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This paper describes the low-temperature nuclear and magnetic structures of La,O,Fe,OSe, by analysis of
x-ray and neutron diffraction data. The material has been demonstrated to order antiferromagnetically at low
temperatures, with 7y=~90 K a propagation vector of kz(%O%), resulting in a spin arrangement similar to
that in FeTe, despite there being no apparent lowering in symmetry of the nuclear structure.
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I. INTRODUCTION

There has been significant recent interest in mixed anion
materials due largely to the discovery of superconductivity in
layered oxypnictide systems.'”> Work on oxychalcogenides
has uncovered materials with interesting magnetic and opti-
cal electronic properties, such as LaOCuS, which has been
demonstrated to be a transparent p-type semiconductor, emit-
ting blue light on excitation at room temperature.*> These
mixed anion materials often crystallize with layered struc-
tures, allowing separation of the oxide and chalcogenide/
pnictide ions. A review of the structures and properties of
different layered oxychalcogenide and oxypnictide materials
has been given by Clarke et al.®

In this paper we describe the low-temperature structural
and magnetic properties of the mixed anion material,
La,0,Fe,0Se,, Fig. 1(a).” This material, such as LaOCuS
and the LaOFeAs superconductors, contains layers of edge-
sharing La,O tetrahedra. These are separated from [Fe,0O]**
layers by Se?” ions, which complete a square antiprismatic
coordination of La3*. The [Fe,0]** transition-metal layers
are a rare example of the anti-CuO, type and can also be
described as a network of face-sharing octahedra, where the
transition-metal-centered octahedron is made up of two axial
oxide ions and four equatorial selenide ions. This material,
and its oxysulfide analog, have semiconducting properties
and have been described as Mott insulators.® A large
temperature-independent contribution to their magnetic sus-
ceptibility with a broad maximum around 100 K, suggests
antiferromagnetic (AFM) ordering at low temperature. Other
[M,0O] containing materials include Na,Pn,Ti,O and a re-
cently reported family where the Na* ions have been re-
placed by [A,0,]** fluorite layers.®”!" These materials ex-
hibit anomalous transitions in magnetic susceptibility and
electrical resistivity, corresponding to charge-density-wave/
spin-density-wave instabilities; magnetic ordering has not
been  observed from  neutron-powder  diffraction.
Na; ¢Cu,Se,Cu,0 is also structurally related to these materi-
als, and contains layers of edge-sharing Cu,Se tetrahedra
separated from square-planar Cu,O layers by Na* ions.!?

To the best of our knowledge low-temperature neutron-
diffraction experiments to study magnetic order in
La,0,Fe,0Se, have not been reported, however, theoretical
studies of the material have suggested two possible struc-
tures, denoted AFM1 and AFMG6 (see later, Fig. 6), depend-
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ing on the magnitude of U (where U is the Mott-Hubbard
interaction energy).® Studies on the B,F,Fe,00Q, (B=Sr and
Ba; O=S and Se) family, which also contains square-planar
[Fe,OJ** layers, suggest magnetic ordering occurring at 84
(neutron data) and 95-97 K (susceptibility data) for
Ba,F,Fe,0Se, and Sr,F,Fe,0Se,, respectively.!’> Neutron
data suggest an incommensurate structure for Ba,F,Fe,OSe,,
though no detailed magnetic structures were published. Cal-
culations, again, showed the AFM1 and AFM6 arrangements
to be the most stable.

II. EXPERIMENTAL

La,0,Fe,0Se, for this study was prepared from stoichio-
metric amounts of La,O5 (Sigma-Aldrich, 99.9%), Fe (Ald-
rich, 99.9+ %), and Se (Alfa-Aesar, 99.999%). The resulting
powder was pressed into a 5-mm pellet and placed inside a
7-mm high-density alumina crucible. This was sealed in a
quartz ampoule under vacuum and heated in a furnace with
the following routine: ramp to 600 °C at 1°min~! and dwell
for 12 h, ramp to 800 °C at 0.5°min~! and dwell for 1 h,
ramp to 1000 °C at 1°min~! and dwell for 12 h. After this
the furnace was allowed to cool to room temperature. Analy-
sis of the product by powder x-ray diffraction (XRD) con-
firmed that the correct phase had been obtained. This routine
was slightly different to that employed by Mayer et al.,” as
single crystals of the material were not targeted.

Neutron diffraction (ND) data were collected using the
high resolution powder diffractometer (HRPD) at ISIS over a
time of flight window of 10-210 ms (d=0.2-16.4 A) from
12-300 K, with the sample mounted in a 5-mm vanadium
slab can, for a total of 66 wAh.'* X-ray data were collected
over the sample temperature range using a Bruker d8 Ad-
vance diffractometer, with a LynxEye silicon strip detector,
from 5°—120° 26 with a step size of 0.021° and collection
time of 8 s per step; sample temperature was controlled using
an Oxford Cryosystems PheniX CCR cryostat."> Neutron
data were analyzed over data ranges of 15-200 ms for each
of three neutron banks, and 20° —120° 26 for the x-ray data.
Combined x-ray and neutron refinements were performed in
GSAS for the 300 and 12 K data collections.'®!” A total of 84
variables were refined for the 300 K data (two cell param-
eters, two atom coordinates, five isotropic thermal-
displacement parameters, and 45 background parameters)
(XRD=12; ND 168° =12, 90° =12, and 30° =9), nine terms
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FIG. 1. (Color online) (a) Nuclear structure of La,0,Fe,0Se, and (b) Rietveld refinement of the nuclear model of La,0,Fe,0Se, at 300
K; La=white, O=red, Se=green, and Fe=blue. Data shown in (b) are from the HRPD backscattering bank (the observed pattern is in blue,

calculated in red, and the difference in gray).

for time-of-flight x-axis calibration (3 per ND bank), three
absorption correction terms (I per ND bank), a zero error
term (XRD), four scale factors (1 per data set), and 13 profile
coefficients (four XRD, 3 per ND bank). A total of 85 vari-
ables were used for the 12 K data (the additional parameter
arising from description of the Fe>* moment). Variable tem-
perature data shown were collected at HRPD with 6 K inter-
vals for 2.5 wAh, and analyzed using two techniques, the
SEQGSAS routine in GSAS, and in TOPAS Academic using the
local program MULTITOPAS.'0-1°

III. RESULTS AND DISCUSSION

The structure was confirmed at room temperature by com-
bined Rietveld refinement [Fig. 1(b)] of x-ray and neutron
data, and results are given in Table 1.'%17-20 Refinement of
occupancies on individual sites, using a fixed La** occu-
pancy, confirms the expected composition of the material at
300 K (site occupancies refining to La,Og704)
Fe| 990(2)00.999(4)S€1.980(4))- Refinement results were similar to
those reported from single crystal studies by Mayer, although
our results suggest a large thermal displacement of O(2),
relative to other atoms.” Refinements using anisotropic
thermal-displacement parameters suggest that this is due to a
large Us; contribution, perpendicular to the [Fe,O]** layers.
Refinement of variable temperature neutron data [Fig. 2(c)]
show that the apparent Us; for O(2) is systematically higher
than that of other sites at all temperatures.

On cooling the sample below 90 K, extra peaks became
visible in the 90° and 30° banks of HRPD data, at d spacings
of 3.01, 3.27, 3.50, 3.62, 4.44, 5.48, and 6.78 A, that are not
present in the x-ray data [Figs. 3(a) and 4], consistent with
magnetic ordering of the Fe?* ions. These peaks were in-
dexed using a cell with dimensions 2a X a X 2¢, indicating a
magnetic propagation vector of k=(%0%). Plots of the
nuclear cell parameters are shown in Figs. 2(a) and 2(b). The
a parameter shows a continuous contraction (with perhaps a

hint of discontinuity at around 90 K) while the ¢ parameter
shows a marked discontinuity at ~90 K. This is emphasized
in Fig. 2, where both cells have been fitted using an Einstein
model of thermal expansion. Only data above 105 K were
used for ¢ so the equated 6 of 211(4) K is dominated by the
a axis data.’! The thermal displacement parameter of the
O(2) ion is observed to decrease continuously on cooling, in
particular the Us; parameter. These results can be seen in
Fig. 2(c), where each atom has been modeled anisotropically
and the Us; values have been plotted as a function of tem-
perature. The high Uj; of O(2), corresponding to displace-

TABLE I. Results from combined x-ray/neutron Rietveld refine-
ments of La,O,Fe,0Se, at 300 and 12 K with single crystal values
from the literature for comparison.

Mayer et al. (Ref. 7) T=300 K T=12 K
Space group 14/ mmm 14/ mmm 14/ mmm *
a (A) 4.0788(2) 4.084466(9) 4.075725(6)
¢ (A) 18.648(2) 18.59798(7) 18.53719(5)
v (A%) 310.24 310.268(2)  307.931(1)
Laz (c) 0.18445(5) 0.18438(3)  0.18407(2)
Se z (c) 0.09669(9) 0.09624(3)  0.09618(2)
La Uy, (100X A?) 0.68(4) 0.456(8)  0.052(4)
Fe Uy, (100X A2) 1.96(15) 0.785(8)  0.186(4)
Se Uy, (100X A2) 1.06(6) 0.575(9)  0.090(4)
0(1) Uy, (100X A2) 1.0(4) 0.60(1) 0.249(7)
0(2) Uy, (100x A?) 1.3(8) 1.31(3) 0.33(1)
Fe M, (ug) 2.82(3)
Ry, (%) 4.96 3.95
X 1.118 1.903

“The magnetic contribution to the data was modeled as a separate
phase with the magnitude and direction of the moments constrained
using the AFM3 model (see later).
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FIG. 2. (Color online) Plots showing the effects of temperature on the (a) @ and (b) ¢ cell parameter, (c) Us; values for all sites, and (d)
the parameter used to describe strain broadening; solid lines in (a) and (b) use a simple Einstein model of thermal expansion (see text).

ment above and below the [Fe,O]** plane, could indicate a
local distortion of Fe-O-Fe bond away from 180°.

In the structurally similar pnictide superconductors, as
well as in FeSe and FeTe, structural transitions from tetrag-
onal to orthorhombic or monoclinic symmetry occur at or
around Ty."?>?8 Despite the use of high-resolution neutron
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(HRPD instrumental resolution Ad/d~4x10"* A) and
x-ray data, we see no evidence of peak splitting at low tem-
perature. We note, however, that there is weak evidence of a
discontinuity in the parameter used to describe peak shape
strain broadening at Ty, which could indicate a subtle low-
ering of symmetry. The magnitude of the effect is, however,
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FIG. 3. (Color online) Plots showing the effect of temperature on (a) the evolution of the observed magnetic peaks and (b) the magnitude
of the moment on the Fe2* ion (b); the pseudofilm plot shows the 2.6-4.6 A (90-160 ms) region of the 90 °© HRPD bank.
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FIG. 4. (Color online) Rietveld refinement of (a) the nuclear only and (b) nuclear plus magnetic models of La,0,Fe,OSe, at 12 K; the
data shown are the 2.6-4.6 A region from the 90° HRPD bank, and inset are data from the 3.0-9.0 A region from the 30° bank. The
observed pattern is shown in blue, calculated in red, and the difference in gray; magnetic reflections are labeled.

small and corresponds to a change in peak full width half
maximum of the (200) reflection of ~4%. There is also weak
evidence from the enhanced Us; of O(2) that locally the Fe-
O-Fe bond angle may deviate from 180°, which could indi-
cate lower symmetry, though no evidence for long range or-
der is apparent in the neutron data and Usz varies smoothly
with temperature within the quality of data available.
Possible magnetic structures were investigated using a
Monte Carlo approach as implemented in SARAh Refine, which
interfaces with the GSAS software suite.'®!72° For 14/mmm
parent symmetry, with a propagation vector of kz(%O%), two
independent metal sites are produced [Fe(1) and Fe(2)]. Re-
sults from this analysis showed good agreement with experi-
mental data can be achieved using basis vector WV, associated
with irreducible representation I', for Fe(1) and W, associ-
ated with I’y for Fe(2); a contour plot of x> (using high
d-spacing neutron data) as a function of these basis vectors
can be seen in Fig. 5, where lower x* values are shown in
blue and higher shown in red [M(,, ) for both Fe(1)[,¥,
and Fe(2)I';¥, was defined as (x00)]. Full refinement of the
low-temperature model using a combination of powder x-ray
and neutron diffraction data, with equated moments on Fe
sites, gave a good fit to the experimental data. These results
are included in Table I. The refined moment of 2.83(3)up
compares to values of 2.25(8) ug observed for Fe, ¢¢3Te at 67
K, 0.36(5) uy for LaOFeAs at 8 K, and 3.32up for FeO at 77
K.1?730 Canting of the moments was also investigated and
while results revealed a small contribution of the moment
along the z axis [0.23(5)ug], the refinement statistics were
not significantly improved from the original model. Higher
quality data would be needed to clarify this. The spin
arrangement within a layer is shown in Fig. 6(c), though we
note that the data of Fig. 5 show that the alignment of
the Fe(2) spins within a layer, relative to those of Fe(1),
is not determined. The commensurate spin ordering is in
contrast to that suggested for Ba,F,Fe,0Se,.!3 The observa-
tion of an antiferromagnetic arrangement of moments

supports earlier
measurements.

Kabbour et al. have discussed possible ordering patterns
within [Fe,O1** layers for A,F,Fe,0Se, (A=Ba and Sr)
based on density-functional-theory calculations; Zhu et al.®!3
have performed similar calculations on La,O,Fe,OSe,.
There are three important exchange interactions to consider
and we adopt the same labels as Zhu et al. It should be noted
here that different conventions are used in Kabbour’s work,
with J,, J,, and J; becoming J3, J,, and J}, respectively. J; is
a 180° Fe-O-Fe interaction between corner-sharing octahe-
dra, J, is the edge sharing ~98° (see Table II) interaction
Fe-Se-Fe, and J; is a face-sharing interaction comprising Fe-
Se-Fe (~64°), Fe-O-Fe (90°) and potentially direct Fe-Fe
exchange; though Fe-Fe distances are ~6% larger than in
FeSe,_, and Fe,,,Te.>>28 GGA + U density-functional-theory
calculations predict J, as antiferromagnetic, J, as ferromag-
netic, and J; as antiferromagnetic. Predictions for J; and J,

Mayer’s
7

magnetic  susceptibility

1.0+

3515

3.220

3°2

Fe2)T.W¥

Fe() T ¥,

FIG. 5. (Color online) Contour plot of the dependence of x? (z)
on the I',W| and I';W¥, basis vectors (x,y), obtained by mixing all
possible allowed basis vectors.
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FIG. 6. (Color online) Proposed [(a) AFM1 and (b) AFM6] and observed [(c) and (d) AFM3] magnetic structures of La,0,Fe,0Se,;
O=red, Se=green, and Fe=blue/purple; the blue/purple color of the Fe?* ions relates similarly orientated moments; the magnetic cell in (c)
is shaded.

« o “AFM37’

are in line with simple predictions from Goodenough’s TABLE II. Interatomic distances and angles for La,O,Fe,0Se,
rules.’! Zhu et al. calculate J5=-3.28, J,=+0.78, and  at 12K
J,=-3.38 for La,0,Fe,0Se, for U=4.5 eV (negative J’s

correspond to AF interactions), and predict the magnetic Interatomic distances Bond angles

phase diagram for different exchange interaction strengths. (A) (deg)

For different values of U the ground state is predicted to be

cither the AFM1 or AFM6 models of Fig. 6 (Kabbour’s — drere 2.88198(1) Fe-Se-Fe (1) 64.298(7)
2F3A and 1A2F models, respectively). In the former case the  dre-o 2.03786(1) Fe-Se-Fe (2) 97.62(1)

J5, Fe-O-Fe interactions are frustrated but J, and J; are sat- dre-se 2.7080(3) Se-Fe-Se 82.38(1)

isfied. In the latter case half of the J; interactions are frus- diao 2.3764(2) La-O-La (1) 105.346(7)
trated. The best fits obtainable from Rietveld analysis of the diase 3.3102(3) La-O-La (2) 118.08(2)

data using AFM1- and AFM6-type models were clearly in-
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FIG. 7. (Color online) (a) Nuclear and (b) magnetic structures of
and Fe; og¢Te; Fe=blue/purple and Te=gold.

consistent with the data and gave Xz values of 3.9 and 2.8,
respectively. These values of x*> can be compared to those
observed in Fig. 5 for analysis using the AFM3 model in
SARAR and 3.9 for a purely nuclear model; R, values for the
30° data bank for the various models were: nuclear
=11.85%, AFM3=8.90%, AFM1=11.87%, and AFM6
=10.48%.

The observed magnetic structure does not correspond to
either of the predicted structures and is shown in Figs. 6(c)
and 6(d). Spins are aligned ferromagnetically along the b
direction and antiferromagnetically along a. Note that the
relative orientation of spins on the Fe(1) and Fe(2) lattices
within a layer is not determined. Along the doubled cell edge
Fe-O-Fe interactions are antiferromagnetic as would be ex-
pected whereas they are ferromagnetic along b. Conversely
J, interactions are satisfied along the short axis, b but not
along a. Half of the J; interactions are similarly frustrated, as
seen in the LaOFeAs systems. The magnetic structure is
similar to that observed for Fe,,, Te samples, with x<<0.1
[Figs. 7(a) and 7(b)], which have the same k:(%O%) propa-
gation vector and spin arrangement, with the majority spin
direction in the ab plane, but predominantly aligned along
the short axis.?’?83233 In this system magnetic ordering is
accompanied by a clear phase transition to a monoclinic
P2,/m cell with a/b=1.01 and £=89.2°, then allowing the

PHYSICAL REVIEW B 81, 214433 (2010)

observed magnetic ordering to be described by a single irre-
ducible representation. The symmetry lowering naturally
leads to exchange interactions differing in different direc-
tions (with J,,#J,, and J,,# J,;,), as labeled in Fig. 7(b)
and the region of the magnetic phase diagram in which the
AFM3 structure is stable has been discussed by Fang et al. 3

In the title phase we see subtle indications of a structural
change accompanying the magnetic ordering, revealed by the
average diffraction data in peak broadening changes and by a
higher value of O(2) Us;. While there is no clear evidence
for a structural phase transition, these structural distortions
are presumably sufficient to split the J; interactions as in
FeTe.

IV. CONCLUSIONS

In conclusion, neutron diffraction data have shown that
the magnetic moments within La,0,Fe,OSe, order with an
AFM3 arrangement at ~90 K, similar to that in Fe; og¢Te.
This arrangement has all interactions frustrated and is con-
trary to calculations that predicted the AFM1 and AFM6
models to be the most likely arrangements.®!3 We see no
evidence of peak splitting at 7y which might reflect a low-
ering of symmetry, though there is a marked change in the
c/a ratio at this temperature. The observation of antiferro-
magnetism at this temperature is in agreement with suscep-
tibility measurements published by Mayer et al. Recently
acquired data have revealed that the magnetic moments in
La,0,Fe,0S, have the same AFM3 arrangement as the se-
lenide and again show no marked phase transition on
cooling.?*
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