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Quasi-two-dimensional magnetic correlations in Ni,P,S¢ probed by 3'p NMR

A. P. Dioguardi®,!"" S. Selter,! U. Peeck,' S. Aswartham®,' M.-1. Sturza®,' R. Murugesan®,”> M. S. Eldeeb,’
L. Hozoi,? B. Biichner, " and H.-J. Grafe ®!
VIFW Dresden, Institute for Solid State Research, P.O. Box 270116, D-01171 Dresden, Germany
2IFW Dresden, Institute for Theoretical Solid State Physics, P.O. Box 270116, D-01171 Dresden, Germany
3 Institute for Solid State Physics, Dresden Technical University, TU-Dresden, 01062 Dresden, Germany

® (Received 6 April 2020; revised 31 July 2020; accepted 17 August 2020; published 27 August 2020)

Detailed 3'P nuclear magnetic resonance (NMR) measurements are presented on well-characterized single-
crystals of antiferromagnetic van der Waals Ni,P,S¢. An anomalous breakdown is observed in the proportionality
of the NMR shift K with the bulk susceptibility x. This so-called K—x anomaly occurs in close proximity to
the broad peak in x(7'), thereby implying a connection to quasi-two-dimensional (2D) magnetic correlations
known to be responsible for this maximum. Quantum chemistry calculations show that crystal field energy level
depopulation effects cannot be responsible for the K—x anomaly. Appreciable transferred hyperfine coupling is
observed, which is consistent with the proposed Ni-S—Ni super- and Ni-S—S—Ni super-super-exchange coupling
mechanisms. Magnetization and spin-lattice relaxation rate (7;"') measurements indicate little to no magnetic
field dependence of the Néel temperature. Finally, T,"'(T) evidences relaxation driven by three-magnon

scattering in the antiferromagnetic state.
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I. INTRODUCTION

Quasi-two-dimensional (quasi-2D) layered van der Waals
materials have attracted interest for decades due to the rich
variety of magnetic properties and strong electronic correla-
tions [1-8] as well as applications in the fields of Li-based en-
ergy storage [4,9,10], optoelectronics and photonics [11], and
spintronics [12], among other possible next-generation appli-
cations [5]. It has been recently shown that the magnetism
in van der Waals materials persists down to the monolayer
limit [13], devices such as field effect transistors have been
demonstrated [14], and additionally heterostructures can be
engineered to explore fundamental physics and produce novel
devices for spintronics applications [12].

The family of transition metal chalcogenophosphate MPX3
materials—where M = Mn, Fe, Co, and Ni, to name a few
(see [4] for a comprehensive list), and X = S or Se—hosts a
wide variety of fascinating physical properties. These materi-
als crystallize in the monoclinic C2/m spacegroup [15], and
are all semiconductors at ambient pressure, with band gaps
larger than 1 eV [4]. They exhibit a particular structural motif;
a P dimer sits symmetrically at the center of the transition
metal hexagon, with each P covalently bonded to its three
neighboring S atoms, forming a [P,S6]*~ cluster [2,16]; see
Fig. 1 for a visualization of the local environment of the
cluster. Therefore, we will hereafter refer to these compounds
using the doubled formula M,P,Xs.

The M,P,Xs materials were investigated both in the context
of low-dimensional materials physics and Li-based battery ap-
plications [2]. More recently, Fe,P,S¢ was shown to undergo a
metal-insulator transition and two structural transitions at high
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pressure, consistent with expectations for a Mott or charge
transfer insulator [20]. Furthermore, a variety of spectroscopic
techniques, combined with density functional theory, suggest
that Ni,P,S¢ is a negative charge transfer insulator [6,21].
The magnetic properties of the M;P,Xs family are strongly
influenced by the transition metal element M. For example,
substitution over the series including Mn, Fe, Co, and Ni
results in a monotonic increase of the Néel temperature (7y),
with values of 82, 116, 122, and 155 K, respectively [2]. The
magnetic structure is also modified with substitution, with the
relevant case of Ni,P,S¢ found to display zig-zag antiferro-
magnetic order with the moment direction canted slightly out
of the plane, mostly along the crystalline a direction with
wave vector k = [010] [2,19,22-24].

Several 3'P nuclear magnetic resonance (NMR) studies
were conducted on NiP,S¢ and related systems, focused
mostly on powder samples [25-28]. The effects of Li interca-
lation were also studied via NMR, but indicated relatively low
Li mobility considering the electrochemical activity [25,26].
Some of these investigations indicated that 3'P NMR is sen-
sitive to spin fluctuations via the hyperfine field produced by
the transition metal local moments. Furthermore, NMR spin-
lattice relaxation rate (T1_]) measurements indicated strong
field dependence of Ty [27,28]. The authors Torre ef al. found
that the NMR shift 3'K was proportional to the magnetic
susceptibility x [28].

Here we present significantly more precise *'P NMR data
on well-characterized single crystals of Ni;P»S¢. We find evi-
dence of NMR’s sensitivity to quasi-2D magnetic correlations
via deviation of the NMR shift 3'K from proportionality to
the bulk magnetic susceptibility x. We rule out the possible
confounding mechanism of temperature-dependent crystalline
electric field energy level depopulation on the hyperfine
coupling via quantum chemistry calculations. We also find
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appreciable transferred hyperfine coupling between the P
nuclei and the Ni moments, which is consistent with both Ni—
S—Ni super-exchange and Ni—S—S-Ni super-super-exchange
coupling as a likely explanation for the large nearest-neighbor
and third-nearest-neighbor exchange couplings J; and J3,
respectively [24]. In contrast to the literature, we observe no
evidence to indicate field dependence of Ty (up to 7 T via
magnetization, and 12 T via NMR Tl_l). In the magnetic
state Tl_1 follows a T> power law, indicating that a three-
magnon process dominates the relaxation. Our spectral data
in the antiferromagnetic state provide strong evidence for the
existence of stacking faults, where the orientation of the layers
is rotated in 60 degree increments.

II. EXPERIMENTAL METHODS

Single crystals of NiP,S¢ were grown by the chemical
vapor transport technique, using iodine as a transport agent
[19,29] to obtain shiny plate-like crystals with dimensions of
up to 2 x 2 x 0.2mm. The crystals were thoroughly char-
acterized structurally by single crystal x-ray diffractometry
(scXRD) and regarding the chemical composition by scanning
electron microscopy (SEM) using a backscattered electron de-
tector (BSE) and energy dispersive x-ray spectroscopy (EDX)
(see Appendix A for further details).

The DC magnetization M was measured as function of
temperature 7 and field H using a superconducting quantum
interference device vibrating sample magnetometer (SQUID-
VSM) from Quantum Design. For comparison to NMR, the
magnetic susceptibility was derived from magnetization data
taken at 1 T. M versus H was verified to be linear and
independent of crystal orientation in the normal state to within
the experimental error.

Two crystals of Ni,P,S¢ were selected for NMR mea-
surements: hereafter referred to as crystal A and crystal B.
The crystals display identical angular dependence of the
normal state shift and relaxation rate, indicating homogene-
ity across samples. Both crystals were plate-like with well-
defined facets and masses of approximately 1 mg. All shift
values were calculated with respect to a 3'P standard sample
of 85% H;PO, in water.

NMR experiments were conducted in a 7 T supercon-
ducting magnet with a homogeneity of better than 1 ppm
over a 1-cm diameter spherical volume. A home-built probe
with a single-axis goniometer was used for sample rotation
and alignment. The sample temperature was controlled using
a flow cryostat from Janis (sample in helium gas) with a
calibrated Lakeshore Cernox temperature sensor. NMR mea-
surements were performed with an Apollo spectrometer from
Tecmag. A standard spin-echo pulse sequence (F-m) was
used for spectral measurements, and an inversion-recovery
pulse sequence (7—5—m) was used to measure the spin-lattice
relaxation rate, though for the field-dependent measurements
a saturation recovery sequence was used (the saturation re-
covery and inversion recovery sequences resulted in identical
values of the spin-lattice relaxation rate). The delay time
between the 7 and 7 pulses was T = 500 us for the normal-
state measurements and v = 50 us for the magnetic-state
measurements.

FIG. 1. Local environment of the [P,S¢]*~ cluster including the
31p sites in the antiferromagnetically ordered state [17,18]. Navy blue
vectors represent ordered moments of 1.05 up at the Ni sites (from
neutron diffraction measurements [19]). Dark pink vectors represent
the internal hyperfine fields at the P sites, calculated by a dipolar
lattice sum as discussed later in the text.

III. MAGNETIZATION

The magnetization divided by the applied field as a func-
tion of temperature M/H (T ) of a Ni;P,S¢ crystal is shown in
Fig. 2. We extract the Néel temperature Ty = 156 £ 2 K from
the sharp peak in the derivative of M/H with respect to tem-
perature for H L c¢*, as shown in Figs. 2(d) to 2(f). In contrast
to previous NMR measurements, 7y is field independent over
the range 0.1-7 T, as shown in Fig. 3.

In three-dimensional (3D) antiferromagnets, Ty is typically
ascribed to the maximum value of M/H(T). However, the
inflection point of M/H (T ) is actually a more precise measure
of Ty. In 3D systems these two features occur at nearly the
same temperature. In quasi-low-dimensional materials, like
Ni,P,S¢, the reduced dimensionality of the interactions leads
to a reduction of the long-range magnetic ordering tempera-
ture. A short-range-correlated regime emerges in between the
ordered state and the uncorrelated paramagnetic state. As a
result, the maximum in M/H (T') is no longer a valid measure
of the ordering temperature and the inflection point must be
used to define Ty.

M/H is isotropic in the paramagnetic state to within the
experimental error, and deviations therefrom have been shown
to be due to strain induced by gluing the samples onto the
sample holder [19]. A broad maximum, centered at T,,x =
262 £ 5 K, is attributed to the emergence of short-range spin
correlations [30]. The suppression of M/H with decreasing
temperature below Ty« indicates that antiferromagnetic inter-
actions are dominant.

Below Ty, M/H becomes anisotropic with respect to the
external field direction. Furthermore, M/H for H 1 c¢* is
found to be significantly smaller than for H || ¢*. Accordingly,
the antiferromagnetic easy axis is expected to lay in the
ab-plane while the c*-direction is a magnetic hard axis, in
agreement with the literature [19,23].

Comparing the temperature dependencies for the differ-
ent fields shows no significant influence of external fields
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FIG. 2. Normalized magnetization as function of temperature M/H (T') of a Ni,P,S¢ crystal for external fields of (a) 0.1 T, (b) 1 T, and
(c) 7 T. Experimental uncertainty is shown as a lightly colored band around each curve. (d)—(f) First derivatives of the respective M/H (T')

curves shown in (a)—(c).

in the paramagnetic and short-range-correlated regime. This
is corroborated by the linearity of M versus H at 300 K,

shown in Fig. 4(a). In the magnetically ordered state a small
deviation between 0.1 and 7 T in-plane is observed, while the

due to a slight misalignment. At the lowest temperatures, a
Curie-like tail is found for 0.1 T, which is suppressed at 7 T.

measurements out-of-plane match. Measurements at 1 T, with T T T
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crystal at (a) 300 K and (b) 1.8 K.
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Such a tail is attributed to weak ferromagnetic contributions
which may be caused by crystal defects.

This weak contribution is also observed at small fields up to
approximately 1 T as a change of the slope in the field depen-
dence of M measured at 1.8 K, as shown in Fig. 4(b). However
at higher fields, a linear dependence between external field
and magnetization is found up to the highest measured field
7 T. Therefore, if a spin-flop transition exists in Ni,P,S¢, the
field at which it occurs is larger than 7 T.

IV. QUANTUM CHEMISTRY CALCULATIONS

Nickel commonly comes with a 24 ionization state in
chalcogenides. The lower-lying features at 1.1 and 1.7 eV in
the optical absorption spectrum of Ni,P,S¢ [6] are in rather
good correspondence with the low-energy d-d transitions in
the Ni** prototype material La,NiOy [31], suggesting indeed
a 2+ valence state. The magnetic properties of Ni,P,S¢ were
also interpreted in terms of S =1 Ni*t ions [19,24,32,33],
with a zero-field splitting on the order of 1 meV for the Ni**
t26ge§ ground-state configuration [24,32,33]. In this context,
we performed quantum chemical electronic-structure calcu-
lations, on an atomic fragment consisting of one reference
NiSg octahedron along with three nearest-neighbor octahedra
sharing edges with the reference unit and three adjacent P,
dimers [34]. The remaining part of the extended crystalline
surroundings was modeled as an effective electrostatic field.

The total number of electrons assigned to this atomic
fragment was chosen according to the commonly accepted
picture of Ni>* ions and [P,S¢]*~ entities in Ni,P»S¢. Through
quantum chemical complete-active-space self-consistent field
(CASSCF) calculations [35], we confirm the peculiar P-P
chemical bond with a doubly occupied 3s-3s bonding orbital.
Using for simplicity notations corresponding to cubic octa-

hedral symmetry, a leading tggeé ground-state configuration

(3A2g term) is found for the central Ni site. The actual point
group symmetry is, however, lower since the ligand cage
around a given Ni ion features some amount of trigonal
compression and additional small distortions that yield three
sets of slightly different Ni—S bond lengths. This is the reason
second-order spin-orbit interactions give rise to zero-field
splitting and single-ion anisotropy.

Results of both CASSCF and multireference configuration-
interaction (MRCI) [35] calculations are listed for the Ni** ¢®
multiplet structure in Table I. The CASSCF optimization was
carried out for an average of all triplet and singlet states aris-
ing from the d® configuration. The MRCI treatment implies
single and double excitations out of the central-octahedron S
3p and Ni 3d orbitals on top of the CASSCF expansion and
brings corrections of up to 0.25 eV to the relative energies.The
3A2g—3t2g and 3A2g—3tl ¢ splittings, for example, are signifi-
cantly enlarged since the leading ground-state configuration
t26ge§ entails less charge within the 3d o-like e, levels and

the 3Azg wave function undergoes therefore stronger renor-
malization when S 3p to Ni 3d charge-transfer (CT) effects
are to some extent accounted for in MRCI (see, e.g., the
discussion in Ref. [36]). The lowest MRCI excitation energies,
3A2g—3t2g and 3Azg—3t1g, are in fact in good agreement with
transitions at 1.1 and 1.7 eV in optical absorption [6] and

TABLE 1. Ni 3d® multiplet structure as computed by ab initio
quantum chemistry for Ni,P,S¢.

Ni 3 d8 state CASSCEF (eV) MRCI (eV)
YAz (15,07) 0.00 0.00

T (13,3) 0.84, 0.84, 0.89 0.99, 1.00, 1.05
i (15,€7) 1.47,1.48, 1.49 1.71,1.73, 1.74
'E, (15,€7) 2.17,2.18 2.05,2.05

"Toe (3,€3) 2.95,2.96,3.05 3.01,3.02,3.10
i (13,8) 3.34,3.36,3.52 3.32,3.33,3.52
"Ag (15,7) 3.47 334

"Tig (15,€3) 3.79,3.81,3.86 3.79,3.81,3.87
"Tog (t3,€3) 4.39,4.40, 4.45 4.56,4.57, 4.61
'E, (13,€3) 4.58,4.58 4.76,4.76

"Aig (t3€8) 8.58 8.05

resonant inelastic x-ray scattering [37]. On the other hand,
we likely overestimate the position of the lowest 'A;, singlet.
An accurate estimate of the relative energy of such singlets
requires explicit inclusion of CT states in the reference space,
as shown, e.g., by quantum chemical investigations for a Co
oxide perovskite [38] and by model Hamiltonian computa-
tions in the case of hole states in square-lattice nickelates
[39]. In recent experiments on Ni,P»S¢, transitions at 1.48 eV
were assigned to the lAlg singlet [37]. Such a low excitation
energy implies strong non-CT-CT configurational mixing.
When spin-orbit couplings are accounted for as well, accord-
ing to the procedure described in Ref. [40], a ground-state
zero-field splitting of 0.7 meV is computed at the MRCI level
(not shown in the table). More details in this regard will be
provided elsewhere.

V. NMR RESULTS

A. Normal-state spectral measurements and shift anomaly

Our measurements of the temperature dependencies of the
normal-state 3'P NMR spectra are shown in Fig. 5. There are
two notable features about the spectral measurements: first,
although there is only one P site, the spectra are double peaked
for both orientations of the crystal with respect to the magnetic
field. Second, the temperature dependencies of the spectra
yield a nonmonotonic NMR shift K.

With respect to the first, the spectral splitting agrees well
with the expected spectral profile for a “Pake doublet,” a
phenomenon resulting from the previously mentioned P dimer
[41]. The splitting is a result of the homonuclear dipole-
dipole interaction due to the close proximity of the P in
the dimer. We draw this conclusion based on the expected
angular dependence of the spectral splitting as shown in
Appendix B. Considering the excellent agreement with theory,
we subtract the effect of this interaction by considering the
center of gravity of the spectrum for the rest of the article,
as shown in the extracted NMR shift versus temperature in
Fig. 6. At this point we note that, due to the very small value
and temperature dependence of the shift, it was necessary
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FIG. 5. 3'P NMR spectra from crystal B for 160K < T < 400 K
(offset by temperature) with (a) Hy || ¢* and (b) Hy L c*.

to correct for the effects of macroscopic magnetism/shape
anisotropy (see Appendix D for further details).

The second notable feature—the nonmonotonic tempera-
ture dependence of 3'K—Ieads us to, what is arguably, the
most exciting result of this study (summarized in Fig. 6). The
figure shows the magnetic susceptibility x on the left axis and
31K for on the right axis a function of temperature for both
Hy L ¢*and Hy || ¢*. In an uncorrelated paramagnetic system,
the bulk magnetic susceptibility must scale with the NMR
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FIG. 6. Magnetic susceptibility x (left axis, solid lines) and
NMR shift 3'K (right axis, markers) as a function of temperature for
(a) Hy || ¢* and (b) Hy L ¢*. The right axis is scaled to illustrate the
breakdown in proportionality below approximately 275 K. The gray
shaded band indicates the uncertainty of x.

shift. However, we find that below approximately 275 K the
scaling breaks down, with x decreasing more strongly than
the NMR shift increases.

This anomaly can be investigated in further detail by plot-
ting the NMR shift as a function of the magnetic susceptibility
with temperature as an implicit parameter in a so-called
Clogston-Jaccarino plot [42]. This analysis is shown for the
crystal oriented with both Hy || ¢* and Hy L ¢* in Fig. 7. Solid
lines are fits to extract the hyperfine couplings for both the
high- and low-temperature linear regimes, which are tabulated
in Table II. The small magnetic moment of the crystal resulted
in nontrivial uncertainty in the x data. Therefore, 3'K versus x
fitting was performed using an orthogonal distance regression
algorithm in IGOR PRO to take into account the uncertainty of
both the y *'K) and x () data sets.

We measured the angular dependence of the 3'P spectrum
at T =300K for out-of-plane rotation (f—approximately
transverse to the P-P dimer axis) and at 7 = 180K in-plane
rotation (¢p—approximately about the P-P dimer axis), shown
in Fig. 8. See Figs. 1 and 15 for visualizations of the local P
environment and crystal structure. Once again, we corrected
all angular-dependent data for effects arising from macro-
scopic magnetism (Appendix D) and for the spectral splitting
of the Pake doublet (Appendix B). Taken together, these
rotation data show that the 3' P resonances arise from sites with
axial symmetry, such that K, = Kj, # K,-. Hereafter, we will
refer to the in-plane shift tensor components as K, = K, =
Kj. The out-of-plane rotation experiment was conducted on
both crystal A and crystal B. We fit both data sets globally to
the equation for the angular dependence of the shift

K(©) = Kio + Kus[3005? (0 =605 ) = 1], ()
180
where Kigo = 3(2Kap + K+) and Ko = $(Kov — Kgp). The re-
sulting fit is shown as a dark grey curve in Fig. 8(a). The ex-
tracted shift tensor elements are as follows: K = —0.0426 +
0.0002 %, K., = —0.0870 % 0.0003 %.

B. Spin-lattice relaxation rate

We measured the spin-lattice relaxation rate T1_1 as a
function of temperature for Hy || ¢* and Hy L ¢* with Hy =7
and 10 T. The inversion recovery curves—i.e., the integrated
phase-corrected real part of the spin echo versus the time be-
tween the inverting pulse and the spin-echo sampling pulses—
were well fit by a single exponential relaxation function
given by,

M(t) = My(1 — 2Fe™"/T). )

In the above expression, M, is the equilibrium nuclear magne-
tization, F' is the inversion fraction, ¢ is the time between the
inverting 7 pulse and the spin-echo 7 -7 pulses, and 7; is the
spin-lattice relaxation time. These results are summarized in
Fig. 9(a), plotted as (T;T)~! versus temperature.

We also measured the field dependence of (7;T)~! just
above Ty at T = 165K for Hy L ¢*. (T;T)~' exhibits little-to-
no field dependence as a function of applied field Hy, though it
is possible that there is some suppression at the lowest fields.
The standard errors of the fit parameters at the lowest fields
become quite large.
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lines are linear fits to extract the hyperfine coupling constants A and orbital shifts K, which are detailed in Table II.

The behavior of 7,”' in the antiferromagnetic state is
consistent with relaxation dominated by magnon scattering.
A power law with a constant background term of the form

T = (1), + 0T G

describes the temperature dependence of the Tl_l data well
and is shown as a solid line in Fig. 9(c). We performed the
displayed fit on both the 7 and 10 T data sets together and find
a=50=x0.1.

C. Magnetic state spectral measurements

We extracted the temperature dependence of the linewidth
of the spectra for Hy || ¢* and show the full width at half
maximum (FWHM) in Fig. 10. The FWHM displays order-
parameter-like behavior that we fit using a power law of
the form

FWHM(T) = A(Ty — T)? + FHMW,, 4)

where A is a scaling parameter, Ty is the Néel temperature,
is the power-law exponent, and FHMWj is the normal-state
constant value of the FWHM. Our fit yields Ty = 155.4 +
0.8 K—in close agreement with Ty = 156 K extracted from
our M/H (T ) measurements—and 8 = 0.28 £ 0.02.

We also measured the angular dependence of the 3'P
NMR spectrum in the magnetic state for both in-plane and
out-of-plane rotation at 7 = 150 K. These spectra and the

TABLE II. Hyperfine coupling constants A and orbital shifts Ky
extracted from fits to 'K vs x as shown in Fig 7.

High Temperature Low Temperature
A —0.3 £ 0.1T/us —0.14 £ 0.06 T/up
Auw —0.6 £ 0.2T/us —0.30 £ 0.08T/up
Ko o~ 0.05 £+ 0.04 % —0.0006 £ 0.0002 %
Ko.ap 0.08 £+ 0.05% 0.00 + 0.02 %

extracted peak positions are shown in Figs. 11(a) to 11(d). The
spectra contain three pairs of magnetically split peaks. The
spectral weight of the three pairs of resonances, as designated
by red open circles, blue closed circles, and green squares
in Figs. 11(c) to 11(e) are as follows: Sieq = 16 %, Spie =
37 %, and Sgreen = 47 %, with an uncertainty of £1 %. The
narrow resonance lines of the normal-state spectrum disappear
completely below Ty, indicating that no significant fraction of
nuclei sample a magnetically disordered environment.

The angular dependence of the magnetic state spectra was
used to extract the magnitude and orientation of the internal
fields present at the 3!'P site. To take into account slight
crystal misalignment with respect to the rotation and external
magnetic field axes, the spectra were simulated via numer-
ical exact diagonalization of the nuclear spin Hamiltonian
including an internal hyperfine field interaction. The results
of the simulations are shown as blue, green, and red lines in
Figs. 11(c) to 11(e). Both in-plane and out-of-plane rotation
experiments agree well with three sets of hyperfine field pairs
that are offset with respect to each other by —60, 0, and 60
degrees.

VI. DISCUSSION AND CONCLUSION

The two most perplexing points that merit discussion are
the K—x anomaly and the angular dependence of magnetic-
state spectra. First, we will treat the K-y anomaly and com-
pare Ni,P,S¢ to similar systems where this effect has been ob-
served. AoMF,, where A = KorRb and M = Mn, Ni, or Co,
are well-known examples of quasi-2D antiferromagnets where
the maximum in x occurs well above the ordering tempera-
tures [43—46]. Ty in quasi-2D antiferromagnets is observed to
be significantly lower, in general, than the broad maximum in
the susceptibility [30,47]. This has been argued to be a result
of short-range order that emerges above Ty due to the reduced
dimensionality [30].

To our knowledge, the K—x anomaly in a quasi-2D mag-
netic system has been directly investigated in only three
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FIG. 8. (a) Out-of-plane angular dependence of the NMR shift
at T =300 K of crystals A (upward-facing red triangles) and B
(downward-facing blue triangles). The grey curve is a global fit to
extract K.~ and K, as described in the text. (b) Angular dependence
of the NMR shift in the a—b plane at 7 = 180 K of crystal B.

previous studies. In the first, van der Klink and Brom posit
that in K,NiF, °'Ni K and x are differently sensitive to
the onset of short-range correlations above Ty [46]. The
second example is the case of VOMoQO,, in which the shift
anomaly was concluded to stem from a frustration-induced
structural transition, which resulted in significant changes to
the hyperfine couplings [48]. A third, very recent, example
of a K—x anomaly in a quasi-2D magnetic insulator is the
case of the honeycomb lattice material Na,IrO3; [49]. Here
Sarkar et al. discuss the role of disorder and/or interlayer
correlations perturbed by stacking faults as a possible mech-
anism behind the K—x anomaly in NayIrO; [49]. In all of
the above-mentioned cases, the shift anomaly was associated
with line broadening, and therefore likely results from static
short-range magnetic order. Neutron scattering measurements
[50] also find evidence for short-range static magnetic order
that persists at temperatures well above Ty in Mn,P,S¢ and
FeszS6.
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FIG. 9. (a)*'P Spin-lattice relaxation rate divided by temperature
(T,T)™! vs temperature for Hy || ¢* and Hy L ¢* and Hy = 7 and
10 T. The Néel temperature 7y is marked with a dashed vertical
line. (b) (7;T)~" vs applied magnetic field for Hy L c* atT = 165K.
(c) Spin-lattice relaxation rate Tfl vs reduced temperature 7' /Ty .

The origin of the K—x anomaly in Ni,P,S¢ is likely related
to the onset of quasi-2D-induced short-range correlations that
do not condense into static short-range order. If a system
displays static short-range magnetic order, the distribution
of internal hyperfine fields will result in broadening of the
NMR spectrum. In the present case, although the *'P NMR
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150K |2 i _
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FIG. 10. Full width at half maximum (FWHM) of the 3'P res-
onances vs temperature. The inset shows a zoomed-in view of the
normal state FWHM.
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FIG. 11. 3'P NMR spectra offset by (a) out-of-plane angle # and in-plane angle ¢ in the magnetic state at 7 = 150 K. (c) Frequencies vs
0 extracted from multipeak fits to the spectra in (a). (d) Frequencies vs ¢ extracted from (b) by the same method. (e) In-plane rotation center
frequencies from (d) offset by —60, 0, and 60 degrees. Blue, red, and green lines in (c)—(e) are simulations as discussed in the text.

spectrum below 7y is broadened by approximately an order
of magnitude (see Fig. 10), no increased line broadening
is observed above Ty for either Hy || ¢* or Hy L c¢*. This
apparent contradiction motivated a careful investigation of
other known causes of the K—x anomaly. These include
crystal field depopulation and heavy-fermion behavior/Kondo
physics.

Heavy-fermion behavior has been the topic of many previ-
ous NMR studies, and several interpretations of the Knight
shift anomaly exist [S1]. However, this mechanism can be
immediately ruled out based on the fact that Ni, P, S is a good
semiconductor with an energy gap of 1.59 +0.05 eV [52],
and therefore does not host the required conduction elections.

The second possible mechanism of breakdown in K—y
scaling is due to depopulation of excited crystal field energy
levels. The picture here is that electrons in different crystal
field levels have different hyperfine coupling, so upon de-
creasing temperature the higher-energy levels will become de-
populated and change the overall observed hyperfine coupling
of the system [53]. This scenario can be checked theoretically
by employing quantum chemistry calculations to determine
the crystal field levels. Our calculations (discussed in detail
in Sec. IV) show that the splitting between the Ni ground
state crystal field triplet (A,,) and the first excited triplet state
(T5g) is between 0.84 and 1.05 eV. This is more than an
order of magnitude too large to explain the observed anomaly

temperature of approximately 275 K, which corresponds to
0.024 eV.

After ruling out these possibilities, we conclude that
the K—y anomaly is related to the onset of short-range
quasi-2D correlations above Ty. This conclusion is made
based on the proximity of the anomaly temperature 7* ~
275 K—marking the approximate onset of deviation from lin-
earity in the *' K—y plots (see Figs. 6 and 7)—to the maximum
in the susceptibility 7, = 262 & 5K. As mentioned above,
this maximum in x is a well-known consequence of reduced
dimensionality on magnetic correlations. The minimum in
31K occurs at a temperature T, ~ 240K, just below the
maximum in y, indicating that the local susceptibility is less
impacted by reduced dimensionality in comparison to the bulk
susceptibility. However, the lack of spectral broadening and
conservation of spectral weight above Ty indicate that, either
the correlations do not fully condense into static short-range
order, or the fraction of nuclei that experience static short-
range order is smaller than the uncertainty in spectral weight.
It is also possible that stacking faults play a roll by producing
a distribution of interplane couplings, which in turn affect the
local susceptibility differently from the global susceptibility.

This is somewhat different from the other quasi-2D mag-
nets with known NMR shift anomalies. For example, while
there was no mention of spectral broadening of the °'Ni
NMR in K,NiF,, there was significant '°F NMR broadening
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TABLE III. Experimentally observed total hyperfine coupling
Ay, calculated dipolar coupling Ag;p, and resultant transferred hyper-
fine coupling Ay = Aot — Adgip- Aot are the high-temperature values
from Table II. A, qip is an average of A,, and A,, from Eq. (5).

Aot (T/p) Adip (T/up) A (T/pp)
A —0.3+£0.1 —0.075 —0.2 £0.1
Auw —0.6 £0.2 0.038 —0.6 £0.2

in a separate study by Maarschall et al. [45]. Sarkar et al.
also find that the **Na spectrum broaden continuously with
decreasing temperature [49]. Broadening of the NMR spec-
trum is expected in the presence of static short-range order,
and is a result of a distribution of hyperfine fields produced
by the short-range-ordered moments coupling to the nuclei
via off-diagonal terms in the hyperfine coupling tensor. If
only a small fraction of the nuclei in the sample—up to
roughly 5%, based on the uncertainty in our spectral weight
measurements—experience short-range order, then this would
suppress the bulk susceptibility, but be invisible to NMR.

Finally, it seems that a key ingredient to observing a shift
anomaly in a quasi-2D system is a relatively high ordering
temperature. For example, there exist several cases of quasi-
2D compounds that show a similar hump in the x and K, but
no breakdown in scaling [54-56]. The degree of frustration
may also play some role, but this is beyond the scope of
this work.

Another key finding of our study is the observation of
appreciable transferred hyperfine coupling between the 3'P
nuclei and the surrounding electron magnetic moments on
the Ni sites. Considering that the magnitude of the shift is
quite small in general, we must first consider the direct dipolar
hyperfine coupling mechanism. We calculate the dipolar hy-
perfine coupling tensor at the 3P site via a lattice sum method
[57] over a radius of 600 A, based on lattice parameters from
scXRD (see Table V) and magnetic structure/ordered moment
from neutron scattering [19]. The calculated dipolar hyperfine
coupling tensor is given by

) A Ay Ay 0.037 0.000  0.001
Agp=|Ax Ay Ay |=1]0000 0039 0000 |,
o Ay A 0.001 0.000 —0.075

®)

where all values are in T/up. By subtracting the calculated
dipolar hyperfine couplings from the measured experimental
values we can estimate the transferred hyperfine coupling Ay;.
These quantities are shown in Table III. The values in the table
were rounded to the first decimal place of the uncertainty after
the calculation was performed. Note that we only perform
this analysis at high temperatures, as we do not have a full
understanding of the nature of the apparent change to the
hyperfine couplings.

We find that both the in-plane and out-of-plane hyperfine
coupling are appreciable, indicating hybridization of Ni or-
bitals with those of the P (mediated by the interstitial S, due to
the P—S covalent bonding). This finding is consistent with Ni—
S—Ni super-exchange and Ni—S—S-Ni super-super-exchange,
which were proposed as driving mechanisms for the large

values of nearest-neighbor and third-nearest-neighbor ex-
change coupling parameters, J; and J3, respectively [24].

A related caveat is that some spin polarization may exist on
the sulfur sites: DFT + U calculations from Kim er al. [6],
find an ordered moment of 0.15 up on the S(2) site, which
points in the same direction as the neighboring Ni moments.
This spin polarization could then be transferred via S—P orbital
hybridization to generate a transferred hyperfine field at the
31p site. Assuming this hypothetical moment configuration,
we proceeded to calculate the dipolar hyperfine coupling
tensor for S(2):

) —0.099 0.000  0.094
Adgip.soy = | 0.000 0265 0.000 |, ©)
0.094 0.000 —0.166

with units of T/up. The in-plane tensor elements show sig-
nificant anisotropy, which is not at all reflected in the in-plane
rotation experiments. However, once again, the transferred hy-
perfine coupling is expected to be dominant to a hypothetical
spin polarization on the S(2) site, due to the appreciable orbital
hybridization. Therefore, we do not attempt to draw further
conclusions from the results of this calculation.

As an aside, we should note that the extraction of total
hyperfine coupling from linear fits to K versus x assumes that
we are in the limit where spin-orbit coupling can be treated
as a perturbation to crystal field interaction [58]. The spin
orbit coupling parameter was found to be A = —280cm™! and
the crystal field splitting parameter of 890 cm™~! via optical-
absorption spectroscopy [59]. As such, it is possible that the
relationship between the slope and intercept of the fits to K
versus x are nontrivally related to the hyperfine coupling and
the orbital shift, respectively.

We now change the focus of our discussion to the 3'p 7,7
measurements, which are sensitive to spin fluctuations. We
observe no indication of critical enhancement of spin fluc-
tuations above Ty. Instead, a broad maximum in (7;7)~"
versus temperature is observed (see Fig. 9), which coincides
qualitatively with the broad maximum in the magnetic sus-
ceptibility and the minimum in the NMR shift. Tl_l is found
to be nearly isotropic, with slightly faster relaxation for Hy ||
c*. This is consistent with our measurements of the spectral
splitting as a function of angle as discussed below in Sec. V C,
which reveal that the internal field at the 3'P site lies domi-
nantly in the basal plane.

For T > Ty, Tl_l(T) is expected to approach a constant
value determined by the uncorrelated fluctuations of exchange
coupled spins [60,61]. In the case where the total angular
momentum is well described by the spin-only value (J =
L + § ~ §), the high-temperature limiting value is given by

2
lim <l) =\/ﬁ<”gA”‘B> 6D g

T—-oo \ T} 4 3wex

In the above expression y /2w = 17.25144MHz/T is the
gyromagnetic ratio of of 3'P [62], g is the electron g-factor,
A is the hyperfine coupling perpendicular to the applied field,
wp is the Bohr magneton, 7’ is the number of coupled 31p sites,
S is the spin angular momentum of the magnetic ion. wex is
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the Heisenberg exchange frequency given by

|Jex,max|k 2ZS(S + 1)
e = T [T )

where Jex max 18 the maximum of the exchange couplings
and z is the number of exchange coupled moments [54]. We
calculate the exchange frequency we, = 2.10 x 103 £ 2 x
10" s7! based on Jox max = —80.1K [24], z =3, and S = 1.
We used the experimentally measured hyperfine coupling
constants extracted from fits to K versus x: |AL (Hy || ¢*)| =
0.5+0.2T/up and AL (Hy L ¢*)| =04+0.1T/up.
The resulting limiting cases are limy_, (Tl_l)H =135.0+

95.257! for Hy || ¢* and limy_ o (Tlfl)l =82.0+50.1s7!
for Hy L c*. This values agree well with the experimentally
observed values of Tl_l up to the highest measured
temperature (2.67y) as shown in Fig. 12.

Power-law fits of Tl’1 versus temperature in the magnetic
state (see Sec. V B) yield Tfl o T?, which is indicative of
relaxation dominated by three-magnon scattering [63]. This
relation should hold as long as the temperature is larger than
the spin gap in the magnon dispersion. Our data follow a 7>
dependence down to approximately 40 K, whereas the spin
gap measured by inelastic neutron scattering at the Brillouin
zone center—and calculated to be approximately the same
at the zone edge—is on the order of 7 meV (80 K). At
lower temperatures, instead of gap-like-activated behavior,
Tl_l approaches a constant value, indicative of an additional
relaxation channel. One common possibility is relaxation due
to defect-induced magnetic impurities [64,65]. Considering
the existence of stacking faults, relaxation due to defects is
highly probable.

Previous measurements in several M,;P,Xs compounds
found field dependence of the magnetic transitions based
on 3'p Tl_l [27,28]. Magnetization measurements of our
high-quality single crystals showed no such dependence (see
Fig. 3), which is also in agreement with the M/H measure-
ments of Wildes er al. [19]. Even so, we investigated the

100 £ E
= 10F » f Hylc* (10T) 5
- al O Hylle* (10T) :
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FIG. 12. Markers show 7,”' vs temperature compared to the
calculated high-temperature limiting values (dashed lines; shaded
bands indicate uncertainty) for a local moment magnetic system as
discussed in the text.

TABLE IV. Summary of crystallographic data and structure re-

finement for Ni,P,S¢ at 293(2) K.

Empirical Formula Ni,P,S¢
Formula weight 371.72
Temperature 293(2)K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/m

Unit cell dimensions

Volume

zZ

Density(calculated)
Absorption coefficient
F(000)

6 Range for data collection

a=5.8165(7) A
b=10.0737(12) A
c=6.6213(8) A
B = 107.110(6)°
370.80(8) A’

4
3.329 g/cm?®
7.094 mm~!
364
3.219-43.225°

Index ranges 11 <h<1,-19<k< 19

—-12<I<12
Reflections collected 19 885
Independent reflections 1438 (R, = 0.0445)
Completness of 6 = 26.64° 100%

Refinement method Full-matrix least square on F?
Data / Restraints / Parameters 1438 /0 / 45
Goodness-of-fit 1.080

Final R indices [>20 (1)] Rops = 0.0222, wRyp,s = 0.0499
R indices [all data]* R = 0.0292, wR,; = 0.0526
Extinction coefficient 0.0047(8)

Largest diff. peak and hole 1.823 and —0.581 e-A~?

‘R=3||Fp| = |Fcll/ZIFol,  wR={Z[w(|Fol* = |Fc*)*]/Z[w
(IFoIH}?, and w = 1/[02(F2) + (0.0496P)*> + 0.8710P] where
P=(F3+2F}/3.

field dependence of the spin-lattice relaxation rate for Hy L
c* just above Ty at T = 165K, where we would expect to
see a strong field dependence based on the above mentioned
data from the literature. However, as shown in Fig. 9(b) as
(T,T)~" versus field Hy, we find little-to-no field dependence
to within the standard error of our measurements. Even if the
slight suppression at the two lowest fields is real, this is a
much smaller effect than previously observed. Based on our
magnetization and 77 measurements, we conclude that the
previously observed field dependence is absent in our crystals.
We speculate that the previously observed field dependence
[27,28] may be related to sample quality issues, especially
considering disagreement with data from simulated powder
patterns based on our single-crystal data (see Appendix E for
further details).

Turning to our magnetic state spectral measurements, we
extrapolate the measured internal field—H, "(T = 150 K) =
0.0105 T extracted from the angular dependent spectra—to
zero temperature, based on the fit to the temperature de-
pendence of the FWHM, to be H,\"(T =0K)=0.027 T.
Note that the 150 K simulated angular dependence of
the spectrum is not a least-squares fit, and therefore does
not have a well-characterized uncertainty. This value is
larger than the magnitude of the calculated dipolar internal
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FIG. 13. Photographic images of the front and back of a single
crystalline sample of Ni,P,S¢ (NMR crystal A). The background grid
has divisions of 1 mm.

hyperfine fields, based on the 2 K magnetic moments

from neutron diffraction [19]; Hiiitl?above = —0.0152TlA7, and
Hi?lit’,)below =0.0152Th, where above/below indicates the

unique magnetic P site above/below the Ni plane (see Fig. 1
for a full visualization). This discrepancy provides further
evidence for an appreciable transferred hyperfine coupling,
and therefore supports the conclusion that Ni—-S-Ni super-
exchange and Ni—S—S-Ni super-super-exchange are respon-
sible for the large J; and J3 exchange couplings [24].

(a) hko (b) Okl

h

FIG. 14. Cuts through reciprocal space from scXRD showing
the (a) hk0 and (b) Ok/ planes. Circles in (a) indicate the expected
reflection positions according to the structural model.

We mentioned earlier that we calculated the dipolar hyper-
fine coupling to hypothetical spin polarization on the S(2) site.
While this calculation did not show agreement with in-plane
rotation experiments, we quote the results of the calculated
internal hyperfine fields here for the sake of completeness:

HP o [S(2)] = —0.030 Th and Hiyh  [S(2)] = 0.030 Tb.
However, we hesitate to draw any conclusions from the re-
sults of these calculations, especially considering the lack of
experimentally observed in-plane anisotropy.

The angular dependencies of the NMR spectra in the
magnetic state (see Sec. V C and Fig. 11) are best described
by stacking faults along the c*-axis, which occur with £60
degree misalignment with respect to the planes below. This
effect is detectable by NMR after the in-plane symmetry is
broken by the appearance of an internal hyperfine field in
the magnetic state, as shown in Fig. 1. This interpretation is
backed up by our scXRD measurements (see Appendix A) as
well as those of Goossens et al. [66]. Neutron scattering re-
sults [19,24] also indicate that out-of-plane stacking faults are
prevalent in Ni,P,S¢ and that the magnetic order is coupled to
the lattice. While NMR is not quantitatively sensitive to the
domain sizes in this case, the difference in spectral weight
for the three unique pairs of magnetically split resonances
indicates that the domains likely have thicknesses larger than
a few unit cells. MoBbauer spectroscopy measurements in
Fe,P,S¢ provide evidence for magnetic microdomains, which
are most likely associated with stacking faults as well [67].
Stacking faults are also known to be present in the related
InzGezTe() [68]

Our NMR spectral measurements as a function of in-plane
angle ¢ in the paramagnetic state also do not agree with the
antisite disorder picture (Ni trading places with a P dimer).
Antisite disorder would break the in-plane local environment
symmetry and result in K, # K}, for a large fraction of the
observed nuclei, yet after accounting for the P-P homonuclear
dipolar coupling (the Pake doublet), we find K, = K;,. The
disorder picture, at the levels suggested by scXRD refinement,
would likely result in significant broadening of the NMR
spectra in magnetic state. Such a high fraction of antisite
disorder would also likely affect the magnetic properties of
the system, particularly with respect to suppression of Ty.

To conclude, we investigated high quality crystals of the
quasi-2D van der Waals antiferromagnet Ni,P,S¢ via NMR,
magnetic susceptibility, scXRD, and quantum chemistry cal-
culations. We showed that NMR is sensitive to quasi-2D
magnetic correlations via an anomalous breakdown in the
scaling 'K versus x, possibly also affected by a distribution
of stacking-fault-induced interplane couplings. Our quantum
chemistry calculations show that the source of this breakdown
is unrelated to crystal field depopulation effects. We find an
appreciable transferred hyperfine coupling, consistent with
super- and super-super-exchange coupling. Our M/H and
Ti measurements show that 7y is field independent. Tl_l
measurements also provide evidence for three-magnon relax-
ation in the magnetic state. Our magnetic state NMR spectra
provide good evidence for 60 degree rotation of stacking-
fault-induced magnetic domains. Our work motivates future
experiments in related M,P,Xs systems, as well as other
quasi-2D van der Waals magnets, to develop a microscopic
description of the K—x anomaly.
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(a) bc plane (b)

ac plane (c)

ab plane

FIG. 15. Structural model of Ni,P,Ss obtained from scXRD. Green balls represent Ni, orange balls represent P, and yellow balls represent
S. (a) View along the a direction perpendicular to the bc plane, (b) view along the b direction perpendicular to the ac plane, and (c) view along

the ¢* direction perpendicular to the ab plane.
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APPENDIX A: ELEMENTAL COMPOSITION AND
STRUCTURAL CHARACTERIZATION

scXRD was performed at room temperature on a
Bruker X8 Apex2 CCD4K diffractometer with Mo-K,, radi-
ation. The data collection consists of large €2 and ¢ scans
of the reciprocal space. The frames were integrated with the
Bruker SAINT software package [69] using a narrow-frame al-
gorithm in APEX2 [70]. The data were corrected for absorption
effects using a semiempirical method based on redundancy
with the SADABS program [71], developed for scaling and
absorption corrections of area detector data. The spacegroup
determination, structural determination and refinement were
performed using charge flipping with the SUPERFLIP algorithm
[72] within JANA2006 [73] and SHELXL [74]. The parameters
for data collection and the details of the structure refinement
are given in Table IV. A ZEISS EVO MA 10 SEM with a BSE
detector was used for microscopic crystal images with chemi-
cal contrast. EDX was measured at an accelerating voltage of
30 kV using a energy dispersive x-ray analyzer mounted to a
the SEM. Figure 13 shows a photograph of Ni,P,S¢ crystal
A used for NMR. The background shows a millimeter grid
for scale. Good examples of the crystalline facets can be seen
at the top right of the photograph. SEM(BSE) images of the
crystals (not shown) display uniform contrast, indicating a
homogeneous distribution of elements. The mean elemental
composition of our crystals was found to be 19.9 + 0.6 at-
% Ni, 20.4 £0.1 at-% P, and 59.7 £ 0.6 at-% S by EDX

measurements on several spots on different crystals. We note
that the systematic uncertainty of EDX is in the range of
approximately +=3% even on flat sample surfaces.

All diffraction spots in reciprocal space of the measured
crystal could be indexed by the reported monoclinic space
group for NipP,S¢ of C12/m1 (No. 12) [15,19] as indicated
by small circles in Fig. 14(a). Structural refinement based on
the scXRD data resulted in a structural model for our crystal
in good agreement with the reported crystal structure.

As shown by Ouvrard et al. [15] and Wildes et al. [19],
introducing site disorder between the majority 4g and the mi-
nority 2a sites for Ni and between the majority 4i and minority
8j sites for P improves the agreement between structural
model and experimental diffraction data. In our model, the
best agreement with experiment is obtained for approximately
4% of Ni atoms and 6% of P atoms on the respective minority
sites. Additionally, the structural refinement indicates a small
amount of vacancies on the P sites, which results in a refined
formula of Ni, Py 94S¢. The obtained structural model is shown
in Fig. 15 with the corresponding atomic coordinates given in
Table V.

Additionally, the diffraction pattern shows a significant
broadening of reflections in the / direction (equivalent to
the ¢* direction in real space) [Fig. 14(b)] of the Ok/ layer.
This broadening is strongly indicative of a high concentration
of stacking faults, which is a well-known defect in layered

TABLE V. Atomic coordinates (x 10*) and equivalent isotropic
displacement parameters U, (A% x 10%) of Ni,P,Ss at 293(2) K with
estimated standard deviations in parentheses.

Label Wyckoff X y z Occupancy  Ug®
Ni(1) 4g 0 3331(1) 0 0.963(2) 10(1)
P(1) 4i 576(2) 0 1699(1)  0.914(4) 9(1)
S(1) 4i 7422(1) 0 2432(1) 1 9(1)
S(2) 8j 2516(1) 1698(1) 2434(1) 1 9(1)
Ni(2) 2a 0 0 0 0.077(3)  42(2)
PQ2) 8j 510(18) 3335(6) 1530(30) 0.029(3) 102(5)

2Ueq is defined as one third of the trace of the orthogonalized Uj;
tensor.
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FIG. 16. Angular dependence of the splitting between the two
observed resonances Af in crystal A (markers) and the calculated
Af (red curve) for a P—P separation of 2.1534 A (extracted from the
crystal structure refined from scXRD).

van der Waals compounds and was observed in Ni,P,S¢ by
Goossens et al. [66] and Langon et al. [24]. As discussed
in both aforementioned works, it is likely that the displaced
electron density resulting from these stacking faults is mis-
interpreted in the structural solution and falsely leads to a
crystal structure model involving site disorder. Consequently,
the scXRD analysis yields a crystal structure model for our
Ni,P,S¢ crystal that is in good agreement with the structure
of the M,P,S¢ family in the spacegroup C12/m1 and indi-
cates a high concentration of defects in the form of stacking
faults. The existence of site disorder in our crystal cannot be
determined unambiguously from scXRD.

APPENDIX B: SPECTRAL SPLITTING DUE TO
HOMONUCLEAR DIPOLAR COUPLING

The angular dependence of the splitting of the NMR
spectrum agrees well with the expected behavior for dipolar
coupling between the two 3'P nuclear spins in the P-P dimer
(see Fig. 16). This is a well-known phenomenon refered to
as a Pake doublet, that was also suggested by Berthier et al.
to explain the broadening of their powder pattern [26,41]. We
note that the splitting observed here is far smaller than would
be required to explain the line broadening in the literature.
This homonuclear dipole—dipole interaction term commutes
with the other terms in the total nuclear spin Hamiltonian,
and therefore can simply be subtracted off to access the
relevant electron-nuclear interactions that we wish to probe. In
practice, our data reduction is achieved by finding the center
of gravity of the spectrum (average of the two resonance
frequencies). The angular dependence of the splitting in the
Pake doublet is given by

3 o hy?

AfO)=fi—fo=5 "5 (1=3cos’0),  (BD

1.0F—= Torre et al. (room temp.) (a) N
Y H,PO, standard

0.8+ = Powder pattern sim. P(1) _
= Powder pattern sim. P(2)
B Powder pattern sim. sum

NMR Response (arb. units)

| 1
32.00 32.02

31.99 32.01
Frequency (MHz)
T
10 |~ |Berthier et al. . ‘\\ (b) B
(room temp.) “‘
0.8 |- NaPsSe /| I .
— Lip ,Ni,P,Sg i k!

NMR Response (arb. units)

0.8695 0.8700 0.8705

H, (T)

FIG. 17. (a) Comparison of the frequency-swept powder pat-
tern (calculated from our single crystal angular-dependent measure-
ments) with that of Torre et al. [28]. (b) Comparison of the calculated
field-swept powder pattern with data from Berthier et al. [26].

where o is the permeability of free space, & is Planck’s
constant divided by 2w, y is the gyromagnetic ratio, and r
is the distance between the nuclear spins (rp.p = 2.1534 A).

APPENDIX C: SEARCH FOR *§ AND °*'Ni NMR

35 and ®'Ni NMR measurements were also attempted, but
without success. This is likely a consequence of the low nat-
ural abundance of the NMR-active isotopes ®'Ni (1.1399%)
and 338 (0.76%) [62]. Furthermore, the on-site magnetic
moment of Ni likely contributes to the lack of signal via a
combination of large shift, linewidth, and fast relaxation rates.
Additionally, previous calculations (DFT + Ueg) also found
some spin density (0.15 up) on the S sites closest to the
zig-zag Ni chains, which may contribute to the lack of 33§
signal [6].

APPENDIX D: CORRECTIONS DUE TO
MACROSCOPIC MAGNETISM

In general, the shape of a sample will modify the magnetic
field within the sample such that the total field is the sum of
the applied external field and the demagnetization (or demag-
netizing) field: H = Hy + H,, where H; = —47D - M, and
D is the demagnetization tensor. To account for shifts due to
both bulk magnetization and demagnetization effects, we will
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consider the magnetic induction (B-field) within the sample,
which is given by B = H+ 47M, in Gaussian units. The
field dependence of the volume magnetization M,, in NiyP,S¢
above Ty displays linear behavior, and we can therefore write
M = j, - H, where j, is the volume magnetic susceptibility
tensor. We combine the above equations to write B in terms of
the susceptibility tensor, the demagnetization tensor, and the
applied external field Hy:

B=(1+47%) - A+47D-5%,)"'-Hy. (D)

We calculated the demagnetization tensor elements based
on the approach of Osborn [75], assuming an ellipsoidal
sample. The dimensions of the ellipsoid are taken from crystal
A, shown in Fig. 13, with x = 3.631 mm, y = 1.241 mm,
and z =0.092 mm. The resulting demagnetization factors
are the diagonal components of the demagnetization tensor
D, =0.013, Dy, = 0.064, and D, = 0.923. We note that the
dimensions of crystal B were nearly the same as crystal A.
Furthermore, the uncorrected angular dependent shifts were
identical to within the experimental uncertainty (see Fig. 8 in
the main text).

To calculate the total macroscopic magnetism correction to
the shift K; as a function of angle, we perform a rotation of the
external field Hy for out-of-plane and in-plane rotations. We
then calculate the total shift due to macroscopic magnetism
K; = |B|/|Hp| — 1 for the cases of out-of-plane rotation (6
dependence) and in-plane rotation (¢ dependence). The equa-
tions for the out-of-plane and in-plane rotation dependencies
are given by Egs. (D2) and (D3), respectively,

Kq(9)
N PP cos? (6 7&5) sin” (6 1%5)
D)o + 1°  (4xDyxy + 1)
_1 (D2)
Ka(p)
S PP ] s (1) sin” (¢ i)
(47Dyxy +1)°  @4rDxxo +1)°

-1 (D3)

The volume susceptibility y, = x(d/m) was calculated
based on the measured molar susceptibility x, which was
taken to be isotropic [the average value of the M/H(T >
Tv) = x for H || ¢* and H L ¢* were used for all correc-
tions 2(b)]. The molar mass m = 185.862 g/mol and sample
density d = 3.325 g/cm? were taken from standard atomic
weights and lattice parameters determined via scXRD, re-
spectively. For the susceptibility itself, we verified that the
demagnetization correction is small enough to be neglected. In
the case of the NMR shift, there is an significant effect for both
out-of-plane rotation and temperature dependent measure-
ments. The in-plane angular dependence was not significantly
affected outside of the experimental uncertainty, though the
overall value was shifted. The orbital shifts K, extracted
from fits to K versus x, were therefore affected by this
correction.

APPENDIX E: CALCULATED 3'p
NMR POWDER PATTERNS

Initial measurements of powder samples by Berthier ef al.
found Kj, = —0.057(1) % at T =273K [26], but were
unable to observe any clear asymmetry in their powder
spectrum of pure NiP,Sg, and therefore report no value
for K,. In comparison, we find an average value (of
the two Pake-doublet resonances) of K- = —0.04682 +
0.00009 %. Note that previous reports did not account for
corrections due to macroscopic magnetism, and therefore
the above value of K¢ is uncorrected. On the other hand,
the powder spectrum of Torre et al. did show spectral
splitting [28].

We compare the calculated powder spectra to the spectra of
Torre et al. and Berthier et al. in Figs. 17(a) and 17(b), respec-
tively. We treat the two peaks, labeled P(1) and P(2), of the
Pake doublet as unique site for these calculations. The spectral
broadening of the powder pattern was applied via convolution
with a Gaussian, scaled appropriately by field/frequency and
based on the maximum value of the FWHM versus angle,
which is on the order of 4 kHz at 7 T. Our calculated
powder pattern agrees quite well with the spectrally dominant
resonance in the 2% Li-intercalated Ni,P,S¢. The second
peak, attributed to P sites that are sensitive to Li intercalation,
is absent.

[1] G. L. Flem, R. Brec, G. Ouvard, A. Louisy, and P. Segransan,
Magnetic interactions in the layer compounds MPX; (M =
Mn, Fe, Ni; X = S, Se), J. Phys. Chem. Solids 43, 455
(1982).

[2] R. Brec, Review on structural and chemical properties of transi-
tion metal phosphorous trisulfides MPS3, Solid State Ionics 22,
3 (1986).

[3] M. Balkanski, M. Jouanne, G. Ouvrard, and M. Scagliotti, Ef-
fects due to spin ordering in layered MPX; compounds revealed
by inelastic light scattering, J. Phys. C 20, 4397 (1987).

[4] V. Grasso and L. Silipigni, Low-dimensional materials: The
MPX; family, physical features and potential future applica-
tions, La Rivista del Nuovo Cimento 25, 1 (2002).

[5] S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev, and A.
Kis, 2D transition metal dichalcogenides, Nat. Rev. Mater. 2,
17033 (2017).

[6] S. Y. Kim, T. Y. Kim, L. J. Sandilands, S. Sinn, M.-C. Lee,
J. Son, S. Lee, K.-Y. Choi, W. Kim, B.-G. Park, C. Jeon, H.-D.
Kim, C.-H. Park, J.-G. Park, S. J. Moon, and T. W. Noh, Charge-
Spin Correlation in van der Waals Antiferromagnet NiPS;,
Phys. Rev. Lett. 120, 136402 (2018).

[7] J. Zeisner, A. Alfonsov, S. Selter, S. Aswartham, M. P. Ghimire,
M. Richter, J. van den Brink, B. Biichner, and V. Kataev, Mag-
netic anisotropy and spin-polarized two-dimensional electron
gas in the van der Waals ferromagnet Cr,Ge,Tes, Phys. Rev.
B 99, 165109 (2019).

064429-14


https://doi.org/10.1016/0022-3697(82)90156-1
https://doi.org/10.1016/0167-2738(86)90055-X
https://doi.org/10.1088/0022-3719/20/27/017
https://www.sif.it/riviste/sif/ncr/econtents/2002/025/06/article/0
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1103/PhysRevLett.120.136402
https://doi.org/10.1103/PhysRevB.99.165109

QUASI-TWO-DIMENSIONAL MAGNETIC CORRELATIONS ...

PHYSICAL REVIEW B 102, 064429 (2020)

[8] J. Zhang, X. Cai, W. Xia, A. Liang, J. Huang, C. Wang, L.
Yang, H. Yuan, Y. Chen, S. Zhang, Y. Guo, Z. Liu, and G.
Li, Unveiling Electronic Correlation and the Ferromagnetic Su-
perexchange Mechanism in the van der Waals Crystal CrSiTes,
Phys. Rev. Lett. 123, 047203 (2019).

[9] R. Brec, D. M. Schleich, G. Ouvrard, A. Louisy, and J. Rouxel,
Physical properties of lithium intercalation compounds of the
layered transition-metal chalcogenophosphites, Inorg. Chem.
18, 1814 (1979).

[10] Y. Jung, Y. Zhou, and J. J. Cha, Intercalation in two-dimensional
transition metal chalcogenides, Inorg. Chem. Front. 3, 452
(2016).

[11] K. F. Mak and J. Shan, Photonics and optoelectronics of 2D
semiconductor transition metal dichalcogenides, Nat. Photon.
10, 216 (2016).

[12] D. Zhong, K. L. Seyler, X. Linpeng, R. Cheng, N. Sivadas,
B. Huang, E. Schmidgall, T. Taniguchi, K. Watanabe, M. A.
McGuire, W. Yao, D. Xijao, K.-M. C. Fu, and X. Xu, Van
der Waals engineering of ferromagnetic semiconductor het-
erostructures for spin and valleytronics, Sci. Adv. 3, 1603113
(2017).

[13] J.-U. Lee, S. Lee, J. H. Ryoo, S. Kang, T. Y. Kim, P. Kim, C.-H.
Park, J.-G. Park, and H. Cheong, Ising-type magnetic ordering
in atomically thin FePS;, Nano Lett. 16, 7433 (2016).

[14] R. N. Jenjeti, R. Kumar, M. P. Austeria, and S. Sampath, Field
effect transistor based on layered NiPS;, Sci. Rep. 8, 8586
(2018).

[15] G. Ouvrard, R. Brec, and J. Rouxel, Structural determination
of some MPS; layered phases (M = Mn, Fe, Co, Ni and Cd),
Mater. Res. Bull. 20, 1181 (1985).

[16] M. Piacentini, V. Grasso, S. Santangelo, M. Fanfoni, S.
Modesti, and A. Savoia, Soft x-ray absorption of FePS; and
NiPS;, Solid State Commun. 51, 467 (1984).

[17] P. Fragnaud, R. Brec, E. Prouzet, and P. Deniard, Reassessing
of the lithium intercalation mechanism in layered nickel, Mater.
Res. Bull. 28, 337 (1993).

[18] K. Momma and F. Izumi, VESTA 3 for three-dimensional visu-
alization of crystal, volumetric and morphology data, J. Appl.
Crystallogr. 44, 1272 (2011).

[19] A. R. Wildes, V. Simonet, E. Ressouche, G. J. Mclntyre, M.
Avdeev, E. Suard, S. A. J. Kimber, D. Langon, G. Pepe,
B. Moubaraki, and T. J. Hicks, Magnetic structure of the
quasi-two-dimensional antiferromagnet NiPS;, Phys. Rev. B
92, 224408 (2015).

[20] C. R. S. Haines, M. J. Coak, A. R. Wildes, G. I. Lampronti, C.
Liu, P. Nahai-Williamson, H. Hamidov, D. Daisenberger, and
S. S. Saxena, Pressure-Induced Electronic and Structural Phase
Evolution in the van der Waals Compound FePSj, Phys. Rev.
Lett. 121, 266801 (2018).

[21] J. Zaanen, G. A. Sawatzky, and J. W. Allen, Band Gaps and
Electronic Structure of Transition-Metal Compounds, Phys.
Rev. Lett. 55, 418 (1985).

[22] B. E. Taylor, J. Steger, and A. Wold, Preparation and proper-
ties of some transition metal phosphorus trisulfide compounds,
J. Solid State Chem. 7, 461 (1973).

[23] P. A. Joy and S. Vasudevan, Magnetism in the layered
transition-metal thiophosphates MPS; (M=Mn, Fe, and Ni),
Phys. Rev. B 46, 5425 (1992).

[24] D. Langon, R. A. Ewings, T. Guidi, F. Formisano, and A. R.
Wildes, Magnetic exchange parameters and anisotropy of the

quasi-two-dimensional antiferromagnet NiPS;, Phys. Rev. B
98, 134414 (2018).

[25] C. Berthier, Y. Chabre, and P. Segransan, NMR studies
of lamellar intercalation compounds, Physica B+C 99, 107
(1980).

[26] C. Berthier, Y. Chabre, and M. Minier, NMR investigation of
the layered transition metal phosphorus trichalcogenides and
the intercalation compounds Li,NiPS;3, Solid State Commun.
28, 327 (1978).

[27] J. Ziolo, S. Torre, A. Rigamonti, and F. Borsa, 3P NMR
relaxation study of spin dynamics in layered transition metal
compounds MPX3, J. Appl. Phys. 63, 3095 (1988).

[28] S. Torre and J. Ziolo, Spin dynamics and magnetic properties of
two-dimensional systems MPX; from 3P NMR and relaxation,
Phys. Rev. B 39, 8915 (1989).

[29] S. Selter, Y. Shemerliuk, M.-1. Sturza, A. U. B. Wolter, B. Biich-
ner, and S. Aswartham, Evolution of magnetic anisotropy in 2D
van der Waals (Fe,_,Ni, ),P,S¢ single crystals (unpublished).

[30] L. J. D. Jongh and A. R. Miedema, Experiments on simple
magnetic model systems, Adv. Phys. 50, 947 (2010).

[31] G. Fabbris, D. Meyers, L. Xu, V. M. Katukuri, L. Hozoi, X.
Liu, Z.-Y. Chen, J. Okamoto, T. Schmitt, A. Uldry, B. Delley,
G. D. Gu, D. Prabhakaran, A. T. Boothroyd, J. van den Brink,
D. J. Huang, and M. P. M. Dean, Doping Dependence of
Collective Spin and Orbital Excitations in the Spin-1 Quantum
Antiferromagnet La,_,Sr,NiOs Observed by X Rays, Phys.
Rev. Lett. 118, 156402 (2017).

[32] N. Chandrasekharan and S. Vasudevan, Magnetism and ex-
change in the layered antiferromagnet NiPS;, J. Phys.:
Condens. Matter 6, 4569 (1994).

[33] K. Kim, S. Lim, J.-U. Lee, S. Lee, T. Kim, K. Park, G. Jeon,
C.-H. Park, J.-G. Park, and H. Cheong, Suppression of magnetic
ordering in XXZ-type antiferromagnetic monolayer NiPS;, Nat.
Commun. 10, 345 (2019).

[34] All-electron triple-¢ basis sets (BS’s) with polarization func-
tions were used for the central NiS¢ octahedron, of Douglas-
Kroll-type for Ni. The adjacent Ni** ions were modeled as
closed-shell Zn** total-ion potentials provided with two s func-
tions while for the remaining ligands coordinating these cations
we employed effective core potentials (ECP’s) and valence
BS’s of double-¢ quality. ECP’s and valence BS’s of double-¢
quality were also used for the closest P species around the
central NiSe¢ unit. The quantum chemical package MOLPRO
[76] was employed. All ECP’s and BS’s were taken from the
MOLPRO library.

[35] T. Helgaker, P. Jgrgensen, and J. Olsen, Molecular Electronic-
Structure Theory (John Wiley and Sons, New York, 2014).

[36] L. Hozoi, L. Siurakshina, P. Fulde, and J. van den Brink, Ab
Initio determination of Cu 3d orbital energies in layered copper
oxides, Sci. Rep. 1, 65 (2011).

[37] S. Kang, K. Kim, B. H. Kim, J. Kim, K. I. Sim, J.-U. Lee,
S. Lee, K. Park, S. Yun, T. Kim, A. Nag, A. Walters, M.
Garcia-Fernandez, J. Li, L. Chapon, K.-J. Zhou, Y.-W. Son,
J. H. Kim, H. Cheong, and J.-G. Park, Coherent many-body ex-
citon in van der Waals antiferromagnet NiPS;, Nature 583, 785
(2020).

[38] L. Hozoi, U. Birkenheuer, H. Stoll, and P. Fulde, Spin-state
transition and spin-polaron physics in cobalt oxide perovskites:
ab initio approach based on quantum chemical methods, New J.
Phys. 11, 023023 (2009).

064429-15


https://doi.org/10.1103/PhysRevLett.123.047203
https://doi.org/10.1021/ic50197a018
https://doi.org/10.1039/C5QI00242G
https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1126/sciadv.1603113
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1038/s41598-018-26522-1
https://doi.org/10.1016/0025-5408(85)90092-3
https://doi.org/10.1016/0038-1098(84)91014-7
https://doi.org/10.1016/0025-5408(93)90066-M
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevLett.121.266801
https://doi.org/10.1103/PhysRevLett.55.418
https://doi.org/10.1016/0022-4596(73)90175-8
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevB.98.134414
https://doi.org/10.1016/0378-4363(80)90217-X
https://doi.org/10.1016/0038-1098(78)90434-9
https://doi.org/10.1063/1.341169
https://doi.org/10.1103/PhysRevB.39.8915
https://doi.org/10.1080/00018730110101412
https://doi.org/10.1103/PhysRevLett.118.156402
https://doi.org/10.1088/0953-8984/6/24/017
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1038/srep00065
https://doi.org/10.1038/s41586-020-2520-5
https://doi.org/10.1088/1367-2630/11/2/023023

A. P. DIOGUARDI et al.

PHYSICAL REVIEW B 102, 064429 (2020)

[39] M. Jiang, M. Berciu, and G. A. Sawatzky, Critical Nature of the
Ni Spin State in Doped NdNiO,, Phys. Rev. Lett. 124, 207004
(2020).

[40] A. Berning, M. Schweizer, H.-J. Werner, P. J. Knowles, and P.
Palmieri, Spin-orbit matrix elements for internally contracted
multireference configuration interaction wavefunctions, Mol.
Phys. 98, 1823 (2000).

[41] G. E. Pake, Nuclear resonance absorption in hydrated crystals:
Fine structure of the proton line, J. Chem. Phys. 16, 327 (1948).

[42] A. M. Clogston, V. Jaccarino, and Y. Yafet, Interpretation of
Knight shifts and susceptibilities of transition metals: Platinum,
Phys. Rev. 134, A650 (1964).

[43] D. J. Breed, Experimental investigation of two two-dimensional
antiferromagnets with small anisotropy, Physica 37, 35 (1967).

[44] D. J. Breed, K. Gilijamse, and A. R. Miedema, Magnetic
properties of K,CoF, and Rb,CoF,; two-dimensional Ising
antiferromagnets, Physica 45, 205 (1969).

[45] E. P. Maarschall, A. C. Botterman, S. Vega, and A. R. Miedema,
Nuclear magnetic resonance in paramagnetic K,NiF,, Physica
41, 473 (1969).

[46] J.J. van der Klink and H. B. Brom, Relation between suscepti-
bility and Knight shift in La;NiOy.;7 and K;NiF4 by ®'Ni NMR,
Phys. Rev. B 81, 094419 (2010).

[47] E. M. L. Chung, M. R. Lees, G. J. Mclntyre, C. Wilkinson, G.
Balakrishnan, J. P. Hague, D. Visser, and D. M. Paul, Magnetic
properties of tapiolite (FeTa,Og); a quasi two-dimensional (2D)
antiferromagnet, J. Phys.: Condens. Matter 16, 7837 (2004).

[48] P. Carretta, N. Papinutto, C. B. Azzoni, M. C. Mozzati,
E. Pavarini, S. Gonthier, and P. Millet, Frustration-driven
structural distortion in VOMoO,, Phys. Rev. B 66, 094420
(2002).

[49] R. Sarkar, Z. Mei, A. Ruiz, G. Lopez, H.-H. Klauss, J. G.
Analytis, I. Kimchi, and N. J. Curro, Impact of disorder on dy-
namics and ordering in the honeycomb-lattice iridate Na,IrOs,
Phys. Rev. B 101, 081101(R) (2020).

[50] A. Wiedenmann, J. Rossat-Mignod, A. Louisy, R. Brec, and
J. Rouzxel, Neutron diffraction study of the layered compounds
MnPSe; and FePSe;, Solid State Commun. 40, 1067 (1981).

[51] N. J. Curro, Nuclear magnetic resonance in the heavy
fermion superconductors, Rep. Prog. Phys. 72, 026502
(2009).

[52] P. J. S. Foot, J. Suradi, and P. A. Lee, Optical and electronic
properties of the layered semiconductors NiPS; and FePSs,
Mater. Res. Bull. 15, 189 (1980).

[53] T. Ohama, H. Yasuoka, D. Mandrus, Z. Fisk, and J. L.
Smith, Anomalous transferred hyperfine coupling in CeCu,Si,,
J. Phys. Soc. Jpn. 64, 2628 (1995).

[54] R. Nath, Y. Furukawa, F. Borsa, E. E. Kaul, M. Baenitz, C.
Geibel, and D. C. Johnston, Single-crystal >'P NMR studies of
the frustrated square-lattice compound Pb,(VO)(PO,),, Phys.
Rev. B 80, 214430 (2009).

[55] K. M. Ranjith, M. Majumder, M. Baenitz, A. A. Tsirlin,
and R. Nath, Frustrated three-dimensional antiferromagnet
Li,CuW,0g: "Li NMR and the effect of nonmagnetic dilution,
Phys. Rev. B 92, 024422 (2015).

[56] L. Bossoni, P. Carretta, R. Nath, M. Moscardini, M. Baenitz,
and C. Geibel, NMR and SR study of spin correlations in
StZnVO(PO4),: An S = % frustrated magnet on a square lattice,
Phys. Rev. B 83, 014412 (2011).

[57] H.-J. Grafe, S. Nishimoto, M. lakovleva, E. Vavilova, L.
Spillecke, A. Alfonsov, M.-1. Sturza, S. Wurmehl, H. Nojiri, H.
Rosner, J. Richter, U. K. Ro8ler, S.-L. Drechsler, V. Kataev, and
B. Biichner, Signatures of a magnetic field-induced unconven-
tional nematic liquid in the frustrated and anisotropic spin-chain
cuprate LiCuSbOy, Sci. Rep. 7, 6720 (2017).

[58] D. M. Nisson and N. J. Curro, Nuclear magnetic resonance
Knight shifts in the presence of strong spin—orbit and crystal-
field potentials, New J. Phys. 18, 073041 (2016).

[59] P. A. Joy and S. Vasudevan, Optical-absorption spectra of the
layered transition-metal thiophosphates MPS; (M=Mn, Fe, and
Ni), Phys. Rev. B 46, 5134 (1992).

[60] T. Moriya, Nuclear magnetic relaxation in antiferromagnetics,
Prog. Theor. Phys. 16, 23 (1956).

[61] T. Moriya, Nuclear magnetic relaxation in antiferromagnetics,
II, Prog. Theor. Phys. 16, 641 (1956).

[62] R. K. Harris, E. D. Becker, S. M. C. d. Menezes, R. Goodfellow,
and P. Granger, NMR nomenclature. Nuclear spin properties
and conventions for chemical shifts (IUPAC Recommendations
2001), Pure Appl. Chem. 73, 1795 (2001).

[63] D. Beeman and P. Pincus, Nuclear spin-lattice relaxation in
magnetic insulators, Phys. Rev. 166, 359 (1968).

[64] F. Casola, T. Shiroka, S. Wang, K. Conder, E. Pomjakushina, J.
Mesot, and H.-R. Ott, Direct Observation of Impurity-Induced
Magnetism in a Spin-% Antiferromagnetic Heisenberg Two-Leg
Spin Ladder, Phys. Rev. Lett. 105, 067203 (2010).

[65] S.-H. Baek, S.-H. Do, K.-Y. Choi, Y. S. Kwon, A. U. B. Wolter,
S. Nishimoto, J. van den Brink, and B. Biichner, Evidence for
a Field-Induced Quantum Spin Liquid in «¢-RuCls, Phys. Rev.
Lett. 119, 037201 (2017).

[66] D. J. Goossens, D. James, J. Dong, R. E. Whitfield, L.
Norén, and R. L. Withers, Local order in layered NiPS; and
Nip7Mg, sPS;, J. Phys.: Condens. Matter 23, 065401 (2011).

[67] P. Jernberg, S. Bjarman, and R. Wippling, FePS;: A first-order
phase transition in a “2D” Ising antiferromagnet, J. Magn.
Magn. Mater. 46, 178 (1984).

[68] R. Lefevre, D. Berthebaud, O. Lebedev, O. Pérez, C. Castro,
S. Gascoin, D. Chateigner, and F. Gascoin, Layered tellurides:
Stacking faults induce low thermal conductivity in the new
In,Ge, Teg and thermoelectric properties of related compounds,
J. Mater. Chem. A 5, 19406 (2017).

[69] SAINT, Bruker AXS Inc., Madison, Wisconsin, USA (2004).

[70] APEX2, Bruker AXS Inc., Madison, Wisconsin, USA (2004).

[71] G. M. Sheldrick, SADABS, Program for Empirical Absorption
Correction of Area Detector Data, University of Gottingen,
Germany (1996).

[72] L. Palatinus and G. Chapuis, SUPERFLIP — a computer pro-
gram for the solution of crystal structures by charge flipping in
arbitrary dimensions, J. Appl. Crystallogr. 40, 786 (2007).

[73] V. Petficek, M. DuSek, and L. Palatinus, Crystallographic Com-
puting System JANA2006: General features, Z. Kristallogr. -
Cryst. Mater. 229, 345 (2014).

[74] G. M. Sheldrick, A short history of SHELX, Acta Crystallogr.
Sec. A 64, 112 (2008).

[75] J. A. Osborn, Demagnetizing factors of the general ellipsoid,
Phys. Rev. 67, 351 (1945).

[76] H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, and M.
Schiitz, Molpro: A general-purpose quantum chemistry pro-
gram package, WIREs Comput. Mol. Sci. 2, 242 (2012).

064429-16


https://doi.org/10.1103/PhysRevLett.124.207004
https://doi.org/10.1080/00268970009483386
https://doi.org/10.1063/1.1746878
https://doi.org/10.1103/PhysRev.134.A650
https://doi.org/10.1016/0031-8914(67)90103-6
https://doi.org/10.1016/0031-8914(69)90073-1
https://doi.org/10.1016/0031-8914(69)90049-4
https://doi.org/10.1103/PhysRevB.81.094419
https://doi.org/10.1088/0953-8984/16/43/023
https://doi.org/10.1103/PhysRevB.66.094420
https://doi.org/10.1103/PhysRevB.101.081101
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1088/0034-4885/72/2/026502
https://doi.org/10.1016/0025-5408(80)90118-X
https://doi.org/10.1143/JPSJ.64.2628
https://doi.org/10.1103/PhysRevB.80.214430
https://doi.org/10.1103/PhysRevB.92.024422
https://doi.org/10.1103/PhysRevB.83.014412
https://doi.org/10.1038/s41598-017-06525-0
https://doi.org/10.1088/1367-2630/18/7/073041
https://doi.org/10.1103/PhysRevB.46.5134
https://doi.org/10.1143/PTP.16.23
https://doi.org/10.1143/PTP.16.641
https://doi.org/10.1351/pac200173111795
https://doi.org/10.1103/PhysRev.166.359
https://doi.org/10.1103/PhysRevLett.105.067203
https://doi.org/10.1103/PhysRevLett.119.037201
https://doi.org/10.1088/0953-8984/23/6/065401
https://doi.org/10.1016/0304-8853(84)90355-X
https://doi.org/10.1039/C7TA04810F
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1515/zkri-2014-1737
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1103/PhysRev.67.351
https://doi.org/10.1002/wcms.82

