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Single crystals of Nd4FeOSg were grown from an Fe-S eutectic solution. Single crystal X-ray diffraction
analysis revealed a Nd4,MnOSeg-type structure (P6smc, a=9.2693(1) A, c=6.6650(1)A, V=495.94(1) A3,
Z=2), featuring parallel chains of face-sharing [FeSg . 1,2]4’ trigonal antiprisms and interlinked
[Nd40S5]** cubane-like clusters. Oxygen atoms were found to be trapped by Nd, clusters in the
[Nd40S5]*+ chains. Structural differences among Nd4,MnOSeg-type Nd4FeOSg and the related LasCuSiS; —
and PrgCoGas-type structures have been described. Magnetic susceptibility measurements on Nd4FeOSg
suggested the dominance of antiferromagnetic interactions at low temperature, but no magnetic or-
dering down to 2 K was observed. Spin-polarized electronic structure calculations revealed magnetic
frustration with dominant antiferromagnetic interactions.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The study of 3d/4f systems has long been a focus of research in
crystallography, materials chemistry, physical metallurgy, and
condensed matter physics because of their structural richness and
physical diversity[1-9]. Metal-rich compounds containing both
itinerant d electrons of transition metals and more localized f
electrons of rare earth metals may yield large 3d-4f exchange in-
teractions that offer potential for many applications such as per-
manent magnets [7, 8, 10]. With the goal of discovering new fer-
romagnetic materials, we are focusing on the Fe-rich part of the
ternary RE-Fe-X (RE=Nd, Dy and X=S§, Sb, Ge) phase spaces [11].
If any new Fe-rich compounds exist and decompose peritectically
at a rather low temperature compared with the melting point of
Fe, it can be difficult to obtain from directly arc-melting mixtures
of elements or by using traditional heating procedures. In addition,
the high vapor pressures of sulfur and antimony, in particular,
make arc-melting even less practical.

Therefore, we turned to a solution growth technique, which has
proved to be quite practical for growing high quality single crystals
at relatively low temperatures [12-14]. During exploration of the
Nd-Fe-S system, we found that the Fe-rich eutectic liquid of the
Fe-S binary system, that is, Fess,2S45:2could be safely heated up to
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1150 °C without any detectable sulfur outside the crucible as long
as Fe powder (as opposed to large Fe pieces) was used as a re-
actant. Herein, we report the synthesis, structure, and magnetic
susceptibility of an unexpected quaternary product, Nd4FeOSg
(space group P6smc), which is structurally similar to Nd4FeS (P63)
[15]. However, the structural variations arising from the in-
corporation of oxygen atoms are distinct, and include large dif-
ferences in lattice parameters and bonding patterns.

2. Experimental
2.1. Synthesis

Reactants used for crystal growth include elemental Nd lumps
(99.999%, Ames Laboratory), Fe powder (<10 pm, 99.9%, Alfa
Aesar), and S powder (99.999%, Alfa Aesar). A mixture with initial
stoichiometry “Nd4FessS4;” was introduced into a 2 ml alumina
crucible, sealed in a fused silica ampoule, and heated at 300 °C for
3 h, followed by a slow heating over 12 h to 1150 °C to ensure that
Fe and S form a near eutectic melt. The melt was then slowly
cooled to 1000 °C at a rate of 1 °C/h. The ampoule was then taken
out of the furnace at 1000 °C, inverted in the cup of a centrifuge
and quickly spun to separate crystals from the remaining liquid
[13].

Single crystals of several

phases grew. In addition to
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compounds bearing Nd, Fe, and S, we found two oxygen-bearing
compounds: the known NdS140 [16] in cuboid shape and the
new title phase Nd4FeOSg in rod shape. The oxygen necessary to
form these phases most likely originated as mild surface oxidation
of the elemental Nd and Fe. Although such an oxide contamination
often forms an insoluble slag layer on the surface of many inter-
metallic melts, in the case of this Fe-S based melt, oxygen is
clearly soluble to some degree. However, it was not our attempt to
target the title new material through conventional solid-state
synthesis, which was successfully applied for isostructural phases
such as RE;MnOSeg (RE=La, Ce, Nd), RE4;FeOSes (RE=La, Ce, Sm),
and LazjMnOSg [17].

2.2. Single crystal X-ray diffraction

Single crystal diffraction data for both Nd;oS;40 and Nd4FeOSg
crystals were collected at room temperature using a Bruker SMART
APEX I diffractometer equipped with Mo K, radiation
(A=0.71073 A) over a 260 range of ~3° to ~60° in mixed w and ¢
scan modes and exposure times of 10 s per frame. Intensity data
were integrated with the SAINT program [18]. Empirical absorp-
tion corrections were made with the aid of SADABS [19]. Structure
determination and least-squares refinements were carried out
using SHELXTL 6.1 [20]. According to our analyses, the crystal-
lographic data of Nd10S140 (I4/acd, a=15.0003 (I)A, c=19.9040
(2) A, Z=8) are close to the ones reported in the literature
(a=15.0380 (4) A, c=19.9646 (8) A) [16]. The rod-shaped crystals,
which turned out to be a new phase, were refined as Nd4FeOSg,
space group P6smc, and lattice parameters a=9.2693(1)A,
c=6.6650(1) A, V=495.94(1) A3, z=2.

The structural solution of Nd4FeOSg in the space group P6smc
was quite straightforward except that the assignment of oxygen
atoms needs special attention. At first, direct methods yielded four
sites showing reasonable interatomic distances; they were as-
signed as Nd1, Nd2, Fe, and S1 based on respective bond distances
and peak intensities. After a few cycles of least-squares refine-
ments, two additional sites were suggested by the difference
Fourier map, so they were assigned as S2 and S3. Subsequent re-
finement converged smoothly to R1=0.044. However, the Ueq
value (0.078 A?) for S3 at the Wyckoff 2b site was ~9 times larger
than the average value (0.009 A%) of the S1 and S2 atoms, sug-
gesting a partial occupancy of S at the S3 site. So the occupancy of
S3 was refined in subsequent least-squares refinements, which
yielded R1=0.042, together with an occupancy of 57(8) % and Ueq
of 0.038 A? for S3. The refinements with anisotropic displacement
parameters converged at R1=0.0147, wR2=0.0319, GOF=1.043,
max./min. residual peaks of 1.10/—0.79 e/A3, and a composition of
Nd4FeSe 55(2). But still, S3 at the 2b site had a considerably large Ueq
value of (0.030 A%) and a noticeably short distance to neighboring
Nd1 atoms (2.333 A).

At this stage, we realized that the foregoing structure and
composition were close to that of Nd4FeS;, [15] which has a lower
symmetry PGs, larger lattice constant a (10.098 versus 9.269 A),
smaller ¢ (5.524 versus 6.665 A), and smaller unit cell volume
(487.82 versus 495.94 A®). These values apparently contradict a
general rule that the lattice constants and volume of a crystal with
refined vacancies should be smaller than the same crystal without
vacancies, suggesting that the assignment of S to the Wyckoff 2b
site could be incorrect. Since oxygen had been shown to be present
in Nd;0S140 obtained from the same reaction, we speculated that
the Wyckoff 2b site could be occupied by oxygen, which is rea-
sonable in terms of both peak intensity and bond distance to
neighboring Nd atoms. Therefore, the ensuing least-squares re-
finements assigning O to the 2b site yielded slightly smaller R
values (R1=0.0145, wR2=0.0302), a reasonable U.q value for the
O atom (0.008 A?), and a composition of Nd4FeOSg. In the Results

Table 1
Crystal data and structure refinement for Nd4FeOSe.

Empirical formula Nd4FeOSg

Formula weight 841.17

Space group P63mc

Unit cell dimensions a=9.2693 (1) A
c=6.6650 (1) A

Volume 495.94(1) A3

zZ 2

Density (calculated) 5.633 Mg/m>

Absorption coefficient 23194 mm~!

Reflections collected/Rine 7208/0.0486

Data / restraints/parameters 567/0/29

Goodness-of-fit on F? 1.069

Final R indices [I > 2sigma(I)] R1=0.0145, wR2=0.0302
R indices (all data) R1=0.0149, wR2=0.0303
Absolute structure parameter -0.01(3)

Extinction coefficient 0.0221(7)

Largest diff. peak and hole 1.145 and -0.835 e. A3

and discussion section, we will provide additional evidence to
support the assignment of oxygen rather than sulfur at the 2b site,
including bond valences and a comparison of c¢/a ratios among
related phases.

Because Nd4FeOSg adopts an acentric space group, Platon [21]
was used to check possible missing symmetry elements after final
least-squares refinements, but no higher symmetry space groups
were suggested. One possible concern is that the Ueq value of Nd2
atom is about 2.5 times larger than that of Nd1 [0.023(1) A2 versus
0.009(1) A?] and its Uy; and Us, tensor values are ~5 times that of
Uss; however, independent refinements to check its occupancy
reveal fully occupancy. Therefore, the large displacement para-
meter for Nd2 could originate from its environment. In fact, Nd2 is
located in a tricapped-tetrahedron with long interatomic separa-
tions (3.404 A) to the three S capping atoms (see below). Details of
the data collection and structural refinements for Nd4FeOSg are
summarized in Table 1. Atomic positions standardized by STRUC-
TURE TIDY [22] and equivalent isotropic displacement parameters
are given in Table 2. Selected interatomic distances are listed in
Table 3. Other detailed crystallographic data are provided in the
CIF file in the Supporting information.

2.3. Physical properties measurements

Magnetization measurements from 2 K to 300 K were per-
formed using a Quantum Design, Magnetic Property Measurement
System (MPMS) superconducting quantum interference device
magnetometer at different magnetic fields (20 0e, 2T and 4T).
Attempts to measure the electrical resistivity of samples using the
four-probe method were also made, but the results indicated in-
sulating behavior for Nd4FeOSg.

2.4. Electronic structure calculations
The electronic structure and total

energies of various

Table 2
Atomic coordinates and equivalent isotropic displacement parameters for
Nd4FeOSs. U(eq) is defined as one third of the trace of the orthogonalized U" tensor.

Atom  Wyckoff.  Site symm. x y z Ueq (A?)
Nd1  6¢ m. 0.8024(1) -x  01700(3)  0.009(1)
Nd2  2b 3m. 13 23 02021(3) 0.023(1)
Fe 2a 3m. 0 0o 0 0.013(1)
s1 6¢ m. 01231(1) -x  0.2686(5) 0.010(1)
s2 6¢c m. 05303(1) -x  04480(5) 0.013(1)
0 2b 3m. 13 2/3  0545(2)  0.007(2)
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Table 3
Selected interatomic distances in the structure of Nd4FeOSg.

Atom pair Distances (A) Atom pair Distances (A)
Nd1-0 2.333(4) Fe-S1 2.507(2)
Nd2-0 2.29(1) Fe-S1 2.667(3)
Nd1-S1 2.8516(6) Nd1-Fe 3.3685(7)
Nd1-S1 2.930(2) Nd1-Nd1 3.7747(5)
Nd1-52 2.864(2) Nd1-Nd2 3.8042(8)
Nd1-S2 3.170(2) Nd2-S2 2.768(2)

magnetically ordered models of Nd4FeOSg were calculated using
the projector augmented wave method (PAW) of Blochl [23, 24]
coded in the Vienna ab initio simulation package (VASP) [25, 26].
All VASP calculations employed the generalized gradient approx-
imation (GGA) with exchange and correlation treated by Perdew-
Burke-Enzerhoff (PBE)[27]. The linear spin density approximation
(LSDA) including on-site Hubbard repulsion U parameters
(LSDA+U) [28] were adopted to describe electron correlations
associated with Nd 4f states and Fe 3d states. As before, [29, 30]
Uer=6.0 eV for Nd 4f states was adopted in this case, together
with Ueg=3.0 eV for Fe 3d states that properly opens a gap in the
electronic density of states (DOS) at the Fermi level. Nevertheless,
calculations with Ue=4.0 eV for Fe 3d states were also tried, and
similar outcomes among the differences of total energies for var-
ious magnetic models were observed as that for Ueg=3.0 eV. The
cutoff energy for the plane wave calculations was set to 500 eV
and the Brillouin zone integration was carried out using 6 x 6 x 9
I'-centered k-point meshes.

3. Results and discussion
3.1. Structure

Nd4FeOSeg, with space group P63mc, Pearson symbol hP24, and
Wyckoff sequence c>b%a, belongs to the recently found family of
Nd4MnOSeg-type structures, which include only seven oxychalo-
genides, viz., RE4qMnOSes (RE=La, Ce, Nd), RE4FeOSe¢s (RE=La, Ce,
Sm) and LayMnOSg [17]. This structure type is the anti-type of
KsInTe, -KCl [31], which may be reformulated as Te4ClinKg to
emphasize this type/anti-type relationship. The title phase also
resembles Nd4FeS,,[6] which crystallizes in the space group P63
and has lattice parameters a=10.098 A and c=5.524 A.

Fig. 1 shows the coordination environments of the two in-
dependent Nd atoms in Nd4FeOSg. Each Nd1 atom is six-co-
ordinated by one O with dyq1_0=2.333(4)A, three S1 with
dnai-s1=2.8518(6)-2.930(2) A, and two S2 atoms with
de1_52=2.864(2)A. These six atoms form a trigonal prism, of
which the two S1-S1-S2-0O faces are capped by additional S2
atoms at a distance of dng1_s2=3.170(2) A. In comparison, Nd2 is
surrounded by a tetrahedron consisting of one oxygen
(dna2-0=2.28(1) A) and three S2 (dng>-s2=2.768(2) A) atoms. All
three 0-S2-S2 triangular faces are further capped by S1 atoms
with dngz-s1=3.404(4) A. The orientation of this particular co-
ordinating environment allows larger Uy tensor values in the ab-
plane for the central Nd2 atoms, resulting in a reasonably large Ueq
value as listed in Table 2. The packing of Nd1S;0 and Nd2SgO
polyhedra generate a three-dimensional framework with hex-
agonal tunnels located at (0 0 z), Fig. 2. These tunnels are filled by
Fe atoms, which form one-dimensional .[1] [FeSg . 1/2]4* chains.

As shown in Fig. 3, the structure of Nd4FeOSg can also be de-
scribed as a packing of two types of chains running along the c-
axis: . [1] [FeSg . 1/2]*~ chains at (0 0 z) and equivalent sites and
[1] [Nd40S3]** chains at (1/3 2/3 z) and equivalent sites. The

a

Fig. 1. Environments of (a) Nd1 and (b) Nd2 in the structure of Nd,FeOSg. Numbers
in spheres denote independent atoms as listed in Table 2.

former chains consist of face-sharing [FeSg]*~ trigonal antiprisms,
each having two sets of Fe-S1 distances, 2.507(2) A and 2.667(3) A.
The Fe-Fe distance along the chain is 3.333(1) A, one-half of the
lattice constant ¢, and a distance probably too long to be con-
sidered as Fe-Fe bonding. In comparison, the Fe-Fe distance
(2.762 A=vc) in Nd4FeS; is about 0.6 A shorter, indicating a pos-
sible through-space Fe-Fe bonding interaction. Such differences
could result in different Fe-Fe exchange interactions and sub-
sequent magnetic properties between these two phases.

The . [1] [Nd40S5]** chain can be viewed as a packing of
[Nd40S5]** cubane-like clusters that are interlinked by Nd2-O
bonds. The [Nd40S5]** cluster resembles the geometry of well-
known [FesS4] clusters, [32, 33] which are important metal clus-
ters in metallo-biomolecules. The .[1] [Nd,0S5]** chain may also
be described as a chain of Nd4O tetrahedra bridged by S1 atoms.
The center-to-vertex distances in [Nd4O] tetrahedra are 2.29(1) A
for O-Nd2 and 2.334(4) A for O-Nd1, comparable to that in Nd,03
(2303 A), [34] Nd1S140 (2.408 A), [16] and Nd4MnOSeg (2.33-
2.36 A) [35]. If the oxygen site (2b) is assigned to a sulfur atom,
unreasonably short bond distances to Nd1 and Nd2 will result.
According to the bond valence method, [36] the calculated bond
valence sum (BVS) for three O-Nd1 and one O-Nd2 bonds in
Nd4FeOSg is 2.09, whereas that for three S-Nd1 and one S-Nd2 in
Nd4Fe(“S”)Se is unreasonably high (8.29). This result further sup-
ports that it is oxygen and not sulfur located at the center of Nd4
tetrahedra. The Nd1-Nd1 and Nd1-Nd2 distances within each
[Nd4O] tetrahedron are, respectively, 3.7748(6) A and 3.8043(8) A,
close to those in Nd,MnOSeg [3.8061 (9) A and 3.835(1) A] [35].

The various interatomic distances and structural configurations
involving the magnetically active Nd and Fe atoms in Nd4FeOSg



44 Q. Lin et al. / Journal of Solid State Chemistry 229 (2015) 41-48

Fig. 2. (001) projection of the structure of Nd4FeOS¢ represented by a packing of Nd1S;0 and Nd2SsO polyhedra.

can lead to complex exchange interactions and possible magnetic
frustration within the tetrahedra. In particular, although through-
space Fe-Fe interactions exist within the . [1] [FeSs . 12]*~ chains,
magnetic coupling between Fe atoms could also occur via a
through-bond Fe-S1-Fe pathway. Magnetic exchange interactions
between neighboring . [1] [Nd40S;]** chains via Nd1-S2-Nd1
connections (dnqi1-s2=3.170(2) A) as well as 3d-4f magnetic ex-
change interactions could also occur via Nd1-S1-Fe paths
(dna1-s1=2.8516(6)-2.930(2) A; dre_s1=2.507(2)-2.667(3) A) be-
cause the Nd1-Fe distance is only 3.3684(8) A. We will examine
possible magnetic structures using electronic structure calcula-
tions in a subsequent section.

3.2. Structurally related phases

the LasCuSiS;- and the PrgCoGas-type structures have the same
Pearson symbol (hP24) and Wyckoff sequence (c*b%a) and similar
structural motifs as the present Nd4MnOSeg-type Nd4FeOSg. thus,
it is worth comparing these three structural types. to date, the
LasCuSiS;-type family of structures (space group P63) consists of
more than 250 ternary or quaternary rare earth sulfides and se-
lenides [37]. among these, quaternary phases have a similar for-
mula as the prototype LasCuSiS5, in which CU and SI, respectively,
occupy the Wyckoff 2a (center of the trigonal antiprisms) and one

of the 2b sites (center of a tetrahedron). but, the foregoing 2b site
May also be occupied by a rare earth metal, resulting in the for-
mula R4TQ; (R=rare earth metal, T=transition metal, Q=S or SE).
nevertheless, a general principle guiding the formation of this
structure type Is that the oxidation states of elements occupying
the Wyckoff 2a and these 2b sites must sum to five, i.e., [-IV and
[I-1Il combinations. Sometimes, vacancies can also be introduced if
the sum of oxidation states Is more than five, e.g., as seen for
Ce3Alp 67A1S7 [38] and LasMng sSiS7 [39]. in recent years, discovery
of new LasCuSiS,-type quaternary phases have aroused consider-
able interest in the search of multinary 3d/4f chalcogenides [40-
45]. considering the vast number of possible combinations for the
Wyckoff 2a and 2b sites and the variety of rare earth metals, a
great number of new phases remain, therefore, to be discovered.

The LasCuSiS;-type structures differ from the present
Nd4MnOSeg-type structures mainly by the chains located at (1/3 2/3
z) and equivalent sites. For LazCuSiS;-type cases, these chains con-
sist of tetrahedral clusters of chalcogens centered by main group
elements (e.g. GaS, in Nd3FeGas-) [45] that are bridged by rare earth
atoms see Fig. 4(a). For R4TQ; compounds, the chains are built by
R-centered tetrahedra (RQ,4) according to databases. However, short
R-S distances (~2.1-2.4 A) persist for all R,TQ; structures, which
were not refined but estimated from isotypic compounds. Since the

Fig. 3. The structure of Nd4FeOSs represented by a packing of .![FeSeyx; ,2]4’ and .'[Nd40S3]** chains. The Nd4O tetrahedra are shaded in lime. For clarity, only two
«'[FeSgx1 ,2]4' chains are shown with polyhedral clusters (blue). Representative interatomic distances are marked.
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®Nd
.Ga
.Fe
.Se

.Pr
‘Ga

Fig. 4. The structures of (a) LazCuSiS;-type NdsFeGaSeg and (b) PrgCoGas-type PrgCoGas.

foregoing distances are typical for R-O rather than R-S bond dis-
tances, this outcome questions whether R4,TQ; compounds should
actually be formally quaternary and contain oxygen; otherwise,
proper structural refinements are desired.

On the other hand, reports of PrgCoGas-type structures include
only two series of REgCoGas [46] and REgColns, [47] with a total of
~20 members. The PrgCoGas-type structures exhibit P63mc sym-
metry, the same as Nd4FeOSg. Compared to the title compound
Nd4FeOSg, however, two structural differences are evident for
PrgCoGas-type structures: (1) rare earth metals occupy both the
Wyckoff 2a and 6c¢ sites in PrgCoGas, whereas Fe and S2 atoms,
respectively, occupy these sites in Nd4FeOSg (cf. Fig. 3);.and (2) the
2b site in the structure of PrgCoGas, which corresponds to O in
Nd4FeOSg, is occupied by the transition metal Co and is no longer
located at the center of a tetrahedron but, rather, of a mono-cap-
ped trigonal prism formed by seven rare earth atoms, Fig. 4(b). The
TR; clusters (e.g., CoPr;) could be interesting for their 3d-4f
magnetic interactions. However, to date, no magnetic measure-
ments have been reported for these structures, so, apparently,
there is much room for development of new systems with this
structure type.

In addition to the above mentioned structural differences, the
lattice parameter ratio ¢/a may be used to differentiate the
LasCuSiS;-, PrgCoGas-, and Nd4MnOSeg-type structures. As shown
in Fig. 5, the ¢/a ratios for the LasCuSiS;-type compounds occur in
the range 0.52-0.64; the intermetallic PrgCoGas-type, 0.66-0.69;
and the oxide-containing Nd;MnOSeg-type, 0.72-0.73. The c/a
value for the title phase is 0.72, falling in the range of the
Nd4MnOSeg-type structure. This again supports that the

0.75
0.70 4 g
065 3
S 060
S
055 - O La,CuSiS -type
O Pr,CoGa-type
o A Nd,MnOSe -type
0.50 —
0.45 T T T T T
P6, P6,mc P6,mc

Fig. 5. Distinctive populations of c¢/a values for the LasCuSiS;-, PrgCoGas-, and
Nd4MnOSeg-type structures.

assignment of oxygen to the Wyckoff 2b site and refined as the
Nd4MnOSeg-type structure is right.

3.3. Magnetic susceptibility

The temperature dependence of the magnetization was mea-
sured on an oriented single crystal with the applied field (H) of
200e, 2T, and 4T parallel to the crystal c-axis. No signature of
ordering was found down to 2 K, Fig. 6. From the magnetic field
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Fig. 6. a) Magnetic field dependence of the magnetization at 300 K for H applied along the c axis. b) temperature dependence of the estimated magnetic susceptibility and its
inverse (see text). The dashed line is a Curie-Weiss fit. ¢) temperature dependence of the magnetization at low temperature for a field of 20 Oe applied along the c axis.

dependence of the magnetization at 300 K (Fig. 6a), we found a
significant impurity contribution, which seems to be saturated
above 1T and could originate from residual flux on the surface of
the single crystal. Therefore, we used (AM/AH)=(Msr—M71)/(2 T)
to estimate the susceptibility. After this treatment, the inverse
susceptibility shows a linear temperature dependence above 40 K
(see Fig. 6b). A fit of the data yields a Curie-Weiss temperature of
Ocw ~ —50 K and an effective moment of 9.5(1) up/f.u. If both
Nd®>* and Fe?* ions contribute a moment of 3.62 ug and 4.90 usg,
respectively, the expected effective moment would be 8.74 pg/f.u.

according to the equation yy = y4(3.622) + 1(4.902) 5. This value
is marginally close to the experimental value from our data con-
sidering the fact that we can only estimate the susceptibility due
to the contribution of impurities. Crystal electric field effects can
also affect the measured value on single crystals. The negative
Curie-Weiss temperature (fcw~ —50 K) indicates anti-
ferromagnetic interactions within Nd4FeOSg, a result that is con-
sistent with theoretical calculations (below). In fact, several
La3CuSiS;-type and related phases without oxygen also show ei-
ther very low or no magnetic ordering temperature [42-45]. In-
terestingly, all Nd-containing Nd;TGaQ; (T=Fe, Co; Q=S, Se)
compounds have large negative Curie-Weiss temperatures, but
they remain paramagnetic down to low temperatures [43]. We
note, though, that the crystal electric field can modify the value of
the Curie-Weiss temperature on single crystals.

3.4. Electronic structure

As mentioned above, Nd4 FeOSg exhibited antiferromagnetic
(AFM) interactions from the Curie-Weiss temperature of -50 K,
but no ordering phenomena were observed down to 2 K. These
suggest that dominant exchange interactions are of anti-
ferromagnetic (AFM) character. To obtain insights about possible
magnetic exchange interactions in Nd4FeOSg, a total of six mag-
netically ordered models (see Fig. 7) were examined, including one
ferromagnetic (FM) model, one ferrimagnetic (Fi) model with
opposite spins between Nd and Fe atoms, and four

antiferromagnetic (AFM1-AFM4) models. Due to the overall
structural complexity, the repeat unit of each model was limited to
one crystallographic unit cell, that is, a focus on 8 Nd>* and 2 Fe?+
sites, although other AFM models could also occur as super-
structures. The results of this analysis are summarized in Table 4.

Among these six models, one of the antiferromagnetic models,
AFM4, has the lowest total energy, in agreement with the assess-
ment from the Curie-Weiss temperature. Fig. 8 shows the spin-
polarized DOS curve for model AFM4. The Nd 4f majority spin
states are partially occupied between -4.5eV and -3.0eV,
whereas the remaining majority and minority spin 4f states are
located between +2.0 and +3.0 eV. The integrated areas for the
occupied and unoccupied majority spin states have a ratio of 3:4,
indicating a high spin f> configuration. As for the Fe 3d states, the
majority spin orbitals are located between -5.3 eV and -3.0 eV,
while its minority spin orbitals occur between +1.5eV and
+3.0 eV, with some being in the occupied energy range of -0.7 eV
relative to Ef, indicating a high spin d® configuration for each Fe
atom, i.e., Fe?™*.

Five spin exchange parameters within Nd4FeOSg were eval-
uated by performing a mapping analysis [48-50] on the basis of
the six ordered models shown in Fig. 7. As indicated also in Fig. 7,
the five spin exchange paths of Nd4FeOSg include the intra-cluster
Nd-Nd interactions within a [Nd40] tetrahedron (J;), inter-cluster
Nd-Nd interactions within the chains (J,), inter-chain Nd-Nd (J3)
and Nd-Fe (J,) interactions, and inter-cluster Fe-Fe (J5) interac-
tions. The relative energies, per formula units (f.u.), of the six
models were determined from our VASP (GGA+U) calculations as
summarized in Fig. 7. The energies of these models can also be
approximated in terms of the spin Hamiltonian,

A TASRAY
H=-Y}55;,
i<j
in which Jj; is the spin exchange parameter for the interaction
between the spin sites i and j. By applying this energy expression

for spin dimers with N unpaired spins per spin site (Nyg=3 for
high-spin Nd>* and Ng.=4 for high-spin Fe?*), [48-50] the total
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Fig. 7. Six magnetic structural models of Nd4FeOSg used for calculations in this work. Red, purple, blue and green circles represent Nd, Fe, S and O atoms, respectively. Solid
and empty spheres denote oppositely oriented magnetic spins of Nd and Fe. The size of nonmagnetic S and O atoms are intentionally scaled to be small. The five spin
exchange paths of Nd4FeOSg (J;-Js) are showed in the FM model. J; is an average of two intra-cluster Nd-Nd spin exchange parameters. J is an average of three inter-chain
Nd-Nd spin exchange parameters. J, is an average of two inter-chain Nd-Fe spin exchange parameters.

Table 4
Magnetic moments on Nd and Fe, total energies and spin exchange energy expressions for the six magnetic structures models of Nd,FeOSe.

Magnetic moments Energy Spin exchange energy expression
HNd pre (1B) (meV/fu.) (meV)
(1B)
EM 3.01 3.51 127.6 N N
M (g, — 3, - 185) - WeNe (g, Mgy
Fi 2.99 —-3.54 563.1 N N
M (e, 3, - 1815) + NN (g, - M
AFM1 +3.00 +3.49 504.1 NZ N
—2(-6h - 3], - 18J3) + %(/5)
AFM2 +2.99 +3.52 120.6 N N
a(ap + o5) + )
AFM3 +3.00 +3.53 319 N N
@(Zh +h +23)+ %(/5)
AFM4 +3.00 +3.53 0.0 N N
M (o, 1 gy - 215) + M)
J (meV) Ji= —276,J, = =150, )3 = +36,Ja = +12.1,Js = +20.0
" Total energy relative to model AFM4 from VASP calculation
spin exchange energies of the six models are summarized in Ta- last line of Table 4. These parameters indicate that the intra-chain
ble 4. Thus, by mapping the relative energies of the six models Nd-Nd interactions, J; (—27.6 meV) and J,, (—15.0 meV) are sub-
determined by the VASP (GGA+U) calculations onto the corre- stantially antiferromagnetic. Considering the tetrahedral geometry
sponding relative energies determined from the above spin ex- for Nd40, intra-chain AFM Nd-Nd couplings must lead to magnetic

change energies,[48-50] we obtained the values of J; listed in the frustration among Nd atoms. Moreover, the frustration could affect
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Fig. 8. Total and partial density-of-states (DOS) of an antiferromagnetic model of
Nd4FeOSg. Contributions from Nd and Fe atoms with positive moments are shaded.
The white areas within -4.0 to 0 eV are dominated by the p states of O and S.

the magnetic ordering associated with Fe sites because Nd-Fe cou-
pling is also strong FM (J,= + 12.1 meV). Therefore, Nd4FeOS¢ can be
considered to be a complex, magnetically frustrated system, which,
in turn, leads to the absence of magnetic ordering down to 2 K.

4. Conclusions

In this work, single crystals of Nd4FeOSg (P6smc, a=9.2693(1)
A, c=6.6650(1) A, V=495.94(1) A3, Z=2) have been unexpectedly
grown in an attempt to get ternary Nd-Fe-S phases using the
eutectic Fe-S solution as a self-flux. The presence of a low per-
centage of oxygen atoms being trapped by rare earth [Nd,4] tetra-
hedra reinforces the notion that contamination by oxygen for the
preparation of many rare earth materials should always be con-
sidered. Nevertheless, the title phase exhibits a stunning structural
motif of parallel chains of face-sharing trigonal antiprisms of
[FeSe3]*~ and interlinked cubane-like clusters of [Nd40S3]**. Al-
though oxygen, sulfur, and selenium are in the same group, the
trapping of oxygen by rare earth tetrahedra distinguishes the
structure of Nd4MnOSeg-type Nd4FeOSg from related LasCuSiS;-
and PrgCoGas-type structures containing only sulfur or selenium.
According to magnetic susceptibility measurements, Nd4FeOSg
exhibits net antiferromagnetic interactions, but no anti-
ferromagnetic ordering temperature down to 2 K, a result that is
likely due to complex magnetic frustration as suggested by theory.
Spin-polarized electronic structure calculations also confirm that
antiferromagnetic interactions are more energetically favorable
than ferromagnetic ones. In addition, high spin states for Nd>*
(4f%) and Fe?* (3d°) ions are suggested.
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