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The PbFe,Vs_,0,, series adopting the R block structural type
were investigated by both powder neutron diffraction and Mos-
sbauer spectroscopy in order to quantify a Fe** cation occupancy
in available crystallographic sites. Four samples with formal
x ratio of 1, 1.21, 1.6, and 1.75 were investigated. The results
obtained from the two techniques match rather well, providing
reliable refinements. The preferential vanadium substitution by
iron is clearly indicated in M(4) triangular bipyramidal sites,
while M(2) and M(3) dimers are statistically occupied by Fe and
V. Finally, the layers of octahedral M(1) sites remain solely
occupied by vanadium. For the latter, Mossbauer and neutron
diffraction results slightly diverge because of the possible consid-
eration of iron species within impurities present in the samples.
The 2 K crystal structure refinement for PbFe, ;5V,,:0y; is sim-
ilar to that of the room temperature form, although there is
a surprising c stacking axis increase. We have already described
the magnetic ZFC/FC strong irreversibility in these series and
assigned it to frustration arising in M(1)Oq layers. The magnetic
structure refinement confirmed this model as possible in an

identical magnetic/crystallographic unit cell. © 1999 Academic Press

INTRODUCTION

The crystal structure of the R-block type PbVsO11, a new
lead V3*-V** compound, was recently refined by Mentre
and Abraham (1). This oxide, related to the well-known
magnetoplumbite family, including BaFe;,019 (2), is for-
med by the connection of four independent vanadium atom
coordination polyhedra. V(1)O¢ octahedra are edge shared
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to give rise to layers parallel to the (a, b) plane. V(2) and V(3)
form face-sharing V,04 dimers while V(4) is displaced from
the center of a trigonal bipyramid. Finally, V(2)V(3)O, and
V(4)Os bridge layers. Therefore, this oxide retains an acen-
tric P63mc space group while other compounds of this
family such as NaVOy4, SrV¢Oq4 (3), or BaFe, Ti, O, (4, 5)
always crystallize at room temperature with the centrosym-
metric P6;/mmc space group. The reduction of symmetry
was assigned to the Pb?* 6s lone pair effect and is at the
basis of the strong magnetic frustration arising in the
layered Kagome-type sublattice of the R blocks. It is note-
worthy that BaSn,Fe, O, was first considered to adopt the
P6;/mmc space group (5); however, a subsequent study
revealed a slightly different (orthorhombic Cmcm) structure
with a twice as large unit cell and somewhat different
cationic arrangement (6). Pure PbVsO;; materials cannot
be obtained in our conditions of synthesis because it is
always assorted with appreciable amounts of Pb; 3,
Vs.35016.7 (1). Single crystals of this accompanying hollan-
dite type Pb-V-O oxide were initially isolated from a mix-
ture of the two compounds (1). A later study permitted the
preparation of single phase lead-vanadium R-block oxide
by the partial substitution of Fe** for V*7, leading to the
PbFe, Ve _,O4, series, 1 < x < 1.75. Several other cations
(Ti**, Cr**, Sn**) were also tested but appear to lead
preferentially to hollandite-like compounds (7). Fe** sub-
stituted compounds conserve the structural characteristics
of PbV,O; as confirmed by the structural refinement of
PbFe, 5V, 5,50, by single crystal X-ray diffraction and so
allow the investigation of the PbV¢O;; analog physical
properties (electric and magnetic) (7). Correlations between
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magnetic and electric properties were indicated by a spin-
frustrated/insulator — paramagnetic/semiconductor tran-
sition. Furthermore Fe**/V3*-V** ordering is observed
since the X-ray crystal structure of PbFe; 75V, ,50; seems
to indicate a strong preference of Fe** species for the M(4)
triangular bipyramidal site while M(1) interstices of the
octahedral layers are solely occupied by vanadium cations.
As a matter of fact, the dimeric M(2) and M(3) crystallo-
graphic positions appeared to accomodate both iron and
vanadium cations. In order to determine the site preference
of the transition metal in its crystallographic positions we
have performed a complete room-temperature study by
both powder neutron diffraction and >’Fe Mossbauer spec-
troscopy on four compositions of the PbFe,Vs_ O series.
The quasi transparent behavior of vanadium towards neu-
trons, by = —0.038- 10~ 12 cm, and the rather different envi-
ronment of the four independent Fe/V sites make these two
methods suitable on this investigation. In addition, this
paper deals with the main results of the low-temperature
study including crystal structure and possible magnetic
structure.

EXPERIMENTAL
Synthesis

PbFe, Vs, 0O, samples were prepared over the 1-1.75 x
range as black polycrystalline powders from Pb,V,0-,
Fe,03, and V,03 mixed in a 1/2:x/2:(5 — x)/2 molar ratio.
Pressed pellets were heated at 850°C for 3 days in evacuated
silica tubes. Pb,V,0- was previously prepared by annealing
a 2:1 molar ratio of PbO and V,05 at 600°C in air for
3 days. V,0; was obtained by reducing V,0O;5 under flowing
hydrogen at 850°C. Because of the large quantity of mater-
ials required for neutron experiments, about 6 g of each
phase was prepared for x = 1, 1.25, 1.5, and 1.75 composi-
tions. Purity was checked using a Siemens D 5000 X-ray
diffractometer (CuKo radiation). For x =1, 1.25, and 1.5,
amounts of iron substituted Pb; 5, Vs 350167 were found to
be present. For x = 1.75, the prepared oxide is accompanied
by Fe,O3 as an impurity. Actually, one should conclude
that PbFe, V¢ _ .0, phases can be solely obtained in small
quantity as reported in (7), while the achievement of the
reaction from a large starting charge is not completed.

Neutron Data Collection and Structure Refinement

In many magnetoplumbite related materials such as
BaFe;, ,,Co0,Sn, 0Oy (8), BaFey,_,,Co,Ti,0,9 (9), or
LaZnFe,;0, (10), cationic distribution was studied using
a wide variety of methods such as apparent valencies calcu-
lations, MOssbauer spectroscopy or neutron diffraction. Be-
cause of the reasons stated in the Introduction, neutron
diffraction appears as the most efficient method in our case.
The neutron diffraction data were collected with the high-
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resolution D1A powder diffractometer of the Institut Laue
Langevin (ILL) at Grenoble, France, at 300 and 2 K with
4 =1911A. Rietveld refinement was applied using the
FULLPROF 97 (11) program. The room temperature col-
lection conditions, profile fitting parameters, and final relia-
bility factors are given in Table 1.

The pattern matching was first fitted considering the
above noted second phase. The 0-10° and 150-160° limit
regions were excluded because they were not informative.
For x = 1.75, two supplementary domains 45.98-46.70°
and 53.48-54.68° corresponding to weak unidentified lines
were also extracted. Even if powder diffraction cannot dis-
tinguish between Friedel pairs that are not equivalent in
P63mc, our attempts in P63/mmc did not converge provid-
ing large thermal ellipsoids around lead atoms The crystal
structures were refined in the P63mc space group using the
PbFe, -5V, 5,50, single crystal results (7) as starting
values. This essentially consisted of refining the Fe/V occu-
pancy in the four independent transition metal sites. The
isotropic thermal coefficients were considered for Pb and
oxygen atoms. The thermal factors for the mixed sites were
fixed at the 0.5 A? value in order to perform a good refine-
ment of occupancies. In the last runs, the following para-
meters were refined: zero, unit-cell, half-width, pseudo-
Voigt, and asymmetry parameters for the peak shape, posi-
tional, thermal, and occupancy for the crystal structure. The
final atomic coordinates and isotropic thermal factors at
290 K are listed in Table 2. Interatomic distances are re-
ported and compared with those of PbV40,; in Table 3.
Taking account of the presence of impurities, the refined
occupancies are in good accordance with the expected
stoichiometry, leading to PbFe,;V5;0,,, PbFe; ,; V47901,
PbFe, ¢V, 40;:;, and PbFe; -5V,,50;; formulae. The
x = 1.75 sample 2 K pattern was also refined considering
the extra magnetic phase. The good agreement between the
observed and the calculated profiles of the patterns is shown
in Fig. 1 for the x = 1.21 compound.

Mossbauer Spectroscopy

57Fe Mossbauer studies were performed at 300 and 77 K
by using the classical method with *>’Co source diffused into
a rhodium matrix. The samples previously used for the
structural and magnetic investigations were mixed with
boron nitride and spread out in a sample holder with
a surface of 3 cm?; it contained about 5 mg of natural iron
per cm?. The Mdssbauer spectra were fit using the MOSFIT
program (12).

RESULTS AND DISCUSSION

Rietveld Refinement

Powder neutron diffraction study showed a statistical
iron occupancy of selected crystallographic sites assorted
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Conditions of Neutron Data Collection and Rietveld Refinement Results for PbFe V,_ . O,, (x=1, 1.21, 1.6, 1.75)

Data collection

Diffractometer ILL D1A
Wavelength 1911 /e\, monochromator Gell5
260 range 0-160
Step scan 0.05
Time/step 12 h (accumulation time)
Crystallographic data
System Hexagonal
Space group P6smc
Z 2
Results of Rietveld refinement
PbFe, V504, PbFe, 1 V470011 PbFe,; V4401 PbFe, 75V4.25011
Cell parameters a = 5.7428(1) a=5.7413(1) a=5.7416(1) a=5.7414(1)
¢ =13.4372(2) ¢ = 13.4626(2) ¢ =13.4916(2) ¢ = 13.5094(2)
Volume (A3) 383.8 384.3 385.2 385.7
Number of reflections 107 102 102 102
Number of refined parameters 37 37 37 35
Zero-point (°20) —0.035(1) —0.060(1) —0.048(1) —0.049(1)
Profile function Pseudo-Voigt
n =0.19(1) n =0.14(1) n =0.10(1) n =0.16(1)
Halfwidth parameters U = 0.126(4) U =0.1254) U = 0.099(3) U =0.1154)
V =—0.242(8) V =—0.198(6) V =—0.198(6) V =—-0.222(8)
W =0.210(3) W =0.181(3) W =0.181(3) W =0.195(3)
Asymmetry parameters 0.09(3)-0.03(1) 0.13(3)-0.04(1) 0.15(3)-0.05(1) 0.17(2)-0.05(1)
Ry, 5.80 5.87 5.89 5.74
R, 4.33 4.42 4.46 4.35
Ry 3.82 4.69 6.03 5.47
Rprage 3.68 425 5.33 542
72 2.77 3.11 3.25 4.70
Ryp = [2wi 00 = ya)?/ 2, wivil3 Ry =Ylyi — yail/ 20

RF = Z‘ IFobs” - HFcach/ZlFobs‘;
1% = [Rup/Rexp)?

RBragg = lek - Iialcl/zlk

with the distortion of some polyhedra. The most outstand-
ing feature is the already observed off-centering of Pb**
within its cuboctahedron cage related to the P6smc space
group (1,7). This effect remains constant in the
PbFe, Vs _,0,; series with Pb—-O(1)/opposite Pb-O(3) dis-
tances ranging from 2.485(13)/3.036(14) for PbVsO,; to
2.599(7)/3.063(7) for PbFe; 15V, ,50;;. Hence, Pb?* is dis-
placed 0.35 A parallel to the ¢ axis from the pseudomirror
plane containing the O(2) atoms in PbV¢O,; while in the
substituted phases, this displacement corresponds to 0.31,
0.34, 0.27, and 0.27 A for x = 1, 1.21, 1.6, and 1.75, respec-
tively.

Figure 2 shows the crystal structure and iron occupancies
n the whole unit cell. The different site occupancies for
mixed-cationic compounds in the various crystallographic
sites are shown in Table 4 for several R-block iron sub-
stituted compounds. Our results clearly show that from the
lowest substitution rates, Fe** preferentially occupies the
bipyramidal M(4) site until a maximum occupancy of 64%

is reached for PbFe; (V. 4O;;. This result partially refutes
our previously reported PbFe; 55V, 5,504 crystal structure
assigning 100% occupancy of the M(4) site by iron (7), but
still explains the sudden increase of the ¢ parameter as
compared PbVsO{; (c =13.267(3) /OX) to PbFe,; V50,
(¢ =13.4372(2) A). The Fe®* introduction effect on the
¢ parameter was described in (7). M(4) species are displaced
from the equatorial O(2); plane toward the O(4) apex. This
displacement is emphasized for Fe** imparting a pseudotet-
rahedral character to M(4). It exaggerates the O(2);-M(4)
shift from 0.17 A for PbV4O,; to nearly equal 0.34, 0.31,
0.34, and 0.29 A for x = 1, 1.21, 1.6, and 1.75, respectively.
This displacement is responsible for longer opposite apical
distances M(4)-O(5) than those seen with PbVs0O,{, even if
the three short equatorial bonds M(4)-0O(2) (1.82 A in sub-
stituted phases) are nearly equal to the corresponding
V(4)-0O(2) bonds (1.826(7) /3;) in PbV¢Oy;. This result is in
agreement with the related structure SrFeVsO4; as deter-
mined by Rietveld refinement of its neutron powder pattern
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TABLE 2
Refined Atomic Parameters and Fe/V Occupancy for
PbFe,V;0,, (a), PbFe,,V,,0, (b), PbFe,(V,,0, (o),
PbFe, ;5V,,50,, (d)
Atom Site Occupancy x y z B (A?)
a 02270(4)  1.7(1)
Pb 2b) b 1 1/3 23 02243(5  2.21(11)
c 0.2296(4)  2.18(11)
d 02302¢4)  1.77(11)
a 1/0 05092) —0.5092) —0.015(3)
V(1)/Fe(1) 6(c)b 0.99(1)/0.01(1) 0.513(3) —0.513(3) 0.009(4) 0.5
¢ 097(3)/0.033) 0511(3) —0511(3) —0.002(5)
d 095(1)0.05(1) 05103) —0.5103) —0.002(5)
a 0.70(2)/0.30(2) 0.141(1)
VQ)/Fe(2) 2a@)b 059(1)/0.41(1) 0 0 01331) 05
¢ 0.582)/0.42(2) 0.155(2)
d 038(1)/0.62(1) 0.155(1)
a 0.84(2)/0.16(2) 0.348(3)
VG3)/Fe(3) 2Aa)b 0.73(2)0272) 0 0 03422) 05
¢ 055(2)/0.4502) 0.365(1)
d 0.58(1)/0.42(1) 0.370(8)
a 0.46(1)/0.54(1) 0.276(5)
V(4)/Fe(d) 2(b)b 049(1)0.51(1)  2/3 1/3 02731) 05
¢ 0.36(1)/0.64(1) 0.275(1)
d 0.44(1)/0.56(1) 0.272(6)
a 0.1750(5) —0.1750(5)  0.0765(4)  0.58(7)
o) 6(c) b 1 01721(5) —0.1721(5)  0.0782(1)  0.95(8)
c 0.1729(5) —0.1729(5)  0.0786(4)  0.54(7)
d 0.1742(5) —0.1742(5)  0.0776(5)  0.87(8)
a 0.1527(4) —0.1527(4) 0.69(8)
o) 6(c) b 1 0.1536(4) —0.1536(4) 3/4 0.96(8)
¢ 0.1534(3) —0.1534(3) 0.74(7)
d 0.1534(3) —0.1534(3) 0.84(8)
a 0.1683(6) —0.1683(6)  0.4219(4)  0.27(8)
O(3) 6(c) b 1 0.1718(5) —0.1718(5) 0.4205(4)  0.50(8)
c 0.1717(5) —0.1717(5)  0.4206(4)  0.49(8)
d 0.1713(4) —0.1713(4) 0.4230(4)  0.13(7)
a 04137(5)  0.61(13)
oW 2b) b 1 23 1/3 041305 0.72(13)
¢ 0.4158(6)  0.28(10)
d 041205  0.18(10)
a 0.0883(6)  1.17(15)
o) 2b) b 1 23 13 0.0868(6)  0.60(14)
c 0.0858(6)  0.30(14)
0.0862(6)  0.29(14)

by Kanke et al. (13), which revealed a 56% iron occupancy
for the same site. This preferential Fe(4) localization is
inherent to the Fe** species. Although this cation is readily
accomodated in a tetrahedral, triangular bipyramidal, or
octahedral coordination, Fe? " /Fe** solely fill the tetrahed-
ral [A] subarray of the Fe[ V.Fe,_ ]O, spinel, whatever the
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postulated distribution (14). A neutron powder diffraction
study (5) indicated that the M(4) sites of BaTi,Fe,O;; and
BaSn,Fe,O,; are occupied by Fe*" ions exclusively, sug-
gesting potentially the same results for PbFe,Vy_,O,4,
x > 4, materials that we did not obtain as single phases.

Furthermore, iron atoms indicate a statistical occupancy
in the M(2) and M(3) dimeric octahedra sites which in-
creases from 30 and 16% ratio for x =1 to 62 and 42.5%
ration for x = 1.75. Such an occupancy leads to an electros-
tatic repulsion between the M(2) and the M(3) dimeric
octahedra cations which increases with iron substitution:
M(2)-M(3) = 2.72(3), 2.78(5), 2.81(2), 2.82(3), and 2.90(1) A
for x =0, 1, 1.21, 1.6, and 1.75, respectively. This phenom-
enon cannot be explained in terms of ionic radii since six-
coordinated high spin Fe*>* (0.64 A) has an ionic radius
comparable to that of six-coordinated V*(0.64 A) (15). By
contrast, a more efficient electrostatic repulsion from peri-
pheral d° electrons of Fe** ions versus those of d* (V**) and
d? (V") might be considered. The existence of a V(2)-V(3)
metal-metal bonding that would be weakened by iron as an
impurity can also be suggested. The dimeric M(2)-M(3) sites
adopt a mixed content in all of the presented examples,
Table 4.

Finally, powder neutron diffraction performed on sub-
stituted phases and single-crystal X-ray diffraction refine-
ment for PbFe; ,5V,,50{; are in excellent agreement
concerning the M(1) octahedral layers that are almost solely
occupied by vanadium atoms for the four studied com-
positions. SrFeV;0O,; behaves similarly. As observed in
SrTiVsOy 4, SrTi; 5V, 5044, and SrCrVsO, 4, other doping
cations such as Cr** and Ti** can be slightly accommod-
ated by the M(1) site that always conserves a major
vanadium load (13). Valence sum calculations are not suit-
able for mixed sites and were not performed on M(2), M(3),
and M(4) sites but only on the M(1) octahedra layers using
Brown and Altermatt (16) data for V> and V** cations.
The results are given in Table 5. They indicate a mixed
V3*/V** valence within the layers in contrast to SrVsO;,
NaV¢Oq; (3), and PbV4Oy; (1), which mostly accommodate
V3" in the V(1) layers.

Mossbauer Spectroscopy

Maossbauer spectra obtained at room temperature for
the PbFe, Vs _,O; series are shown in Fig. 3. The refined
values of the hyperfine parameters are reported in Table 6.

These spectra reveal that the hyperfine structure is similar
for the four compositions and results only from the presence
of pure electric interactions. Each of them has been well
reproduced by considering at least four quadrupole compo-
nents of iron, labeled 1,2, 3, and 4 in Table 6.

— Contribution 1 presents an isomer shift value relative
to Fe-metal, which is, particularly for x =1 and 1.25
(IS = 0.55 mmy/s), too high for trivalent high spin iron and
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TABLE 3
Main Metal-Oxygen Distances (104) in PbFe,Vs_, 0, (x = 0-1-1,25-1,5-1,75) Phases from Neutron Rietveld Refinement

PbV(O,, from ref. (1) PbFe,V;Oy; PbFe, ;1 V47001, PbFe, ¢V, ,0,, PbFe, 75V, 5501,
290 K/2K

M(1) environment

2 M(1)-0O(1) 1.983(9) 2.073(25) 1.943(31) 2.007(40) 1.992(40)/2.0(2)

2 M(1)-0O(3) 1.913(9) 1.815(21) 1.967(36) 1.892(40) 1.881(39)/1.9(2)

1 M(1)-0O(4) 2.114(9) 1.992(22) 2.200(36) 2.081(40) 2.111(40)/2.0(2)

1 M(1)-0O(5) 1.998(10) 2.096(27) 1.857(35) 1.955(44) 1.956(44)/2.0(2)
M(2) environment

3 M(2)-0(1) 1.971(9) 1.942(9) 1.865(7) 2.008(12) 2.025(7)/2.001(10)

3 M(2)-0(2) 2.053(8) 2.114(14) 2.191(10) 1.998(14) 1.992(7)/2.001(10)
M(3) environment

3 M(3)-0(2) 2.007(8) 2.010(30) 1.970(13) 2.173(14) 2.229(8)/2.166(14)

3 M(3)-0(3) 1.924(9) 1.947(24) 2.006(11) 1.868(8) 1.846(5)/1.861(9)
M(4) environment

3 M(4)-0(2) 1.826(7) 1.830(3) 1.814(3) 1.821(2) 1.814(2)/1.822(3)

1 M(4)-0O(4) 1.960(16) 1.853(10) 1.882(11) 1.894(10) 1.890(10)/1.93(1)

1 M(4)-0(5) 2.259(16) 2.519(11) 2.509(11) 2.558(11) 2.511(11)/2.52(1)
Pb environment

3 Pb-0O(1) 2.485(12) 2.563(7) 2.537(7) 2.587(7) 2.599(7)/2.575(8)

6 Pb-0O(2) 2.903(4) 2.891(2) 2.894(2) 2.887(2) 2.886(2)/2.885(3)

3 Pb-0O(3) 3.036(13) 3.091(7) 3.092(7) 3.038(7) 3.063(7)/3.086(8)

Note. For x = 1.75, distances are given for both the 290 and 2 K studies. PbV,O,, distances were refined from single-crystal X-ray diffraction, Ref. (1).

too low for divalent iron. It can be attributed to an average
oxidation state of 2.75. The quadrupole splitting values are
very low and the relative proportion of this contribution
remains constant for x > 1.

— Contributions 2 and 3 have very similar IS values
(0.4 mmy/s), higher than that of site 1, and quadrupole split-
ting values which both give evidence for sixfold coordinated
trivalent iron (17). All these parameters are independent of x.

— The last contribution, labeled 4, corresponds to an
iron site with a low value of the isomer shift, in agreement
with that observed in other high spin Fe** oxides (18) and
a high value of the quadrupole splitting compared to the
preceeding contributions.

Using the results of our present neutron investigations,
we can now discuss the partitioning of iron atoms in the
different sites and compare them with previous Mossbauer
results obtained in studies of other oxides with R-type
hexagonal structure (4, 5).

The neutron diffraction results clearly show that the Fe®*
preferentially occupy the bipyramidal M(4) site and pro-
gressively and statistically the dimeric octahedra M(2) and
M(3), with the M(1) site being preferentially a vanadium
position.

Thus, we can consider that the Mdssbauer site (4), which
is the most populated, can be attributed to the M(4) site. On
the other hand, we know that the lowest isomer shift value
for a trivalent iron ion (0.30 mmy/s for this site) corresponds

to the lowest degree of coordination (18). In our compound,
this lowest degree is observed for the pentacoordinated
bipyramidal site, at variance from the others, which are in
octahedral positions. The high QS value (1.27 mm/s) indi-
cates a high asymmetry of the environment which can be
influenced by the presence of the lone pair near this site.

Sites 2 and 3 which present intensity ratios very close to
those obtained by neutron diffraction and typical for iron
octahedral sites (19) can be attributed to the M(2) and M(3)
sites.

For site 1, Mossbauer and neutron data are in agreement
only for x = 1.75. For x < 1.6, failure to agree is due to the
presence in the compounds of impurities, as evidenced by
neutron diffraction, which can give a Mdssbauer contribu-
tion corresponding to a high value of IS.

If we consider the hyperfine parameters obtained for
different sites in other related structures, e.g., BaFe,Ti,O,
(4), we can observe a good agreement for the IS (relative to
Fe-metal) and QS values. However, the largest QS value is
observed for the 4f position in the barium compound com-
pared to that of the equivalent M(4) site.

Low Temperature Crystal Structure

In order to access the possible magnetic structure of
PbFe; 75V4.,50;1, its neutron diffraction pattern was col-
lected at 2 K. The nuclear phase crystal structure was
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FIG. 1. Observed and calculated neutron diffraction profile for x = 1

refined from room temperature results. One must notice
the expected contraction of the a unit cell parameter,
ax = 5.7261(2) A, while ¢ astonishingly increases by lower-
ing the temperature with ¢, = 13.5579(3) A. The crystal
structure was satisfactorily refined in the P6;mc space group
in contrast to NaV4O,; that undergoes a two-step second
order-one order structural phase transition upon cooling:
hexagonal (P63;/mmc) — hexagonal (P63mc)— orthorhom-

90 110

2 Theta (deg.)

130 150

.21 at 290 K. A difference curve appears at the bottom of the figure.

bic (Cmc2;) at 245 and 35-40 K (20, 21). Fixing the Fe/V
displayed at 290 K, the final atomic parameters and reliabil-
ity factors are given in Table 7 and show a nearly unchanged
arrangement. One can notice the Pb temperature factor
lowering while M-O distances remain the same for the two
temperatures. Only the M(3) and M(4) environments are
sensibly modified, the apical M(4)-O(4) and M(4)-O(5) elon-
gations supporting the ¢ increase.

TABLE 4
Relative Transition Metal Occupancies in the Available Crystallographic Sites for Several AMO,, Oxides
BaTi,Fe,O, " BaSn,Fe,O,, StTiv;0,,” SrTi; sV, 50" StCrv,0,,* SrFeV,0,,*
M(1) 65% Fe, 35% Ti 74% Fe, 26% Sn 12% Ti, 88% V 13% Ti,87% V 15% Cr, 85% V 100% V
M((2) 52% Fe, 48% Ti 39% Fe, 61% Sn 24% Ti, 76% V 39% Ti, 61% V 23% Cr, 77% V 24% Fe, 76% V
MYy
M(4) 100% Fe 100% Fe 16% Ti, 84% V 35% Ti, 65% V 7% Cr, 93% V 56% Fe, 44% V
PbFe, V;Oy, PbFe; 1 V47601, PbFe; (V, 4014 PbFe; ;5V4,501,
M(1) 100% V 98.8% V, 1.2% Fe 96,7% V, 3.3% Fe 95,2% V, 4.8% Fe
(2) 70% V, 30% Fe 59.5% V, 40.5% Fe 58.5% V, 41.5% Fe 38% V, 62% Fe
M(3) 84% V, 16% Fe 73.5% V, 26.5% Fe 55.5% V, 44.5% Fe 57.5% V, 42.5% Fe
M(4) 46% V, 54% Fe 50% V, 50% Fe 36% V, 64% Fe 44% V, 56% Fe
“Ref. (4)
"Ref. (16)

“In the compounds with the P6;/mmc space group M(2) and M(3) are equivalent with a doubled multiplicity.
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TABLE 5
Valence Bond Sum Calculation for the V(1) Position Using V3* and V** Data from Ref. (16)

PbVeOy, [1] PbFe,; V5O, PbFe; 51 V47001, PbFe; V4401, PbFe; 15V4,501;
V3t 3.06 3.36 343 3.28 333
V4 342 3.75 3.66 3.66 37

Magnetic Features

As we have previously mentioned (7), dc magnetic suscep-
tibility measured following a ZFC-FC process shows
a strong onset of irreversibility between 50 and 80 K de-
pending on the x value of PbFe, Vs_,O; . This behavior is
sufficiently unusual as compared to the ferromagnetic
NaV¢O;; and metamagnetic SrV4,0;; responses (22) to
justify further investigations. Figure 4 shows the obtained
susceptibility versus T for ZFC/FC cycle measured at 1000
Gauss for x = 1.75. The broadness of the peak and crystal-
lographic considerations strongly suggest a freezing phe-
nomenon (7). It is well established that the two essential
microscopic ingredients of a spin glass are site disorder and
bond frustration (23, 24) which comforts the observed mag-
netic behavior because of the existing Kagomé sublattice
parallel to the (a, b) plane formed by the V(1) atoms. Thus,
PbVsO,; homologs are subject to strong bidimensional
frustration already observed in the RS type SrCro,Ga;, oy
O (25,26). V; triangles frustration concept was initially
developed for LiV,_,M,0, (M = Cr, Ti) and Li; VO,
(27) that brings informing features about the question. In the
present case, an interacting spin model was previously re-
ported taking account the existence of V3 trimers in the
Kagomé lattice (7). Low temperature hypothesis neutron
diffraction experiments were performed on PbFe; ;5
V4.250;; powder to validate the trial. As shown in Fig. 5,
the magnetic contribution appears below 150 K as weak
lines superposed on the Bragg peaks, essentially the 100 and
101 magnetic contributions were detected. Thus, long or at
least medium magnetic order range arises in the materials.
Therefore no satellite peaks were observed on patterns in-
volving the preservation of the nuclear unit cell for the

mm M(1) —= Vonly
" NS /N M@) —= VI Fe(max. 62%)

VAVAVA
NI

FIG. 2. PbFe,V¢_.0;, tridimensional polyhedra assembly and corre-
sponding V/Fe distribution.

magnetic structure. So, our previously supposed idea based
on alterning ferromagnetically ordered and frustrated tri-
angles (7) is partially refuted because of its subsequent
a parameter tripling. Furthermore, the weakness of mag-
netic contributions correlated to the complex crystal struc-
ture of R-blocks indicate the difficulty of the refinement
that, in the best way, would only lead to a plausible mag-
netic structure. The refinement problems are increased by
the mixed occupancy of magnetic crystallographic sites. The
magnetic structure was refined using the FULLPROF 97
and magnetic ions positions and occupancies from the nu-
clear phase with the spherical coordinates for the magnetic
moments (i, ¢, 0). In any case we chose to assign to each
atom of the R-block (x, y, z) the same magnetic moment and
orientation as its equivalent R* block (—y, —x, 3 + z). An
inversion of the spin direction from R to R* would drive an
AF structure and satellite peaks which are not observed.
Triclinic symmetry was used to take into account the M(1)
split into three independent M(1), ;. atoms. Several different

TABLE 6
Mbossbauer Data for PbFe V,_.O,, Phases at 300 K
LS. Q.S re % Fe % Fe
(mmy/s) (mmy/s) (mm/s) (neutron)
b Site (£001)  (£002) (£002) (+4) (>=+7)
1 M(1) 0.52 0.32 0.37 20 0
M(2) 0.41 0.40 0.22 13 30
M) 0.40 0.68 0.24 21 16
M(4) 0.32 1.27 0.29 46 54
121 M) 0.59 0.32 0.32 15 2.5
M(2) 0.41 0.40 0.24 25 33.3
M(3) 0.39 0.66 0.24 22 21.7
M(4) 0.31 1.28 0.27 38 42.5
1.6 M(1) 0.45 021 0.25 13 55
M(Q2) 0.42 045 0.24 28 26.4
M@3) 0.40 0.70 0.24 23 28.1
M(4) 0.31 1.29 0.27 36 40
175 M() 0.44 0.17 0.26 13 8.5
M(2) 0.42 0.41 0.25 24 354
M(3) 0.39 0.65 0.26 29 24.1
M(4) 0.30 1.29 0.28 34 32.0

Note. The intensity ratio for each iron site is compared to that obtained
from the neutron diffraction data.
“1.S., isomer shift relative to Fe metal at 300 K.
b P i
Q.S., quadrupolar splitting.
‘T, linewidth at half height.
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FIG. 3. Maossbauer spectra of PbFe,Vy_,O;; with their refined
x values at 300 K, with fits of four individual Fe sites.
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FIG. 4. ZFC/FC susceptibility and inverse susceptibility vs T(K)
showing the onset of a strong irreversibility for PbFe; ;5V4.,504;.

spin models were tested with Ry,,., never lower than 20%.
Only two succesful attempts will be described considering
their magnetic reliability factor. It is noteworthy that refin-
ing the moments for each ion did not converge and a step by
step orientation procedure makes it possible to reach a re-
finement minimum. In the first fair model, Ryae, = 13.6%,
M(2), M(3), and M(4) are assorted with a spin up 1 parallel
to the ¢ axis, while M(1)a, M(1)b, and M(1)c are ferrimag-
netically ordered (two spins up 1, one spin down |). This
would lead to a ferrimagnet with ¢ as the easy axis. Further-
more, each independent magnetic moment was refined be-
low its expected values. Therefore, this arrangement remains
to be taken in consideration. We preferred to above,
a model yielding the same R,,q, = 13.6%, in which M(1),,
M(1),, and M(1), spins are aligned in the (a, b) plane rotated
120° from each other. M(2), M(3), and M(4) are still assorted
with a spin up T (Fig. 6). Nevertheless, the refined u values
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#

& [
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T=2K | /1
A 4 o
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FIG.5. Low angles 20 domain for x = 1.75; the magnetic contribution
weakly appears at 70 K superposed on Bragg peaks.
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FIG. 6. Refined magnetic structure, Ry, = 13.6% for x = 1.75 from
the 2 K neutron data.

are very low as compared to the theorical values of 1, 2, and
5uB for V**, V3* and Fe*", respectively, Table 7. This
model displays a strong frustration over the M(1) Kagome
sublattice. The calculated magnetic intensities of 00/ reflex-
ions are calculated to null be despite the Kagome lattice
momentum perpendicular to their scattering vectors. A me-
dium range order could justify the low value refined for the
magnetic moments. The refinement of an average magnetic
moment for all M(1), M(2), M(3) and M(4) species yield
Uglobar = 1.063 pB. Low temperature Mossbauer spectro-
scopy and ac susceptibility measurements are currently un-
der investigation to comfort our results.

TABLE 7
Refined Atomic Coordinates and Spin Moment (g, for average
V3*/V** and g, for Fe**) and Orientation for the Magnetic
Phase of PbFe, ,.V,,0,, at 2K

X y z Spin /1
V(l)a 0.511(3) —0.511(3) —0.004(4) A 0.3(1)/1.06(9)
V()b 0.511(3) 1.022(3) —0.004(4) AN 0.3(1)/1.06(9)
V(1)e —0.022(3) —0.511(3) —0.004(4) ‘A 0.3(1)/1.06(9)
V(2)/Fe(2) 0 0 0.153(1) T 2.01(9)/1.06(9)
V(3)/Fe(3) 0 0 0.364(1) T 0.4(1)/1.06(9)
V(4)/Fe(4) 2/3 1/3 0.274(1) T 0.8(1)/1.06(9)

Note. A, Spins are aligned parallel to the (a, b) plane and turned 120°
from each other. u; and u, are the refined magnetic moment independently
and with a same value for all positions, respectively.
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