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ABSTRACT: We report an investigation of the magnetic structure and magnetic 2
exchange pathways in MnS via neutron scattering methods, aided by density
functional theory (DFT) modeling. The material has been confirmed to undergo
antiferromagnetic (AFM) ordering at 152 K, with the magnetic structure
representing AFM stacking of ferromagnetic (FM) (111) planes of Mn magnetic
moments. Correspondingly, the magnetic structure is described by a propagation
vector k = (1/2, 1/2, 1/2), with the volume of the magnetic unit cell being 8 times
larger than the volume of the nuclear unit cell. Analysis of inelastic neutron
scattering (INS) data collected on a powder sample of MnS revealed that the next-
nearest-neighbor magnetic exchange constant (J,) exceeds the nearest-neighbor exchange constant (J;) by more than 3 times, while
in the case of MnO, which exhibits the same nuclear and magnetic structures as MnS, the J,/J; ratio was reported to be below 1.5.
Although for MnO the signs of both J; and ], indicated AFM exchange interactions, machine-learning INS data analysis in
combination with DFT calculations suggests that the INS data collected on MnS are best described with J; < 0 and J, > 0,
corresponding to FM and AFM exchange couplings, respectively. To achieve a satisfactory fit to the experimentally observed data,
the Hamiltonian used to model the INS spectra also included the next-next-nearest-neighbor magnetic exchange constant (J;). The
best-fit model has been obtained with the values of the exchange constants J; = —0.27 meV, ], = 1.05 meV, and J; = —0.19 meV.
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H INTRODUCTION

Magnetic properties of manganese monochalcogenides have
been thoroughly investigated for nearly a century. The stable
forms of MnO and MnS exhibit the cubic NaCl-type structure.
In 1939, the study carried out by Squire revealed
antiferromagnetic (AFM) phase transitions in these com-
pounds, with the ordering temperature (Ty) increasing with
the increasing atomic number of chalcogen.1 In fact, MnO was c
among the first materials for which the magnetic structure was
determined by neutron powder diffraction.” Shull and co-
workers demonstrated that the magnetic moments of Mn were
ordered ferromagnetically (FM) within (111) planes, but the

moments in adjacent (111) planes were coupled antiparallel to
yield the overall AFM state (Figure 1). Despite these early
studies, the knowledge of the exact magnetic structure of MnO
had remained incomplete for more than S50 years, until
Goodwin et al. conclusively established that the Mn moments
in the AFM state are oriented parallel and antiparallel to the
[112] direction.” The magnetic moment was found to be 5.66
up per Mn atom at 10 K.

In their seminal paper,” Shull et al. also suggested, based on
the neutron diffraction patterns, that the isostructural MnS and
MnSe possessed the same magnetic structures as that of MnO.
This suggestion was confirmed a few years later for MnS,*
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Figure 1. Magnetic structure of MnO and MnS. The alternating
directions of the Mn moments in the (111) planes are indicated with
different colored arrows. The ], (red) and J, (blue) magnetic
exchange pathways are shown. Color scheme: Mn = light blue; O and
S = yellow.
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although the exact value of the Mn magnetic moment in the
AFM ordered state was not reported. A study carried out by
van der Heide et al. established the magnetic moment of 4.46
Hp per Mn atom at 4.2 K,> while a recent work by Huang et al.
reported a slightly higher value of ~4.8 uy° Thus, in
comparison to the magnetic moment reported for MnO, the
moment per Mn atom in MnS is notably smaller. This decrease
can be attributed to the increased covalency of the Mn—X
bonding, which also should affect the strength of magnetic
exchange interactions. Despite the simplicity of their crystal
structures, manganese monochalcogenides are important
reference materials, since the knowledge of their magnetic
parameters and magnetic exchange interactions can be used to
understand the influence of covalency and delocalization of
chemical bonding” ™ on the magnetic properties and magnetic
structures of related materials, e.g.,, more complex ternary and
quaternary chalcogenides.'*~"?

Inelastic neutron scattering (INS) is a unique tool to probe
magnetic exchange interactions in materials. It allows direct
measurement of magnetic excitations in the energy—
momentum space. For example, single-crystal INS measure-
ments were used to determine the nearest-neighbor (NN) and
next-nearest-neighbor (next-NN) magnetic exchange constants
in MnO.'>** Interestingly, the J; constant, which describes the
NN exchange interaction at d(Mn—Mn) ~ 3.14 A, turned out
to be only slightly smaller than the ], constant, which describes
the next-NN exchange interaction at d(Mn—Mn) ~ 4.4 A. The
ratio J,/J; = 1.15 indicates the effectiveness of the magnetic
superexchange across the 180° Mn—O—Mn bridge (Figure 1).
The higher-order exchange parameters had a negligible effect
on the fit to the experimental INS data, but an additional
fitting parameter had to be included to account for the slight
rhombohedral distortion known to occur in MnO at lower
temperatures.15 The magnetic exchanges constants in MnO
were also determined by analyzing a magnetic pair distribution
function (mPDF) obtained by total neutron scattering
measurements. The J,/J; ratio of ~1.5 was found to agree
with the results of density functional theory (DFT)
calculations.'® While the results of the INS and mPDE
analyses are slightly different, it is important to note that both
methods revealed ], > J;.

Given the higher covalency of the Mn—S bonds relative to
that of the Mn—O bonds, it is of interest to investigate how the
increased delocalization of bonding electrons affects the
exchange constants in the AFM structure of MnS. Herein,
we report the first INS study of the magnetic exchange
interactions in MnS. The most striking observation is the large
increase in the IJ,/J;| ratio (>3) for MnS as compared to the
ratio of exchange parameters (~1.5) reported for MnO. We
use DFT calculations to support the modeling of the INS data.
Furthermore, we demonstrate that the empirical U parameter
used in the DFT calculations can lead to a broad variation of
the J; and ], constants. Thus, the INS data provide a viable
reference point to benchmark the DFT methods, while the
latter provide a viable justification for conclusions drawn from
the INS data.

B MATERIALS AND METHODS

Synthesis of MnS. A bulk powder sample of MnS was
prepared according to the published procedure.'” A Teflon-
lined vessel for solvothermal reactions was loaded with 245 mg
of Mn(OAc),-4H,0 and 228 mg of thiourea (C,H;N;), which
were covered with 60 mL of ethanol. The solution was stirred

for 30 min, after which the autoclave was sealed and
maintained at 180 °C for 12 h. The product that precipitated
was recovered by filtration, washed with ethanol, and dried
under vacuum at 60 °C. Yield = 350 mg (74%). Several such
samples were combined to obtain a multigram sample that was
used in the neutron scattering experiments.

Magnetic Measurements. Measurements were carried
out on the powder samples using a magnetic property
measurement system (MPMS-XL, Quantum Design) equipped
with a superconducting quantum interference device
(SQUID). Direct-current (dc) magnetic susceptibility was
measured in the temperature range of 1.8—300 K under an
applied magnetic field of 100 Oe.

Powder X-ray Diffraction. Measurements were carried
out at room temperature using a Panalytical X'Pert Pro
diffractometer with an X’'Celerator detector and Cu-Ka
radiation source (4 = 1.54187 A). The diffraction data were
recorded in the 20 range from 10 to 80° with a step of 0.05°
and a total collection time of 1 h. The data analysis was carried
out with HighScore Plus.'®

Neutron Powder Diffraction. Neutron powder diffraction
(NPD) experiments were carried out on the HB-2A high-
resolution diffractometer of the High-Flux Isotope Reactor
(HFIR) facility at the Oak Ridge National Laboratory
(ORNL)." A sample of ~3 g held in a cylindrical vanadium
container was placed in a top-loading temperature-controlled
system. The 4 = 1.539 A radiation was provided by a vertically
focused Ge(115) monochromator. The data were collected by
scanning the detector array consisting of 44 *He tubes, to
cover the total 20 range of 7—133° in steps of 0.05°.
Opverlapping detectors for a given step served to average the
counting efficiency of each detector. Rietveld refinement of the
collected data was carried out using FullProf.”* An analysis of
symmetry-allowed magnetic models was carried out using
SARAh representational analysis software”’ and MAXMAGN
at the Bilbao crystallographic server.”

Inelastic Neutron Scattering. INS measurements were
carried out on the time-of-flight direct geometry spectrometer
HYSPEC at the ORNL Spallation Neutron Source (SNS)
facility. The HYSPEC measurements were carried out at §,
100, 150, and 200 K with incident energy (E;) of 30 meV,
selected by a Fermi chopper with frequency of 300 Hz.

DFT Calculations. All calculations were run using the
Vienna ab Initio Simulation Package (VASP)*™*° with PAW-
GGA pseudopotentials®® being used for all elements in the
high-precision mode. Atomic positions and cell parameters
were used without geometry optimization. Calculations were
run on the smallest primitive cell possible for each magnetic
configuration (see the section “Analysis of Magnetic Exchange
Interactions”). The following ['-centered k-point grids were
used for each magnetic configuration, attempting to maintain
the same k-point density among different primitive cell sizes:
FM, 1§ X 1§ X 15; AFM1, 1§ X 1§ X 11; AFM2, 10 X 10 X
10; AFM3, 15 X 1§ X 15; AFM4, 11 X 11 X 1§; AFMS, 15 X
15 X S. All Mn atoms had their magnetic moments set to +5
Uy to initialize the desired magnetic configuration, with all O or
S atoms starting with a magnetic moment of 0 yp. Initializing
from the experimentally observed magnetic moments per Mn
atom had no effect on the results of the calculations. For the
calculations including the U parameter, the Mn atoms were
given the desired U value, while the O and S atoms were given
values of U = 0. All other settings were left unchanged from the
VASP default settings.
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B RESULTS AND DISCUSSION

Synthesis and Magnetic Properties. A bulk sample of
MnS, prepared according to the reported procedure,'” was
confirmed to be phase-pure by powder X-ray diffraction
(Figure S1). The cubic unit cell parameter was in a good
agreement with the previously reported value.’> Magnetic
measurements confirmed the AFM transitions at Ty = 152 K,
which also agreed with the literature data® % (Figure S2).

Magnetic Structure Determination. NPD experiments
were carried out on the HB-2A diffractometer at ORNL.
Examination of the NPD pattern of MnS recorded at 4 K
(below Ty) revealed the presence of additional peaks that did
not appear in the experimental NPD pattern recorded at 200 K
(above Ty) or in the pattern calculated from the nuclear
structure (Figure 2). This set of new peaks was successfully
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Figure 2. Results of Rietveld refinement of the experimental NPD

patterns of MnS recorded at 200 K (a) and 4 K (b) in zero applied
magnetic field.

indexed with the propagation vector k = (1/2,1/2,1/2). Thus,
the volume of the magnetic unit cell of MnS is 8 times larger
than the volume of its nuclear cell. These observations agree
with the magnetic structure containing Mn moments that are
FM coupled in the (111) lattice planes and aligned antiparallel
(AFM) to the moments in adjacent planes of the (111) family
(Figure 1). The magnetic structure is described by the
magnetic space group C2/m (#12.63) in the unit cell base

(2a, 2b, 2c), relative to the nuclear unit cell base, (a, b, c).
Rietveld refinement (Table 1) of the NPD pattern recorded at

Table 1. Details of the Magnetic Structure Refinement
Parameters for MnS“

temperature, K 4.0
wavelength, A 1.537
magnetic space group C2/c
magnetic unit cell parameter, 2a (A) 10.4056(1)
magn. moment (ug), m(Mn) = (m,, 0, —m,) 4.4(1)

R, R, 0.0353, 0.0464
Rineg 0.0419

Ve 3.68

R, = XNY, = YI/ DNV Ry, = Dw(Y, = Yo/ Tw(Yo)*]V% Ry =
YII, — Il/ Y IIl, where Y, and Y, are, respectively, the observed and
calculated profile intensities taken with a 0.05° step and I, and I, are
the corresponding intensities of magnetic peaks.

4 K resulted in a magnetic moment of 4.4(1) y per Mn atom.
This value is comparable to the previously reported values that
were also established by NPD studies.”® The Mn magnetic
moment in MnS is notably smaller than the moment of 5.60 5
per Mn atom reported for MnO at 42 K.*° The partial
quenching of the moment in the MnS structure can be
attributed to the increased covalency of Mn—S bonds as
compared to Mn—O bonds.

Analysis of Magnetic Exchange Interactions. Inelastic
Neutron Scattering. INS experiments were carried out using
the HYSPEC spectrometer at the ORNL SNS facility. The INS
technique offers a direct and quantitative measurement of the
magnetic exchange interactions. An incident energy (E;) of 30
meV was used to capture the full energy bandwidth of the
magnetic excitation spectrum. The results of INS measure-
ments are shown in Figure 3 as color-coded neutron scattering
intensity maps of energy transfer versus momentum transfer
(Q). The magnetic excitation spectrum measured at 5 K
(Figure 3a) consists of a dispersive spin-wave excitation
extending to approximately 15 meV. A shift of the spectral
weight toward the low-energy region is observed at 100 K
(Figure 3b). As the ordering temperature approaches 150 K,
the excitations become weaker and less dispersive (Figure 3c).
The inelastic excitations are still present but clearly diminished
as the temperature is increased above Ty (Figure 3d).

The magnetic structure of MnS below Ty is well-defined as
AFM; thus, the excitations may be modeled using the spin-
wave theory according to the 3D Heisenberg model. A simple
model accounting only for the NN (J;) and next-NN (J,)
interactions was insufficient to provide a satisfactory fit to the
experimental spectra. Therefore, additional parameters were
introduced into the Hamiltonian eq 1, including the next-next-
NN coupling constant (J;) and the single-ion anisotropy
parameter (D) with the direction defined by the unit vector e:

H= Y ]SS+ ZD(@S,)Z

<ijZ=123

(1

According to this Hamiltonian, the positive and negative values
of J, (Figure 4a) represent AFM and FM exchange couplings,
respectively. This convention was used to allow a direct
comparison to the modeling of INS data for MnO described in
the earlier works."”'* We note that MnS does not exhibit a
rhombohedral distortion at lower temperatures, in contrast to
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Figure 3. Contour plots of inelastic neutron scattering intensity measured on a powder sample of MnS at different temperatures using the incident

energy of 30 meV.
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Figure 4. (a) Three magnetic interactions described by the exchange
coupling constants Jj, ],, and J; in the crystal structure of MnS. Color
scheme: Mn = light-blue, S = yellow. (b) Contour plots showing the
quality of fit to the INS experimental data for various values of the
magnetic exchange constants. The yellow areas correspond to the
optimal fit.
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MnO, where such a distortion necessitated the introduction of
two different NN exchange coupling constants, J;* and J;~.

The powder averaged spin-wave excitations were calculated
within the linear spin-wave theory using the SpinW package.®!
The easy-axis anisotropy was fixed at the value D = 0.03 meV
reported in the literature,”” oriented in a direction orthogonal
to the k-vector of the magnetic structure. Such small
anisotropy, which was suggested to be due to dipolar
interaction, is undetectable with our experimental config-
uration. The modeling of INS data consistently showed that
the absolute value of J; should be substantially smaller than
that of ], but larger than that of J;. Considering the three
independent parameters of the Hamiltonian space, we
employed a machine learning technique for simultaneously
extracting model solutions and estimating their uncertainty
over a broad parameter space.”> The cost function for the
optimization process was:

XIZNS = Z m(QJ CU) (Sexp(Q) CU) - Scal(Q’ a)))z
®,Q

where m(Q, ) represents a step function to mask pixels out of
detector coverage. A low-cost estimator of Xsys, subjected to
the constraint X3 < ¢, was used to evaluate the Hamiltonian
parameters in an iterative process. The last iteration was
attained when the cutoff (¢) reached a value for which the
calculated intensity agreed with the INS data within the
experimental uncertainty. The manifold of possible parameter
solutions is presented by contour plots in Figure 4b.

While the global AFM structure needs the dominant J,
parameter to be positive, satisfactory fits to the experimental
data could be obtained with both positive (AFM) and negative
(FM) values of J; and J;. As can be seen from Figure 4, the
value of ], is well-localized near 1 meV, but the ratio J,/J; is
spread over a broad range (3 < I],/J| < 6) . Two representative
solutions have been selected, corresponding to the parameters
Ji = 027 meV, ], = 1.06 meV, J; = 0.18 meV (all J, couplings
AFM) and J, = —0.27 meV, J, = 1.05 meV, J; = —0.19 meV
(AFM ], and FM J, and J;). These two solutions are indicated

https://doi.org/10.1021/acs.jpcc.1c02956
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Figure 6. Spin configurations used for calculating the total energies and J, values of MnS and MnO. The red and blue Mn atoms indicate different
orientations of Mn magnetic moments. The nuclear unit cell is shown with solid black lines.

as “A” and “B” in Figure 4. The quality of fit of both models to
the experimental data (Figure Sa) is shown in Figure Sb as cuts
along the energy transfer axis taken over two Q-integrated
regions. The calculated powder average spectra, S(Q, E),
corresponding to the two solutions are given in Figure Sc,d.
We found that the relative quality of fit to the two models
depended slightly on the Q-range over which the integration
was taken, but overall, the scattering amplitude appeared to be
well-matched by both models. To obtain an additional insight
into the validity of these models, we carried out DFT
calculations to determine the J, values.

DFT Calculations. The total energy of a specific ground-
state spin configuration (o) can be expressed as a linear
combination of the J, values:** ¢

o]
. ZI: Az[ol]

Etot(a) =E, - 2)

where E, is the total energy of the non-spin-polarized ground
state, y1[0] is the magnetic moment per atom, and Azj[c] is the
difference between the number of FM and AFM interactions in
the n™ coordination sphere of the central atom (considering
only Mn atoms), given the configuration ¢. Using eq 2 and the

16187

set of magnetic structures shown in Figure 6, the following
system of equation is obtained:

2
B, (FM) = E, — "T“‘](u]1 6], + 24, + 12],
+ 24]5) (3)
3 w’lol
E. . (AFM1) = E, — o (=4, + 6], — 8, + 12],
= ;) )
_ #lo]
Etot(AFMz) - EO - 3 (_6]2 - 12]4) (5)
_ 1’[o]
E..(AFM3) = E, — . (=4], + 2], + 8], — 4],
= 8)) 6)
3 1[o]
Etot(AFM4) - EO - 8 (_2]2 - 4]4) (7)
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Figure 7. I[,/]}| ratios calculated for MnO (a) and MnS (b) at various values of the parameter U. The sets of spin configurations used to calculate
the J, values from the system of eqs 3—8 are indicated in the legend, where F indicates the FM state and the numbers indicate different AFM states
(Figure 6). The dotted horizontal lines indicate the IJ,/]| ratios determined by fitting the experimental INS data.

o]

E,..(AFMS) = E, — T(4]1 +2, — 8], — 4], + 8J)

(8)

We chose to use the larger number of magnetic configurations
and exchange constants, as compared to the number of J,
values used in modeling of the experimental data, to allow for
more statistically reliable values of the exchange constants
extracted through this theoretical procedure.

Nevertheless, this theoretical approach is not without
caveats. First, since the six chosen magnetic configurations
create a degenerate set of linear equations, one of eqs 3—8 has
to be omitted to allow an unambiguous solution of the system
of equations. The decision which equation to omit is
somewhat arbitrary. Second, the DFT method underestimates
the localization of magnetic moments, necessitating the use of
the empirical Hubbard parameter (U). In principle, the
parameter can be adjusted to match the theoretical results to
some experimental observation. For example, U can be varied
until the AFM ordering temperature (Ty), calculated from the
values of J, through the mean-field theory, matches the
experimentally observed value of Ty. Such an approach,
however, is obviously problematic, since the mean-field theory
is a rough approximation, especially in the case of competing
magnetic interactions.

The availability of the experimental INS data provides a
convenient reference point to address the problem with the
choice of U. Since the modeling of experimental data led to the
determination of the best ranges for the J,/J; and J,/]; ratios,
the U value can be tuned to bring the ratios of the calculated
exchange parameters closer to the best-fit ranges. Varying the
value of U will affect the values of total energies obtained from
the DFT calculations on specific spin configurations. The
values of those energies enter the linear equations that define
the values of J; therefore, the value of U influences indirectly
the resulting values of J.

Using this strategy, we varied the value of U from 0 to 8 eV,
calculating the total energies for all spin configurations o
shown in Figure 6. Configuration AFM2, which corresponds to
the experimentally observed magnetic structure, was found to
be the lowest-energy state for all values of U (Table S1), thus
supporting the reliability of our calculation results. Next, a
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decision had to be made as to which configuration o to exclude
to solve the system of equations. It can be shown that
excluding configurations AFM3 or AFMS also leads to
degenerate solutions. A comparison of the E, values as a
function of U for all considered spin configurations showed
that the FM state was always the highest in energy (Figure S3).
Therefore, eq 3, defining the energy of this state, was omitted
from the system of equations, and the solution for the ], values
was calculated at each value of U.

The ], values showed gradual variation as a function of U
(Figure 7 and Table S2). The optimal range of U was
identified by comparing the J,/J; and J,/]; ratios obtained from
calculations to the best-fit values of these ratios obtained from
the analysis of experimental data (models A and B). To
validate our theoretical approach, we also carried out the same
calculations and analysis on MnO (Table S3 and Figure S4),
for which the values of ], and J, had been established from the
earlier INS studies.”” We found that U = 4—5 eV gave the best
agreement with the experimental data for MnO (Figure 7a),
while U = 2—3 eV gave the best agreement for MnS (Figure
7b). Good agreements were achieved for both J,/J; and J,/J;
ratios (Table 2).

Table 2. Comparison of Ratios IJ,/J;| and J,/J; Obtained
from Fitting the Experimental INS Data with Models A and
B (Figure 5) and Calculated Based on the Total Energies of
Five Spin Configurations (AFM1—AFMS in Figure 6) as
Functions of the U Parameter

ratio I/l /T
model A 3.93 1.50
model B 3.89 1.42

Calculated from Configurations AFM1—AFMS
U=2eV 4.244 1.028
U=3eV 3.650 1.124

The signs of J, calculated without the FM model matched
the ones obtained for model B. Interestingly, omitting one of
the AFM configurations led to the signs of ], matching model
A. Importantly, however, omitting configuration AFM]I,
AFM2, or AFM4 consistently led to a large disagreement
between the calculated and experimental J,/J; ratios (Table
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S$2). Hence, we conclude that the signs and optimal values of ],
constants given by model B provide the best agreement
between the experimental and theoretical results.

B CONCLUDING REMARKS

This work presents the first detailed study of magnetic
exchange interactions in MnS by a combination of INS
spectroscopy and DFT calculations. Remarkably, we find that
the next-NN exchange constant J,, describing the interaction
across the 180° Mn—S—Mn bridge, is more than 3 times larger
than the NN exchange constant J;, describing the combined
direct exchange and the superexchange across the 90° Mn—S—
Mn bridge. This is in contrast to MnO, which shows closer
values of these constants, with J,/J; < 1.5. Moreover, while
both J; and J, in MnO correspond to AFM exchange coupling,
in MnS they, likely, describe FM and AFM exchange couplings,
respectively. While the INS data could be also modeled with
the same sign for ], and J,, the DFT calculations indicate that
the model with different signs provides a better match to the
experimental data.

From the magnetism point of view, two significant changes
take place upon going from MnO to MnS: (1) The covalency
of the metal—nonmetal bonding is increased, which is reflected
in the suppression of the Mn magnetic moment. (2) The
distance between the Mn sites is increased, which should
weaken the direct Mn--Mn exchange interactions and increase
the importance of the superexchange mediated by the bridging
nonmetal atoms. These changes might help to justify the
observed increase in the relative contribution from the J,
exchange pathway in the magnetic structure of MnS, as well as
the change in the sign of the J; exchange constant when going
from MnO to MnS. The direct exchange was shown to play an
important role in MnO,*® and as such, it has a strong impact
on the J; exchange constant. The increased NN Mn--Mn
distance in MnS decreases the importance of the direct
exchange contribution, while the Anderson superexchange
mechanism becomes even more dominant due to the increased
covalency. The relative changes in the ]}, J,, and J; exchange
constants and the competing nature of magnetic exchange
interactions should also lead to different orientation of the Mn
moments in the AFM-ordered structure of MnS as compared
to the AFM-ordered structure of MnO.? Neutron scattering
experiments on a single crystal of MnS can help to address this
question and establish a more accurate model of magnetic
exchange interactions. We are currently pursuing such research
efforts, and the results will be reported in due course.
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