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The oxide chloride arsenite PrsO4CIl[AsO3], was obtained as green crystals as a by-product of
the synthesis of PrOT As oxide arsenides (7 = late transition metal), starting from PrgOq, a transi-
tion metal oxide, arsenic, and an NaCl/KCI flux. PrsO4CI[AsO3], crystallizes with the monoclinic
NdsO4CI[AsO3],-type structure, space group C2/m. The structure was refined from single-crystal
diffractometer data: a = 12.4943(15), b = 5.6884(13) ¢ = 9.0776(19) A, B = 116.61(1)°, R(F) =
0.0264, wR(F?) = 0.0509, 542 F? values, and 52 variables. It is built up from corrugated layers of
edge- and corner-sharing [OPr4]'9* tetrahedra, which are connected via chloride anions. The space
between the layers is filled by these C1~ and discrete arsenite anions [AsO3]3~ with lone pairs point-
ing towards each other. The network of condensed [OPr4]10+ tetrahedra is compared with the dif-
ferent arrays in the oxide pnictides a-PrOZnP, and in 3-PrOZnP. Arsenic lone pair energy bands,
main interactions, and the spatial distribution were identified precisely using density functional the-
ory (DFT). Among the three crystallographically different sites for praseodymium, one was found

non-magnetic in these calculations.
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Introduction

Rare-earth metal(Ill) oxide pnictides REOTPn
(RE = rare-earth element; T = late transition-metal;
Pn = P, As, Sb) with the tetragonal ZrCuSiAs-type
structure have attracted tremendous interest in the last
two years due to their interesting magnetic, optical,
and superconducting properties. Overviews are given
in recent review articles [1—7]. Besides ceramic syn-
thesis techniques starting from the rare-earth metal
monopnictides and the transition metal oxides, various
flux techniques, i. e. iron arsenide self-flux, tin flux, or
halide flux mixtures, have been used for the growth of
single crystals [2].

During our systematic studies of magnetic and op-
tical properties of REOTPn materials [§—12] we re-
peatedly used NaCl/KCl fluxes for sample prepara-
tion. During synthesis attempts for PrORuAs [13] sam-
ples we obtained a by-product in the form of green

transparent crystals. The structure determination re-
ported herein has revealed that our by-product was
Pr;04Cl1[AsOs3],. This oxide chloride arsenite is iso-
typic with the recently reported neodymium compound
NdsO4CI[AsO3], [14].

Experimental Section
Synthesis

The title compound was first obtained as a by-product
during synthesis attempts for PrORuAs for physical prop-
erty measurements. PrsO4Cl[AsO3], was then prepared by
solid-state reaction from a mixture of re-sublimed arsenic
(Sigma-Aldrich, > 99.999 %), praseodymium oxide PrgOy
(Chempur, PrgO11, > 96 %) and a dried equimolar salt flux
NaCl (Merck, > 99.5 %) / KC1 (Chempur, > 99.9 %) with a
2:1:6 molar ratio. The mixture was put in an alumina tube,
which was sealed under vacuum in a secondary silica tube.
To ensure a total reactivity of the arsenic and to avoid its sub-
limation, the tube was heated at 500 °C for 24 h and at 600 °C
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Fig. 1. SEM images of the PrsO4CI[AsOs3]; single crystal
used for the XRD data collection (top) and the by-product
PrOCI (bottom).

for 12 h, then annealed at 900 °C for 72 h. After washing the
mixture with distilled water, we obtained a green powder,
which mainly consisted of praseodymium sesquioxide (A-
type). This powder was then mixed again with salt flux and
heated at 850 °C for 4 d. With a relatively fast decrease of the
temperature at a rate of 20 °C h~! down to r.t., we obtained
a few needle-shaped crystals of PrsO4CI[AsOs3],, which are
transparent with green color. Oxidation of arsenic proceeds
via PrgOq; with an almost fully tetravalent praseodymium
content.

EDX data

Semiquantitative EDX analyses of many crystals includ-
ing the one investigated on the diffractometer (Fig. 1) were
carried out with a Leica 4201 scanning electron microscope
with PrF3, GaP, and KCI as standards. The experimentally
observed compositions were close to the composition
obtained from the single-crystal refinement. On the surface

Table 1. Crystallographic data and structure refinement for
PrsO4CI[AsO3],.

Formula PrsO4CI[AsOs];
Mw, g mol ! 1049.8

Crystal color green

Crystal shape block
Temperature, K 293(1)

Crystal system monoclinic
Space group C2/m

Lattice parameters

a, A 12.4943(15)

b, A 5.6884(13)

¢ A 9.0776(19)

B, deg 116.61(1)

V, nm’ 0.5768(2)

VA 2

F(000), e 916

Density calcd., g cm™3 6.04
Diffractometer Stoe IPDS IT
Monochromator oriented graphite
Radiation; 1, A MoKy; 0.71073
Scan mode multi-scan

hkl range +18; £8; +12
Omin / Omax, deg 3.65/31.88
Linear absorption coeff., mm~! 26.7
Absorption correction Gaussian

Tmin / Tmax 0.309/0.748
No. of reflections 3548

No. of independent reflections 542

Rint 0.096
Reflections used [1 > 206(1)] 419
Refinement F?

No. of refined parameters 52

R factors R(F)/wR(F?) 0.0264/0.0509
g.o.f. 0.85

Weighting scheme w = 1/(c>(I) + 0.00091%)
Diff. Fourier residues, e~ /A’ —0.78/+0.87

of the crystals, some traces of sodium, potassium, and
aluminum compounds which are due to the considerable
reactivity of the alumina tube with the NaCl/KClI salt flux
were observed.

X-Ray diffraction

At each reaction stage, the polycrystalline sample was
characterized by a Guinier pattern (imaging plate detector,
Fujifilm BAS-1800) with CuK ¢ radiation and o-quartz (a =
491.30, ¢ = 540.46 pm) as an internal standard. This allowed
us to identify at least two phases. The major phase corre-
sponds to the praseodymium sesquioxide (A-type), and the
minor phases correspond to the title compound and PbFCI-
type PrOCI. Both crystal types could be easily distinguished
by their shape (Fig. 1).

A crystal suitable for single-crystal X-ray diffraction was
selected on the basis of the size and the sharpness of its
diffraction spots as obtained by Laue photographs on a
Buerger camera (using ‘white’ Mo radiation). The data col-



H.B. Yahia et al. - Condensed [OPr4]'%* and Discrete [AsO3]3~ ¥!-Tetrahedra in PrsO4CI[AsO3],

551

Table 2. Atom positions and equivalent isotropic displace-
ment parameters (Ueq in pmz) for PrsO4CI[AsO3]s. Ueq is
defined as one third of the trace of the orthogonalized Uj;
tensor.

Table 3. Anisotropic displacement parameters (Uj; in pm?)
for PrsO4CI[AsO3],. The anisotropic displacement fac-
tor exponent takes the form: —2m2[(ha*)2Uiy + ... +
2hka*b*Uys).

Atom W.-position x/a y/b zlc Ueq Atom Uy Uy Uiz U Uiz Uy
Prl 2a 0 0 0 89(13)  Prl 60(14) 110(20) 134(19) O 77(12) 0

Pr2 4i 0.25036(7) O 0.86644(9)  67(2) Pr2 53(3) 74(3) 803) O 36(2) O

Pr3 4i 0.50029(5) O 0.29295(5) 61(2) Pr3 50(2) 75(3) 542) O 202) O

Cl 2¢ 0 0 172 130(50) ClI 190(80) 20(8) 406) O —70(40) 0

As 4i 0.21599(13) 0 0.39048(14) 60(4) As 44(6) 83(6) 324) O —2(4) 0

(0)] 8j 0.1200(4)  0.2529(10) 0.9161(5) 71(14) 01 42(19) 80(30) 91(15) —6(17) 26(15) 31(16)
02 4i 0.3569(7) O 0.3961(8)  180(30) 02 90(30) 310(50) 12030) O 2030) O

03 8 0.3580(4)  0.2666(10) 0.7523(5) 88(15) 03 90(20) 60(20) 70(15) 10(2) 2(16) 14(15)

lection was then carried out on a Stoe IPDS II diffractometer
using MoKy, radiation. Data processing and all refinements
were performed with the JANA2006 program package [15].
A Gaussian-type absorption correction was applied, and the
shape was determined with the video microscope of the Stoe
CCD. Details about the data collection are summarized in
Table 1.

Structure refinement

The extinction conditions observed for PrsO4CIl[AsO3],
were compatible with space group C2/m. The heavy-atom
positions were found using the superflip program integrated
in JANA2006 [15,16]. The use of difference Fourier syn-
theses allowed us to localize the oxygen atom positions.
With anisotropic displacement parameters for all positions,
the residual factors converged to the values listed in Ta-
ble 1. A literature search readily revealed isotypism with the
recently reported neodymium compound NdsO4CI[AsO3],
[14]. In the final cycles, the PrsO4CIl[AsO3], structure was
refined with the same setting. The refined atomic positions
and anisotropic displacement parameters (ADPs) are given
in Tables 2 and 3. Interatomic distances and bond valence
sums [17] are listed in Table 4.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-421438.

Computational details

Electronic structure calculations were achieved within
density functional theory (DFT) and the all-electron,
full-potential augmented plane wave plus local orbitals
method (APW+lo) [18, 19], as implemented in the WIEN2K
code [20]. The generalized gradient approximation (GGA)
by Perdew, Burke and Ernzerhof [21] was used for the
exchange-correlation energy. To account for the localized
character of Pr-4f orbitals, a Hubbard U correction term was
added according to the self-interaction corrected scheme
(SIC) by Anisimov et al. [22], with parameters U = 0.5 Ryd
and J = 0.05 Ryd. The plane-wave cutoff was set to Ryt X
Kmax =7, and a 24-points mesh was used to sample the irre-
ducible wedge of the the Brillouin zone. Atomic sphere radii
were set to 2.3 au, 2.5 au, 1.63 au and 1.65 au for Pr, Cl, As
and O, respectively. The partition of the electron density was

Distances BV Distances BV Table 4. Interatomic distances
Pr1-O1 (4 x) 2.434(6) 0.451 As-02 1.73909) 1.145 (d in A), angles (£ in deg) and
Pr1-03 (4 x) 2.528(4)  0.349 As-03 (2 x) 1.796(5)  0.984 bond valence sums BVS [17]
(2.481) BVS [8]=3.2 (1.777) BVS [3]=3.11 for PrsO4CI[AsOj3],. The coor-
angles dination numbers are given in
Pr2-01 (2 x)  2.362(6) 0.544 02-As-03 (2 x)  102.0(2) square brackets.?
Pr2-01 (2 x)  2.373(5) 0.530 03-As-03 95.4(2)
Pr2-03 (2 x)  2.536(6) 0.340 (99.8)
(2.424) BVS [6] =2.83
Pr2-Cl1 3.395(2) 0.091
BVS [7]=2.92
Pr3-01 (2 x)  2.298(5) 0.651
Pr3-02 2.364(10) 0.544
Pr3-03 (2 x)  2.500(6) 0.375
Pr3-02 2.577(6) 0.304 a BV = e(M0-7/b with the follow-
(2.423) BVS [6]=2.9 ing parameters: b = 0.37, ro(Pr!t-
Pr3-Cl (2 ><) 3410(1) 0.088 O) =2.138, Fo(ASIH—O) =1.789 and
BVS [8] =3.08 ro(Pr—Cl) = 2.509.
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Fig. 2. Projection of the crystal structures of Pr;O4Cl-
[AsOs], (top) and PrORuAs (bottom) along the short unit
cell axes (color online).

achieved according to Bader’s “Atoms in Molecules” theory
[23], as implemented in the WIEN2K code.

Discussion

PrsO4CI[AsO3], is isotypic with the recently
reported neodymium compound NdsO4Cl[AsO3],
[14]. Due to the lanthanide contraction we ob-
serve slightly larger lattice parameters for the
praseodymium compound. The striking structural mo-

¢ down

\|H||

a-PrOZnP

tifs in the PrsO4CI[AsO3]; structure are slightly dis-
torted, oxygen-centered tetrahedra of praseodymium
atoms with Pr—O distances ranging from 2.298 to
2433 A. As emphasized in Figs. 2 and 3, these
[OPr4]'9t tetrahedra share common edges and corners
in the a and common edges in the b direction, leading
to corrugated layered networks.

Similar Pr—O distances occur in the two modifica-
tions of PrOZnP [8], i.e. 4 x 2.33 A in a-PrOZnP
(ZrCuSiAs type) and 1 x 2.36 and 3 x 2.39 Ain B-
PrOZnP (NdOZnP type). In these oxide phosphides
the [OPrs]'%t tetrahedra exclusively share common
edges within planar layers, and they are well separated
by the layers of likewisely edge-sharing [ZnP4;]'0~
tetrahedra. The different connectivity patterns of the
[OPrs]'9 tetrahedra in a-PrOZnP, B-PrOZnP, and
PrsO4Cl[AsO3], are compared in Fig. 3.

The stacking of the different structural units of
PrsO4Cl[AsO3], and ZrCuSiAs-type PrORuAs [13]
are presented in Fig. 2. In PrORuAs both iso-
topologically condensed layers of 2{[OPr, 41"} and

Z{[RuAsy/4]"} tetrahedra are planar, and conse-
quently we observe a simple AB AB stacking se-
quence. In the PrsO4CI[AsOs]; structure we have two
different anionic units separating the layers of con-
densed [OPr4]'%* tetrahedra, i. e. chloride and arsen-
ite anions. The ¥!-tetrahedral [AsO3]3~ units are ar-
ranged pairwise between the [OPr, /4]+ layers (Fig. 2).
The lone pairs of the [AsO3]3~ anions point towards
each other, and always two [AsO3]°~ units are re-
lated by a two-fold axis. To achieve a dense pack-
ing of these polyhedral units, a planar slab of con-
densed [OPr4]'%* tetrahedra is no longer possible.
Thus we observe corrugated networks of edge- and
corner-sharing [OPr4]'%* tetrahedra with the compo-
sition 2 {[O4Prs]""} instead of Z{[OPry 4]"}.

The three crystallographically independent praseo-
dymium sites have coordination numbers of 7 or 8. The

Fig. 3. The different
condensation motifs of
[OPr,]10+ tetrahedra
in the structures of
a-PrOZnP, [-PrOZnP,
and PI‘504C1[ASO3]2.
The motif observed
for «a-PrOZnP is also
present in the chloride
oxide PrOCI.

Pr504CI[AsO3],
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DOS

e

Fig. 4. Normalized partial density
of states (DOS), calculated by
the APW+lo/GGA+U method,
for Pr504CI[AsO3],. Normaliza-
tion was achieved by dividing the
DOS values by the total multi-
plicity of each atomic species.

BE:

E-Er (eV)

corresponding interatomic distances and bond valence
sums [17,24] are listed in Table 4. For further details
concerning the coordination patterns we refer to the
original work on the prototypic NdsO4CI[AsOs], [14].

Chemical bonding analyses

Fig. 4 shows the calculated spin-resolved density of
states (DOS) for PrsO4CI[AsO3],, using our crystal-
lographic data as input. Pr-4f states largely dominate
at the bottom of the conduction band, while the va-

4s

DOS

E-E (eV)

Fig. 5. Partial DOS for As-4s (shaded) and -4p orbitals
(dashed line), calculated by the APW+lo/GGA+U method,
for Pr5sO4CI[AsO3],. Only one spin channel is shown, since
majority and minority spin channels have almost identical As
partial DOS.

5 Top: majority spin. Bottom: mi-
nority spin.

lence bands exhibit a much more hybridized charac-
ter. The As-4s band is found around 9 eV below the
Fermi level (EF), strongly mixed with oxygen despite
the rather low energy. The main valence band stack is
divided into three blocks: i) O-2p states mixed with As-
4p states lie within a 2 eV-wide energy range, around
—4.5 eV, ii) the main body of the valence band, be-
tween —3.5 and —0.5 eV, has both CI-3p, O-2p and
Pr-4f character, and iii) a set of two very narrow bands
between —0.5 eV and Ef, with Cl, As and O character.

As shown in Fig. 5, the As states are found apart of
the valence band main body. The 4s character is natu-
rally the main contribution to the band at —9 eV, but
is also participating significantly in states close to the
Fermi level. Thus, as seen in Fig. 5, the two narrow
energy bands immediately below Ef correspond to a
perfect hybridization of As-4s and -4p orbitals, i.e. a
4sp hybrid-orbital identified here as the As “lone pair”.
However, although the 4sp hybrid orbital contribution
is unambiguously identified in these two bands below
EF, the partial DOS for O-2p (in both bands) and Cl-3p
states (in the upper occupied band) is also significant;
therefore, the 4sp lone pair is, in fact, strongly interact-
ing with O-2p and CI-3p orbitals.

As an illustration, Fig. 6 shows the calculated elec-
tron density in the ac plane (y = 0) for the two narrow
bands below Eg. The signature of As-4sp, Cl-3p and O-
2p orbitals is clearly visible, with comparable magni-
tudes, and shows clear antibonding 4sp-2p versus non-
bonding 4sp-3p interactions. For the same bands, the
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Fig. 6. Electron density isoline plots (logarithmic scale) in
the ac plane (y = 0) calculated by the APW+lo/GGA+U
method, for PrsO4CI[AsO3],. Top: total electron density.
Bottom: electron density for the two bands of As-4sp charac-
ter, immediately below E. The 4sp orbitals interact in an an-
tibonding manner with both O-2p and Cl-3p orbitals. Dashed
line: projection of the perpendicular window used for the
electron density plot in Fig. 7.

Fig. 7. Isoline plot (logarithmic scale) of the electron den-
sity in a plane perpendicular to (010), passing through two
neighboring As atoms, for the two bands of As-4sp character
(“lone pairs”).

electron density in the plane perpendicular to the ac
plane, and passing through As atoms (y = 0 and y =

1/2), shows an antiparallel, non-bonding arrangement
of As-4sp hybrid orbitals (Fig. 7).

The plots of total electron density in the ac plane
(y = 0) (Fig. 6) emphasizes the pronounced cova-
lency of the As—O bonds. Pr—O interactions appear as
slightly bonding, whereas the Cl atoms form very ionic
bonds with both Pr and As atoms, as expected.

According to Bader’s “Atoms in Molecules” the-
ory [23], the atomic net charges are calculated by in-
tegration of the electron density in atomic basins, af-
ter identification of zero-flux surfaces of the density.
This non-ambiguous partition procedure nonetheless
leads to non-integral charges; the departure from for-
mal charges roughly corresponds with the covalent
character of the chemical bonding. Here, we found net
charges of +2.1,+1.7, —0.8 and — 1.3 |g.| for Pr, As, Cl
and O, respectively. These charges are to be compared,
for example, with those found for Li3[AsOy4] within the
same calculation procedure: +0.90, +2.73, —1.35 for
Li, As and O, respectively [25]. In PrsO4CI[AsO3],,
the Bader charges correspond to Pr3+, As3+, Cl™
and O%>~. The differences between Bader and formal
charges correspond with the respective degrees of co-
valency of the As—O, Cl-O and Pr-O bonds seen from
the electron density plots.

By integration of the partial DOS up to the Fermi
level, net magnetic moments of 1.96, 1.96 and 0 up
found in Pr1, Pr2 and Pr3 atomic spheres, respectively.
By adding the contribution of interstitial space, the Prl
and Pr2 magnetic moments are expected to lie close
to 3 ug. However, the striking fact that Pr3 is found
non-magnetic remains an open issue; from the chem-
ical bonding viewpoint, we did not find any specific
features for the Pr3 site in this study. However, such
behavior has been observed for NdCo,P, [26], where
every other neodymium layer shows no magnetic or-
dering.
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