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We report a high-frequency/high-magnetic field electron spin resonance (HF-ESR) spectroscopy study in
the sub-THz frequency domain of the two representatives of the family of magnetic topological insulators
(MnBi,Te,)(Bi,Tes), with n = 0 and 1. The HF-ESR measurements in the magnetically ordered state at a low
temperature of 7 = 4 K combined with the calculations of the resonance modes showed that the spin dynamics in
MnBi,Te; is typical for an anisotropic easy-axis type ferromagnet whereas MnBi, Te, demonstrates excitations
of an anisotropic easy-axis type antiferromagnet. However, by applying the field stronger than a threshold
value ~6T, we observed in MnBi,Te, a crossover from the antiferromagnetic (AFM) resonance modes to the
ferromagnetic (FM) modes, whose properties are very similar to the FM response of MnBiyTe;. We attribute
this remarkably unusual effect unexpected for a canonical easy-axis antiferromagnet, which, additionally, can be
accurately reproduced by numerical calculations of the excitation modes, to the closeness of the strength of the
AFM exchange and magnetic anisotropy energies which appears to be a very specific feature of this compound.
Our experimental data evidences that the spin dynamics of the magnetic building blocks of these compounds, the
Mn-based septuple layers (SLs), is inherently ferromagnetic, featuring persisting short-range FM correlations far
above the magnetic ordering temperature as soon as the SLs get decoupled either by introducing a nonmagnetic
quintuple interlayer, as in MnBi, Te;, or by applying a moderate magnetic field, as in MnBi, Te4, which may have

an effect on the surface topological band structure of these compounds.

DOI: 10.1103/PhysRevB.104.195139

I. INTRODUCTION

The recent discovery of magnetic topological insulators
(TTs) where the long-range magnetic order coexists with the
topologically nontrivial electronic band structure has provided
a rich experimental basis for the realization of emerging phys-
ical effects [1-4]. In particular, the breaking of time-reversal
symmetry in the magnetically ordered state offers great oppor-
tunities to explore such phenomena as the quantum anomalous
Hall effect, the topological magnetoelectric effect, and Ma-
jorana fermions [4—7]. The first representatives of this class
of materials featuring the distinguishing surface property of a
TI, the surface Dirac cones, and the long-range magnetically
ordered regular spin lattice in the bulk are the van der Waals
layered compounds MnBi, Te4 and MnBi4Te; belonging to the
(MnBi,Te4)(BiyTes), (n = 0-3) family [8-12].

Crystallographically, MnBi,Tes is similar to the well-
known nonmagnetic TI Bi,Te; which unit cell consists of
the Te-Bi-Te-Bi-Te quintuple layers (QLs) with the differ-
ence that two additional Mn-Te atomic planes are inserted

“These authors contributed equally to this work.
"Now at H.C. Starck Tungsten GmbH, Im Schleeke 78 - 91, 38642
Goslar, Germany.

2469-9950/2021/104(19)/195139(12)

195139-1

into the structural block. The resulting Te-Bi-Te-Mn-Te-Bi-Te
septuple layers (SLs) are stacked along the crystallographic ¢
axis and held together by weak van der Waals forces [13,14].
In MnBi4Te;, the magnetic SLs are separated from each other
by additional nonmagnetic QLs forming a joint SL-QL-SL-
QL-SL... stack [11,15-17].

The magnetic lattice in both compounds is built of the
localized magnetic moments associated with the Mn?* ions
which form an A-type uniaxial antiferromagnetically (AFM)
ordered structure below the transition temperature Ty =
24K and 13 K for MnBi,;Te, and MnBisTe;, respectively
[8-12,14,16-20]. The AFM ordered ground state is realized
due to the AFM interlayer coupling of the ferromagnetic (FM)
Mn-containing SLs. Its strength gradually decreases with an
increasing number n of the QLs in the (MnBi,Te4)(Bi,Tes),
family. Consequently, the AFM order weakens such that an
FM state could be stabilized in MnBisTe; below 5 K accord-
ing to Refs. [11,12], whereas it was argued in Ref. [21] that the
low-temperature state of MnBisTe; is a bistable metamagnetic
state. The family members with n > 2 behave as ferromagnets
[22,23].

The properties of the magnetically ordered states in the
(MnBi,Te4)(Bi,Tes), family of magnetic TIs seem to be well-
established by now. However, the spin dynamics and magnetic
excitations were only scarcely addressed although their
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possible significance for the topological phenomena was al-
ready pointed out recently [8,11,18,24,25].

In this paper, we study the low-energy spin dynamics in
the magnetically ordered state of single crystalline samples
of MnBi,Te; and MnBiyTe; with high-field electron spin
resonance (HF-ESR) spectroscopy. While MnBiyTe; exhibits
magnetic excitations typical for a uniaxial ferromagnet in the
entire field range of the study up to 14 T, we observe in
MnBi,Te, a remarkable qualitative change of the spin dy-
namics from the AFM type in fields smaller than ~6 T to the
FM type at higher fields. This is at odds with the expected
behavior of a conventional uniaxial antiferromagnet where the
excitations remain of the AFM type above the field of the
spin-flop transition and even up to the field of the forced full
polarization of the magnetic sublattices. We explain this effect
as being due to the comparative scales of the interplanar AFM
exchange interaction energy and of the magnetic anisotropy
energy of the individual SLs in MnBi,Te4. In this rare situ-
ation, a moderate magnetic field promotes FM resonance of
the individual SLs similar to the FM response of MnBi,Te;
where the inerplanar exchange is significantly weakened. We
demonstrate that this dynamic, intrinsically FM response of
the magnetic layers extends in MnBisTe; up to temperatures
significantly higher than 7y, suggesting that the underlying
FM spin-spin correlations are prominent also in the paramag-
netic state. Also in MnBi, Tey, in the field regime above ~6 T
where the spin-wave excitations become FM, quasistatic FM
correlations are manifesting above 7y. On the short timescale,
they can generate instantaneous internal fields possibly in-
fluencing the properties of the surface topological electronic
states in either of these two materials.

Finally, we observe in MnBi,Tes peculiar nonresonant
steplike changes of the microwave absorption in the ordered
state whose field position seems to follow the magnetic order
parameter with a critical exponent somewhat different from
what we find for the 7" dependence of the zero-field excitation

gap.

II. METHODS

A. Experimental details

High-quality single crystals of MnBi,Te, and MnBiyTe;
were grown by cooling stoichiometric mixtures of
MnTe and Bi,Te;, as described in Refs. [11,13].
Plateletlike crystals were mechanically extracted from a
quenched melt and characterized by x-ray diffraction and
energy-dispersive x-ray spectroscopy as substoichiometric
(Mnl_xBi2+2/3xTe4)(Bi2Te3),,, n= 0, 1, x ~0.2. The
electron spin- (ESR), ferromagnetic- (FMR), and
antiferromagnetic resonance (AFMR) measurements were
carried out using a homemade high-field/high-frequency
ESR (HF-ESR) spectrometer, equipped with a vector network
analyzer (PNA-X from Keysight Technologies) for generation
and detection of microwaves in a frequency range from 30 to
330 GHz and a 16 T superconducting magnet system (Oxford
Instruments) with a variable temperature insert (VTI). A
transmission probe head utilizing the oversized waveguides
to guide the microwave radiation to the sample was inserted

in the VTI, enabling variation of the sample temperature in a
range 3-300 K.

For the sake of simplicity in the following, all measured
spectra in both magnetically ordered and paramagnetic states
of MnBi,Te; and MnBisTe; will be referred to as HF-ESR
spectra.

Most of the measurements were carried out in the field-
sweep mode at a chosen constant microwave radiation
frequency v. The signal at the detector Sp(H) was recorded
as a function of the applied magnetic field H by continuously
sweeping the field from O to 16 T and then back to O T.
These experiments were complemented by measurements in
the frequency-sweep mode at different constant magnetic field
values. To eliminate the linear nonresonant background as
well as a strong dependence of the absolute level of Sp on the
microwave frequency due to the complex impedance of the
oversized waveguides, the ratio Sp(v, H)/Sp(v, H — §H) was
recorded at the discrete values of the magnetic field H at in-
tervals SH = 0.05 — 0.2 T. The so-acquired two-dimensional
v — H data set for both incrementally increasing (0 — 16T)
and decreasing (16 — 0T) field values was analyzed to de-
termine the frequency dependence of the resonance fields of
the detected signals. To verify the correctness of this analysis,
the results were compared with the resonance positions of the
signals in the spectra measured in the field-sweep mode at
selected fixed frequencies v (see Appendix, Fig. 7).

B. Computational approach

To analyze the measured v versus H dependences of the
FMR and AFMR modes in the magnetically ordered state of
MnBi,Te, and MnBisTe; that correspond to the collective
excitations of the spin lattice (spin waves), we employed
a linear spin-wave theory with the second quantization for-
malism [26,27]. The phenomenological Hamiltonian for the
two-sublattice spin system, as realized in the studied com-
pounds, has the following form:

(MiMy) KM, *+M?
M2 2 M
— (HMy) — (HM) + 27 (M. + M>.)*. (1)

H = Ainter

Here the first term represents the exchange interaction
between the SLs with respective sublattice magnetizations
Mj and M. Ajyer is the interlayer exchange constant and
My and M, are the sums of all magnetic moments in the
odd and even layers, respectively, such that M? =M,* =
(Mo)? = (M,/2)?, with M? being the square of the saturation
magnetization. The second term in Eq. (1) is the magnetocrys-
talline anisotropy given by the anisotropy constant K. It is
divided by a factor of 2 to have a proper transformation of
Eq. (1) into a common form of a Hamiltonian for a ferromag-
net if Ajper = 0 and M; = M. The third and fourth terms are
the Zeeman interactions for both sublattice magnetizations.
The last term stands for the shape anisotropy given by the
flakelike shape of the samples.

To calculate the energies of the spin waves with the wave
vector ¢ = 0 which are accessible by HF-ESR spectroscopy,
we introduce the magnetization operators using the Holstein-
Primakoff transformation. In the local coordinate frame for
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the respective sublattice magnetization, they take the follow-
ing form [27]:

gusMo . [8M1BM)
M; = 5 (bj+ b)), M =i 5

M; =M, — gMBb;bj, j=12. )

(bj — b)),

Note that here the creation (b;) and annihilation (b;) oper-
ators are momentum independent since we are interested only
in the spin waves with ¢ = 0. Substitution of Eq. (2) in Eq. (1)
yields the Hamiltonian in the form J7 = 74 + 4 + 6+
(higher order terms). Here the term %) independent of bj
and b; operators represents the free energy density, whose
minimization yields the ground state with a certain alignment
of the sublattice magnetizations My and M,. ¢ turns to 0 at
the minimum of J73 [26]. Finally, 75, which describes the
linear spin waves with ¢ = 0 in the system, can be written in
the form

M =Y (i jbbj + o bibl + B jbibS + B} bibj).  (3)
i,j

Here the coefficients o; ;, a;f o Bij.» B f depend on the
parameters of the Hamiltonian Eq. (1) and the indexes i, j
run through all the sublattice numbers, i.e., 1 and 2 in the case
of a two-sublattice system. Diagonalization of Eq. (3) yields
the spin waves energies €y, and the corresponding frequencies
wsw = €sw /N, which can be compared with the experimentally
measured values. For the case of FMR, these frequencies
as a function of the magnetic field were calculated in the
analytical form, see Eqgs. (4) and (5). The AFMR modes were
calculated numerically using the method suggested by Tsallis
[28].

III. RESULTS AND DISCUSSION

A. HF-ESR spectroscopy on MnBi,Te;
1. HF-ESR modes in the ordered state

Experimental data. To obtain the frequency-magnetic field
v(H) diagram of the resonance modes in the ordered state
of MnBi,Te;, the HF-ESR spectra were measured at 7 = 4
K < Tn = 13K [11] for the external magnetic field applied
in the directions H || ¢ axis and H || ab plane over the fre-
quency range 75-330 GHz. The ESR spectra consist of a
single resonance line for both magnetic field configurations.
The resonance field H, at a given excitation frequency was
determined by fitting the spectra with a Lorentzian line pro-
file. The so-obtained resonance branches v(H,) are plotted
in Fig. 1(a) (left vertical scale) together with representative
HF-ESR spectra (right vertical scale).

Exchange and magnetic anisotropy parameters. The
V(Hyes) dependence for the two field geometries was analyzed
with the theoretical model introduced in Sec. II B, which has
enabled to classify the measured signals as FMR modes of
a ferromagnet with uniaxial anisotropy [29]. In this case, the
analytical solution is available yielding the resonance frequen-
cies [26]

2nv, = Y (H + Hyp,) 4

and

2 vay = Y/ H(H — Hy,), (H > Hy,) 5)

for the H || ¢ axis and H || ab plane, respectively. Here y =
gus/h is the gyromagnetic ratio with g being the effective
g factor in the ordered state, up is the Bohr magneton, and
h is the reduced Planck’s constant. Hy, = Hs + Hp is the
total magnetic anisotropy field comprising the demagneti-
zation field for an infinite FM plane Hp = 47 M, [30] and
the magnetocrystalline anisotropy field Hy = 2K/M,. The
demagnetization field corresponds to the thin-plate shape of
the MnBiyTe; single crystal used in these HF-ESR mea-
surements. For such a sample shape, this field can be
straightforwardly calculated, yielding the value of 0.33 T.
The fit of the frequency-field dependence of the FMR using
Egs. (4) and (5) provides the estimates of the total magnetic
anisotropy field Hy, = —0.82 £ 0.02 T and of the effective g
factor of 2.02 £ 0.003 for the H || ab-plane configuration. For
the H || c-axis configuration, the fit yields the values of the
FM zero-field excitation gap Apm|p=0 = Arm = |V Ha,| =
27 £ 0.6 GHz, corresponding to Hy, = —0.97 £ 0.02 T, and
the g factor of 1.98 & 0.003. Using the values of Hy, for
both field configurations, we can estimate the average total
magnetic anisotropy field Hy, = —0.9 £0.08 T, and from it
the value of the intrinsic magnetocrystalline anisotropy Hy =
—1.23 £0.08 T. The corresponding value of the anisotropy
constant K for MnBisTe; amounts then to Kj47 = HaM;/2 =
—1.6 £0.1 x 10°erg/cm?. The negative sign of K signifies
the easy axis magnetic anisotropy of MnBi4Te;.

Noting that the unit cell of MnBi4Te; contains one (non-
magnetic) QL and one (magnetic) SL the magnetic anisotropy
energy (MAE) of Eyjag = —0.18 £ 0.01 meV per single SL
can be derived from K47 which should correspond then to the
MAE of the MnBi,Te4 unit cell consisting of only one SL
[31].

2. Temperature dependence of HF-ESR response

To examine the evolution of the FM ordered state in
MnBi4Te7, upon increasing temperature the v(H ) dependence
of the resonance signals was measured at different tempera-
tures and evaluated using Eqs. (4) and (5). The resulting T
dependence of the FM excitation gap Apm(7') is shown in
Fig. 1(b) and that of the resonance field H..s(T") at a selected
frequency v ~ 75 GHz is presented in Fig. 1(d). Remarkably,
the gap does not close at Ty = 13K but persists up to a
much higher temperature of ~30K, evidencing the presence
of short-range FM spin correlations in the SLs of MnBi4Te;,
static on the HF-ESR timescale (10 ~'% — 10 ~'! s) even in the
paramagnetic state. The presence of quasistatic internal fields,
associated with the intrinsic magnetocrystalline anisotropy
and the FM exchange that give rise to the anisotropy of Hies,
can be well seen in the temperature dependence of the ESR
line shift shown in Fig. 1(d). Note that in the purely paramag-
netic state, the ESR signal of Mn?>* (3d°, S = 5/2,L = 0) is
nearly isotropic due to the absence of the orbital momentum
of the half-filled 3d shell of this ion in first order [32]. Indeed,
at T = 30K, where the zero field gap is practically closed,
the resonance branches v(H) for both field geometries obey a
simple paramagnetic resonance condition v = (gug/h)Hyes as
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FIG. 1. MnBi,Te; : Frequency versus field v(H) diagram of the resonance modes (symbols) at T = 4K (a) and T = 30K (c) for the
external magnetic field applied parallel and perpendicular to the c axis (left vertical scale) and selected HF-ESR spectra at various excitation
frequencies (right vertical scale). Solid lines depict the calculated v(H ) resonance branches (see the text); (b) The excitation gap Ay (H = 0)
as a function of temperature. Open symbols correspond to Apy(H = 0) evaluated from the v(H) dependence measured at selected fixed
temperatures for H || ¢ axis and H || ab plane. Closed symbols are the gap estimates from the 7" dependence of the resonance fields measured
at two fixed frequencies v = 75.5 GHz and v = 219.5 GHz for the same two field geometries. (d) Resonance fields as a function of temperature
measured at v = 75.5 GHz for H || ¢ axis and H || ab plane. Horizontal solid line indicates the paramagnetic resonance field corresponding to

the g factor, g = 2.02.

shown in Fig. 1(c). The fit yields the corresponding g-factor
values g. = 2.06 and g, = 1.98, which are very close to the
spin-only value as expected for the paramagnetic spin-only
moment of the Mn?* ion

The fact that the resonance parameters do not change
abruptly at the ordering transition but the magnetic system in
MnBi,Te; demonstrates a rather smooth, crossoverlike evolu-
tion of the spin dynamics from the long-range ordered (LRO)
state to an extended short-range FM correlated regime above
Tx before entering the uncorrelated paramagnetic state at even
higher temperatures, as pictorially indicated by shaded areas
in Figs. 1(b) and 1(d), suggests a low-dimensional (low-D)
character of the spin system in MnBi4sTe;. This kind of be-
havior was extensively addressed in the literature in the past,
e.g., for the case of ESR in 1D spin lattices [33—37] but also
in 2D-systems [38—40]. Indeed, in MnBisTe; the magnetic
SLs are separated by nonmagnetic QLs along the c-axis which
effectively reduces the magnetic dimensionality and weakens

the interlayer AFM coupling. Therefore, MnBisTe; features
an inherently FM spin correlated dynamics decoupled from
the fragile AFM 3D long-range order occurring at small fields
at Ty = 13K.

B. HF-ESR spectroscopy on MnBi, Te,
1. HF-ESR v(H ) diagram in the ordered state

To map the v(H) diagram of the resonance modes in the
magnetically ordered state of MnBi, Te; HF-ESR spectra were
measured at 7 = 4K « Ty = 24K [8] in a frequency range
75-330 GHz for two orientations of the external field H || ¢
axis and H || ab plane. In contrast to MnBi4Te;, the HF-ESR
response of MnBi,Tes is more rich. Characteristic spectra
recorded in the field-sweep mode at different fixed frequen-
cies are shown in Fig. 2. Several resonance lines ascending
in field with increasing the frequency are easily discernible.
For H || ¢ axis, this are lines labeled L1 and L2 in Fig. 2(a)
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FIG. 2. MnBi,Tes: HF-ESR spectra at selected excitation fre-
quencies recorded at T = 4 K for two orientations of the external
magnetic field H || ¢ axis (a) and H || ab plane (b). For clarity, all
spectra are normalized and shifted vertically. Labels L1, L2, and L4
indicate the resonance modes and * marks the impurity peak.

and, for the H || ab plane, the line labeled L4 in Fig. 2(b).
For a better understanding of their frequency-magnetic field
dependence, complementary measurements in the frequency-
sweep mode described in Sec. Il A were carried out in the
frequency range 40-330 GHz. The result is shown in Fig. 7
in Appendix. As can be seen in this figure, the data obtained
in both measurement modes match very well and two new
signals L3 and L5 descending in field with increasing the
frequency could be identified in the frequency-sweep exper-
iment. The so-obtained v versus H dependences for H || ¢
axis and H || ab plane are plotted separately for the clarity
of presentation in Figs. 3(a) and 3(b), respectively. The com-
plete v(H) diagram of the resonance modes is presented in
Fig. 3(c).

At fields smaller than ~5 T, the resonance branches are
rather typical for a collinear two-sublattice antiferromag-
net with an easy-axis anisotropy [26]. In zero applied field,
the two modes are degenerate and gapped due to magnetic
anisotropy of the spin sublattices. One mode corresponds to
the clockwise precession of the sublattice magnetization vec-
tor M and the anticlockwise precession of M, about the easy
axis. For the other mode, the sign of precession of M; and M,
is reversed. The magnitude of the gap at 7 = 4 K amounts to
Aarmla=0 = Aapm = 108 =4 GHz (0.45 meV) and agrees
well with the inelastic neutron scattering result [24]. Applica-
tion of magnetic field along the easy axis (c axis) increases
the frequency of one mode (branch L2) and decreases the
frequency of the other mode (branch L3). The corresponding
branches progress linearly in field until the spin-flop field Hgs
at 3.5 T [8] is reached where the two magnetization vectors
turn perpendicular to the applied field. At H > Hy both mag-
netization vectors precess jointly, giving rise to branch L1.
For the magnetic field applied perpendicular to the easy axis,
there are two oscillating modes, one ascending (L4) and one
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FIG. 3. MnBi,Te4: Frequency versus field v(H ) diagram of the
resonance modes (symbols) at 7 = 4K for the external magnetic
field applied parallel (a) and perpendicular (b) to the ¢ axis. Black and
red solid curves in (c) are the results of the modeling of the resonance
branches. The shaded area around the curves depicts the calculation
uncertainty corresponding to the error bars of the anisotropy and ex-
change constants. The dashed lines correspond to the calculations of
the modes of an easy-axis ferromagnet according to Egs. (4) and (5).
The straight green solid line represents the paramagnetic resonance
condition v = (gup/h)H,s. The vertical dash-dot line indicates the
threshold field ~6T for the crossover from the AFM type to FM
type of the resonance modes (see the text for details).

descending (L5) [26]. The latter one softens to zero at the
saturation field.

Remarkably, the resonance modes in MnBi,Te4 experience
a drastic transformation at fields above the spin flip transition.
Branches L1 and L4 cross at the threshold field of ~6T and
progress practically linear in parallel at fields above ~9T.
This is not expected for a canonical easy-axis antiferromag-
net where these two branches asymptotically approach the
paramagnetic line v = h~'gupH (green straight line in Fig. 3)
from above and below, respectively, and never cross [26,41].
Moreover, the behavior of branches L1 and L4 at high fields
appear to be very similar to the FM modes in MnBisTe;
[Fig. 1(a)].

2. Analysis and discussion of magnetic excitations

To understand such an unusual qualitative change of the
spin dynamics in MnBi,Tes from the AFM at low fields to
the FM at higher fields, we performed numerical calculations
of the spin-wave energies for various values of the interlayer
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exchange constant Ay, and the magnetocrystalline constant
Ki»4 in Eq. (1). The best model curves, excellently fitting
the experimental data for both magnetic field geometries,
are presented in Fig. 3. The fit yields Ajer = (5.8 £0.1) %
10%erg/cm® and K4 = —(1.9 £ 0.1) x 10° erg/cm?>. These
values correspond to the exchange energy of Eijwer—exch =
0.65 £ 0.01 meV and magnetic anisotropy energy Emag =
—0.21 £ 0.01 meV per formula unit of MnBi,Te4 [29]. No-
tably, the latter value is close to the MAE of the single SL
in MnBisTe; estimated in Sec. III A. This similarity suggests
that the magnetic anisotropy of an individual SL is its intrinsic
property little affected by introduction of additional nonmag-
netic QLs in the crystal lattice of the (MnBi,Te4)(Bi,Tes),
family.

The obtained estimates of Ejper—exch and Enmap give the
clue to understand an unexpected transformation of the spin
dynamics in MnBi,Te, as a function of magnetic field. The
energy scale of these two parameters appears similar, whereas
in most of the transition-oxide based antiferromagnets to
which the canonical theory [26] applies, one typically finds
Einter—exch > Emag. The dominance of the AFM exchange
over magnetic anisotropy maintains the AFM type of excita-
tions up to the fields of the full polarization of the sublattices.
In contrast, in MnBi,Te,s the interplane exchange over the
van der Walls gap is generally weaker than in the covalently
bonded solids. Thus, essentially FM SLs with magnetocrys-
talline anistotropy comparable in strength with Ejper—exch can
be effectively decoupled by the applied magnetic field and
demonstrate their inherent FM dynamics as in MnBisTe;. This
crossover is accurately reproduced by the numerical solution
of Eq. (3) as demonstrated in Fig. 3.

Additionally, these calculations yielded the static magneti-
zation M (H) curves for two directions of the magnetic field
(see Appendix, Fig. 8), which enable us to estimate the values
of the characteristic magnetic fields, such as the spin-flop field
HSI;I 1€~ 3.4T, and the saturation fields HSI'I I~ 76T and

HI'® 2 10.3T. The difference between Hg ' and Hg '’
is due to the competition between the energy scales of the
first and second terms of the Hamiltonian [Eq. (1)]. If H || ab
plane, then both exchange coupling and magnetic anisotropy
work against the applied magnetic field, which yields an in-
creased saturation field HSH 19 in this case. For the H | c-axis
configuration, magnetic anisotropy with the easy c axis aids
the magnetic field to polarize the Mn spins above H:f{ Ie caus-
ing a decrease of the saturation field HSH 1< The above values
of the saturation fields are in reasonable agreement with
the results of the magnetization measurements on MnBi,Tey4
[8,24], which additionally confirms the validity of the present

analysis of the spin dynamics in MnBi,Te,.

3. Temperature evolution of the spin dynamics

Excitation gap. The AFM zero-field gap for HF-ESR
excitations, i.e., the magnon gap at the wave vector g =
0, Aapm|r=4x = 108 £4 GHz (0.45 meV) was straightfor-
wardly determined as the intercept of branches L2 and L3
with the frequency axis (Fig. 3). The temperature dependence
of Axpm Wwas obtained in a similar way by measuring the
HF-ESR spectra in the field range below SF at different tem-
peratures and excitation frequencies for H || ¢ axis. As an
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FIG. 4. MnBi,Te, : (a) HF-ESR spectra at selected temperatures
recorded at v = 76 GHz for H || ¢ axis. Labels L1 and L3 indicate the
resonance modes. The spectra are normalized and shifted vertically
for clarity; (b) AFM zero field gap as a function of temperature
(symbols). The solid line is a fit using Eq. (6).

example, the temperature dependence of the spectra measured
at v = 75.5GHz is presented in Fig. 4(a). The modes L2,
L3, and L1 observed below Ty = 24 K gradually shift with
increasing temperature until they merge into a single line,
whose resonance field is temperature independent above Ty.
The resonance fields H..; of modes L2 and L3 at different
frequencies v, were fitted with the linear expression v, =
Aapm(T) + (g /h)Hyes. The resulting T dependence of the
zero field gap Aapm(T) is plotted in Fig. 4(b).

Remarkably, the gap closes completely at the AFM phase
transition temperature Ty = 24 K of MnBi,Te4, which is in a
stark contrast to the FM gap in MnBisTe; persisting on the
timescale of HF-ESR at T > Ty [Fig. 1(b)]. This hints to a
more 3D character of (AFM) magnetic order in MnBi,Te4 as
compared to MnBisTe; manifesting pronounced low-D FM
correlations above Ty, as discussed in Sec. III A 2.

One can tentatively assume that the Aspm(7) approxi-
mately follows the order parameter of the AFM phase of
MnBi, Te, and fit it to the power-law function:

Aarm(T) o [1 = (T/TOTP. ©6)

The fit shown in Fig. 4(b) yields Ty = 22 + 0.1 K and the
critical exponent 8 = 0.239 £ 0.01. This value of g is signif-
icantly smaller than 0.367 for the 3D Heisenberg AFM model
and lies in between 0.326 and 0.125, the values for the 3D
and 2D Ising models, respectively [30,42,43]. A significant
reduction of 8 toward the Ising values might be related to an
appreciable easy-axis magnetic anisotropy which, in the case
of Eynag comparable with Eiyer—exch, as found in MnBi,Tey,
can in fact be expected [44].

Lineshifts. The T dependence of the resonance field of
the HF-ESR signals was studied for the H || ab-plane field
geometry by measuring mode L4 at different temperatures
and frequencies v. Characteristic spectra for v = 109.6 GHz
are shown in Fig. 5(a). Mode L4 gradually shifts with in-
creasing temperature toward higher fields until reaching a
constant value of the resonance field H,s at the AFM ordering
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FIG. 5. MnBi,Te,4 : (a) HF-ESR spectra (mode L4) at selected
temperatures recorded at v = 109.6 GHz for H || ab plane. The spec-
tra are normalized and shifted vertically for clarity. (b) Resonance
shift of L4 6H(T') = H,s(T) — H,s(150K) as a function of temper-
ature at several selected microwave frequencies for H || ab plane.
The corresponding resonance fields in the paramagnetic state at
T = 150K are indicated in the legend; (c) same as (b) but instead
of the relative shifts the resonance fields H,. are plotted on the
absolute scale. Horizontal dashed lines represent the 7T'-independent
resonance fields in the paramagnetic state whose values for the given
frequency v are listed in the legend to panel (b). The horizontal
dash-dot line indicates the threshold field ~6T for the crossover
from the AFM type to FM type of spin excitations in MnBi,Te,
with increasing the field strength. The color code depicts the LRO,
short-range FM-correlated and paramagnetic regimes of the the spin
dynamics observed in MnBi, Te, by HF-ESR.

temperature 7Ty = 24 K. The position of the line remains 7
independent up to the highest measured temperature 7 =
150K and corresponds to the paramagnetic g factor, g =
2.02. As most of the measurements at other frequencies
converge at high temperature to this g value including the mea-
surement reported in Ref. [25], the field H.(T = 150K) =
hv/(gug) is set for each given frequency v as the reference
for an unshifted line in the purely paramagnetic uncorre-
lated state of MnBi,;Tes. The T dependences of the relative
shifts §H(T) = Hyes(T) — Hos(150K) at selected excitation
frequencies are plotted in Fig. 5(b). The respective values
of H.(150K) are indicated in the figure legend. The T
dependences of the absolute values of H.s are shown in

GH
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a === >
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w r c
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FIG. 6. MnBi,Tes: Signal traces Sp(H) featuring steplike
changes in the range 6-8 T recorded at T = 4 K for two frequencies
of 76 and 310 GHz for the up and down sweeps of the magnetic
field H || ab plane. Resonance mode L4 is indicated by the arrow.
Inset shows the temperature dependence of the jump field measured
at v = 109.6 GHz. Solid lines are the fits to the critical exponent
function o< [1 — (T/Ty)1°.

Fig. 5(c). The legend in Fig. 5(b) applies to Fig. 5(c) as
well.

As discussed in Secs. III B 1 and III B 2, the resonance
signals in the magnetically ordered state of MnBi, Te4 at small
applied fields are the typical AFM excitations of an uniaxial
easy-axis antiferromagnet. The negative shift of mode L4
at the smallest frequency v = 109.6 GHz which decreases
in magnitude with increasing the temperature is determined
by the T dependence of the AFM excitation gap Aapm(7T)
closing at Ty = 24K [Fig. 4(b)]. At this temperature, L4
reaches the T -independent paramagnetic position [Figs. 5(b)
and 5(c)]. Similarly, probing L4 at a higher excitation fre-
quency v = 140.4 GHz and correspondingly higher magnetic
field [see v(H) dependence of branch L4 in Fig. 3] yields
a smaller negative shift. Interestingly, it remains finite at
temperatures even somewhat larger than 7y. At still higher
probing frequencies, the shift changes signs and, most remark-
ably, remains finite up to temperatures 7 ~ 27y [Figs. 5(b)
and 5(c)]. The sign change of §H(T) is related to the trans-
formation of branch L4 from the AFM to the FM type at
these fields where it crosses branch L1 and the paramagnetic
v = (gup/h)H;e line in the v(H ) diagram shown in Fig. 3.

The shift of mode L4 from its paramagnetic position in an
extended temperature range above Ty in the regime when the
applied field turns the resonance excitations to the FM type
signifies the persistence of the quasistatic on the HF-ESR
timescale 2D FM correlations in MnBi,Tes [Fig. 5(c)] in
close analogy with our observations in the case of MnBisTe;
(see Sec. III A 2). This suggests that the FM spin dynamics
appears to be the generic property of the individual SLs in
the (MnBi,Te,)(Bi,Tes), family as soon as they become de-
coupled either by the magnetic field as in MnBi,Tes or by
introducing a nonmagnetic interlayer (QL) as in MnBiyTes.
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The color-coded schematic phase diagram of MnBi,Te, de-
picted in Fig. 5(c) indicates the three different regimes of the
spin dynamics taking place in the long-range ordered state
at T < Ty = 24K, in the paramagnetic state occurring just
above Ty at small fields and in the short-range FM correlated
state extending at high field up to T ~ 27x.

IV. NONRESONANT EFFECTS

Finally, in some of our experiments we observed a pecu-
liar nonresonant steplike change of the microwave absorption
(jumps) in the samples of MnBi,Tes while sweeping the
magnetic field applied within the ab plane. Examples of the
signal traces Sp(H ) recorded at T = 4 K are shown in Fig. 6.
The steps occur in the field ranges 0—1 T and 6-8 T and
are practically independent of frequency. They show a pro-
nounced hysteresis upon reversing the direction of the field
sweep. This is not related to a possible (small) hysteresis
of the superconducting solenoid of the magnet system since
the position of the resonance signal observed at v = 310 GHz
(mode L4) is practically the same for the up- and down-field
sweep. The observation of the jumps in Sp(H) was strongly
dependent on the installation of the sample in the probe head,
which points to its dependence on some uncontrollable details
of the coupling of the sample to the microwaves. But once
observed, the steps occur in the same field range at a given
temperature.

The steplike changes of the microwave absorption are
apparently related to the magnetism of MnBi,Tes. The po-
sition of the high field steps denoted as the jump field is
strongly temperature dependent. It decreases with increas-
ing T as shown in Fig. 6 (inset) and the steps disappear
at the AFM ordering temperature 7y. Fitting of this depen-
dence with the function similar to Eq. (6) yields the ordering
temperature 7y = 23.7 £ 0.1 K and the critical exponent 8 =
0.335 £ 0.01 for the up-field sweep, and Ty = 23.3 +0.1K
and B = 0.334 £ 0.01 for the down-field sweep. This value
of the critical exponent is somewhat larger than that obtained
for the AFM excitation gap at zero field [Fig. 4(b)] and is
close to § = 0.326 for the 3D Ising model [30,38,42]. This
difference can be speculatively attributed to the effect of the
field polarizing the spins and by this imparting the spin system
more 3D Ising character.

The observed phenomenon is puzzling since no sharp
anomalies in this field range were found in the static
magnetization measurements for the H || ab-plane geome-
try [24]. Similar steplike changes of the microwave signal
Sp(H) in small fields were observed in the AFM rare-earth
ferroborate Ndy 75sHog 25Fe3(BO3 )4 and attributed to the spin-
reorientation phenomenon [45]. One can speculate that in the
case of MnBi, Te,4 the jumps in the field range 0 — 1 T (Fig. 6)
can be due to the motion of the domain walls, which can cause
spontaneous spin reorientation effect similar to Ref. [45]. The
even more puzzling high-field jumps could, in turn, possibly
result from some spin-reorientation effect due to the proximity
to the AFM-FM instability revealed in our HF-ESR experi-
ments because the steplike change of the microwave signal
occurs in the field range of the crossover from the AFM to
the FM spin-polarized state (Fig. 3). Measurements of the

AC susceptibility may shed more light on the origin of this
peculiar effect.

V. CONCLUSIONS

In summary, we have studied with HF-ESR spectroscopy
the low-energy spin dynamics in the magnetically ordered
state of the single crystals of the two representatives of
the (MnBi,Te,4)(Bi,Tes), family of magnetic TIs with n =
0 and 1. MnBiyTe; features an inherently FM dynamic
response of the Mn-containing SLs extending far above the
AFM ordering temperature 7y = 13K and by this signify-
ing the low-dimensional nature of the spin excitations and
persisting short-range FM correlations in the paramagnetic
state. MnBi,Te; demonstrates at fields smaller than ~6T
the resonance modes typical for a two-sublattice uniaxial
antiferromagnet which converge to a singe paramagnetic res-
onance line by increasing the temperature up to the AFM
ordering temperature Ty = 24 K. The energy gap for these
excitations at zero field amounts to 0.45 meV at T = 4K.
The gap closes completely at Ty. With the aid of the linear
spin-wave theory, we could quantitatively estimate all rele-
vant parameters determining the spin dynamics in the ordered
state of MnBi,Te, and MnBi4Te;. Notably, we found that the
magnetic anisotropy of the individual SLs is similar in both
compounds suggesting its intrinsic character little affected by
the differences in the crystal structures.

The central result of our paper is the observation of a
remarkable transformation of the magnetic excitations in
MnBi,Te, from the AFM to FM type by increasing the field
strength above ~6 T, not expected for a canonical easy-axis
antiferromagnet. The FM spin dynamics in this field regime
features similar properties as in MnBiyTe;. In particular, it
evidences short-range FM correlations extending far above
Tn. We could rationalize this drastic field-driven change of
the nature of magnetic excitations by numerically modeling
the resonance modes. We have come to the conclusion that it
is due to the similar scales of the interplane AFM exchange
and the magnetic anisotropy energy of the individual SLs. In
this situation, the layers can be effectively decoupled by the
applied magnetic field and demonstrate their intrinsically FM
dynamics. Our finding distinguishes MnBi, Te, as a very spe-
cial compound in the family of magnetic TIs where the type
of magnetic excitations can be tuned by a moderate magnetic
field. As a possible significance of the bulk spin dynamics for
the surface, topological properties at present attract significant
attention [8,11,18,24,25]; our results on an inherently FM dy-
namics of the Mn-containing layers in (MnBi,Te4)(Bi,Tes),
should stimulate further experimental and theoretical research
along this avenue.

Finally, we observed a peculiar nonresonant effect of the
steplike change (jump) of the field-dependent microwave ab-
sorption in MnBi,Teys for the in-plane field geometry. The
temperature dependence of the jump field is apparently re-
lated to the magnetic order parameter but the nature of this
phenomenon requires further clarification.
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APPENDIX

Figure 7 presents two-dimensional color maps of the HF-
ESR excitations measured on two different single-crystalline
samples of MnBi,Tes at T = 4 K. The measurements were
performed in the frequency-sweep mode as explained in
Sec. ITA. HF-ESR spectra at several selected frequencies
recorded in the field-sweep mode are plotted there for compar-
ison. The data obtained on different samples and in different
acquisition modes demonstrate very good consistency, ensur-
ing the correctness of the v(H) diagram presented in Fig. 3 of
the main text.

(b)

Sample 2
H Il ab-plane
Field sweep up

T 220

G 200

> 180

2160

(0]

=]

g 120

w

0 2 4 6 8 10 12 14
Magnetic field (T)

{|Sample 2

1|H Il c-axis

1[Field sweep up| & S &
N _ ) '7

220 GHz

Sp(H) (arb.u.)

0 2 4 6 8 10 12 14
Magnetic field (T)

FIG. 7. (a)—(d) Two-dimensional color maps of the resonance excitations measured on two single-crystalline samples of MnBi, Te, in the
frequency-sweep mode at 7 = 4 K. The change of the color corresponds to the relative change of the signal at the detector Sp(v, H)/Sp(v, H —
S6H ) by incrementing the field by H = 0.05 — 0.2 T. Horizontal white stripes at 0—43 GHz, 67-83 GHz, and 110-140 GHz are blind frequency
spots of the HF-ESR setup. Selected HF-ESR spectra measured in the field-sweep mode are shown as black traces in panels (c) and (d) (right
vertical scale) for comparison. (a) and (c) depict results for sample 1 measured with H || ab plane by increasing the field from O to 15 T or
decreasing it from 15 to 0 T, respectively; (b) and (d) depict results for sample 2 measured by increasing the field from O to 15 T applied along

the ¢ axis and in the ab plane, respectively.
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