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The Mn(Bi,_,Sb,),Te, series is purported to span from an antiferromagnetic (AF) topological insulator at
x = 0 to a trivial AF insulator at x = 1. Here we report on neutron diffraction and inelastic neutron scattering
studies of the magnetic interactions across this series. All compounds measured possess ferromagnetic (FM)
triangular layers and we find a crossover from AF to FM interlayer coupling near x = 1 for our samples. The
large spin gap at x = O closes rapidly and the average FM exchange interactions within the triangular layer
increase with Sb substitution. Similar to a previous study of MnBi,Te4, we find severe spectral broadening which
increases dramatically across the compositional series. In addition to broadening, we observe an additional sharp
magnetic excitation in MnSb,Te, that may indicate the development of local magnetic modes originating from
antisite disorder between Mn and Sb sublattices. The results suggest that both substitutional and antisite disorder
contribute substantially to the magnetism in Mn(Bi,_,Sb, ), Tes.
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I. INTRODUCTION

Antiferromagnetic topological insulators (AFTI) are pre-
dicted to provide a platform for novel topological phases,
such as quantum anomalous Hall (QAH) insulators, axion
insulators, or Weyl semimetals [1]. Layered magnetic mate-
rials based on the MnBi,Te4 (MBT) prototype, which consist
of Te-Bi-Te-Mn-Te-Bi-Te septuple blocks containing both in-
verted Bi-Te topological bands and magnetic Mn layers (see
Fig. 1) [2], have been predicted to belong to this class of mate-
rials [3—7]. The antiferromagnetic (AF) order of Mn moments
consists of FM triangular layers with alternating AF stack-
ing, referred to as A-type AF order, with moments pointing
perpendicular to the layers [7]. In principle, A-type magnetic
structure provides access to novel topological phases. For
example, bulk materials and thin films with an even number
of Mn layers are predicted to be axion insulators due to the
preservation of product time-reversal and half-lattice trans-
lation. On the other hand, QAH states are expected when
time-reversal symmetry is broken in field-polarized thick
films or thin films with an odd number of magnetic layers
[4,8,9] and have recently been observed [10]. The search for
QAH states is enabled by relatively weak-field metamagnetic
transitions which allow access to canted, spin-flopped, or fully
polarized magnetic structures [5—7].

However, MnBi,Tes presents some materials difficulties
that may prevent its utilization as a platform for novel topo-
logical functionality. The first issue is that the bulk electronic
structure is not insulating, but rather hosts a high concen-
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tration of n-type charge carriers. The second issue is that
the expected gapping of topological electronic surface states
has not been observed by angle-resolved photoemission spec-
troscopy [11-15], suggesting that the FM structure of Mn
layers close to the surface of the sample is compromised by
disorder or some other magnetic instability. On the first issue,
it has been recognized that chemical substitution of Sb for
Bi, Mn(Bi;_,Sb,),Tes4, changes the carrier type from n type
to p type and compositions with x &~ 0.3 have a relatively
low carrier concentration (n = 3x 10'® cm™?), suggesting that
the chemical potential is in the gap [7,16]. For full Sb sub-
stitution, the carrier concentration for MnSb,Tey, (MST) is
p type with n = 4x10%* ¢cm™3. Ultimately, heavy Sb substi-
tution decreases the average spin-orbit coupling (SOC) and
density functional theory (DFT) calculations predict a clos-
ing of the inverted bulk band gap in A-type MST. This has
been predicted to close at x &~ 0.6 resulting in a crossover
from topological to normal insulator [16,17], although newly
reported DFT calculations instead suggest that A-type AF
MST itself is a topological insulator with fully gapped bulk
bands and surface Dirac cones [18]. Furthermore, both MBT
and MST are predicted to be Weyl semimetals in the FM
state [17—-19]. Thus, from perspective of the bulk electronic
structure, the Mn(Bi;_,Sb, ), Te4 series can tailor the chemical
potential, the band gap, and possibly the band inversion.

On the second issue, it has been observed that Sb substitu-
tion causes several changes in the magnetism whose ultimate
effect on bulk or surface electronic structures are unclear.
Sb substitution results in a decrease of the saturated magne-
tization [20] and of the ordered magnetic moment obtained
from neutron diffraction [19]. A picture is developing where
this moment suppression arises from AF coupling between
inequivalent Mn ions caused by chemical antisite disorder
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Septuple block

FIG. 1. Crystal and magnetic structure of Mn(Bi,Sb),Te,. In the
rhombohedral structure, three septuple blocks (each comprised of
seven triangular layers corresponding to the formula unit) are close
packed with ABC stacking. The A-type antiferromagnetic structure
consists of ferromagnetic Mn layers with adjacent layers having
opposite magnetization, as shown by red and blue arrows and planes.
A defect configuration consisting mainly of antisite mixing between
Mn and Bi/Sb layers is shown schematically. Antiferromagnetic
coupling between Mn in the Bi/Sb layer and Mn in the main layer
creates ferrimagnetic septuple blocks with partially compensated
magnetization.

between Mn and Sb sites. Also, Sb substitution results in a
suppression of spin-flop transition, indicating that the single-
ion anisotropy or the interlayer exchange coupling (or both)
are reduced [20]. These reduced energy scales lower the en-
ergy barrier between FM and A-type AF ground states and,
in fact, AF and FM ground states are both observed in MST
dependent on growth conditions that may introduce variable
magnetic vacancies, site disorder, or strain [18,21]. The MST
sample studied here was found to have a FM ground state.

To get a better understanding of the evolution of the mag-
netism with Sb substitution, we use neutron diffraction and
inelastic neutron scattering (INS) to study the evolution of the
magnetism in polycrystalline samples of Mn(Bi;_,Sb, ), Te,.
For our samples, we obtain three main conclusions from
diffraction data: (1) heavy chemical disorder is present in Sb-
rich samples in the form of antisite defects between Mn and

Sb, (2) magnetism evolves from A-type AF to FM, consistent
with a sign change of the small exchange coupling between
septuple blocks, and (3) coupling between Mn layers and Mn
in the Bi/Sb layers within a septuple block is AF, which results
in partial compensation of the ordered moment; see Fig. 1.
Inelastic scattering results also reveal several features that
evolve with composition. We find that the spin gap of 0.6 meV
in MBT rapidly closes with Sb substitution, consistent with
the observed decrease in the spin-flop field. We also find
that the overall energy scale of the spin fluctuations increases
substantially and spectral features at high energy have ex-
treme lifetime broadening. Such broadening may arise from
the observed chemical disorder or the strong coupling of the
magnetism and charge carriers. Finally, we observe spectral
features consistent with the development of a ferrimagnetic
block layer in MST due to antisite mixing of Mn and Sb. In
this case, we show that localized magnetic excitations will
arise from strong AF coupling of Mn layers to antisite Mn in
Sb layers. A comparison of these results to DFT calculations
highlights that the magnitude and sign of the intraseptuple
block and interseptuple block magnetic interactions are very
sensitive to the chemical and magnetic defect configurations.

II. EXPERIMENTAL DETAILS

Powder samples of nominal Mn(Bi;_,Sb,),Tes with x =
0, 0.25, 0.5, 0.75, and 1 were synthesized by annealing at
585°C for a week the homogeneous stoichiometric mix-
ture of the elements after quenching from 900 °C. Neutron
powder diffraction measurements were performed on the
time-of-flight (TOF) powder diffractometer POWGEN at the
Spallation Neutron Source (SNS), Oak Ridge National Lab-
oratory. Each sample had a mass of approximately 2.7 g and
was loaded into standard cylindrical vanadium cans. Data at
100 K were collected for a total proton charge of 5 coulombs.
Inelastic neutron scattering experiments were performed on
the Disk Chopper Spectrometer (DCS) at the NIST Center
for Neutron Scattering. Approximately six grams of powder
sample for each composition were loaded into 1/2 in. di-
ameter aluminum cans and attached to the cold stick of a
closed-cycle refrigerator for measurements below and above
Ty at T = 4 K and 30 K, respectively, using incident neutron
energies of E; = 3.55 and 9.09 meV. Both the elastic and
inelastic data from DCS were analyzed. For the inelastic data,
the intensities are plotted as S(Q, E)/[1 + n(E)], where Q is
the momentum transfer, E is the energy transfer, and n(E) =
[exp(E /kgT) — 1]7! is the Bose population factor. This in-
tensity is proportional to the imaginary part of the dynamical
susceptibility times the square of the magnetic form factor,

FA@x"(Q, E).

III. ANALYSIS OF DIFFRACTION DATA

Neutron diffraction data taken above the ordering transition
at T = 100 K were used to determine the crystallinity and
verify the doping concentration. Rietveld refinement tech-
niques employed with the GSAS-II software [22] confirm the
R3c rhombohedral structure, as shown in Fig. 1. Additional
diffraction peaks were observed to originate from MnTe and
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TABLEI. Chemical configuration of nominal Mn(Bi,_,Sb, ), Tes
samples as determined from Rietveld refinement of POWGEN
neutron diffraction data at 100 K. The chemical configuration
is reported in terms of the relative concentration of Sb (x), an-
tisite mixing concentration (y), additional vacancy concentration
(z), and the total magnetic dilution of the Mn layer (2y + z).
This is encapsulated in either the site specific chemical formula
Mn_yy_.X5y4.)(X;—_yMn, ), Tes (Where X = Bi,_,Sb, represents an
average Bi/Sb ion) or the formula unit Mn;_,(Bi;_,Sb, ), . Te,.

Xnom X y z 2y +z Formula unit

0 0 0.03  0.05 0.11
025 024 0.06 0.07 0.18
0.5 05 0.08 0.08 0.24
075 075 013 0.03 0.29
1 1 0.16 0.06 0.37

Mng 95Bi.05Tey

Mng 94 (Big.76Sbo.24)2.06 Tes
Mng 92 (Big.5Sbg.5)2.08Tes
Mng 96(Big.25Sbg.75)2.04 Tes
Mng 94Sb; g6 Tey

Bi, Te; impurity phases at the level of 5-10% volume fraction.
Overall, the refinements establish that the actual Sb con-
centration is in excellent agreement with the nominal value.
Refinements also find evidence for significant antisite mixing
between Mn (3a) and Bi/Sb (6c¢) sites, as reported previously
[19]. Generally, the concentration of Mn at the 6¢ site in-
creases with x, indicating that antisite mixing becomes more
likely with increased Sb substitution. The concentration of
antisite mixing reaches a maximum of 16% for the FM MST
sample. Refinements also find additional vacancies (substitu-
tional point defects) in the Mn 3a layer at a concentration of
5-8% that does not seem to vary strongly with Sb substitution
level.

The site specific chemical formula can be written as
(Mn1_2),_ZX2),+Z)(X1_yMny)ZTe4. Here X = Bil_bex repre-
sents an average Bi/Sb ion with Sb concentration x. Antisite
mixing between 3a and 6c is represented by the concentration
of y Mn ions in a single X (6¢) layer (and a corresponding
concentration of 2y X ions in the Mn layer). Finally, z repre-
sents the concentration of additional X ions in the 3a Mn layer,
thereby creating additional magnetic vacancies in the 3a layer
beyond those created by antisite exchange. The total magnetic
dilution of the main Mn 3a layer is 2y + z. Table I summa-
rizes the chemical composition and configuration and Table 11
reports the lattice constants and atomic positions according to
Rietveld refinement of the 100 K POWGEN data.

TABLE II. Structural parameters of Mn(Bi,_,Sb,),Te, deter-
mined from Rietveld refinement of POWGEN data at 100 K along
with R factor. Reported errors of the structural parameters are smaller
than the significant digits of the values shown in the table. Values for
MBT (x = 0) are obtained from Ref. [7].

Xnom a c 2Te, e X R factor
0 4.31 40.74 0.133 0.294 0.425

0.25 4.29 40.74 0.133 0.294 0.425 7.02
0.5 4.27 40.72 0.132 0.293 0.425 7.74
0.75 4.24 40.69 0.132 0.292 0.424 6.99

1 4.23 40.65 0.131 0.292 0.425 8.97
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FIG. 2. (a)-(e) Data from the elastic line of DCS as a function of
composition showing diffraction data for nominal compositions x =
0, 0.25, 0.5, 0.75, and 1, respectively. For (a)—(d), diffraction data is
shown above Ty (T' = 30 K, red points) and below Ty (T = 4.5 K,
blue points). For panel (f) with FM order, data is shown above T¢
(T =50 K, purple points) and below Tc (T = 4.5 K, blue points).
Lines are Gaussian fits to the experimental data and shaded blue
area indicates magnetic intensity. Panels (f)—(i) show the magnetic
order parameters for x = 0.25, 0.5, 0.75, and 1, respectively, as the
integrated area of the indicated magnetic peaks.

It has been clearly established that MBT adopts an A-type
AF structure where a single Mn layer within a septuple block
is FM with moments pointing perpendicular to the layer, but
the moment direction is staggered from block to block [7].
Due to the close-packed stacking of septuple blocks along
¢, the unit cell consists of three magnetic Mn layers and
A-type order is characterized by a propagation vector of 7 =
0,0,3/2).

Figures 2(a)-2(e) show elastic data of all studied com-
positions from DCS with E; = 3.55 meV in the range of
Q = 1.6-1.95 A and averaged over an energy window of
£0.15 meV. In this Q range, the main nuclear diffraction
peaks are (1,0,1), (0,1,2), (1,0,4), and (0,1,5). With Sb sub-
stitution these peaks shift due to lattice parameter changes
and their intensity varies due to the small shifts in the atomic
positions (see Table II) and differences in the scattering length
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FIG. 3. Inelastic neutron scattering data from the Mn(Bi,_,Sb, ),Te4 series at T = 4 K. Panels (a)—(e) show data from x,,,, = 0, 0.25, 0.5,
0.75, and 1.0 samples, respectively, with E; = 9.09 meV. Panels (f)—(j) show the same compositional series measured with E; = 3.55 meV.
Color bar indicates intensities reported as the magnetic form factor times the dynamical susceptibility.

of Bi and Sb. For example, the (0,1,2) peak is very weak for
MBT, whereas (1,0,1) is very weak for MST.

For the A-type structure with moments perpendicular to the
layer, magnetic Bragg peaks in this Q range are observed at
(1,0,L £3/2) and (0,1,L £ 3/2), as shown in Fig. 2(a). For
Sb substituted samples up to x,om = 0.75 and measured below
Tx, the A-type structure and its associated propagation vector
of (0,0,3/2) is adopted. However, for x,om = 1, magnetic in-
tensities are not observed at these positions. Instead, magnetic
intensity characteristic of FM order appears on top of the
nuclear Bragg peaks at (1,0,1), (1,0,2), and (1,0,4), as shown
in Fig. 2(e).

Figures 2(f)-2(i) show the integrated area of selected
magnetic peaks (after subtracting the nuclear scattering)
representative of the magnetic order parameter for each com-
position as a function of temperature. Data for x,,,n, = 0 can
be found in Ref. [7]. The order parameters indicate that the
Néel temperature up to x,om = 0.75 remains approximately
constant in agreement with single-crystal and magnetization
data [20]. For the FM MST sample, the Curie temperature
is significantly higher at 7o = 34 K, which suggests that the
chemical configuration is a significant factor in determining
the strength of the magnetic interactions.

IV. ANALYSIS OF INELASTIC DATA

A. Excitations in magnetically ordered state

Figure 3 gives an overview of the evolution of the magnetic
spectra as a function of Q and E with Sb substitution. The
MnBi,Te, sample was previously measured using a high in-
tensity instrument and the spectra have been analyzed in detail
using a Heisenberg model, as reported previously [23]. The
magnetic spectra for MBT measured on DCS at T = 4 K are
shown here in Figs. 3(a) and 3(f) at E£; = 9.09 and 3.55 meV,
respectively. These data for MBT are consistent with previous

work and consist of a spin gap (A) of approximately 0.6 meV
with dispersive spin waves propagating to a maximum energy
of approximately 3.5 meV. Unlike the work in Ref. [23], we
are not able to clearly observe gap edge oscillations that allow
for the determination of weak coupling between Mn layers in
adjacent septuple blocks. The spin wave branch bends over
and returns to the gap energy at first Brillouin zone center at
0(1,0,0)~ 1.7 A",

Figure 3 demonstrates two clear features that emerge in the
magnetic spectra upon the gradual substitution of Bi with Sb.
First is that the spin gap closes, as expected from the reduction
of the critical field for the spin-flop transition [20]. The closure
of the spin gap is more evident in the higher-resolution data in
Figs. 3(f)-3(j). The second feature is a general broadening of
spectral features in both Q and E, along with a gradual shift
to higher energies.

These spectral features are clearly shown by examining the
energy spectra summed over different ranges of Q. Figure 4(a)
shows low-Q energy cuts over a range from 0.2 to 0.6 A~!
with E; = 3.55 meV. Here the spin gap of 0.6 meV in MBT is
evident. Moving to x = 0.25, already the gap is hard to resolve
and likely comparable to, or less than, the elastic energy
resolution FWHM of 0.1 meV. Similar low energy spectral
features are found for x = 0.5 and 0.75 compositions. Moving
to MST, the weak gap feature is replaced by the appearance
of a significant spectral resonant peak near 0.5 meV that is
discussed in more detail below.

Figure 4(b) shows the full spectra summed from Q =0
to 2.25 A~! for both incident energies. Low energy features
similar to Fig. 4(a) are seen and connect with a broad magnetic
spectrum extending above 4 meV. For MBT, a fairly sharp
cutoff occurs near 4 meV followed by a weak tail consistent
with Lorentzian damping. A numerical estimate of the upper
bandwidth cutoff for the spin waves can be obtained by find-
ing the energy (En.x) where the spectra change slope in the
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FIG. 4. (a) Low-energy cuts of the E; = 3.55 meV data summed
from Q = 0.2-0.6 A-! for each composition of Mn(Bi;_,Sb,),Te,
at T =4 K. (b) The full spectrum of magnetic excitations E; =
9.09 meV (dark colored symbols) and E; = 3.55 meV (light colored
symbols) summed from Q = 0-2.25 A-!. In (a) and (b), plots are
vertically offset for clarity with baselines shown as short dashed
lines in (b). For each composition in (b), slope line constructions are
shown that provide an estimate of the average FM exchange (Jry),
as described in the text.

energy range from 3 to 5 meV. With increasing x, Ep,x shifts
to higher energy, but the feature broadens out significantly
suggesting a concomitant growth of the damping. For MST,
the upper cutoff feature is obscured and replaced by a long tail
that extends up to approximately 6 meV. The general trend of
amagnetic energy scale that increases with Sb substitution can
also be captured by the determination of the first and second
energy moments of the spectra, given by

Yo s E"S(Q. E)
E") = . 1
(E") o5, (1)

All of the estimated magnetic energy scales are listed in
Table III and demonstrate a general increase in the energy
scale of the magnetic excitations with the replacement of Bi
by Sb.

TABLE III. Spin gap, (A), the top of the energy band E.,, and
the first and second energy moments of the neutron scattering inten-
sities of Mn(Bi;_,Sb,),Te, obtained from E; = 9.09 meV data and
averaged over E = 1-6 meV and Q = 0-2 A~'. All energy values
appear in meV.

xnom A Emax (E) (Ez)
0 0.6 4.0 2.27 (3) 242 (2)
0.25 ~0.1 4.1 2.51(2) 2.78 (2)
0.5 ~0.1 43 2.54(2) 275 (2)
0.75 ~0.1 44 2.53(2) 2.75(2)
1 ~0 45 2.81(2) 3.06 (1)
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FIG. 5. (a) Comparison of Heisenberg model fits of MnBi,Te,
and MnSb,Te, (lines) to the magnetic spectra obtained from DCS
(symbols). For MBT (black solid line), the Heisenberg parameters
are obtained from Ref. [23]. For MST, there are two model curves.
The purple dashed line is a single-layer model using MBT intralayer
interactions with all FM interactions increased in strength by 50%
and a large uniform damping of I' = 3 meV (dashed purple line). The
solid purple line is a trilayer ferrimagnetic model with parameters
described in the text. (b) Schematic diagram of the ferrimagnetic
structure of MST. Individual septuple blocks are shaded in pink and
separated by a van der Waals (vdW) gap. Intralayer FM coupling
(J), intrablock AF coupling (J'), and AF interblock coupling are
indicated.

B. Modeling of magnetic spectra of MnBi,Te,
and doped compositions

We now turn to Heisenberg modeling of the data. Given
the broad spectral features, especially considering the heavy
chemical disorder for intermediate Sb concentrations, the de-
tailed development of such models is impractical. Thus here
we focus only on a comparison of the general features of
Heisenberg models for MBT and MST.

For MBT, we use the published parameters from Ref. [23]
and compare them to the energy spectrum measured on
DCS in Fig. 4. This model contains a single interblock
coupling (SJ. = —0.055 meV), intralayer couplings up to
the fourth-nearest neighbor (SJ; = 0.3, SJ, = —0.08, and
SJs =0.023 meV), and a uniaxial anisotropy parameter
(SD = 0.12 meV). In addition, this model also includes sig-
nificant intrinsic spin wave broadening in the form of a
damped harmonic oscillator (DHO) line shape with I'" =
0.7 meV. The damping appears to become even larger
in Sb substituted samples. In Fig. 5, we calculate the
polycrystalline-averaged MBT Heisenberg spectrum using
these parameters [24] and the appropriate resolution and
instrument configuration for DCS at E; = 9.09 meV and com-
pare to the experimental data. The agreement is reasonable, as
expected.

The development of a similarly detailed Heisenberg model
for Sb-substituted compositions is not possible due to in-
creased magnetic disorder and severe broadening. However,
we can discuss simplified models using the energy scale
Eqax from Table III. Studies of numerical spin wave mod-
els show that E;,, can be used to estimate the average
intralayer FM coupling, Ep.x & A 4+ 95(Jpy). Previous INS
data find such couplings to have long-range character [23,25],
requiring the average FM coupling parameter to be repre-
sented by a sum over coordination shells (Jry) = % >z,
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Antiferromagnetic intralayer couplings that are present do
not affect E,y, but rather redistribute the magnetic spectral
weight below Ep,x.

Using this rough estimate and the parameters from
Ref. [23], we obtain E,,,x(MBT) = 3.7 meV, which is close
to our experimental determination in Table III. Conversely,
we can use the measured E\ . to estimate S{Jry)(MBT) =
0.37 meV. Based on this analysis, we may be tempted to
assume that the (Jp)) is increasing with Sb substitution. This
general trend is supported by the visible change in the stiffness
of the principal magnon branch, as shown in a comparison
of Figs. 3(a) and 3(e), as well as first-principles calculations
described below. However, appreciable antisite mixing with
heavy Sb substitution introduces a large AF coupling between
layers within the septuple block (intrablock coupling) that
results in partially compensated ferrimagnetism, as shown in
Fig. 5. This special ferrimagnetic case is applied to MST
below.

V. FERRIMAGNETISM IN MnSb,Te,

The simplest approach to develop a Heisenberg model for
MST is to set SD = SJ,. = 0 to account for the vanishing spin
gap and the lack of features derived from the interlayer disper-
sion, as described in Ref. [23]. In this case, the model is that of
a 2D triangular FM sheet which makes no distinction between
3D FM (MST) and A-type AF (MBT) states. We estimate the
intralayer FM exchange values for MST by rescaling the MBT
values upwards by 35% based on the S(Jry) expression. We
leave SJ, unchanged from its MBT value. Using these Heisen-
berg parameters, the agreement of the model and data for MST
is very poor. Increasing the average FM coupling to be 50%
larger than MBT and significantly increasing the damping to
a value of I' = 3 meV provide much better agreement of the

J

high-energy tail above 2 meV. This single-layer FM model for
MST is compared to the data in Fig. 5.

However, what remains unresolved by the single-layer
model is the low energy resonance near 0.5 meV, as shown
in Figs. 4 and 5. A possible origin of this peak is fer-
rimagnetism within a single septuple block that originates
from Mn/Sb antisite mixing [19]. In the ferrimagnetic model
for MST, each septuple block consists of three magnetic
layers—the principal Mn layer (with associated Sbyy, mag-
netic vacancies) and two Sb layers with small concentrations
of Mng, moments. Antiferromagnetic coupling between ions
in the main Mn layer and the Mng, ions in the Sb lay-
ers (AF intrablock coupling) will generate a ferrimagnetic
septuple block with reduced magnetization, as shown in
Fig. 5. Similar to the spin dynamics of other ferrimagnets,
out-of-phase spin precessions of the three layers can re-
sult in localized and dispersionless (optical) spin excitations
which may appear as a resonantlike feature in the magnetic
spectra.

We develop a simple model to account for trilayer ferri-
magnetism in MST based on the schematic structure shown
in Fig. 5. The model consists of additional close-packed lay-
ers (A and C) above and below the main FM Mn layer (B)
which have opposite magnetization. In this model, we do
not include real effects of magnetic vacancy and impurity
disorder. Instead, we assume that each Mn in the main layer
(layer B) has an average spin Sgp = S and an intralayer FM
coupling J > 0. In the A and C layers, we assume that the
average spin is reduced Sy = S¢ =5 < §/2 to account for
the compensated magnetization, M o S — 2s, caused by AF
intrablock exchange that couples AB and BC layers (J' < 0).
We assume that there is no intralayer coupling in the A and C
layers due to the dilute nature. Within linear spin wave theory
of the trilayer ferrimagnetic Heisenberg model, there are three
branches with dispersion:

1 1
wi(q) = §[3J’(S —25)+6SJy(qQ)] + z\/[3J’(S —25) + 68Ty (q)]? — 2487 (38T — 2sJ)y(q), 2)

1 1
wy(q) = E[BJ/(S —25)+6SJy(q)] — 5\/[31’(S —25) + 68Ty (q))? —24SJ'(3BST — 25y (q), 3)
ws(q) = 38|’ “)

We define the function
y(q) =1 — 3{cos(q - a;) + cos(q - ) + cos[q - (a; + a)]}, %)
[

V3 Using the simple relations above, we can estimate an initial

where a; = aX and a; = —%afc + 73(1)7 define the triangular
layer unit cell.

In the trilayer model, w; (q) is the acoustic branch [w; (0) =
0] with a bandwidth of 9SJ + 6s|J’| that reduces to the
FM single-layer dispersion when J' = 0. w,(q) is an optical
branch with zone center energy of w,(0) = 3|J'|(S — 2s) and
bandwidth of 6s|J’| (i.e., it is nearly dispersionless for dilute
A and C layers when s is small). The w3 mode is completely
dispersionless and has +0— symmetry, corresponding to out-
of-phase precession of A and C layers with a silent B layer.
Thus w;, and w3 form a nearly dispersionless excitation band
which we associate with the low-energy resonance mode.

set of parameters for the trilayer ferrimagnetic model. For
an antisite mixing concentration y with M o S — 2s, we es-
timate that s/S ~ y/(1 — 2y) & 0.25. Numerical studies find
the localized resonance peak at w, giving S|J'| & 0.35 meV.
Finally, since the overall bandwidth of spin excitations is in-
creased by J', we modify the relation for the maximum energy
scale; Epax ~ 9SJ + 6s]J’|, which results in an estimate of
SJ ~ 0.45 meV.

After making small adjustments to these parameters, we
obtain reasonably good agreement with the data for s/S =
0.23, SJ' = —0.3 meV, and SJ = 0.37 meV, as shown in
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FIG. 6. Low-energy cuts of the E; = 3.55 meV data summed
from Q = 0-1.25 A-! for each composition of Mn(Bi;_,Sb,),Te,
atT =30K.

Fig. 5. We cannot take the trilayer model parameters to rep-
resent the actual pairwise exchange values as the magnetic
spectra are affected by different magnetic configurations due
to significant magnetic disorder. This disorder is also likely
reflected in the substantial DHO width of I' = 3 meV. How-
ever, based on these simple assumptions, it is reasonable to
assign the low-energy resonance peak to a ferrimagnetic lo-
calized mode originating from strong AF coupling of the main
Mn layer to antisite impurity Mn ions in the Sb layer.

VI. MAGNETIC EXCITATIONS
IN PARAMAGNETIC STATE

Figure 6 shows the magnetic spectra plotted as x"(E)/E
at T = 30 K for all compositions. The apparent asymmetry
of the data is caused by the fact that the energy resolu-
tion is broader on the neutron energy gain side. Typically,
magnetic spectra evolve into a relaxational Lorentzian line
shape above the magnetic ordering temperature where the
Lorentzian half width at half maximum (y ) represents the spin
relaxation rate. For the x = 0-0.75 compositions, reasonable
fits to a Lorentzian line shape are obtained and have identical
Lorentizan half width at half maximum of y = 0.67(2) meV.
Unconstrained fits to the MST spectrum find a different width
of y = 0.85(6) meV, or about 25% larger. However, the MST
spectra is qualitatively different and the localized resonance
mode remains near 0.5 meV. This suggests that AF correla-
tions between Mn and Mn/Sb sites persist above the ordering
temperature.

VII. FIRST-PRINCIPLES CALCULATIONS OF
THE MAGNETIC EXCHANGE INTERACTIONS

We carry out DFT+U [26] calculations to estimate the ef-
fective exchange and anisotropy parameters of the considered

TABLE IV. On-site magnetic moment m, magnetocrystalline
anisotropy energy K, and exchange couplings Ji, J;, and J, in sto-
ichiometric MnBi,Te, and MnSb,Te,. DFT+U calculations were
performed with U = 3 and 5 eV.

Compound U m K Ji J> J.
(eV) (us/Mn) (meV/fu.) (meV)

MnBi, Te, 3 4.48 0.444 0.220 —0.054 —0.035
MnBi, Te, 5 4.59 0.329 0.281 —-0.021 —-0.010
MnSb,Te;, 3 4.48 0.202 0.292 —0.050 —0.042
MnSb,Tes 5 4.59 0.151 0.317 —0.016 —0.012

model spin Hamiltonian. Calculations are performed within
the generalized gradient approximation using the exchange-
correlation functional of Perdew, Burke, and Ernzerhof [27]
as implemented in VASP [28,29]. The nuclei and core electrons
were described by the projector augmented wave potential
[30]. Plain DFT calculations predict wrong the AF intralayer
ordering in MBT and additional electron-electron repulsion
on Mn-d orbitals is needed to describe the magnetic interac-
tions properly in these systems. Here, we apply U = 3-5 eV,
which is shown to predict the correct A-type AF ground state
in MBT [23]. The plane wave cutoff energy is set at 346 eV,
and the self-consistent-field energy threshold is set to 1076 e V.

To estimate the contribution of the single-ion anisotropy to
the spin gap, we calculate the magnetocrystalline anisotropy
energy (MAE) K = E,—E, in the AF ground state of both
MBT and MST, where E, and E, are the total energies of the
system with spins aligned along the a or ¢ axis, respectively.
SOC is included using the second-variation method [31].

Table I'V shows no change in calculated Mn moments in the
A-type AF state for stoichiometric MBT and MST. However,
DFT finds a significant lowering of the MAE by more than a
factor of two when comparing MBT and MST. This is caused
by the lower SOC of Sb relative to Bi and certainly contributes
to the observed closure of the spin gap.

Three spin exchanges, Ji, J», and J. were investigated for
stoichiometric MBT and MST by mapping the total energy of
various collinear spin configurations into the Heisenberg spin
Hamiltonian

H==Y 0SS, (©)
(i)

where J;; are the spin exchanges Ji, J;, and J,. and S represents
the total spin on Mn?* (ie., S = 5/2). A supercell of 12
formula units (f.u.) is used to accommodate four collinear spin
configurations.

Table IV shows the exchange values determined for both
MST and MBT. DFT predicts a 23-33% increase in the FM
nearest-neighbor interaction J; for MST. On the other hand,
the competing AF next-nearest-neighbor interaction J; is 10—
30% lower for MST, which somewhat lessens the effect of
magnetic frustration. DFT predicts an ~20% larger AF inter-
layer coupling J. in MST.

While some of the trends observed in the DFT calculations
for MBT and MST correspond qualitatively to observations
(and some do not), we caution that the presence of substantial
magnetic disorder in MST must be considered. The most
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FIG. 7. Supercell (a) of MnSb,Te, used to create structures with
Mng, antisite defects. Mn (purple) and Sb (orange) atoms shown.
Structures correspond to (b) one antisite defect, (c) two antisite
defects, (d) one antisite defect with one additional Sby;, magnetic va-
cancy, and (e) two antisite defects with one additional Sby;, magnetic
vacancy. Red boxes correspond to atomic positions where antisite
defects are placed and green boxes correspond to atomic positions of
Sbyn-

obvious omission in stoichiometric DFT calculations is the
antisite-defect-driven ferrimagnetism and its overall effect on
the magnetic energy scales. For example, the increased FM
J, obtained from DFT for MST is consistent with the 35%
increase of (Jgy) estimated from the experimental data. How-
ever, we also know that these average quantities can also be
affected by ferrimagnetic coupling. Also, DFT predicts an AF
J. for MST, whereas sample growths can generate ground
states with either AF or FM interblock ordering. This signifies
a strong sensitivity of J. to magnetic vacancies and disorder,
and it is possible that Mngy ions have a significant effect on
the coupling across the van der Waals gap.

To study the effect of disorder on the magnetic interactions
in MST, we employ a supercell of 3ax3bx 1c¢ formula units
(one septuple block) with different magnetic defect structures.
Four defect structures are considered: one Mn/Sb antisite
defect, one Mn/Sb antisite defect with one additional Sbyy,
magnetic vacancy, two Mn/Sb antisite defects, and two Mn/Sb
antisite defects with one additional Sby;, magnetic vacancy.
These structures are shown in Fig. 7. With experimental lattice
constants fixed, the atomic positions were relaxed with a force
criterion of 0.02 eV/A. The location of these defects was
chosen to minimize the total energy of each structure. The
U value of 5 eV, which was found to describe the magnetic
interaction and spin excitations in pristine MBT well [25], was
used in all of the structure relaxation and following magnetic
energy calculations.

The effects of these defect configurations on the intra-
block magnetic coupling were determined by comparing the
calculated total energies for a fully FM septuple block (FM in-
trablock coupling) with a ferrimagnetic block (AF intrablock
coupling). Experimental evidence clearly finds ferrimagnetic
blocks. Table V summarizes the intrablock magnetic ener-
gies of defect configurations shown in Fig. 7. Surprisingly,
DFT+U finds that a single antisite defect structure has FM
intrablock coupling. Introducing a second antisite defect or an
additional Sbyy, defect, especially the latter, causes the intra-
block coupling to become less FM. With two antisite defects

TABLE V. Intrablock magnetic energies Ey of various defect
configurations in MST. Calculations were carried out in DFT+U
using U = 5 eV. E); is calculated as the energy difference between
the AF and FM intrablock configurations, Exr — Ery. Positive (neg-
ative) Ey values correspond to FM (AF) intrablock couplings.

Defect structure Ey; (meV /supercell)

Antisite defect 5.57
Antisite defect + Sby, 0.97
Two antisite defects 4.09

Two antisite defects + Sby, —2.22

and one Sbyy, defect in the supercell, the intrablock coupling
becomes AF. These results clearly suggest the importance of
Sbym magnetic vacancies and the binding of antisite defects
to promote the intrablock ferrimagnetism that is observed ex-
perimentally. If true, this could suggest that suppressing Sby,
vacancies may promote FM intrablock magnetism. However,
it is worth noting that smaller U values make the intrablock
coupling more AF.

Finally, the interblock magnetic coupling of the defect
structure with two antisite defects and one Sby, defect (the
defect configuration that clearly promotes ferrimagnetic sep-
tuple blocks) is investigated. To study interblock coupling, the
original single septuple block supercell is doubled along the
¢ axis to simulate the four spin configurations with different
combinations of the intrablock and interblock orderings. As
shown in Table VI, the lowest energy magnetic structure oc-
curs when the intrablock ordering is AF and the interblock
ordering is FM. Thus defects can also stabilize the FM in-
terblock coupling that is observed in some MST samples.
Recall that, for MST, both AF and FM interblock ordering
are observed experimentally, which again suggests that mi-
croscopic details of the magnetic defect configurations control
the global magnetic structure in MST. Hence DFT+U calcu-
lations confirm that increasing the defect concentration could
stabilize the AF intrablock coupling and FM interblock cou-
pling in MST.

VIII. DISCUSSION

Taking into account now the overall trends presented here,
we start to understand the evolution of magnetism with Sb
substitution. The four main effects are: (1) the introduction
of chemical and magnetic disorder, primarily in the form of
antisite mixing of Mn and Sb ions, (2) rapid closure of the

TABLE VI. Energies of the MST defect structure with two anti-
site defects and one Sbyy, defect. Four different spin configurations
are considered. The energy of the FM-intrablock-and-FM-interblock
magnetic structure is chosen as the reference energy zero.

Defect structure E\ (meV /supercell)

FM intrablock; FM interblock 0

FM intrablock; AF interblock 4.35
AF intrablock; FM interblock —4.49
AF intrablock; AF interblock —1.57
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spin gap and the growth of low energy magnetic spectral
weight, (3) an increase in the magnetic energy scale, and (4)
an increase in the spectral broadening.

With respect to (1), it is of course certain that chemical
disorder is present based on Bi/Sb alloying. In addition, our
diffraction data confirm that magnetic disorder in the form
of Mn/(Bi,Sb) antisite exchange is present in all samples and
similar to that reported for MST [19].

With respect to (4), both sources of disorder can be ex-
pected to cause significant modifications of the magnetic
spectra. Spectral broadening and extreme damping across
the series can have several origins, such as magnon-magnon
coupling, Landau damping (in metals), or chemical/magnetic
disorder. For Bi/Sb disorder, DFT calculations in stoichio-
metric MBT and MST point to site-to-site variation in the
intralayer FM coupling strength, although, in principle, this
source of spectral broadening is absent in MST. Thus the
development of significant Mn/Sb antisite disorder and as-
sociated magnetic vacancies in the Mn layer are the primary
candidate for explaining the growth of spectral broadening.

With respect to (2), the closure of the gap is expected based
on the observed lowering of the critical field for the spin-flop
transition. Part of the growth in the low energy spectral weight
arises from the gap closure. However, the sharp resonance
peak, most prominent in MST, also likely derives from Mn/Sb
antisite disorder resulting in ferrimagnetic septuple block with
strong intrablock AF coupling.

Finally, with respect to (3), it is likely that the increased
energy scale across the series arises from a combination of
an increase in the intralayer FM coupling and intrablock AF
coupling between magnetic defects and the main FM Mn
layer. In general, magnetic spectra of MST and Sb-substituted
MBT are complex, consisting of heavily damped collective
and localized excitations that present many challenges for
both experiments and first-principles calculations.

IX. CONCLUSION

Overall, these data find that tuning the MBT-MST series
through the charge neutral point (near x & 0.3) while closing

the inverted band gap is a promising method to achieve in-
teresting and technologically important magnetic topological
states. However, real materials issues, in the form of chemical
and magnetic disorder, are widespread. In addition to having
potential consequences on the electron mobility for topologi-
cal transport, such defects also have nontrivial consequences
on the magnetic state itself and the magnetic energy scales.
Variability in finding either the FM or AF magnetic ground
state of MST is proof that different chemical and magnetic
configurations can affect the global magnetic symmetry. Also,
the tendency for antisite mixing to compensate the FM layers
and reduce the net magnetization may have consequences on
the exchange coupling to fermions that principally drive topo-
logical phase transitions (e.g., from AF topological insulator
to FM Weyl semimetal). Finally, the MST spin excitations
may provide a unique window to study chiral charge carri-
ers in FM Weyl semimetals through spin-fermion coupling
[32,33] as recently observed using inelastic neutron scattering
in layered YbMnBi, [34]. The search for such unique re-
sponses requires careful analysis of dispersion and line shape
anomalies. Nevertheless for MST, it would seem that chemical
and magnetic disorder would make such studies difficult.
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