Slo SI¥+, which in turn replaces Mii cations
in octahedrally coordinated positions within the infinite rutile-type chains. The crystal structures,ef Pb
Shy 6aMINg 904, Ply 75501 4gVINg 7704, Phy.o7Sb1 2dVINg 6704, and P .1geShi 179VINg 6304 Were refined from
X-ray powder diffraction data. Increasing the Pb content leads to a decreaseaopéinameter frona
= 8.719(2) A toa = 8.6131(8) A and to an increase of thgparameter fronc = 5.999(2) A toc =
6.2485(7) A (for SBMNO, and Pl 216Shy 158ViNg 2604, respectively). This occurs due to increasing average
cation size at the Pb/Sb position and decreasing cation size at the Mn/Sb position that leads to strong
deformation of the (Mn/Sh)§octahedra. Starting from the £26Sh; 4dVing 7704 composition a modulated
structure withg = yc* was observed by electron diffraction. Hig-resolution electron microscopy
observations revealed that Mn and Sb ions order forming layers of octahedrally coordinated positions
filled either by Mr?t or by SI¥* cations and alternating along tkeaxis. The dilution of the magnetic
Mn2?* cations by nonmagnetic Shentities leads to a suppression of the antiferromagnetic intrachain
interaction and disappearance of long-range magnetic order at high doping leviei= 20 K the A,y
spin component was found to be dominant in the AFM structure of thg8h ¢/Mng o0, Sample by
neutron diffraction.

1. Introduction extended investigation of the relationship between the
magnetic properties and chemical compositiohese
structures consist of infinite chains of face-shared MnO
octahedra with columns of A cations between the chains.
Part of the octahedra can be replaced BRAA' = Cu,

r}\Ii, Zn, Pd, Co} trigonal prisms and the magnetic properties
of these compounds are usually complex and depend on the
type of the A cation and on the sequence of Mp@tahedra

and AQOg prisms along the chains.

The complex transition metal oxides built up of chains of
metal-oxygen polyhedra deserve considerable attention due
to interesting magnetic behavior driven by one-dimensional
spin arrangement and a competition between the strong spi
coupling in the one-dimensional subsystem and weak three
dimensional interactions between the subsystems. Among
Mn-containing oxides a large family of s smA MnNamn-
Oomen hexagonal perovskites provide an example of an
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SkMnO, represents another example of quasi-1D structure between various spectra were determined using a simultaneous
containing infinite chains of edge-shared My@@tahedr&:? standard with the accuracy aboti0.1 eV. All spectra were
These rutile-typd MnO,} .. chains are linked together by Sb  normalized to unity step in the absorption coefficient from well
atoms. BelowTy = 60 K this compound orders antiferro- ~be€low to well above the edge.
magnetically (AFM). The Ma" spins order AFM along the T|me-of-f_l|ght ne_utro_n povyder dlffractl_on (NPD) data were
chain direction, but neighboring chains are ferromagnetically collected with the high-intensity powder diffractometer (HIPD) at
(FM) coupled®® One of the possible ways to achieve the Los Alamos Neutron Science Center (LANSCE). Data were
chemical modification of the SMnO; structure arises from collected at room temperature, 90 K, and 20 K. High-resolution

R (at 153, Ad/d = 0.003) and medium-resolution (at 9A\d/d =
the similarity between the SlInO, and tetragonal R, 0.005) data banks were used for the refinement of nuclear and

Cryital structure$.The latter can be represented as'?b magnetic structure, respectively. Diffractometer constants were
Pb#*O,, where the Pt cations are located in the centers of  refined with a NaAl,CasFy, standard. Rietveld refinements were

octahedra, and Pbones lie between the chains. The specific performed with the GSAS/EXPGUI sui#e?

coordination environments of Pband SB* cations com-

prising three oxygen atoms and a lone electron pair are 3. Results and discussion

virtually the same in both structures, which makes hetero-

valent replacement possible. In this contribution we describe 3.1 Sample Preparation and Characterization.The
the preparation, structure, and magnetic properties of the Pbhypothesis about the existence of {(SEh).MnO, solid

doped SBMnO,-based complex oxides. solutions was tested first. The samples witk & < 0.75,
Ax = 0.05 were multiphase, but contained the compounds
2. Experimental Section with SkMnO,-type structure as the main constituent. These

_ compounds show systematic variation of lattice parameters
The (Sh-«Ph)-(Mn,-,Sh)O, samples were prepared starting  with changing lead content, which suggests that the solid
from PbO, SBO;, MnO, M5, and MnQ (Reakhim, “chemically * — go|ytion is formed, with a composition deviating from the
pure” purity grade, Alfa_ Aesar, 99.99%)_. The a_mounts_ of initial intended (Sb..Ph),MnO,. For 0.05< x < 0.25 the samples
reagents taken according to the required cation ratio, oxygen consisted of two SIMnO4-type phases, with different lattice
content, and overall sample weight of 0.5 g, were mixed under A ' )
parameters. The lattice parameters of the first phase are

acetone and pressed into pellets. The pellets were placed into =
alumina crucibles and sealed under dynamic vacuumidf2 mbar nearly constant, whereas the second phase exhibits a decrease

into silica tubes with 12-mm diameter ane50-mm length. The ~ Of thea parameter and an increase of thparameter with
samples were annealed at 68D for 50-100 h and then furnace-  increasingx. EDX spectra, taken from a large number of
cooled. crystallites of these samples, can be divided into two sets:
The X-ray powder diffraction (XPD) investigation was performed the cation ratio for the crystallites belonging to one set does
with a focusing Guinier-camera FR-552 (CaKradiation, Ge was ~ not depend on the value and is equal to Pb/Sbh/Mn 0.66-
used as an internal standard). XPD data for crystal structure (7):1.54(5):0.80(5), whereas the crystallites of the other set
determination were collected on a STADI-P diffractometer (UK show a systematic change of the composition from Pb/Sb/
radiation, curved Ge monochromator, transmission mode, linear pjp = 0.10(7):1.96(4):0.94(3) fox = 0.1 to Pb/Sb/Mn=
PSD). The RIETAN-97 program package was used for the Rietveld 1.56(4):0.92(4):0.52(1) fox = 0.6. Forx > 0.25 MnO and
refinement Mn,Os; were found as admixtures,which indicates that the

Specimens for electron microscopy were prepared by crushing solid solutions are Mn-depleted. For> 0.6 the PBSh,O;
the samples in ethanol and depositing fragments on a holey carbon

grid. Electron diffraction (ED) patterns and energy-dispersive X-ray pyrpchlore_ and the RBLMnO,; compound were found

(EDX) spectra were obtained in a Philips CM20 electron microscope as impurities.

with a LINK2000 attachment. EDX analysis was performed with ~ The EDX results indicate that the appropriate chemical

Pb(Ma), Sb(La), and Mn(Ka) lines. PBMnO, and SbMnO, were formula for the solid solutions could be (SkPhb)s-

used as standards. High-resolution electron microscopy (HREM) (Mn;-,Sh))O,, i.e., Mn at the B-site is partially replaced by

observations were made on a JEOL4000EX instrument. Image Sh. This assumption was confirmed by the successful

simulations were carried out with the MacTempas software. preparation of the single phase samples, listed in Table 1. A
DC magnetic s_usceptibility measurements were performed with slight excess of oxygen in comparison with the nominal O

a Quantum Design MPMS-XL SQUID magnetometer with the  composition was needed to create the required equilibrium

applied field of 1000 Oe both in field cooled (FC) and zero-field partial oxygen pressure inside the sealed silica tube. Samples

coglhed (tZFC).t.modes.t | Ledae XANES ; prepared with nominal oxygen content contained metallic
e transition metal i-e ge measurements were Pb as an impurity.

performed on beam line X-19A and X-18B, at the Brookhaven .
National Synchrotron Light Source, which respectively have double ~ XPD patterns for the single phase (SFb)2(Mn;-,Sk)Os

crystal and channel cut Si (111) monochromators. Fluorescence ands@mples were indexed on a tetragonal lattice with unit cell
transmission mode measurements were made. The relative energieparameters listed in Table 1. The observed extinction

(2) Chater, R.; Gavarri, J. R. Solid State Chenmi985 59, 123. (8) Courbion, G.; Ferey, Gl. Solid State Chenl988 76, 426.
(3) Fjellvag, H.; Kjekshus, AActa Chem. Scand.985 A39, 389. (9) Larson, A. C.; Von Dreele, R. RAUR 86-748Los Alamos National
(4) Gavarri, J. R.; Hewat, A. WJ. Solid State Chenl983 49, 14. Laboratory: Los Alamos, NM, 1994.
(5) Gavarri, J. R.; Calvarin, G.; Chardon B. Solid State Chen1983 (10) Toby, B. H.J. Appl. Crystallogr.2001 34, 210.

47, 132. (11) Abakumov, A. M.; Rozova, M. G.; Chizhov, P. S.; Antipov, E. V;
(6) Gavarri, J. R., Weigel, DJ. Solid State Chen1975 13, 252. Hadermann, J.; Van Tendeloo, G. Solid State Chen2004 177,

(7) Izumi, F.; Ikeda, TMater. Sci. Forum200Q 198 321. 2855.
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Table 1. Initial Sample Compositions and Unit Cell Parameters of This procedure showed that higher electron density should
the Single Phase Samples of the ($5P)2(Mns-,Sb)0s Solid be assigned to both positions. For instance, the valuds g(8
olutions
— | — A A = 1.22(1)Sb and g@ = 1.29(1)Mn were obtained for the
Initia sample composition & ¢ Py 7:Shy 49Ming 7704 crystal structure, which corresponds to
ggz)Mgb?“ Mhoed g';égg(?g) ‘Z'ggi(é)) 62.2 and 32.2 datom, respectively. Assuming theh8
T Y 8.6492(7) 6.088(1) position to be occupied by Pb and Sb, and thitd be
Phy 53Shr 5Mino.ed0a.1 8.6394(8) 6.118(1) occupied by Mn and Sb, one can assign the occupancy factors
Egvgg-%gwg-l g-gigggg g-}g‘l‘éggg as g(8) = 0.36Pb+ 0.64Sb and g@) = 0.75Mn+ 0.25Sb
pb1:§73bl:gdv|ngj;ojji 8:6100(4) 6:2332(5) to yield the desired electron density. The compound com-
Pby 186Sb1 179MINg 63404.1 8.6110(8) 6.2462(9) position can be derived then as oR¥sh; sdMNng 7504, in
PD1.216501.158MN0 62041 8.6131(8) 6.2485(7) satisfactory agreement with the nominal composition. For
050 4 further refinement, the occupancy factors were slightly

changed to satisfy the nominal compositions of the samples.
The same procedure was applied for all other refined
structures. The final refinement was performed in an isotropic
approximation for the ADPs and with common ADPs for
oxygen atoms. Preferred orientation along the [001] direction
was taken into account using the Mardbollase function.
The crystallographic parameters, atomic coordinates, inter-
atomic distances, and bond angles are listed in Tables 2, 3,
and 4. The experimental, calculated, and difference XPD
patterns for P§ssShy 6Mno.o04 and Pl o7Sby 2dMne 6704 are
shown in Figure 2.

It should be noted that two diffuse, but clearly observable
peaks atl ~ 8.25-8.53 A andd ~ 3.83-3.86 A are present
in the XPD patterns of the RB:Sh 2dViNo.6 04, Ply.186Shy 175
Mn0_53p4, and Pb_zle‘Sbl_lsd\Anolengm These peaks do not

FWHM, degrees

0.10 T T 1 .. . L. . .
20 40 50 80 originate from impurities, but can be attributed to cation
20, degrees ordering which is revealed from electron microscopy obser-
Figure 1. Full width at half-maximum-26 plot for Ph 2165by.15MNo 620a. vations (see below). However, due to their significantly

higher halfwidths, they cannot be used in the Rietveld
conditionsh0l, Okl, h,k = 2n, hhl, | = 2n are consistent with  refinement, and the narrow regions containing these broad
the space groupP4,/mbc The a parameter decreases Ppeaks were excluded from the refinement.
monotonically within the range & x < 0.535, and then The structure of the (Sb.Pb).(Mn;-,Sh)O, solid solu-
increases slightly fox = 0.593, 0.608. The parameter tions resembles closely the parent®hO, structure. It is
increases with increasingin the entire composition range.  built of infinite rutile-type chains of edge-shared distorted
Closer examination of the XPD pattern taken with diffrac- oxygen octahedra where Mn and part of Sh atoms are located
tometer from the Phy1eSh 1sMNg 62404 sample revealed a  (Figure 3a and b). The chains run along thaxis and are
nonmonotonic variation of the peak widths with:2reflec- joined together by Pb or Sh atoms located between. Formally,
tions with significantly different values oh and k are the coordination environment of Pb/Sb atoms can be
stronger broadened (Figure 1). This can indicate an ortho-considered as a tetrahedron where two vertexes are formed
rhombic distortion. Le Bail fitting of the diffraction profile by the O2 atoms of two neighboring (Mn/Sky)6ctahedra;
for the Pl 216Shy 159VINg 62404 Sample with space grougbam one vertex is the O1 atom of the neighboring chain and the

gave slightly different values of the andb parameters:a fourth vertex is a lone electron pair oriented along fhE0]
= 8.5990(7) A,b = 8.6265(6) A,c = 6.2503(3) A; the  direction (Table 4, Figure 3a).
orthorhombic distortion parametér= (b, — ad/b, + a) ~ Two competing trendsdecreasing the average size of the

1.6 x 103 However, no clear splitting of reflections, which  ¢ations in the Pb/Sb position and increasing the average
can be attributed to orthorhombic distortion, was observed. cation size for the Mn/Sb site (according to the analysis of
3.2 Crystal Structures of Phy 445y 64VIN 9404, Py 7550y 45 valence distribution below}are compensated by the distor-

Mn o704, Pby o:Sbi 2dMN g 6704, and Pby 188501 174VIN g 63 4. tion of the (Mn/Sb)(B octahedra, which in turn results in
The crystal structures of the representative members of thethe variations of the andc unit cell parameters in opposite
(Sh-xPb)>(Mn;1-,Sh)O, solid solution were refined from  directions. The Pb/Sb atom and two O2 atoms belonging to
XPD data. Atomic coordinates for the initial step of the two neighboring (Mn/Sh)@octahedra are at the apexes of
refinement were taken from the $tnO, crystal structuré. an isosceles triangle with two Pb/SB2 bonds as edges
At the first step the occupancies of the cation positions were and the O2-0O2 separation as the base, aligned alongcthe
refined. The scattering factors of the cation positioha8d axis (Figure 3c). The elongation of the Pb/Sb2 bonds

4d were set for occupation by only Sb and Mn, respectively, does not significantly change the ©Pb/Sb-02 bond angle
and the occupancy factors were refined at fixed atomic but increases the G202 distance (see Table 4). This leads
coordinates and atomic displacement parameters (ADPs)to a stretch along the axis of the distorted square base of
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Table 2. Selected Parameters from Rietveld Refinement of X-ray Powder Data for the ($bPby)2(Mn1-ySh,)O4 Solid Solutions

Ply.44Sh1 64MNo.9204 Phy 75Shn.4gMNo.7704 Phy 07Shy 2dMNo.6704 Phn 186S01.179MIN0 6304
space group P4,/mbc Ri,/mbe Ri,/mbe Ri/mbc
a A 8.64111(8) 8.62028(9) 8.60767(8) 8.6126(1)
c, A 6.07624(8) 6.1609(1) 6.23142(7) 6.2444(1)
z 4 4 4 4
cell volume, B 453.705(9) 457.81(1) 461.698(8) 463.19(1)
calcd density, g/cih 5.935 6.411 6.847 6.997
260 range, step, deg. 16 20 < 100; 0.01 10< 26 < 110; 0.01 12< 26 < 110; 0.01 12< 20 < 110; 0.01
number of reflections 134 164 165 165
refinable parameters 10 10 10 10
preferred orientation 0.957(1) 0.966(2) 0.934(1) 0.891(2)

along the [001] axis

Ri, R, Rwp 0.014, 0.043, 0.056

0.012, 0.038, 0.051

0.017,0.043, 0.058

0.015, 0.042, 0.059

Table 3. Positional Parameters, Occupancy Factors, and Atomic Displacement Parameters for the SkPbx)2(Mn1-yShy)O4 Solid Solutions

Phy.44Sb1.6aMNo.904

Ply.75501.4gMN0.7704

Phy.o7Shy.20Mno.6704

Phy.186S01.179MN0.63d04

Pb/Sb &, y, 0) 8h Xa, y/b
B (A2, g (Pb/Sh)
Mn/Sb (0,2, /) 4d

0.1639(3), 0.1680(3)
1.65(3), 0.22/0.78

B (A2, g (Mn/Sb) 0.23(6), 0.92/0.08 0.59(6), 0.77/0
01 (x,y,0) &

x/a, ylb 0.146(1), 0.4016(9) 0.142(1), 0.403
B (A?) 1.1(1) 0.5(2)

02 (X, l/2+x1 1/4) 89

x/a,B (A?) 0.1810(6), 1.1(1) 0.1809(8), 0.5(2)

0.1619(3), 0.1618(3)
1.37(3), 0.375/0.625

.23

()

0.1595(2), 0.1560(2)
1.61(2), 0.535/0.465

0.30(5), 0.67/0.33

0.130(1), 0.404(1)
3(2)

0.1757(7), 1.3(2)

0.1595(3), 0.1545(3)
1.66(4), 0.593/0.407

0.46(7), 0.639/0.361

0.130(1), 0.404(1)
1.2(2)

0.176(1), 1.2(2)

Table 4. Selected Interatomic Distances (A) and Bond Angles (deg) for the (8RPby)2(Mn1-,Sh,)O4 Solid Solutions

Phy.44Sb1.6aMno.904 Ply.75S01.4gMN0.7704 Phy.07Shr.2eMNo.6704 Pby.186S01.179MN0.63d04

d(Mn/Sb—-01) 2.149(5)x 4 2141(7)x 4 2.088(6)x 4 2.090(9)x 4
d(Mn/Sb-02) 2.212(8)x 2 2.205(9)x 2 2.138(9)x 2 2.139(13)x 2
d(Pb/Sb-01) 2.025(9)x 1 2.084(10)x 1 2.154(9)x 1 2.166(14)x 1
d(Pb/Sb-02) 2.029(4)x 2 2.058(4)x 2 2.114(4)x 2 2.118(6)x 2
d(01-01) 3.039(15) 1 2.973(19)x 1 2.782(18)x 1 2.781(28)x 1

3.093(4)x 2 3.129(4)x 2 3.144(3)x 2 3.150(4)x 2
d(02-02) 3.0381(1) 3.0805(1) 3.1157(1) 3.1222(1)

0(01-Mn/Sb—01) 92.1(3), 90.0(3) 93.9(4), 88.0(4)

the (Mn/Sb)Q octahedra formed by the O1 atoms (Figure
3c). Since the Mn/SbO1 distances decrease at the same
time, the square base becomes compressed along the O1
01 edge lying in the—b plane. This deformation is reflected
by O1-Mn—0O1 bond angles which exhibit increasing
deviation from 90. This compression is also consistent with
the increasing length of the Pb/SB®1 bond. Elongation of
the square base of the (Mn/Sk)@rtahedra along theaxis

and its compression in tha—b plane result in opposite
variation of thea andc lattice parameters. The limiting point
of this deformation occurs near PlgsShy 179VIng 6304 cOM-
position where the parameter begins to increase. Perhaps
further shortening of the G101 separation becomes ener-
getically unfavorable because of strong electrostatic repul-
sion, and it restricts the homogeneity range of the (Hti,),-
(Mn;-ySh))O, solid solutions.

3.3 Cations Valences in the (SbPby)2(Mn1-ySh,)O4
Solid Solutions—XANES Study. In Figure 4 the Mar-K
edge spectra of BESh sdVINg 9404 and PR 216Shy 159VINg 62404
along with those of MnO and LaMntandards are shown.
The Mn—K main edge in such materials manifests a chemical
shift that is sensitive to the Mn-valence, as illustrated by
the substantial displacement of the LaMn§pectrum to
higher energy with respect to that of MnO. The steeply rising
portion of the (Shb.xPh)2(Mn:1-,Sh)O, spectra crosses the
MnO spectrum (see rectangular box in Figure 4) intermediate

Intensity

Intensity

In Its two-step onset. This coincidence is consistent with the Figure 2. Experimental, calculated, and difference X-ray diffraction patterns
for Py 44Sby.6aMno 9204 and Ph.o7Sby 28MNg 670a.

(Sbi-Phb)2(Mn;-ySh)O4 compounds being in the formally
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Figure 4. Top: the Mn-K edges of the R{Shy 9gViNg.9404 and Ph.2ie

) - Shi.159Mng 62604 compounds along with those of the MnO and LaMnO
Figure 3. 1001] (a) and [010] (b) projections of the (S5Pb)z(Mn:-,SB)O, standards. The boxes indicate the regions wheré™Nmd Mr#* spectra
structure. Mn/Sb atoms are located inside the octahedra. Orientation of lone,; 14 be expected to fall in the absorption coefficient. Bottom: the-in

electron pairs of the Pb/Sb cations is shown on the upper picture. (c) re-edaes of the n and P n compounds
Coordination environment of the Pb/Sb and Mn/Sb cations. Variation of glong \?vith those %??&gﬂn(%ggz‘a LaM,féi;’?,%;?g\g %?ffgﬁose Eim”arity
interatomic distances with increasing Pb content is schematically shown of the pre-edge structure of the spectra to that Of-MnO is emphasized by
by arrows. the double headed arrow.

Mn#" regime. Importantly, the overlaid spectra for the high component. This provides a very solid and direct confirma-
and low Pb-content compounds show no systematic shift in tjony that the Pb-substitution induces creation of‘Skin

t_he stee_ply_rising portion of the edge. This indicates that very Figure 5b a superposition of the & (with weight factor
little shift in the Mn-valence, or covalency effects, ac- g 3) and SEOs (weight factor 0.7) spectra is used to simulate
company the Pb substitution and the concomitant Sb dualiye Ph »1Sby 158ViNg 62604 Sb-Ly near edge. Although this

site occupancy. The spectrum of iBRSb: 15Mno 62404 is superposition presumably overestimates the 8bmponent
noticeably broadened due to the variation in the local g pstantially, because of the strong spectral intensity of the
environments of Mn in this material. ShOs spectrum in the vicinity of the $B; spectral peak, it
Further support for the Mii state in these (ShPh).- serves to emphasize that in the, RSy 153MINg 52404 Sb—
(Mn;-,Sh))O, compounds can be found in the MK pre- L, spectrum the St component is very substantial.
edge features shown in Figure 4. These pre-edge features |t is reasonable to assume that the Pb/Sb position is
are due to transitions into emptistates allowed by @# occupied by PH and SB* since both cations are too large
Mn-d hybridization. The pre-edge features of the(SBh)- to be octahedrally coordinated and have a lone electron pair
(Mn;-,Sh)O4 compounds are extremely similar to that of necessary to complete their coordination environmeRtF+)
MnO and much different from that of LaMnOconfirming =1.08 A, r(SB**) = 0.91 A)22Increasing Pb content results
the Mr¥* state in these compounds. in a gradual increase of the avera@#Pb/Sh-O)inter-

The Sb-L near edges involve transitions into the valence atomic distance from 2.028 A for RhShby Mno o0 to
p-symmetry states above the Fermi energy. Consequently2.134 A for Ph 1gShy.17Mno 6384, in agreement with the
both the structure and chemical shift of the-Sh; edge ionic radii of P3* and SB*. It is highly unlikely, however,
are good valence-state indicators. This is well illustrated in that SB* replaces M#A" in the octahedral sites, because such
Figure 5a by the dramatic shift and spectral changes betweercoordination environment is not typical for 8b The
ShOz and ShOs. The Sh-l; near edge of RRSh; 9dVNg 9404 decreasing averag@(Mn/Sb—O)Odistance from 2.170 A
is almost identical to that of $0s, confirming its SB* for Phy 4:Sby 6Mno 620, to 2.106 A for Pl1sShy 174VINo 63804
character. In contrast, the Sh-hear edge of the Rbis
Shy 159MNng 62404 appears to involve a strong Sh-like (12) Shannon, R. D.; Prewitt, C. Acta Crystallogr.1969 B25 925.
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Figure 5. (a) Sb-L; edges of the RSy odMNg 0404 and Ph.216Shy 155 Figure 6. [001]*, [100]* and [110]* ED patterns for P§;Shy.egMing.eds.

Mno e2404 compounds along with those of the Sb,,Sh and ShOs

standards. (b) ShL; edges of the PhieShi 159Vinge2604 compounds . . .
compared to a simulated spectrum combining thgdsland ShOs spectra Shy.eMno.o04 very weak rows of diffuse intensity pass along

with relative weights of 0.3 and 0.7, respectively. the [001]* direction indicating the presence of short range
order (Figure 7a and b). The ED patterns of, RBb 45
indicates that MA" (r = 0.96 A) is replaced by a cation of  \n, -0, exhibit couples of vague satellites surrounding each
smaller size, which can be Sb(r = 0.75 A). Thus, the  pasic reflection and aligned along [001]* (Figure 7c and d).
idealized formula of the solid solutions can be written as For Pl g-Sh, 40Mno 7404 (Figure 7e and f) and RbiSby 155
(SB" 1P )2(Mn"1 SB*,)O4 with x = 3/2y to maintain  Vin, 6,40, (Figure 7g and h) the satellite reflections become
charge balance. However, the real compositions deviatesharper and more intense, and their position alongcthe
slightly from the idealized ones, because the Mn oxidation axjs changes with respect to the basic reflections. Indexing
state can exceet2, as it is influenced by the partial oxygen of the ED patterns of the BBsSby 4gMno.770s Phy sS4
pressure in the ampule, which cannot be precisely controlledyn, .40, and Pl.1Sb; 15Mno 240, compounds can be
in our preparations. performed with a (3+ 1)-dimensional approach, assuming
3.4 Electron Diffraction Study. For the samples witlx a modulation vectog = yc*, where y changes with the
< 0.22 the ED patterns show close resemblance to those ofcomposition. The indexation scheme for thér®2nd 11m
the basic SPMnQ, structure, as shown in Figure 6 for Bb reflection rows of the [100]* and [I0]* ED patterns of
Shy 9dVINg 9404 These patterns can be indexed on a tetragonal Pl 216501 159VINg 62404 is shown in Figure 8a and b, respec-
lattice witha ~ 8.70 A, c ~ 6.05 A. The &I, k = 2n, hhl, tively. They component of the| vector was measured from
| = 2n extinction conditions are consistent wit,/mbc the ED patterns ag = 0.603 for Plg.75Shy 4gVing 7704, ¥y =
space symmetry. The reflectionk@andh00 with k, h = 0.671 for PlgsShy 4Mng 7404, v = 0.726 for PhoSh 26
2n on the [001]* ED pattern appear due to double diffraction Mng g4, andy = 0.753 for Ph216Shy 159N 62404. Using
as was confirmed by tilting experiments. Further changing the measured values of thecomponents, the presence of
of the composition results in the appearance of superlatticebroad reflections on the XPD patterns of the; B8by 26
reflections. On the [100]* and [0]* ED patterns of Pk, Mng 6704, Pby.186Shr 179VINg 63404, and PR 216Sby 15dVINg 62604
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Figure 7. [100]* and [110]* ED patterns for P§4.Shy 6Mno 004 (a and
b), Pty 75Shy 4gMing 7704 (¢ and d), Phg=Shy 4Mno 7904 (e and f) and Phyie
Shy 159MNo.62604 (g and h).
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Figure 8. Indexation scheme for the D& and 11m reflection rows of the
[100]* (a) and [1L0]* (b) ED patterns of Php1eShi 159VIng.62604.
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Figure 9. Positions of crenel domains for Mn and Sb atoms along the
internal coordinatey for y = 3/,. The numbered discrete points correspond
to thex values & = y((1 + 2n)/4)) associated with consecutive Mn/Sb
layers along. The resulting sequence of Mn and Sb layers is shown at the
bottom.

the peak atl ~ 3.83-3.86 A is a result of overlap of the
1121, 2100, 2001, and 211rkflections. They components,
calculated from the position of the 0001 reflection, are
0.7304 for Pho:Sh 2dMNg 6704 and;/ = 0.7575 for Ph21s

Shy 15MNg 62404, iIn good agreement with those measured
from ED data. From thel®m, k = 2n, hOIm, h = 2n, and
hhlm, | = 2n extinction conditions the superspace group can
be derived a$4,/mbq00y). The symmetry of the Rbis

Shy 159MNg 62404 Structure, taking into account weak ortho-
rhombicity indicated by XPD, should be reduced to
Pban{00y). This (3+ 1)D symmetry does not allow the
hhim | = 2n extinction conditions. However, according to
the HREM observations described below, the cation ordering
occurs in such a way that the intensity of thielm | = 2n

is very close to zero, and these reflections do not show up
on the experimental ED patterns.

3.5 HREM Investigation and the Model for Cation
Ordering. The Ph2165h 159N 62404 Sample was investi-
gated by HREM because it shows more pronounced super-
lattice reflections in comparison with other samples. One may
assume that the superstructure is caused by ordering of Mn
and Sb atoms at the Mn/Sb positions resulting in layers
occupied completely or preferentially either by Mn or by
Sb atoms. The possible model for such ordering can be con-
structed applying the steplike crenel occupation function for
the atoms in the Mn/Sb position. Taking into account the
weak orthorhombicity of the RR1¢Shy 159Ving 62404 Structure,
the model was built in the (3- 1)D groupPban{00y).

One Mn and one Sb atom with equal coordinateyy),

/4 were introduced with the crenel domains centeregat
(Mn) = 0 andxs(Sh) = ¥, with Axs(Mn) + Axs(Sb)=1to
keep the full occupancy of this position. From the two
limiting cases ofy = 0 (Mn/Sb position is occupied by Mn
atoms only,Ax,(Mn) = 1) andy = 2 (Mn/Sb position is
occupied by Sb atoms onlyAx,(Sb) = 1 and the repeat
period of the modulation is equal to the distance between
neighboring Sb layers, i.e., t&yc, since there are two layers
per average unit cell @& = /4, 3,) the conditionsAx,(Mn)

= 1 — v/2 and Ax4(Sb) = y/2 can be deduced. Figure 9
shows the arrangement of the crenel domains for a com-
mensurate case pf= 3/, The sequence of Mn and Sb layers
can be easily derived from the positions and widths of the
crenel domains taking into account that tkecoordinate

for each layer can be expressed as=xt + y((1 + 2n)/4),

compounds can be explained. The position of the peak at wheret is an initial “phase” of the modulation ardis the
~ 8.25-8.53 A corresponds to the 0001 reflection, whereas number of each successive layer. This simple picture can be
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the theoretical image calculated At = 200 A andt = 100 A.
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Figure 10. [110]* ED patterns for th@bamandPba2 structures calculated
at crystal thickness of 100 A. Note the absence oftthiel = 4n, n — odd
reflections on the pattern calculated with tAbammodel.

also applied for any other values of theeomponent of the
modulation vector. Fory = 3, (which is the nearest 334333 {
commensurate value for the PhsShy 159VINg 62404 Structure , ) i y

with g = 0.75%*) the Pbamspace group can be derived for Ef%iriZelgf tr[mtl;]ctﬂzEsl\rqolvT? ?hee?;eﬁ)géltf:f ‘?%fg"e"'iif:&;g laqs—egggt

t = pl/4, (1+ 2p)/8 (pis integer) and th&ba2 space group  Aandt=70A.

for all othert values.

This model was verified by calculation of the theoretical Superstructure manifests itself in the modulation of the
ED patterns and HREM images. The atomic coordinates andintensity of the layers of dots along tieedirection, with an
occupancies were converted from the#3L)D model into ~ average repeat period of 25 A (~ 4c). The theoretical
3D supercell withc = 4c., and Pbam or Pba2 space  image calculated ak; = 200 A andt = 100 A reproduces
Symmetries_ The fu||y ordered sequence of Mn and Sb |ayersWE” the intensity variation in the dot rows and the sequence
corresponding to those shown in Figure 9 can be realized inOf alternation of the brighter and darker rows along the
the space groupba2, whereas the mirror planes of tReam  axis. On the [110] HREM image (Figure 12) the superstruc-
space group a = 0, 0.5 passing through the Pb/Sb layers ture is less visible, but can be recognized by alternation of
require a statistical occupations for the layers with= dots with and without a dark halo around. The theoretical
0.4375, 0.56251( = 3, 4). A remarkable feature is present HREM image calculated with thebammodel (s = —650
in the [110]* experimental patterns: being reindexed in the A andt =70 A)is also in agreement with the experimentally
supercell, the [110]* ED pattern shows zero intensity for observed contrast.
the hhl, | = 4n, n — odd reflections. Figure 10 shows the The positions of Mn and Sb atoms in two neighboring
calculated [110]* ED patterns for th®bam and Pba2 layers are shifted by/2 along thea, direction; that means
structures at crystal thickness of 100 A. Tilea2 structure that two Sb layers cannot be placed next to each other when
produces noticeable intensity at thal, | = 4n, n — odd y < 1. This is also in agreement with the HREM observa-
positions, whereas these reflections vanish completely for tions, which show that Sb layers are always separated at least
the Pbamstructure. Hence, thBbammodel is preferable by one Mn layer. One can deduce that this is driven by the
on this basis. Clearly, this intensity vanishing is a conse- requirement to keep the highly charged>Skations at
guence of the specific atomic arrangement and not relatedmaximal distances from each other along ¢heis in order
to the extinction conditions, which are the same for the two to minimize the electrostatic repulsion. The proposed model
symmetries. takes into account occupancy modulations only, which seem

Consequently, thePbam model was further used for to have the main impact on the contrast in the HREM images.
HREM image simulations. The [L00] HREM image in Figure Clearly, occupancy modulations should be followed by
11 shows a typical part of the PR&Sb; 159VINg 62404 Crys- displacement modulations, especially due to the different
tallite. At these imaging conditions (as it was deduced from sizes and charges of Mh and SB5" cations. However,
image simulations) the rectangular pattern of bright dots HREM images do not provide enough experimental informa-
represents the projections of the Mn/Sb atomic columns. Thetion to deduce the details of these modulations. The proposed
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arrows.

Inset Weiss constantfl) as a function of Pb contenx)(

model establishes the relationship between the Sb contentcompletely understood yet, especially because it could be a

at the Mn/Sb position and thecomponent of the modulation
vector agysp = y/2. For PR 2165hy 159VINo 62404 9sh = 0.372,
as given by the sample composition, agrees well with=
0.377 calculated frony = 0.753. For the compounds with
smaller Pb content thgs, = y/2 condition is not strictly

satisfied due to incomplete ordering of Mn and Sb atoms.

mixture of intrinsic and extrinsic contributions.

The paramagnetic susceptibility for all compounds except
for x = 0.05 follows a regular CurieWeiss (CW) law with
the magnitude of the effective moment close to the theoretical
values. For P§1oShogMng o404 CW asymptotics is also
observed aT = 200 K, and the Weiss constantis= —207

Indeed, the satellite reflections for these compounds are weakK, which is close to the value observed previously fop-Sh
and diffuse, which can indicate a large degree of disorder. MnO4 (6 = —190(20) K)3 The Weiss constant remains

Large broadening of the 0001 reflections on the XRD
patterns also supports this suggestion.

3.6 Magnetic Properties.The temperature dependence
of magnetic susceptibility of the RSk ¢gMNg.0404 SamMple
exhibits a broad maximum afnh.x ~ 70 K (Figure 13),
characteristic of low-dimensional AFM systems. A Bonner
Fishet® estimate of the magnitude of intrachain AFM
exchange a3, = Tnad1.282 yields), &~ 55K. The transition
temperatureTy) to the 3D AFM state is associated with the
inflection point (~45 K) on they(T) curve, and the interchain
coupling|Jg| = 6.3 K was estimated with the expressibn
[J0| = (Tn/1.284In(5.83/Tn)]*d) (Wherez = 4 is the number
of neighboring chains). Thé = J/J, ratio, characterizing
the “onedimensionality” of the system§s= 0.11, which is
identical to that found in a similar quasi-1D pyroxene system
NaVGQOG.15

negative ¢ < —100 K) in the entire composition range,
indicating that the dominant intrachain coupling is AFM. This
is consistent with the GoodenougKanamori-Anderson
rule for the 90 superexchangéand earlier NPD findings
on SbMnO43° The |0| decreases monotonically with
increasingx (Figure 14) that reflects weakening of the
intrachain AFM exchange induced by the “dilution” of Mn
sublattice by a nonmagnetic entity Sh

Low-temperature neutron diffraction experiments were
performed on the RR.Sb eMnoeOs and Ph1geShyi7s
Mng 6304 Samples. In the case of PReShy 17dMINg 6384, NO
magnetic intensity was detected down to 20 K. The possible
minor ferromagnetic componentQ.02 ug/Mn atom from
dc magnetization data, assuming intrinsic origin of the 120
K anomaly) is too small to be reliably identified. For 2k
Shy 6Mng o4 at T = 20 K magnetic reflections are observed

Increasing Pb-doping induces the appearance of a discern{Figure 15). Wollar-Koehler (WK) notatioft’ for the

ible FM component in the magnetization: thg 46T curves
exhibit downturns afl ~ 120 K (Figure 14) The apparent
independence of the transition temperaturexanplies that
the FM-like response may originate from a minor amount
of unknown FM impurity which was not detected in the XPD

magnetic structures will be used here and subsequently. In
this notation, three basic AF modes are denoted as “G” (both
intrachain and interchain couplings are AFM), “C” (inter-
chain coupling is AFM, and intrachain is FM), and “A”
(intrachain coupling is AFM, and interchain is FM, see Figure

patterns. However, a canted AFM state also cannot bel6), and “F" stands for the ferromagnetic mode. The

excluded. The minor FM component refined from NPD data
at 20 K of Pl 4Shi s4Mnoo04 (see below) stays equal to

observed magnetic reflections for RS s4VNg 0,4 are
consistent with the A-type magnetic structure: the most

zero in the range of one standard deviation that favors anintense is the 110/001 doublet# 6.1 A). The 001 reflection
extrinsic reason for the magnetic anomaly at 120 K. The is the “forerunner” reflection of the A-type set, and 110 is

magnetic behavior below 120 K is complex and not

(13) Bonner, J. C.; Fisher, M. Phys. Re. 1964 135 A640.

(14) Schulz, H. JPhys. Re. Lett. 1996 77, 2790.

(15) Isobe, M.; Ueda, Y.; Vasiliev, A. N.; Voloshok, T. N.; Ignatchik, O.
L. J. Magn. Magn. Mater2003 258—259, 125.

an allowed nuclear reflection; the calculated nuclear intensity
of the latter contributes-10% of the total observed intensity.

(16) Goodenough, J. Bviagnetism and the Chemical Bgndterscience
Publishers: New York, 1963.
(17) Wollan, E. O.; Koehler, W. CPhys. Re. 1955 100, 545.
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2 | a Shubnikov notations in Table 5 for the 1D irreps, to allow
% i g a direct comparison with those previous studies.

= g _ f'. g The magnetic structure of @¥WnO, was previously

g r )\ ;llé h by Jox deterrgni?ed from neutron diffraction as mixedyA, or

A Y N Ax/G23° with a dominant A, component in both cases. The

£ ? L)\Mw “;".IM&‘; St alié?wment of the ordered rﬁ%ment in thieplane (easy plane

B 2,Jxmwf'w\df\‘muut@{',\ 90K anisotropy) is indeed favored by the magnetodipolar energy,

g I f, i RT as shown by the calculation for the two limiting sets of lattice
S 1A e SRRV parameters for minimum and maximum Pb doping levels

= : . . ‘ . . (see Table 6, the details on the magnetodipolar energy

d?A) ° 6 4 calculation are given in the Appendix). The change in lattice

3,54 parameters does not have a significant effect on the mag-

b)

netodipolar energy, and hence the majority spin component
is expected to be confined in treb plane for the entire
doping range in (ShxPh)2(Mn;-ySh)O, solid solutions.
TheEy andE, can yield relevant spin configurations with
arbitrary direction of the magnetic moment within tfab)
plane. The observed negatideis only consistent with A
and G structures, i.e., with dominant AFM intrachain

E{Vﬁmm [ETp——
pees
\

Normalized Intensity (arb. units)

| MWMM\WMW coupling, and weaker FM or AFM interchain interactions,
05 \ ‘ . . respectively, and this leavés, irrep (corresponding to (G/
2 3 4A 5 6 A)yy spin structure, in modified WK notations of ref 19) as
d(4)

the most likely candidate.
Figure 15. (a) Normalized neutron intensity data for2i5h; 64Mng 9204 ; ; ; _
at room temperature, 90 K, and 20 K. Miller indices for main (A-type) The detailed neutron diffraction StUdy of the related-Sb

magnetic reflections are shown. (b) Rietveld refinement of 20 K neutron F€Q; compound? revealed the presence of three AFM
diffraction data. Two sets of tick marks correspond to reflection positions modes (A, G, and C), which requires a mixture of irreps if
in nuclear P4z/mbx top) and magneticRty2ym, bottom) phases. P4,/mbcsymmetry is retained. Consequently, the authors of
MnSb chain ref 20 considered orthorhombic distortion, as it was further
- evidenced by the anisotropic broadening of reflections in their
NPD data. They foun®me; Shubnikov (and, henc®ma;

) ) =
)4 )/Z:gm crystallographic) symmetry, and their model was later
—<— confirmed by a Masbauer stud$t However, it is noteworthy

| — that the symmetry reduction does not follow from purely

7‘( 7'/ =1/4 symmetry considerations: a secondary order parameter (OP)

' S c for the transition driven byE, irrep can also haveBy

b symmetry. If this secondary OP is considered a magnetic

one, this yields the admixture of @ @ode, and the resultant
structure is the one observed in ref 20.

Figure 16. Schematic representation of the @ntiferromagnetic structure. ; i ;

Ngte that any direction c?f the moment withiy (easy) plgne is possible. Sb-[ ZLT;%?; (_i_oimzbou’[l;or;;?] tg: ':Eezi’g?é{;ifl t;23%§)/ a

simpleA,, model {2 = 6.37,R, = 2.79%, Figure 15b), which

is consistent with tetragonal symmetry (as discussed above).

An attempt to refine the minority FM component (assuming

orthorhombic distortion an®b'2;"m Shubnikov symmetry,

which allows E spin component) did not yield any improve-

ment in the reliability factors, and the refined valug:s=

0.2(3us. The refined Q) ordered moment at 20 K is 2.63-

(3)us, which is substantially lower than the expected value

(0.92 x 5 = 4.6Qug), probably because at this temperature

the magnetic moment is not yet saturated.

f The observedy structure does not allow the admixture

of a FM component withinP4,/mbc symmetry, but it

The intensity of both C- and G-type reflections is zero within
the experimental error.

The symmetry-allowed spin configurations can be derived
using group theory (Bertaut method)We consider onlk
= 0 (T" point) structures (no evidence for a nonzkreector
is observed in the ND data), and consequently adopt point
group notations for the irreducible representations (irreps).
The decomposition of magnetic (axial vector) representation
for the 4d ste of theP4,/mbcstructure read8 T, = Byg +
Agg + 2E4 + By, + Aaw + 2E,, and the corresponding spin
configurations are summarized in Table 5. The presence o
two-dimensional irrepsHy and E,) in the decomposition :
implies that the Shubnikov symmetry approach, adopted in P&comes allowed in thema, subgroup (Table 5, where
some of the previous works (e.g., ref 20) is intrinsically nonstandardPb2;m setting is used to retain tetragonal axes).

incomplete in the present case. Nevertheless, we retained! "€ PM: in two nonstandard settings can appear as a result
of a group-maximum subgroup treeP4,/mbc— Pbam—

(18) Bertaut, E. FActa Crystallogr.1968 A24, 217.
(19) Sivardiere, JActa Crystallogr.197Q A26, 101. (21) Varret, F.; Imbert, P.; Gerard, A.; Hartmann-BoutronSklid State
(20) Gonzalo, J. A.; Cox, D. E.; Shirane, 8hys. Re. 1966 147, 415. Commun.1968 6, 889.
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Table 5. Allowed Spin Configurations (in WK notation), Corresponding Irreps, and Shubnikov Groups (for 1D irreps) for the P4,/mbg Pbam
and Pb2;m (Pmc2;) Symmetries with Magnetic Atom (Mn) at 4d (Y/2,0,%,) Position of P4,/mbg, at 4f (¥/,,02) of Pbam and at 4c (x,y,2 of Pb2;m

P4>/mbc Pbam PR2;m

Shubnikov spin Shubnikov spin Shubnikov spin
irrep group arrangement irrep group arrangement irrep group arrangement
Axg P4/mbic’ F, Ay Pbam C, A Pb2;m AG,C,
Aou P4,/m'bc G, Bsu/Bou PBam/PbamP (GIA)xy B, Pb2:'m GAF,
Big P4z’ /mbc C, B Pbam G, B1 Pb2,'m FC,G,
B P4, Im'b'c A, Big Pba'm F, A Pb'2;m CHA;
= (F/IC)y Bsg/B2g Pbam'/Pbam® (F/ICky
Ey (GIA)xy Au Poa'm A;

aFor P4,/mbg only irreps with at least one allowed spin component are shéWhose configurations correspond to the same magnetic group as discussed
in ref 18: they can be transformed into each other by an interchangeuody axes.

Pb2,m (or, equivalentP4,/mbc— Pbam— P2;am). Group
theory shows that thme; structure appears as isotropy
subgroup ofP4,/mbc corresponding to th&, representa-

Table 6. Calculated Magnetodipolar Energies for Two Limiting Sets
of Lattice Parameters: Top Row,a = 8.719 A ¢ = 5.999 A; Bottom
Row, a = 8.6131 A,c = 6.2485 &

configuration (WK) energy, meV
tion;?? hence, a singl®4,/mbc— Pma; transition is also A 1337
possible, and it is allowed to be continuous by both Landau 1.213
and renormalization group theori&The orthorhombic G, 1251
distortion could thus provide an intrinsic mechanism for the Ac(=Ay) _é:égg
observed weak ferromagnetism. However, no direct evidence ~0.607
for crystallographic symmetry lowering (neither for the FM Gx(=Gy —8-g§g

component) was observed in the neutron diffraction data at
low T. The refinements of the RSh 6MMng o204 data in

the “relevant” orthorhombic subgroups yielded only marginal
improvement in the fit quality (20 KP4,/mbc y? = 2.04,

R, = 1.42%;Pbam y2 = 1.94,R, = 1.38%;Ph2;m, 2 =
1.87, R, = 1.34%), while requiring a substantially larger
number of parameters. The refined magnitude of the ortho-
rhombic distortion is also extremely smal:= (b, — a,/bo

+ a) = 5 x 10* at 20 K. NPD data on RRhssShy 175

Mng 634 Show broad superlattice peaks associated with the
modulated superstructure & 3,). The spectrum (bank 1

a8 Moment of 5z is assigned to each B-site.

the PR.7sShy 4gMng 7704 composition the ordering of Mn
and SB' ions was observed by electron diffraction resulting
in a modulated superstructure with = yc*. HREM
observations revealed that the Mrand SB" ions order by
forming layers of octahedrally coordinated positions. The
dilution of the magnetic M#ff sublattice by nonmagnetic
SP* ions leads to a suppression of the AFM intrachain
interactions. Similar to the SkINO, parent compound, the
Ay spin component was found to be dominant in the AFM

data, where no visible superlattice peaks are present) can betructure at low doping levek(= 0.22).

adequately fit with the tetragonB4./mbcmodel ¢ = 1.63,

R, = 1.54%). The refinement revealed an anomalously high
ADP for the Mn/Sb site Bis, = 2.9(9) A%, which can be
related to the joint occupation of this position by two cations
with different properties, and concomitant atomic displace-
ments. No attempt of the superstructure refinement was
undertaken because of the limited number of superlattice
reflections and limited resolution of the data.

4. Conclusions

Single phase samples of (SkPb).(Mn1-,Sk)O4 (0.0 <
x < 0.608, 0.0< y < 0.372) solid solutions were synthesized.
Combination of XPD, XANES, ED, HREM, and EDX
analyses showed that substitution of Pb for Sb results in the
oxidation of part of SB" to SI¥*, which in turn replace the
Mn?* cations in octahedrally coordinated positions within
the infinite chains. The idealized formula for the solid
solutions can be written as (8h_Pl**,)(Mn?t,_,SBP*,)O4
with x = 3/,, but the actual compositions deviate from the
idealized ones due to slight variation of the Mn oxidation
state, which nevertheless remains closé-fo Starting from

(22) Stokes, H. T.; Hatch, D. Msotropy Subgroups of the 230 Crystal-
lographic Space Group&Vorld Scientific: River Edge, NJ, 1988. The
“Isotropy” software implementation is available at www.physics.
byu.edutstokesh/findsym.html.
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Appendix. Calculation of Magnetodipolar Energy.
Magnetic dipolar energy

13 (rie) — rﬁ i)
_ 5,¢J

- (1)
ri
is a double sum over all magnetic momemti the infinite

lattice. It is expressed in terms of a single sum



1134 Chem. Mater., Vol. 17, No. 5, 2005

1
E=- EZ#iFi @)
where the fields
3ry(rju) — rﬁ#i
F=y——— 3)
= r

ij

were computed using the Ewald summation method to avoi
truncation effects. The Ewald method git¥es

K= Z%ﬂ(r ij)/ujﬁ + zvaﬁ(ru)ﬂjﬁ

J 1=

(4)

where the summation is only over the moments within a
single unit cellpB(r) = 2v/ar*orf, veB(r) = 32 (r)lorear?,
v(r) = 1/r, andv(r) is the Madelung sum for the contribu-

(23) Tsiper, E. V.; Soos, Z. @QPhys. Re. 2001 B64, 195124.

Abakunat al.

tions of all other unit cells. The functiom(r) can be
expressed as a fast converging series

2xr?  erf(Gr) N 1—erf@Gr—1) =

v(r)=—
) 3v, r = [r —1 e
7 _expEgYaG?)
cos@r) (5)
v G gYAG?

dHere the sums are over the direct and reciprocal lattice

vectors| and g, vc is the unit cell volume, and is an
arbitrary number (the Ewald’s parameter), which affects
convergence but not the result; a reasonable choiG=s
(?ve)Y3. The functionv(r) is regular within the unit cell

= 0, including the point = 0, and is not periodic because
of the missing term.w(r) + Ur is periodic inr. The
derivativesy, are evaluated analytically term-wise before
the summation.
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