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We here report on the complex magnetic structures within the SrpFe3Ch,O3 (Ch = S and Se) system that we
studied by means of powder neutron diffraction. Successive magnetic transitions occur in the magnetic phase
diagram of both compounds with an incommensurate character of the magnetic structure at higher temperatures
and a lock-in to commensurate low temperature structures. The commensurate propagation vector for the Ch =S
compound is different from the Se containing compound which could be indicative for changes in the size of

competing exchange interactions implied by structural changes within the two materials.

1. Introduction

At the crossover between one-dimensional (1D) chains and two-
dimensional (2D) lattices, ladders have attracted considerable atten-
tion in the past [1]. For S = 1/2 ladder systems the ground states depend
on the even or odd number of legs that occur - with the former one
exhibiting short range spin correlations only and with the latter one
resembling 1D chain systems [1]. Depending on the presence of an inter-
ladder coupling, also long range magnetic order can be observed at low
temperatures. Very recently, the Fe?>* spin ladder compound BaFeyS3
has attracted attention due to the observation of superconductivity at
elevated pressures [2]. SraFe3S;03 and SroFesSeOs are also Fe?t com-
pounds that have been discovered recently [3]. Probably with regard to
the bare Fe-O skeleton these materials have been called spin ladder
compounds [3]. We will here also refer to this labeling. The magnetic
structure of one of these two compounds - SrpFe3Se;O3 - was already
studied in detail [4] and is quite complex and changes its nature from
incommensurate to commensurate with temperature [4]. Here, we
report on the magnetic structure of the isostructural sulfide compound,
SryFesS,03, and compare the magnetic phase diagrams of both mate-
rials. Both compounds crystallize in the orthorhombic structure (Pbam)
with two distinct Fe sites - Fel at the 2a and Fe2 at the 4h site, see Fig. 1.
The Fe2 ions are meri-octahedrally coordinated by O and Ch
(Fe2Ch303). The Fe2 ions are associated with the 2-leg ladder frame
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running along the c-direction. The Fel ions are octahedrally coordinated
and form FelCh4O2 compressed trans-octahedra that are face-sharing
with the Fe2Ch3O3 octahedra. Note, that changes of the magnetism
induced by Se-S substitution (accompanied by an expansion of the
crystal lattice) are not uncommon [5].

2. Experimental

Polycrystalline samples of SroFesSe;O3 and SroFes3S;Os were syn-
thesized as described elsewhere. [3] Powder neutron diffraction mea-
surements were performed on the D1B diffractometer at the Institut
Laue-Langevin (ILL) in Grenoble, France. Powder samples were loaded
into a vanadium can. A neutron wavelength of 2.52 A was selected by
the pyrolytic graphite (002) monochromator. The patterns were
collected either during warming up with a small ramping rate (0.4-1 K/
min), or at characteristic temperatures with long counting times. Mag-
netic structure refinements were performed using the Fullprof suite [6],
together with Sarah [7] for symmetry analysis.

3. Results and discussion
The temperature dependence of the neutron diffraction patterns are

shown in Fig. 2. With a decrease in temperature, additional magnetic
reflections appear below Tj,. ~ 120 K for both compounds. At lower
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Fig. 1. Crystal structure of SroFe3Ch,03. (a) A view along the ¢ direction. (b) A
3D view showing the typical ladder structure running along the c axis. For
simplicity, the Sr ions are ignored.
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Fig. 2. Temperature dependence of the NPD patterns for (a) SryFesSe,O3 and
(b) SI'zFEgSgOg.
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temperatures, a lock-in transition occurs with the appearance of a
different set of magnetic reflections below T;. For even lower temper-
atures, below T5, extra magnetic reflections can be observed and coexist
with the ones already occuring below T;. The temperature dependence
of the integrated peak intensities is shown in Fig. 3. A fit to I =
Io(1 — T/T,)” yields the transition temperatures as summarized in
Table 1 for both compounds. The values for the Se compound are
roughly consistent with the one reported in Ref. [4]. The small dis-
crepancies, especially for T,, might be attributed to the fact that our
patterns were measured during the warming process (with 6 K steps).
The diffraction data of both compounds measured above Tj, is in
agreement with the reported orthorhombic structure with space group
Pbam [3,4]. Some minor impurity phases can be identified such as SrSe

Journal of Magnetism and Magnetic Materials 532 (2021) 167936

(@) Ch= SeI

1500 —T — T 0.6
AFM3 AFM2 AFM1
-
= ~
< 1000 104 g
& >
) )
] -
§ 500 10.2 s
g
=
0F— + + + + + 4 0.0
02 10.20 | b i
- [ ® 4
m10.17_—,,,,,,g..ooéoooeoooo .
§ = =
g 780} a Leoood
< | a@@ao90 L
= 29930023092
4 7.79.k- =
8 F ]
‘£ 3.978 | ¢ s00°°°%
= 1993938%5,5,,5503°9
3.975 n 1 L 1 n 1 L 1 " 1 n 1
0 20 40 60 80 100 120
Temperature (K)
(b) Ch=8
3600 — T 0.6
AFM3 AFM2 AFM1
-~
= 32 —~
o 2400 404
& >
iy e
=] -
g i £
g 1200 02 £
g
=
0
g 9.84
8 982+ =
Q - a o
g 7.665 - e a .
37.660:; 1
(O] 3 ]
8 ;
‘£ 3.936
= A
3-933 " 1 L 1 n 1 L 1 " 1 " 1
0 20 40 60 80 100 120

Temperature (K)

Fig. 3. Temperature dependence of the integrated peak intensities. The in-
tensities for kin., k1 and ko were taken from the peaks (a) centered at 20 ~ 26°,
25° and 11.5° for Ch = Se and (b) centered at 20 ~ 26.5°, 30.5° and 12° for Ch
= S. The red curves are guide to the eyes. Additionally, the in-
commensurabilities § are shown. Finally, the temperature dependence of the
lattice constants is shown for each sample.

Table 1
Summary of the transition temperatures for both compounds. The numbers in
the brackets indicate the standard error of the fit.

Tine (K) T (K) T2 (K)
Ch = Se 112(3) 95(7) 42.0(4)
Ch=S 119(1) 76.0(2) 52.51(6)

(0.76(9) wt%) and SrFe;Se20 (0.98(19) wt%) for the Se compound, and
SrFeS,0 (0.95(10) wt%) and FeO (0.30(3) wt%) for the S compound,
see Figs. 4(a) and 5(a). The magnetic structure of SrFe;Se;O and
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Fig. 4. Rietveld refinement patterns for the Ch = Se sample. (a) At 250 K in the
paramagnetic regime; (b) At 105 K between Tipc and Ty with Ry = 37.7%; (c)
At 79 K between T; and Ty with Rpgg = 13.3%; (d) At 2 K below Ty with Rygq1 =
10.4% and Rpgge = 12.9%.

SrFe,S;0 has been reported [8] and taken into account within re-
finements as well.

3.1. A T1 <T< Tipc

The magnetic reflections in this temperature regime for both com-
pounds can be characterized by an incommensurate propagation vector
Kine = (5, 0, 1/2). The incommensurability § amounts to ~ 0.42 for the
Se compound at 105 K and ~ 0.35 for the S compound at 96 K. The
incommensurability § for the Se compound evolves smoothly from
~ 0.39 at 111 K to the commensurate value 0.5 below T;. On the other
hand, the propagation vector is quite robust for the S compound, with
Kinc ~ (0.35, 0, 1/2) in the Ty < T < Ti regime. Below T; it undergoes
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Fig. 5. Rietveld refinement patterns for the Ch = S sample. (a) At 150 K in the
paramagnetic regime; (b) At 96 K between Tinc and T1 with Rigg = 21.2%; (c) At
63 K between T; and T2 with Rye = 3.1%; (d) At 2 K below Ty with Rpgr =
3.39% and Rpgge = 9.46%.

an abrupt, first-order-like transition to the commensurate propagation
vector (0, 0, 1/2).

Magnetic structure refinements were performed based on irreducible
representation analysis. For the Fel and Fe2 ions at the 2a and 4h sites
the magnetic representations decompose into four IRs as:

I, (Fel) =T + 2, + T + 2T} @

inc

[y, (Fe2) = 2I'} + T} + 205 + T} (2

inc

The superscript indicates the dimension of the IR. Note, that the Fe2
site splits into two orbits, which form the same IRs. The basis vectors
(BV) for each IR are listed in Table 2. As reported in Ref. [4] only the Fe2
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Table 2

Nonzero IRs together with basis vectors ¢, for the Fe2 ions at the 4h site in
SryFe3Chy O3 with space group Pbam and propagation vector K. = (¢, 0, 1/2).
The 4h site splits into two orbits, e.g., with (x, y, z) = (0.2633, 0.0940, 0.5000)
and (—0.2633, —0.0940, 0.5000) for Ch = Se. The parameters a and fj are
nonzero and constrained by a? +4% = 1.

IRs @, component x, y, 2) O+ 1/2,-y + 1/2,-2)
I 72 Real (100 (@00)
Imag (000) (-p00)
2 Real 010 0-a0)
Imag 000) ©p0)
Ty 3 Real 001) 00 -a)
Imag (000) ©oop
T3 04 Real (100) (-a00)
Imag 000 $B00)
@5 Real 010 O a0)
Imag (000) ©-50)
Ty 6 Real 001) 00a)
Imag 000) 00-p)

sites order above T,. Following the analysis in Ref. [4] our refinements
for both compounds show that the magnetic structure can be, indeed,
described by the IR I'; of Fe2. The moments are pointing along the c-axis
with the magnitude sinusoidally modulated along the a-axis. The am-
plitudes are 2.12(7) yj for the Ch = Se compound at 105 K and 2.89(4)
ug for the Ch = S compound at 79 K. The phase between the two orbits is
negligibly small - thus, it was fixed to zero for the final refinement. The
refined patterns are shown in Figs. 4(b) and 5(b), and the magnetic
structure is shown in Fig. 6(a).

32. BTyo<T<T

With decreasing temperature below T; the propagation vector
evolves from incommensurate to commensurate values. However, the
commensurate propagation vectors for the two compounds turn out to
be different - k; = (1/2, 0, 1/2) for the Ch = Se and k; = (0, 0, 1/2) for
the Ch = S compound. The symmetry analysis for the Fe2 sites yields:

Ty, (Fe2) = 42 42132 3)

for the Ch = Se compound, and
Iy, (Fe2) = 2"} 4+ Ty + 20 + I + T'§ 4 2T + T + 2Ty €))

for the Ch = S compound. The BVs for each IR are listed in Table 3 and
Table 4. The magnetic moments are constrained within the ab-plane and
along the c-axis for I'; and I'y, respectively, for the Se compound.
Following the lock-in transition from the higher temperature phase, the
moments are also pointing along the c-axis in this regime (described by
') see Fig. 4(c). The magnetic moment amounts to 2.78(3) yz/Fe2 at 79
K and the corresponding magnetic structure is shown in Fig. 6(b).

The best refinement for the Ch = S compound could be achieved with
the IR I'; associated with the Fe2 ions only, see Fig. 5(c). The corre-
sponding magnetic structure is shown in Fig. 6(c). The refined magnetic
moment amounts to 3.21(1) uz/Fe2 at 63 K.

33. C.T<T,

Below T3, extra magnetic reflections appear and coexist with the
ones characterized by k;. These additional reflections can be indexed by
another propagation vector ky = (1/2, 1/2, 0) for both compounds.
Symmetry analyses for both the Fel and Fe2 sites yield:

[y, (Fel) =T} + 20 + 2% + T )

', (Fe2) =T} + 20 + 2T + T} + 208 + T} -+ ') + 2T} 6)
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Fig. 6. (a) Magnetic structure for both samples in the T; < T < Tj, regime with
a propagation vector ki, = (5, 0, 1/2). (b) and (c) Magnetic structure in the
T: > T > T, regime with a propagation vector k; = (1/2, 0, 1/2) and (0, 0, 1/2)
for the Ch = Se and Ch = S samples, respectively. For simplicity, the left panels
only show the Fe ions. The right panels show the Fe-ladder structure running
along the c-axis with bonded O and S ions. (d) A top view of the magnetic
structure. ® and ® symbols indicate that the moments are pointing inward and
outward of the drawing plane. Fe-O-Fe bond angles for the different exchange
paths J; shown in this figure - J;: 180° for both compounds and J, :~ 167.7(6)°
and 166.8(4)° for the Ch = Se and Ch = S compounds, respectively. Note, that
there are also Fe-Ch-Fe exchange paths that are associated with somewhat
smaller bond angles that we omitted here.

The BVs are shown in Table 5 and 6. It can be seen that half of the Fel
ions are paramagnetic for each IR. Since Mossbauer measurements
indicate that all the Fe moments become ordered in this temperature
regime [3,4], a combination of the IRs such as I'; + I['; or ['3 + I5 is
needed in order to realize a fully ordered state. Due to an assumed
coupling of the Fel and Fe2 sites we restricted our refinements to the
ones with the same IR for both sites. Finally, it turned out that these
additional reflections can be best described by I'; + I's for both com-
pounds. This solution corresponds to a magnetic structure with moments
constrained within the ab-plane. Together with the magnetic structure
established below T; for the Fe2 ions, the final refinement shows that for
the Ch = Se compound the Fel moments are lying in the ab-plane with
M,(Fel) = 2.7(2) ug,Mp(Fel) = 1.9(2) pup and Mipq(Fel) = 3.3(2) pp at 2
K. The Fe2 moments are canted from the c-axis with M,(Fe2) = 1.54(9)
fip, My (Fe2) = 0.3(2) yig, M.(Fe2) = 3.10(4) pp and Mio(Fe2) = 3.47(6)
ug at 2 K. The refined pattern is shown in Fig. 4(c) and the magnetic
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Table 3

Nonzero IRs together with basis vectors ¢, for the Fe2 ions at the 4h sites in
SryFesSe>03 with space group Pbam and propagation vector ky; = (1/2, 0, 1/2).
The first site coordinate is (%, y, z) = (0.2577, 0.0896, 0.5000), site 2 = (-x + 1,
-y+1,2),site3=(x+1/2,y+1/2,-z+ 1), andsite4 = (x + 1/2,-y + 1/2, -z
+1).
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Table 6

Nonzero IRs together with basis vectors ¢, for the Fe2 ions at the 4h sites in
SryFe3Chy O3 with space group Pbam and propagation vector k, = (0.5, 0.5, 0.0).
The first site coordinate is (%, y, z) = (0.2577, 0.0896, 0.5000), site 2 = (-x + 1,
-y+1,2),site3=(x+1/2,y+1/2,-z+ 1), andsite 4 = (x + 1/2,-y + 1/2, -z
+ 1).

IRs @, component site 1 site 2 site 3 site 4 IRs @, component site 1 site 2 site 3 site 4

I o Real (100) (100) 000) ©00) I » Real oon 000) ©00) oon
2 Real 010) 010) 000) ©00) Iy 23 Real (100) 000) ©00) (-100)
93 Real (000) 000) (100) (100 3 Real 010 (000) 000) 0-10)
94 Real (000) 000) 0-10) 0-10) I3 94 Real (100) (000) 000) (100)
@5 Real (000) ©00) (100) (-100) @5 Real 010 000) ©00) 010
Pe Real 000) ©00) ©-10) 010 Iy Pe Real oomn 000 ©00) 00-1)
@y Real (100) (-100) (000) 000) I's @y Real 000) (100) (100) 000)
¥g Real 010) 0-10) 000) ©00) @g Real ©00) 0-10) 0-10) ©00)

Iy @q Real (001 00-1) 000) ©00) I's @q Real ©00) ©O0-1) oomn ©00)
910 Real (000) 000) 001 00-1) r; 910 Real 000 00-1) 00-1) 000)
o1 Real (000) 000) 0o 001 I's o1 Real 000 (100) (-100) 000
203 Real 001 o1 000) ©00) 20 Real ©o00) 0-10 010 ©00)

Table 4 (2) Ch=Se

Nonzero IRs together with basis vectors ¢, for the Fe2 ions at the 4h sites in
SryFe3S,03 with space group Pbam and propagation vector k; = (0, 0, 1/2). The
first site coordinate is (x, y, z) = (0.2579, 0.0938, 0.5000), site 2 = (-x + 1, -y +
1,2),site3=(x+1/2,y+1/2,-z+ 1), andsite 4 = (x + 1/2, -y + 1/2, -z + 1).

IRs @, component site 1 site 2 site 3 site 4
I " Real 100 (-100) 100) (-100)
@y Real 010) 0-10 0-10) 010
Ty @3 Real oo1n oo 0o01) oomn
I3 @4 Real (100) (-100) (-100) (100)
@5 Real 010) 0-10) 010) ©-10)
Ty P Real oo1n ool 00-1) 00-1)
Ts @7 Real oo 00-1) 001) 00-1)
Te g Real 100) 100) (100) (100)
Po Real 010) 010) 0-10 ©-10)
Iy 910 Real oo 00-1) 00-1) oomn
Ty o1 Real (100) (100) (-100) (-100)
P12 Real 010) 010 010) 010
Table 5

Nonzero IRs together with basis vectors ¢, for the Fel ions at the 2a sites in
SroFe3Chy O3 with space group Pbam and propagation vector ky = (0.5 0.5 0.0).
The first site coordinate is (x, y, z) = (0 0 0).

IRs 0, component &, Y, 2) (x+1/2,y 4+ 1/2, -z)
I 1 Real 0o01) 000
I3 @q Real (100 000)
@3 Real 010 000)
Is 04 Real 000) (100)
?s Real 000) 0-10)
Iy [ Real 000) 00-1)

structure is shown in Fig. 7(a). For the Ch = S compound, the Fel mo-
ments are also lying in the ab-plane with M,(Fel) = 3.39(4) uz,M;(Fel)
= 1.6(2) py and M;qi(Fel) = 3.75(9) pp at 2 K. The Fe2 moments are
canted from the c-axis with M,(Fe2) = 1.50(3) yi, M,(Fe2) = 0.19(8) yp,
M.(Fe2) = 3.27(2) yiz and M,q(Fe2) = 3.60(2) u; at 2 K. The refined
pattern is shown in Fig. 5(c) and the magnetic structure is shown in
Fig. 7(b). The Fel moments are pointing approximately towards the
coordinated O ions (for both compounds).

The incommensurate magnetic structure suggests the existence of the
frustration within the Fe2 sublattice, see Fig. 6(d). For the Ch = Se

Fig. 7. Magnetic structure in the T < T regime for (a) Ch = Se and (b) Ch =S
samples. The left panels are top views, while the right panels are side views
showing the Fe-ladder structure running along the c-axis with bonded O and
Ch ions.

compound half of the Jy/Js-pairs are antiferromagnetically aligned
whereas the other half is ferromagnetically aligned. However, there is a
different alignment for the Ch = S compound, see Fig. 6(d). It seems that
small variations of the local structure results in distinct magnetic
structures in the T, < T < T; regime. The magnetic ground state can
also be very sensitive to external perturbations. Magnetic susceptibility
measurements for both compounds show a ferri/ferromagnetic-like
transition below Tj,. (denoted as Ty; in Ref. [3]) with an external
magnetic field of 3 T. However, our zero-field neutron diffraction
measurements reveal an antiferromangetic structure with zero net mo-
ments. Thus, it can be expected that the magnetic field induces an an-
tiferromagnetic to ferri/ferromagnetic transition in these compounds,
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which is especially obvious for the Ch = Se compound from the sus-
ceptibility measurement.

The ordered magnetic moments at the Fel and Fe2 sites are distinct
and also lower than the expected values for a Fe>* ion in the high spin
state. Besides covalence effects or thermal fluctuations and/or disorder
also frustration could be responsible for this. The difference between the
two sites could be due to the two very different local coordinations of
these Fe ions.

Finally, we have no indications for a structural symmetry lowering
around T;,. and T;. However, the temperature dependence of the lattice
parameters which is shown in Fig. 3 exhibits weak anomalies of the
lattice constants for both compounds (Ch = S, Se) at the magnetic
transition temperatures which shows that these compounds are in some
extent prone to magnetoelastic coupling.

4. Summary

In summary, we have studied the phase diagram and the appearing
magnetic structures in the SrpFegChyO3 system (Ch = S) by means of
powder neutron diffraction and compared it to the Ch = Se system.
Interestingly, the magnetic propagation vectors exhibit a lock-in to
different commensurate values in these two compounds with Ch = S and
Se: wheras the incommensurability 6 of the Ch = Se compound increases
with decreasing temperature until it attains the half-integer value of 1/
2, for Ch = S the corresponding incommensurability jumps suddenly to
the integer value of zero. This results in different magnetic structures
that are arising from a qualitatively different ferro- or antiferromagnetic
coupling of certain Fe-chains which is obviously the consequence of
(small) changes in the structure of both compounds that cause a varia-
tion of the balance of the different exchange interactions occuring in
these materials.
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