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Crystal growth and anisotropic magnetic properties of quasi-two-dimensional (Fe;_,Ni,),P,S¢
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We report the crystal growth by chemical vapor transport together with a thorough structural and magnetic
characterization of the quasi-2D magnets (Fe;_,Ni,),P,S¢ with xy; = 0,0.3,0.5,0.7,0.9, and 1. As-grown
crystals exhibit a layered morphology with weak van der Waals interactions between layers parallel to the
crystallographic ab plane of the monoclinic structure in the space group C2/m (No. 12). Magnetization mea-
surements reveal an antiferromagnetic ground state for all grown crystals. In the ordered state, the magnetization
along different crystallographic directions is in agreement with an Ising anisotropy for 0 < x < 0.9 and only
for NiyP,S¢ a different behavior is observed which is in line with an anisotropic Heisenberg or XXZ model
description. This striking abrupt change of anisotropy at a critical Ni concentration is coupled to a change in the
width of the maximum in the magnetization around T},.. Furthermore, all intermediate compounds 0 < x < 0.9
exhibit an anisotropic magnetization already in the paramagnetic state similar to the parent compound Fe,P,Ss.
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I. INTRODUCTION

Since the experimental verification of stable ferromagnetic
order in monolayer and few-layer samples of Crl; [1] and
Cr,Ge,Teg [2], magnetic two-dimensional (2D) systems have
received rapidly growing attention [3]. Such low-dimensional
magnetic systems are promising for use in spintronics and
miniaturization of functional devices, as well as to supplement
the well-studied nonmagnetic 2D materials in heterostructures
via induced magnetic interactions and phenomena [4-9]. For
an optimized design of such magnetic 2D materials, a re-
liable understanding of magnetic order in low-dimensional
systems and its interplay with magnetic anisotropy in the
context of the Mermin-Wagner theorem are necessary [10].
Magnetic 2D materials may also provide a platform to
study exotic short-range correlation-driven effects like the
Berezinsky-Kosterlitz-Thouless transition predicted for the
XY spin model in 2D systems [11,12].

To study the fundamental magnetic properties of
2D systems, the family of M,P,S¢ compounds (M =
V, Mn, Fe, Co, Ni) offers a series of isostructural van der
Waals layered compounds, all exhibiting antiferromagnetic
order as bulk material but with different magnetic anisotropies
[13]. For example, Mn,P,S¢ is a Heisenberg antiferromagnet
below a Néel temperature Ty =78 K [14,15], Fe,P,Sq
is an Ising antiferromagnet below Ty = 123 K [14,16],
and Ni,P,S¢ exhibits an antiferromagnetic state below
Ty = 155 K, which can be described by an anisotropic
Heisenberg model or the XXZ model [14,17,18]. For
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monolayer samples of Ni,P,S¢, magnetic order breaks down
[18], while it survives in the strongly anisotropic atomically
thin Fe,P,S¢ [19], following the expectations from the
Mermin-Wagner theorem.

Tuning the magnetic properties with chemical substitution,
i.e., gradually substituting Mn with Fe in Mn,P,S¢ or Ni
with Fe in Ni;P,S¢, may allow one to tune the magnetic
anisotropy in the system. This will allow one to investigate the
interplay between magnetic anisotropy, magnetic interactions,
and spin fluctuations in low-dimensional systems. Along this
line, it may be furthermore possible to tune the system to
the sweet spot of a critical magnetic anisotropy strength at
which the low-dimensional magnetic system is dominated by
short-range correlations, as, e.g., described by Berezinsky and
Kosterlitz [11,12].

Indeed, the work on the substitution series
(Mn,_,Fe,),P>,S¢ by Masubuchi et al. [20] demonstrated
the fundamental feasibility of substituting between two
magnetic M,P,S¢ compounds including a solid solution
behavior, which is essential for a gradual evolution of the
physical properties as a function of the degree of substitution.
However, the evolution of magnetic properties in this specific
substitution series exhibits a breakdown of long-range
magnetic order and the existence of a spin-glass state around
(Mng sFeq5)2P>S¢ rather than a gradual evolution between
the magnetic characteristics of both parent compounds.

In contrast to (Mn;_,Fe,),P>S¢, an initial work on poly-
crystalline samples of (Fe;_,Ni,),P>S¢ [21] proved the
existence of long-range magnetic order for the full series,
making this substitution series a promising candidate for
deliberately tuning the magnetic anisotropy. However, to
reliably investigate the magnetic anisotropy of a material,
single crystalline samples are necessary, allowing magnetic
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measurements with magnetic fields applied along different
crystallographic directions.

In this work we report the crystal growth of the quasi-2D
van der Waals layered series (Fe;_,Ni,),P,S¢. Both parent
compounds as well as several intermediate compounds (xn; =
0.3, 0.5, 0.7, and 0.9) were grown using the chemical va-
por transport (CVT) technique with iodine as the transport
agent. Crystals of all degrees of Ni substitution were thor-
oughly characterized by scanning electron microscopy and
energy dispersive x-ray spectroscopy regarding morphology,
chemical homogeneity, and elemental composition, as well as
by single crystal x-ray diffraction and powder x-ray diffrac-
tion regarding the crystal structure and lattice parameters.
An investigation of the bulk magnetic properties is presented
based on magnetization studies performed along all principle
crystallographic axes, illustrating the effect of Fe/Ni substi-
tution on the magnetic anisotropy in (Fe;_,Ni,),P,S¢ single
crystals.

II. CRYSTAL GROWTH AND METHODS

Single crystals were obtained by the following two-step
process. First, stoichiometric polycrystalline powders were
obtained by solid state synthesis from the elements. In a
second step, crystals were grown from these polycrystalline
precursors by CVT. This two-step process has proven neces-
sary to obtain homogeneous single crystals with the desired
degree of Ni substitution. A similar approach was used by us
for the crystal growth in the closely related substitution series
(Mn;_¢Niy )>P>S¢ [22].

A. Synthesis of the polycrystalline precursors

The elemental constituents iron (powder —70 mesh, Acros
Organics, 99%), nickel (powder —100 mesh, Sigma Aldrich,
99.99%), red phosphorus (lumps, Alfa Aesar, 99.999%), and
sulfur (pieces, Alfa Aesar, 99.999%) were weighed out in sto-
ichiometric quantities with respect to (Fe;_,Ni,)>,P2S¢ (xni =
0, 0.3, 0.5, 0.7, 0.9, and 1). The elemental mixtures were
homogenized in an agate mortar and pressed to pellets (1 cm
diameter) at approximately 25 kN using a hydraulic press.
Typically 2 g of pellets were loaded in a quartz ampule
(10 mm inner diameter and 3 mm wall thickness). All prepara-
tion steps up to here were performed under argon atmosphere
inside a glove box. Quartz ampules were thoroughly cleaned
by washing with distilled water, rinsing with ethanol or iso-
propanol, and, subsequently, baked out at 800 °C for at least
12 h immediately prior to use to avoid contamination by (ad-
sorbed) water. The ampule was then sealed under an internal
pressure of approximately 0.3 bar Ar (at 20 °C). Finally,
the pellets were heat treated in a tube furnace. Initially, the
furnace was heated to 300 °C with 50 °C/h and dwelled for
24 h to ensure prereaction of the volatile elements P and S with
the transition elements. Then it was heated to 600 °C with
100 °C/h and dwelled for 72 h. After this, the furnace was
turned off and the pellets were furnace cooled to room tem-
perature. The pellets were pulverized under argon atmosphere
and the formation of the monoclinic phase was confirmed by
powder x-ray diffraction (pXRD) measurements.

B. Crystal growth
1. F62P2S6

To grow single crystals, 0.5 g of prereacted starting ma-
terial of Fe,P,S¢ was loaded in a quartz ampule (6 mm
inner diameter and 2 mm wall thickness, cleaned as de-
scribed above) as a fine powder together with a small
amount (~5 mol. % with respect to the transition metals) of
the transport agent iodine (resublimed crystals, Alfa Aesar,
99.9985%). This was done in a glove box under argon at-
mosphere. The ampule containing the starting materials was
then transferred to a vacuum pump and evacuated to a residual
pressure of 10~ bar. To suppress the unintended sublimation
of the transport agent during evacuation, the material contain-
ing the end of the ampule was cooled by attaching a small
Dewar flask filled with liquid nitrogen. After stabilizing the
desired internal pressure, the valve to the vacuum pump was
closed, the cooling was stopped, and the ampule was sealed
under static pressure at a length of approximately 12 cm by a
oxyhydrogen flame. The ampule was placed horizontally in a
two-zone tube furnace in such a way that the elemental mix-
ture was only at one side of the ampoule, which is called the
charge side. The same temperature profile as reported by Rule
et al. [23] was applied. However, the obtained crystals were
too small for a detailed investigation of the anisotropic mag-
netic properties. Thus we optimized the growth conditions as
reported hereafter and were able to grow single crystals with
a mass of up to 5 mg.

Initially, the furnace was heated homogeneously to 710 °C
with 100 °C/h. The charge side was kept at this temperature
for 394.5 h, while the other side of the ampule, referred to as
the sink side, was initially heated up to 760 °C with 100 °C/h,
dwelled at this temperature for 24 h, and then cooled back
to 710 °C with 1 °C/h. Then, an inverse transport gradient is
formed, i.e., transport from the sink to the charge side, to clean
the sink side of particles which stuck to the walls of the quartz
ampule during filling. This ensures improved nucleation con-
ditions in the following step. The sink side was cooled to
660 °C with 0.5 °C/h to slowly form the thermal transport
gradient resulting in a controlled nucleation. Then, the ampule
was dwelled with a transport gradient of 710 °C (charge)
to 660 °C (sink) for 200 h. After this the charge side was
cooled to the sink temperature in 1 h before both sides were
furnace cooled to room temperature. Lustrous black platelike
crystals of Fe,P,S¢ of up to 5 mm x 5 mm x 200 um were
obtained. An as-grown single crystal of Fe,P,S¢ is shown in
Fig. 1(a). The crystals exhibit a layered morphology and a
ductile nature. Furthermore, the crystals are easily exfoliated
which is a typical feature of these layered vdW materials.

2. Ni,P,S,

Single crystals of Ni,P,S¢ were grown following the same
general procedure as described for Fe,P,S¢, however, using a
different growth temperature profile. A two-zone furnace was
heated homogeneously to 750 °C with 100 °C/h. The charge
side was kept at this temperature for 394.5 h, while the sink
side was heated up to 800 °C with 100 °C/h, dwelled at this
temperature for 24 h, and then cooled back to 750 °C with
1 °C/h. Subsequently, the sink side was cooled to 690 °C with
0.5 °C/h, followed by a dwelling with this transport gradient
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Fe,P,Sg,

FIG. 1. As-grown
(b) (Fep7Nig3)2P2S¢, and (c) NipP,S¢. An orange square in
the background corresponds to 1 mm x 1 mm for scale. Electron
microscopy images of a (Fey;Nig3).P,Se crystal in topographic
mode (SE detector) in (d) and in chemical contrast mode (BSE
detector) in (e).

single crystal of (a)

(charge 760 °C to sink 690 °C) for 200 h. Then, the charge side
was cooled to the sink temperature in 1 h before both sides
were furnace cooled to room temperature. This temperature
profile is adapted from Taylor et al. [24]. Shiny brown flake-
like crystals of NiyP,Sg of up to 4 mm x 3 mm x 200 um
were obtained. An exemplary as-grown crystal of NiyP,Sg is
shown in Fig. 1(c).

3. (Fe;_«Ni,),P,S¢

Using the prereacted polycrystalline material as starting
material and following the same procedure for the CVT
growth as described before with the same temperature pro-
file as for Ni,P,S¢, we obtained crystals of (Fe;_,Ni, ),P>S¢.
However, the surface of some crystals obtained by this pro-
cedure was contaminated with by-products which condensed
during or after the CVT (most likely iodine, phosphorus, and
Fel,). These surface impurities could be removed by washing
the crystal shortly with water or acetone without any notable
decomposition or structural changes of the main phase of the
crystal. With these optimized conditions single crystals of
(Fe;_Niy),P»S¢ with a mass of up to 20 mg were grown.
A representative as-grown single crystal of (Feg7Nig3)2P2Se
is shown in Fig. 1(b) together with its electron microscopic
images in Figs. 1(d) and 1(e).

C. Methods

All crystals were thoroughly characterized by several
techniques. Single crystal x-ray diffraction (scXRD) was per-
formed at room temperature on a Bruker-AXS KAPPA APEX
II CCD diffractometer with graphite-monochromated Mo K,
radiation (50 kV and 30 mA). The data collection consists
of large 2 and ¢ scans of the reciprocal space. The frames
were integrated with the Bruker SAINT software package [25]
using a narrow-frame algorithm in APEX3 [26]. The data
were corrected for absorption effects using a semiempirical
method based on redundancy with the SADABS program [27],

developed for scaling and absorption corrections of area
detector data. The space group determination, structural de-
termination, and refinement were performed using charge
flipping with the Superflip algorithm [28] within JANA2006
[29] and SHELXL [30]. The crystal structures were refined with
anisotropic displacement parameters for all atoms. For the
visualization and graphical representation of crystal structure
models, VESTA 3 was used [31].

Powder x-ray diffraction (pXRD) was performed on pul-
verized crystals at room temperature on a STOE STADI
laboratory diffractometer in transmission geometry with Cu
K, radiation from a curved Ge(111) single crystal monochro-
mator and detected by a MYTHEN 1K 12.5°-linear position
sensitive detector manufactured by DECTRIS. JANA2006 [29]
was used to analyze the pXRD diffraction pattern with the Le
Bail method.

A ZEISS EVO MA 10 scanning electron microscope
(SEM) was used to capture electron microscopic images using
either a secondary electron (SE) detector for topographic con-
trast or a backscattered electron (BSE) detector for chemical
contrast. The same SEM device allowed for energy dispersive
x-ray spectroscopy (EDX) measurements at an accelerating
voltage of 30 kV using an energy dispersive x-ray analyzer.
EDX point and area scans were performed on crystals which
were attached to the sample holder with carbon tape. To mini-
mize sample drift and avoid charge-up effects during the long
time measurements for EDX elemental maps, these crystals
were embedded in an epoxy resin mixed with fine carbon
powder to ensure conductivity. Samples were embedded such
that they formed a clean surface with the surrounding resin.
On this surface, a thin film (8 nm) of gold was evaporated to
further improve the sample conductivity.

The dc magnetization was measured as a function of tem-
perature in an applied magnetic field of uoH =1 T using a
superconducting quantum interference device vibrating sam-
ple magnetometer (SQUID-VSM) from Quantum Design. All
measurements were performed during heating after the sam-
ple was cooled in an applied field of 1 T to 1.8 K [field
cooled (fc)].

III. RESULTS

A. Scanning electron microscopy and compositional analysis

From the SEM images using the topographic contrast mode
(SE), crystals of all Ni substitution exhibit the typical fea-
tures of layered systems, such as steps and terraces, e.g., as
shown in Fig. 1(d) for (Fey7Nip3),P>Se. Using the chemical
contrast mode (BSE), no changes in contrast are observed on
the surface of the crystals indicating a homogeneous elemen-
tal composition. This is exemplarily shown in Fig. 1(e) for
(Fep.7Nig.3)2P2Se.

EDX was measured on at least 10 different spots on several
crystals of each nominal degree of Ni substitution; EDX map-
ping was performed on an area of approximately 150 x 200
wum? of one crystal for each Ni-substituted crystal. While the
former measurements yield information about the homogene-
ity of the elemental composition of a crystal growth batch,
the latter yields detailed insight in the local homogeneity of
the elemental composition, complementary to the SEM(BSE)
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(a)x=0
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FIG. 2. Elemental maps and SEM(SE) image of a crystal of (a) Fe,P,S¢ (x = 0), (b) (Fep7Nip3)2P2S¢ (x = 0.3), and (c) NixP,S¢ (x = 1).
The elemental maps are color coded based on the relative intensity of the characteristic x-ray K line. Brighter regions correspond to higher

relative intensity.

images. In fact, changes in the elemental composition which
do not strongly affect the local mean atomic number, such as
a slight change in the Fe:Ni ratio in (Fe;_,Ni, ),P,S¢, are ex-
pected to result in the same contrast in the SEM(BSE) image,
while a notable shift in spectral weight in the corresponding
EDX spectra may still be observed.

However, for our (Fe;_,Ni,),P,S¢ crystals, also the el-
emental maps obtained from EDX mapping indicate a
homogeneous distribution of Fe, Ni, P, and S without notable
changes of the Fe:Ni ratio for all nominal degrees of Ni
substitution, supporting the conclusions from the SEM (BSE)
images. The elemental maps for both parent compounds as
well as for (Fep7Nig3),P2Sg are shown in Fig. 2. It should
be noted that the observed contrast changes in the elemental
maps are purely attributed to surface features and not actually
to compositional changes, as clearly seen by comparing the
elemental maps to the SEM(SE) image of the same area.
Furthermore, an EDX investigation on the cross section of
a (Fep7Nip3)2P2S¢ crystal also revealed no compositional
gradients along the stacking direction of the layers. Thus the
crystals of the (Fe;_,Ni, ),P>S¢ substitution series are homo-
geneous in composition.

The mean elemental composition for the crystals of the
(Fe;_Ni,),P,S¢ substitution series were obtained from mul-
tiple EDX spot measurements and are summarized in Table 1.
The elemental compositions are close to the expected com-
position of the M,P,S¢ phase and are homogeneous over
multiple crystals of the same crystal growth batch as indicated
by small standard deviations. Moreover, for all crystals the
degree of Ni substitution Xy is found in the range of the
nominal value x,,, considering a systematic uncertainty of
this ratio of approximately 5%.

B. Structural analysis

All scXRD patterns could be indexed in the same mon-
oclinic space group C2/m (No. 12). The atomic model

proposed by Klingen et al. for Fe,P,S¢ [32] was sufficient
to describe all obtained scXRD patterns with reasonable reli-
ability. In this model, the transition element 4g Wyckoff sites
are octahedrally surrounded by Sulfur sites (Wyckoff 4i and
8j). These octahedra are connected via the edges to form
a honeycomb network in the ab plane. In the void of each
honeycomb, a P, dumbbell is located (Wyckoff 4i) with the
P-P bond being perpendicular to the ab plane. These layers are
interacting with each other solely by van der Waals forces and
are stacked onto each other with an offset in the a direction
due to the monoclinic angle 8 # 90° between a and c.

In extension of the model of Klingen et al., introducing
a site disorder of the transition element between majority 4g
(Fel and Nil) and minority 2a sites (Fe2 and Ni2) and of P be-
tween majority 4i (P1) and minority 8; sites (P2) as proposed
by Ouvard et al. for NiyP,S¢ [33] improved the agreement
between model and experiment even further. A disorder ratio
Tdgisorder 18 defined in Eq. (1), which describes the ratio be-
tween the majority and minority sites of transition element
atoms and takes into account the different site multiplicities.
The respective lattice parameters and the site disorder ratio

TABLE I. Expected and mean composition measured by EDX
as well as the resulting estimated experimental Ni substitution for
crystals with different nominal substitution. Standard deviations are
given in parentheses.

Composition
Xnom Expected Measured Xexpt
0 Fe,P,Sq Fe; 07:3)P2.03(1)S5.903) 0
0.3 Fe | 4Nig¢P>S6 Fe1 .454)Nio.s01)P2.042)S5.933) 0.29
0.5 Fe1 oNi; oP2Ss Fe1.113)Nio.06(3)P2.02(1)S5.91¢6) 0.46
0.7 FeoNij 4P2Se Feo.65(1)Ni1.402)P2.03(1)S5.9202) 0.68
0.9 Fe,Ni; sP,S¢ Feo 233)Ni1 87(8)P2.02(2)S5.87(8) 0.89
1 NiyP,S¢ Niz.051)P2.031)S5.92(1) 1

073401-4



CRYSTAL GROWTH AND ANISOTROPIC MAGNETIC ...

PHYSICAL REVIEW MATERIALS §, 073401 (2021)

TABLE II. Summary of lattice parameters and volume obtained from modeling the scXRD and pXRD pattern. A selection of reliability

values are shown as well.

scXRD

Xnom 0.0 0.3 0.5 0.7 0.9 1
Crystal system Monoclinic
Space group C2/m (No. 12)
a(A) 5.9345(10) 5.8544(2) 5.8602(2) 5.8671(2) 5.8481(3) 5.8165(7)
b(A) 10.2942(17) 10.1487(2) 10.1497(4) 10.1658(3) 10.1219(3) 10.0737(12)
c(A) 6.7092(11) 6.6563(2) 6.6518(2) 6.6663(2) 6.6534(3) 6.6213(8)
B ) 107.069(11) 107.139(4) 107.069(3) 107.086(3) 107.127(6) 107.110(6)
Volume (A%) 391.82(11) 377.92(2) 378.22(2) 380.06(2) 376.38(3) 370.80(10)
Faisorder (%) 6 0 (fixed) 2 14 2 4
Goodness of fit 1.13 2.30 1.61 2.55 1.93 1.28
Reops (%) 1.70 2.32 3.50 2.67 2.93 2.17

pXRD (Le Bail)
Crystal system Monoclinic
Space group C2/m (No. 12)
a(A) 5.9349(1) 5.8919(7) 5.8501(1) 5.8513(2) 5.8071(8) 5.8224(2)
b(A) 10.2812(2) 10.1809(12) 10.1308(2) 10.1337(3) 10.0569(15) 10.0831(3)
c(A) 6.7180(2) 6.6779(9) 6.6567(2) 6.6571(3) 6.6105(10) 6.6332(2)
B ) 107.309(2) 107.244(3) 107.199(2) 107.204(2) 107.263(3) 107.096(2)
Volume (A%) 391.35(2) 382.57(8) 376.87(2) 377.07(2) 368.67(9) 372.22(2)
Goodness of fit 1.69 2.04 2.31 1.97 1.97 2.77
R, 1.78 1.84 2.31 2.73 2.97 3.30
wR, 2.63 2.74 3.65 4.41 4.43 5.39
T'disorder Dased on the evaluation of the scXRD experiments are disorder is shown in Fig. 3:
shortly summarized in Table II (top). A graphical illustration frer + faiz
of the crystal structure of (Fe;_,Ni, ),P>S¢ including the site Fdisorder = €))]

FIG. 3. Crystal structure of (Fe;_,Ni,),P,S¢. Exemplary relative
occupancies of the T sites by Fe and Ni as well as the disorder ratio
are according to the structural parameters obtained from scXRD for
(Fe3Nig7)2P2S¢ (see Table II). The site occupancies are reflected
by spheres with different colored sections depending on the relative
occupancies with white corresponding to an empty site, and brown,
blue, and red to the elements according to the legend. Panel (a) shows
the bc plane, (b) shows the ac plane, and (c) shows the ab plane. Each
S octahedron either hosts a transition metal atom or a P, dumbbell in
its center, as indicated by the yellow octahedron. Less than half of the
occupied atomic sites correspond to the minority transition element
2a and P 8 sites.

2(fret + frit) + fre2 + Sz

As already discussed by us in Ref. [34] and by Goossens
et al. [35], and by Lancon et al. [17], it is most likely that
a high concentration of stacking faults leads to a significant
displacement of electron density in layered M,P,Sg systems.
This displaced electron density could easily be falsely inter-
preted as the aforementioned site disorder in the structural
refinement. As shown in Fig. 4, a notable broadening of
reflections is observed in the / direction of the 0k/ section
of reciprocal space for (Fe;_,Ni,),P>S¢ with x5 =0, 0.7,
1, while no significant broadening is observed for xy; = 0.3,
0.5, 0.9. This effect in the scXRD pattern is indicative of
(stacking) disorder perpendicular to the ab planes rather than
a large site disorder rgjsorder introduced above. This is fur-
ther supported by angular dependent >'P-NMR spectra of our
Ni,P,S¢ single crystals in the magnetically ordered state [34].
For the other parent compound Fe,P,Sg, Murayama et al.
[36] demonstrated that stacking faults and rotational twinning
can be observed frequently along the stacking direction using
transmission electron microscopy (TEM).

Although indications for stacking faults are clearly ob-
served in the scXRD patterns, a crystal structure model, which
explicitly takes these stacking faults into account, is lacking
by now. Therefore, the model with site disorder was used to
be able to obtain comparable structural parameters throughout
the whole substitution series as it yields the best achiev-
able agreement with the experiment. This is in line with the
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(b) (Feg;Nig 3),P,S, (c) (Fe sNigs),P;Se
S SN

(a) Fe,P,S; I3 .

(e) (Feg4Nig),P,Se

FIG. 4. Okl section of reciprocal space measured by scXRD on
(Fe,_Ni,),P,S¢ with (a) x = 0, (b) x = 0.3, (c) x = 0.5, (d)x = 0.7,
(e) x = 0.9, and (f) x = 1. Significant streaking in / direction (per-
pendicular to the ab planes) is observable in (a), (d), and (f).

approach of Goossens et al. [35] and Langon et al. [17]
for Ni,P,S¢. However, it should be emphasized that the site
disorder most likely is not real but rather an “artificial tool” to
account for stacking faults in the refinement.

As shown in Fig. 5, all pXRD patterns are successfully
indexed in the same monoclinic space group C2/m (No. 12)
as the scXRD pattern. Evidently, the aforementioned struc-
tural faults also affect the pXRD pattern, as an asymmetric
shape of the 00/ reflections is observed in our experiments.
Additionally, significant altered relative intensities compared
to an initial model are detected, which are attributed to the ef-
fect of preferred orientation. As pulverizing platelike crystals
yield platelike rather than spherical powder particles, pre-
ferred orientation effects are commonly observed for layered
compounds with weak interlayer interactions. However, such
effects pose an additional challenge in the accurate modeling
of the experimental pattern. Using the Le Bail method, a rea-

l (Fe, Ni).P.S_
w 1 l x=0
S
8 l ] | R x=03
T | FeP, l
£ ~ L. x=05
C
5}
£ 1 i L. x=0.7
[0]
: [, 00
X=0U.
g i — —
[e]
z x=1
2 2 2 2 4 ry o
20 40 60 80 100 120

26 (deg)

FIG. 5. pXRD patterns of the members of the (Fe,_,Ni,),P,S¢
substitution series from Cu K, radiation (A = 1.5406 A) in red and
corresponding Le Bail fits in black. All patterns are normalized to the
main reflection.
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FIG. 6. Evolution of the lattice parameters (top: a and b; bottom:
¢ and B) of (Fe,_,Ni,),P,S¢ as function of the degree of Ni sub-
stitution. Squares correspond to the values extracted from scXRD
and circles show the values extracted from pXRD by Le Bail fits.
The dashed lines illustrate an ideal linear evolution based on the
lattice parameters of Fe,P,S¢ and NiyP,S¢ from pXRD. Error bars
are smaller than the symbols.

sonable description for the pattern profiles could be found and
lattice parameters could be extracted. Corresponding lattice
parameter are shown in Table II (bottom).

The evolution of the lattice parameters a, b, and ¢ and
the monoclinic angle 8 extracted from pXRD and scXRD
experiments is shown in Fig. 6. As expected from the ionic
radii of Fe>* (0.78 A) in comparison to Ni** (0.69 A) [37],
the lattice parameters a, b, and ¢ shrink by increasing xy;
in (Fe;_,Ni,),P,S¢. Overall, a linear trend is observed, in
agreement with Vegard’s law [38]. The monoclinic angle B
virtually stays constant as a function of the degree of Ni
substitution xy;. However, all these structural parameters ex-
hibit small deviations from the general trend. It is likely that
the structural faults in the real structure of (Fe;_,Ni,),P>S¢
induce an additional inaccuracy in the determination of the
lattice parameters, which results in the observed deviations. A
detailed investigation of stacking faults in the intermediary,
mixed metal compounds of (Fe;_,Ni,),P,S¢ by TEM is a
separate ongoing investigation and beyond the scope of this
present work.

To conclude the structural analysis, both scXRD
and pXRD confirm the formation of solid solution in
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FIG. 7. Normalized magnetization as function of temperature MH~'(T) for a field of 1 T applied along three different crystallographic
directions for (a) Fe;P5Se, (b) (Feg7Nig3)2P2Ss, (¢) (Fe sNigs)2PSe, (d) (Feg3Nig7)2P2Ss, (€) (Feg1Nigg)2P2Se, and (f) NioP,Se. The MH ™!
axes have the same scale for best comparability. The insets in (e) and (f) show a zoomed-in view on the thermal evolution of MH~' of
(Feo.1Nig9).P>Se and Ni,P,Se, respectively. The orange dotted lines indicate the Néel temperature Ty for each compound. The green dashed
lines in (a), (b), (c), (d), and (f) denote the isotropic temperature of the maximum of MH ~'(T) Tyay. For (e) (Feq.1Nig¢)2P2Ss, Tnax is found to
be anisotropic and accordingly the yellow line indicates Tp,,x for H || a and H || b, while the turquoise line marks 7,,,x for H || c*.

(Fe;_Niy)2P2S6. On the one hand, all scXRD patterns could
be modeled using the same structural model only adjusting the
Fe/Ni ratio. On the other hand, lattice parameters extracted
from both scXRD and pXRD patterns overall follow Vegard’s
law.

C. Magnetic analysis

The magnetic properties of (Fe;_,Ni,),P»S¢ were inves-
tigated as a function of temperature at an applied magnetic
field of uoH =1 T and are presented in the form of the
molar magnetization normalized by the magnetic field MH !
in Fig. 7 for (a) xni =0, (b) xni = 0.3, (¢) xni = 0.5, (d)
xni = 0.7, (e) xni = 0.9, and (f) xn; = 1. In the uncorrelated
paramagnetic state, where M is linearly dependent on H, this
normalized magnetization is equal to the molar susceptibil-
ity Xmol- The magnetic measurements were conducted with
the magnetic field applied along different directions with re-
spect to the crystal’s orientation to investigate the influence
of magnetic anisotropy. These directions are parallel to the
crystallographic a and b axes. The third direction of the ap-
plied magnetic field is perpendicular to the crystallographic
ab plane, which is a different direction than that of the crys-
tallographic ¢ axis, following from the monoclinic setting of
the unit cell with 8 # 90°. Therefore, this direction is referred
to as c*.

The overall behavior of MH~!(T) is the same for all
compositions and field directions. From 400 K towards lower

temperatures, first an increase in M H —1 is observed, followed
by a decrease. Subsequently, a maximum of MH ~! is obtained
at a composition dependent temperature Trax. Below Thax, an
inflection point is found at a composition dependent temper-
ature, reflecting the onset of long-range magnetic order and
thus defining the antiferromagnetic transition temperature 7Ty.
Our observations are in agreement with existing literature for
both parent compounds, where antiferromagnetic long-range
order has been observed via different methods [14,39], includ-
ing nuclear magnetic resonance and MoBbauer spectroscopy
[34,40,41], and neutron diffraction [16,39,42,43].

Although all members of the (Fe;_,Ni,),P,S¢ substitution
series share the same characteristic features in the temper-
ature dependent magnetization, the overall shape notably
differs, as, e.g., observed by comparing both parent com-
pounds. For Fe,P,S¢, Ty and T,y are relatively close to each
other with a sharp maximum in M/H, while for Ni,P,Sg,
Thax 1s much higher than 7y with a broad maximum at
high temperature. The former resembles a rather textbook-
like shape of an antiferromagnetic—paramagnetic transition
[44]. The latter exhibits a shape which is observed for many
other low-dimensional antiferromagnets (e.g., MnTiOs [45]
and K,NiF, [46]), in which the broad maximum is typi-
cally related to strong low-dimensional magnetic correlations
above the long-range magnetic ordering temperature [47].
For the intermediate members of (Fe;_,Ni, ),P»S¢ with xn; =
0.3, 0.5, 0.7, Ty and T, are close together, such that the
overall shape of MH~'(T) around the maximum resembles
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FIG. 8. Evolution of the Néel temperature 7y and the tempera-
ture of the maximum in MH~'(T) Ty as function of the degree
of Ni substitution in (Fe;_,Ni,),P,S¢ single crystals. The specific
values of Ty and Ty, are given in Table III.

the one of Fe,P,S¢ rather than of Ni,P,S¢. Remarkably,
(Feo.1Nig9)2P2Sg is unique in this substitution series, as it
is the only compound for which Tp,,x undergoes an orien-
tation dependence. As shown in the inset of Fig. 7(e), the
anisotropic behavior of Tp,,x in (Fep Nigg)>P2Se¢ manifests
in a sharp maximum (7}, being close to 7y) for H || ¢* and
a notably broader maximum (7;,,x being significantly higher
than 7y) for H || a and H || b. While these observations ap-
parently follow the necessary changes for the evolution from
an anisotropic Ising magnet (Fe,P,S¢) towards an in-plane
Heisenberg magnet (Ni,P,S), it is interesting to see that the
first physical quantity showing abrupt changes upon the series
is Thax, Which is related to the (low-dimensional) magnetic
correlations and not 3D order in the system.

The evolution of Ty and T« as functions of the degree
of Ni substitution is shown in Fig. 8. Our observations are in
qualitative agreement with the results of Rao and Raychaud-
huri based on polycrystalline samples of the (Fe;_,Ni, ),P>S¢
substitution series [21], where, however, due to the polycrys-
talline nature of their samples, the influence of the direction
of the magnetic field at high degrees of Ni substitution could
not be observed. Ty exhibits a gradual increase over the full
substitution series from Fe,P,S¢ to NiP»Sg. When the mag-

TABLE III. Antiferromagnetic ordering temperatures 7y and
temperatures of the maximum in MH~' T,,, for the members of
(Fe;_Ni,),P,Ss.

Xni Ix (K) Thnax (K)

0 119+1 129+1

0.3 116 £1 121 £1

0.5 120+ 1 124 +1

0.7 134 +1 137£1

0.9 144 +1 165+2(H || a, b)
145+ 1(H || ¢¥)

1 158 £1 260+ 5

netic field is applied || ¢*, Thmax follows the gradual evolution
of Ty up to xni = 0.9 and then increases rapidly between
xni = 0.9 and xn; = 1. Yet, when the field is applied || a or
|| b, the evolution of T,,x appears to be more gradual, with
Thax deviating from the trend of Ty already above xy; = 0.7,
evidencing a highly anisotropic behavior for samples with
xni > 0.7. This is in line with the (expected) strengthening
of magnetic correlations in the ab plane towards the in-plane
Heisenberg magnet Niy P, Se.

The single-crystalline nature of our samples allows us to
comment further on the orientation dependence of the nor-
malized magnetization with respect to the alignment in a
magnetic field (i.e., the magnetic anisotropy) and its evolution
as a function of Ni substitution in (Fe;_,Ni,),P,S¢. In the
following, we will split our observations for temperatures be-
low and above the magnetic long-range ordered state. Below
Tv, for Fe,P,S¢ we find MHH_Cl < MHH_a1 = MH”_I, which is
the expected behavior for an Ising-like antiferromagnet, with
c* being the magnetic easy axis in agreement with litera-
ture [14,16]. All intermediate compounds of (Fe;_,Ni,),P,S¢
(xni = 0.3, 0.5, 0.7, and 0.9) exhibit the same anisotropic
magnetization in the magnetically ordered state. Only for
Ni,P,S¢ is a distinctly different behavior with MH”_a1 <

MHHZl < MH”’C,} observed, which per se is in agreement with
literature [14,39]. Note that, similar to T,,x, Which is related
to (dynamic) magnetic correlations discussed above, also the
(static) long-range ordered state features an abrupt change of
the magnetic anisotropic behavior for xx; > 0.9.

Above the magnetic ordering temperature 7 > Ty, a pecu-
liar orientation dependence of the normalized magnetization
is observed for Fe,P,S¢ with MH”;} > MH”;1 = MHH’b1 in
agreement with literature [14,41]. Joy and Vasudevan [14]
attributed this magnetic anisotropic behavior in the para-
magnetic state of Fe,P»Sg¢ to an anisotropy of the Landé
factor g and thus to details of the crystallographic electric
field splitting scheme. A comparable orientation dependence
of the magnetization above the magnetic ordering temper-
ature is also observed for all intermediate compounds of
(Fe1_xNiy)2P2S¢ (xni = 0.3, 0.5, 0.7, and 0.9). Only for
Ni,P,S¢ is an isotropic magnetic behavior detected in the
paramagnetic state, which is independent of the magnetic field
direction in line with a weakly anisotropic Heisenberg system.

Additional to temperature dependent magnetization mea-
surements, the evolution of the magnetization as a function
of magnetic field was investigated for the members of
(FelfoiX)QPQS6 (xNi = 0, 03, 05, 0.7, 09, and ]) at 1.8 K
and up to uoH =7 T applied parallel to the three crystal-
lographic directions a, b, and c¢*, as shown in Fig. 9. These
field dependent measurements support our conclusions re-
garding the magnetic anisotropy in the antiferromagnetic state
for each member of (Fe]_xNiX)zPZSG. For (Fe]_xNix)2P286
with xn; = 0, 0.3, 0.5, 0.7, and 0.9, it is Xiier < Xlla = XIb
(with x = dM/0H) in agreement with easy axis Ising-like
anisotropy, while for NioP>S¢ xja < X» < X is observed.
In addition, the field dependent magnetization measurements
up to uoH =7 T do not allow one to identify the field of the
antiferromagnetic spin reorientation (i.e., spin flip or spin flop
field), which implies that this field is larger than uoH =7 T
for all members of (Fe;_,Ni,),P»S¢. As the typical behavior
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FIG. 9. Field dependent magnetization M(H) at 1.8 K for magnetic fields applied along three different crystallographic directions for
(a) Fe;P,Ss, (b) (Feo7Nig3)2P2Ss, (¢) (FegsNigs)2P2Se, (d) (Fegs3Nig.7)2P2Se, (€) (Feq.1Nig9)2P2Ss, and (f) NiyP,Ss. The M axes have the
same scale for best comparability. The inset in (f) shows a zoomed-in view on M (H) of Ni,P,S¢ demonstrating a nonlinear evolution of M as

function of uoH for H | a.

of a field-driven spin reorientation is reported at magnetic
fields of uoH > 30T for Fe,P,S¢ [48], the evolution of M (H)
up to woH = 7 T for this compound in this work is according
to expectation. The field dependent evolution of the magneti-
zation for the other parent compound, Ni,P,S¢, with H || a
(i.e., magnetic fields applied along the magnetic easy axis
of the compound) exhibits the most pronounced nonlinearity
of all investigated compounds. This behavior likely indicates
that the antiferromagnetic spin reorientation happens at lower
fields in Ni,P,S¢ than in the other compounds but still above
uoH =7 T. This is according to expectation, considering that
Ni, P, S¢ exhibits the weakest magnetic anisotropy of all inves-
tigated members of the (Fe;_,Ni,),P,S¢ substitution series.

IV. CONCLUSIONS AND SUMMARY

We report the successful single crystal growth of the lay-
ered quasi-2D system (Fe;_,Ni,),P»S¢ with 0 < x < 1 using
the chemical vapor transport growth technique from poly-
crystalline stoichiometric precursors with iodine as transport
agent. Utilization of prereacted polycrystalline material as
starting material has proven crucial for the crystal growth to
obtain crystals with the desired degree of Ni substitution and
a sufficient elemental homogeneity. EDX mappings illustrate
the homogeneity of the composition within the limit of the
technique. Single crystal XRD patterns for crystals of all de-
grees of Ni substitution are well described by the same atomic
model proposed by Ouvard er al. [33]. Lattice parameters
extracted from scXRD and pXRD patterns exhibit an overall
linear evolution in agreement with Vegard’s law [38].

Our temperature dependent magnetization measurements
on the single-crystalline members of the (Fe;_,Ni,),P>S¢
substitution series exhibit an antiferromagnetic ground state
throughout the series. The Néel temperature Ty evolves
gradually over the substitution series. For (Feg 1Nig9),P>Ss,
a peculiar anisotropy is detected for T, manifesting in
a sharp maximum for H || ¢* and a broad maximum for
H || a and H | b. Similarly, the magnetic anisotropic be-
havior for the next member xn; = 1, i.e., Ni;P,S¢, clearly
differs from the rest of the (Fe;_,Ni,),P,S¢ substitution se-
ries. In the paramagnetic state above Ty, NipP»S¢ is the
only investigated member of the (Fe;_,Ni, ),P»S¢ substitution
series with an isotropic magnetization. For all other mem-
bers, MH”’C} > MH”’a1 = MHHZI is observed. The magnetic
anisotropy as well as the temperature of the correlation maxi-
mum 71« do not evolve gradually throughout the substitution
series but rather show two distinctly different regimes—one
for (Fe;_,Ni,)2P>S¢ up to xn; = 0.9 and another one for
Ni,P»S¢. The former regime is in agreement with an Ising-like
anisotropy, while the magnetic anisotropy of Ni,P,S¢ is best
described by a weakly anisotropic Heisenberg model or the
XXZ model according to literature [14,16,18].

The origin of the observed abrupt evolution of the magnetic
anisotropy around xy; may be subject to future investigations,
for example, if it can be continuously tuned from Ising-like to
XXZ-like in the narrow regime between (Feg 1 Nig9)2P>S¢ and
Ni,P»S¢. Also, it will be interesting to compare the evolution
of the magnetic behavior and anisotropy of (Fe;_,Ni,),P>S¢
in detail to closely related systems, such as (Mn;_,Fe,),P,S¢
[20] and (Mn;_,Ni, ),P,S¢ [22]. Finally, we emphasize that
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FIG. 10.

First derivative of the thermal evolution of the normalized magnetization (as shown in Fig. 7) as function of T for (a) Fe,P,Se,

(b) (Feo'7Ni0‘3)2P2S6, (C) (FeQSNiO.S )szs(), (d) (F€0.3Niol7)2P256, (e) (Feo'lNiolg)zpzsﬁ, and (f) NizPQSG, for three different directions of an
applied magnetic field of uoH = 1 T. Néel temperatures (Ty) and temperatures of the maximum in MH ~'(T) (Tj,) are marked by a dashed

line and arrows, respectively.

crystals grown in this work may also allow one to study
the substitution dependence of electronic properties within
this series. Recently, Ni,P,S¢ and other compounds of the
M,P,S¢ family were investigated regarding their performance
in field effect transistors (FETs) [49,50]. Our single crystals
of the (Fe;_,Ni,),P»S¢ substitution series may allow one to
manufacture several FETs and study the performance of these
devices as functions of the degree of substitution in the future.
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APPENDIX: DERIVATIVE OF THE TEMPERATURE
DEPENDENT MAGNETIZATION

The antiferromagnetic ordering temperatures for all inves-
tigated members of the (Fe;_,Ni,),P,S¢ substitution series
were extracted from the first derivative of the thermal evolu-
tion of the normalized magnetization, as shown in Fig. 10. For
all these compounds, a distinct maximum in d(MH ~')/3T (T)
corresponds to the inflection point in MH ~I(T) and, thus, to
the antiferromagnetic ordering temperature 7y. In addition,
the zero crossing in d(MH~')/dT (T) above Ty corresponds
to the maximum in MH (T at Tyyx.
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