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Synthesis of materials demands structural analysis tools suited to the particularities of each system. Van der
Waals (vdW) materials are fundamental in emerging technologies of spintronics and quantum information
processing. In particular, topological insulators and, more recently, materials that allow the phenomenological
exploration of the combination of non-trivial electronic band topology and magnetism. Weak vdW forces be-
tween atomic layers give rise to compositional fluctuations and structural disorder that are difficult to control,
even in a typical topological insulator such as the binary compound Bi;Te3. The addition of a third element, as in
MnBi,Tes, makes the epitaxy of these materials even more chaotic. In this work, statistical modeling of
Mn,BiyTes, film structures is described. It allows the simulation of X-ray diffraction in disordered MnBi,Te,/
BiyTes heterostructures, a necessary step towards controlling the epitaxial growth of topological insulators with
intrinsic magnetic properties. On top of this, the diffraction simulation method used here can be readily applied
as a general tool in the field of materials design based on stacking of vdW bonded layers of distinct elements.

1. Introduction

Two-dimensional (2D) van der Waals (vdW) materials have experi-
enced an explosive growth after graphene, and other families of 2D
systems and block-layered bulk materials have been discovered [1-3].
The possibility of tuning their electronic properties via structural pa-
rameters make the layered vdW materials attractive from both funda-
mental and device engineering points of view. This field has become
particularly interesting after the experimental discovery of
three-dimensional (3D) topological insulators (TIs), having as proto-
typical the bismuth chalcogenide compounds [4-7]. To control the
chemical potential of these compounds without using extrinsic doping,
growth methods and properties of thin films have been investigated
[8-11]. The weakness of vdW interlayer forces lead in general to systems
undergoing drastic changes as a function of subtle variation in growth
conditions. Finding controllable fabrication processes of such systems
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has proven challenging [12-14]. On top of this, the recently discovered
intrinsic magnetic topological insulator MnBi,Te4 has added a another
chapter to the phenomenological exploration of combining non-trivial
electronic band topology and magnetism. Contrary to other attempts
of breaking time-reversal symmetry by diluted doping of transition
metals or rare-earth elements on 3D TIs [15-19], this material carries in
its unit cell ordered layers of Mn atoms, providing a ferromagnetic
ordering in the plane and a broad range of out-of-plane configurations
depending on the stacking sequence [20,21]. Similar to other homolo-
gous series of bismuth chalcogenides [12,22,23], this compound is part
of the (MnBi;Te4),(BizTes), series formed by stacking two fundamental
building blocks that spans from BiyTes (n = 0)—the archetypal of 3D TI
without magnetic ordering—to the intrinsic antiferromagnetic
MnBiyTes (m = 0), passing through an infinity of intermediary phases
[24-27].

For the 3D non-magnetic TI, BiyTes, the unit cell is composed by
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Table 1

Sample labels, BEP ratio ®,, nominal film thickness t;, substrate temperature
during film growth Ty, presence of 80 nm Te cap layer, Mn,BizTes,, film
composition x, and methods of detecting film composition: shifting AQ;2; of the
L21 peak position; or splitting AQ of the L6 peak, as detailed in Section 5.

Sample Dy tr Tsub Te x AQr2 AQ
(nm) Q0 cap (nm™1) (nm™1)
S06¢ 0.06 20 280 v 0.73 -0.27 —
S07c 0.07 40 280 v 0.86 -0.14 —
Sllc 0.11 20 280 v 0.80 —-0.20
S075 0.075 20 280 X 0.70 — 1.5
S086 0.086 20 300 X 0.79 — .
$102 0.102 20 280 X > 0.80 — 0

stacking three quintuple layers (QLs). These QLs are fundamental
building blocks always started and terminated in Te atoms as Te-Bi-Te-
Bi-Te. The Te-Bi atoms are covalently bonded inside the QLs, while these
blocks are coupled together along the [0001] direction due to weak vdW
forces between the Te atoms in adjacent blocks. By inserting Mn in this
structure, an extra MnTe double layer is formed inside the QL, leading to
the existence of septuple layers (SLs) as Te-Bi-Te-Mn-Te-Bi-Te. The
atomic Mn layer inside the SLs present a net out-of-plane magnetic
moment, that is, the neighbor atoms are ferromagnetically coupled in-
side the layer. When stacked together, the SLs present anti-
ferromagnetic (AFM) ordering. The intermediary phases are deter-
mined by the ratio of SLs and QLs, and present interesting AFM prop-
erties [28]. Besides the above mentioned magnetic properties of this
series, an even richer interplay between topology and magnetism is
expected in the 2D regime when reducing the number of stacked layers
[1]. Such properties make this intrinsic magnetic TI highly attractive.
However, a great challenge rising in this field is to control and under-
stand the growth mechanisms of this compound in order to suppress the
formation of structural defects and prepare perfectly ordered layers to
explore the 3D to 2D transition.

Structural modeling via simulation of X-ray scattering and diffrac-
tion has well-established procedures for analyzing materials at nano-
meter and sub-nanometer length scales. In particular, procedures that
have been widely used in thin-film-based device technologies where
model refinement suites are available either for amorphous films with
density fluctuation along the thickness [29] or crystalline films, such as
those obtained in the epitaxy of semiconductor materials. In the case of
TI compounds belonging to homologous series, model structures have to
deal with statistical fluctuation of composition together with random
stacking sequences of more than one type of building block. In other
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words, statistical models of disordered heterostructures are needed.

In this work, procedures to generate statistical structure models of TI
compounds are described and implemented to simulate X-ray dynamical
diffraction in thin films of Mn,BisTes , (MBT) grown by molecular
beam epitaxy on BaF, (111) single crystal substrates. The films are
stacks of n vdW bounded MnBi>Tes SLs where the occurrence of m
BiyTes QLs leads to films of composition x =n/(n+ m) and different
disorder parameter, ranging from random to perfect periodic stacking
sequences of atomic layers. Details in the X-ray reflectivity curves to
quantify the composition and periodicity of the film are pointed out,
leading to direct easy-to-access structural information for guiding the
controlled growth of TI materials with optimized magnetic properties.

2. Materials and methods

Thin films of (MnBiyTe4),(BizTes), were grown on freshly cleaved
BaF; (111) substrates using effusion cells charged with Bi, Te3 and phase
pure MnTe as prepared by inorganic solid-state reactions [30]. The beam
equivalent pressure (BEP) is monitored by an ion gauge before and after
each growth. The manganese supply is defined by the ratio of the BEPs as
®yin = BEPyinre /BEPg;, e, . During deposition, the background pressure
stays below 5 x 107° Pa, against 7 x 10~° Pa base pressure of the growth
chamber. BaF, substrates were pre-heated at 350 °C for 10 min before
starting deposition, and kept at 280 °C during deposition. All samples
were prepared with a fixed BEPg;,.,, resulting in a deposition rate of
0.02 A/s for the BiyTe cell. The Mn supply controlled through the MnTe
effusion cell, providing ®y, = 0.06, 0.07, and 0.11 for samples labelled
S06¢, S07c, and S11c, respectively. These samples were covered with a
80 nm thick Te capping layer to avoid surface oxidation. Another set of
samples, without the Te cap, was prepared within similar conditions:
samples S075, S086, and S102 with @y, = 0.075, 0.086, and 0.102,
respectively. For sample S086, the substrate temperature was kept at
300 °C during deposition. Nominal thickness of the films is close to 20
nm, except in sample SO7c where it is closer to 40 nm. Table 1 sum-
marizes most characteristics of the samples.

XRD measurements were performed on a Bruker high resolution X-
ray diffractometer equipped with Gobel mirror, Ge (220) mono-
chromator, and CuK,; radiation (A = 1.540562 10\). Transmission elec-
tron microscopy (TEM) samples were prepared at the Wilhelm Conrad
Rontgen Research Center for Complex Material System (RCCM) by using
Ga' ion beam milling. Imaging was performed using an uncorrected FEI
Titan 80-300 TEM, operating at 300 kV.

Fig. 1. Building blocks in Bi;Te;_; and MBT epitaxial
films. (a) Pure BiyTe; phase with no Te deficit (5 = 0).
(b) Bilayers of bismuth as in (BizTes),(Biz)m = AnBm
lead to films with Te defict § = 3m/(n+ m); main and
secondary building blocks: A = Te-Bi-Te-Bi-Te and B =
Bi-Bi. (c) Single MnBi,Te4 phase. (d) Mixing of phases
(MnBi;Teys),(BizTes), = ApBn lead to Mn,BisTes,
films with composition x = n/(n + m) or Mn deficit y =
1- x = m/(n+ m); main and secondary building
blocks: A = Te-Bi-Te-Mn-Te-Bi-Te and B = Te-Bi-Te-Bi-
Te.
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Fig. 2. Probability distribution functions P(N), Eq. (1), for stacking sequences of N adjacent A blocks (blue layers) interleaved by B blocks (gray layers). (a,b) Using
p(2) (solid red lines) as lognormal functions of mode Ny = 2 and standard deviations (a) o, = 0.2 and (b) 6;, = 0.6. (c,d) Using p(z) (solid red lines) as Gaussian
functions of mode N, = 2 and standard deviations (c) 6 = 0.6 and (d) 6 = 4.0. Examples of A12Bg film structures are shown aside the corresponding P(N) function.
Percentage values written at the top the films stand for their particular probability of occurrence, as computed on ensembles of one million models. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Ensembles of hundred structure models for A;¢B4 films where A = MnBi,Te4 (blue, 1.36 nm thick) and B = BiyTes (gray, 1.02 nm thick). Gaussian p(z)
function with (a) 6 = 4 and (b) 66 = 0.4 in Eq. (1). Total film thickness is 25.8 nm for all models. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

3. Structure models

A key point in vdW epitaxy is the weakness of interlayer forces. It
favours, in principle, flexibilization of the lateral lattice matching re-
quirements [31,32] at the same time that makes challenging the control
of film composition and other lattice defects [13,33-35]. Modeling
disordered heterostructures is a necessary step towards general pro-
cedures for structural analysis of materials based on vdW epitaxy.
Composition fluctuation is related to the occurrence of distinct building
blocks—sets of atomic monolayers sharing covalent bonds—randomly
stacked along film thickness and bonded to each other by weak vdW
forces. Fig. 1(a) and (b) show the building blocks that have been used for
modeling BisTes_; films with deficit § of tellurium [36], and in Fig. 1(d)

and (c), the blocks that are used here for modeling the MBT films.
Accounting for the lack of perfect periodicity in films with compo-
sition fluctuation along thickness can be accomplished by correctly
choosing a probability function to control the stacking sequences of two
building blocks; the main block labeled A and the secondary one labeled
B. To narrow the range of possibilities, two particular cases were
considered. In one case, both types of building blocks can occur adja-
cently to each other, that is A:A and B:B pairs are possible. In the other
case, adjacent blocks of the same kind occurs to A blocks only, that is no
B:B pair in the film structure. Even in cases where the synthesis is aimed
at materials with only the main block A, it is necessary to know how to
evidence and quantify, if possible, the occurrence of the other block,
block B, that is responsible for composition fluctuation. In more refined
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Table 2

Atomic monolayers (ML) distances d in structure models of MBT films on BaF,
(111) substrate. Building block A = Te(1)-Bi(1)-Te(2)-Mn(1)-Te(3)-Bi(2)-Te(4)
and B = Te(1)-Bi(1)-Te(2)-Bi(2)-Te(3). Subtrate MLs along [111] direction: F(1)-
Ba(1)-F(2), distances dgar = 0.08949 nm and dgr = 0.17898 nm. In-plane lattice
parameters: ay = 0.4334 nm, az = 0.4386 nm, and as = 0.4384 nm. All
d-values are from bulk [38,39].

Building block A (MnBi;Te4)

Building block B (BiyTes)

MLs d (nm) MLs d (nm)

Te(1)-Bi(1) and Bi(2)-Te(4) 0.17073 Te(1)-Bi(1) and Bi(2)-Te 0.17434
3

Bi(1)-Te(2) and Te(3)-Bi(2) 0.21532  Bi(1)-Te(2) and Te(2)-Bi 0.20331
(@)

Te(2)-Mn(1) and Mn(1)-Te 0.15928 Te(3):Te(1) (B:B vdW gap) 0.26126

(©)]
Te(4):Te(1) (A:A vdW gap) 0.27301  Te(1)-Te(1) —dq 1.01656
Te(1)-Te(1) - ds;, 1.36367 — —

models, changes in the interlayer distances as a function of composition
can be taken into account, as in the case of BiyTes_; films [12,23].
However, in materials as the MBT epitaxial films [26], further
improvement in film quality will be necessary before resolving the
variations of interlayer distances with composition.

In structure models, the occurrence of N adjacent A blocks—without
a B block in the middle—is given by the probability distribution function

N+1/2
P(N) = F/ p(z)dz @

N-1/2

where T is the normalization constant to ensure > 5 _P(N) = 1. For
instance, P(2) =1 provides periodic heterostructures of A:A:B se-
quences. For P(2) < 1, the probability of such periodic heterostructure
within the ensemble of models having n repetitions of the A:A:B
sequence is reduced to about P(2)". Examples of probability distribution
functions and structure models they generate are displayed in Fig. 2. A
criterion used here to chose the continuous function p(z) was the
occurrence of B:B pairs. In the case where there must be at least one A
block in between two B blocks, as in B:A:B, P(0) = 0 even for highly
disordered heterostructure. For this case, p(z) was chosen to be a
lognormal function with mode Ny and standard deviation oy, in log-scale,
as shown in Fig. 2(a,b). To assure P(0) = O for all models, the small value
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of p(z) in the range from z=0 to 1/2 is accounted for in P(1) =
03 /2 p(z)dz. The lognormal function is suitable for modeling Bi,Tes_s
films where the bismuth bilayers, Fig. 1(b), are separated by at least one
QL [36]. On the other hand, for the most general case of epitaxial film
where both types of building blocks can form stacks of equal blocks, that
is B:B pairs occurring with probability P(0) > 0, p(z) was chosen to be a
Gaussian function of mode N, and standard deviation o, as shown in
Fig. 2(c,d). In the last example, Fig. 2(d), P(0) ~ 12% is a value com-
parable to the probability of the mode, P(2) ~ 14%, favouring a few B:B
pairs to occur in the model structures, as seen for instance in the A;2Bg
film scheme aside the P(N) function. Stacks of more than two B blocks is
also possible, such as B:B: .. B with j adjacent blocks, but the probability
for its occurrence decreases to about P(0) . A given stacking sequence
within an ensemble of disordered heterostructures can have a very low
probability, as computed for the particular A;3Bg films in Fig. 2.

4. X-ray diffraction simulation

For a given probability function and film composition, hundreds of
structure models are generated with constant numbers of both A and B
blocks, as graphically illustrated in Fig. 3. Such ensemble of models
represents possible statistical fluctuation within film domains distrib-
uted over the sample area. X-ray reflectivity of each model is calculated
by adding up reflection and transmission coefficients of the successive
layers along film thickness. If ryy and tyy stand for reflection and
transmission coefficients of generic X and Y layers, the coefficients of the
combined Y:X layer with X on top of layer Y are calculated according to
Morelhao et al. [36]

tyty €4
yx = Ix v — 0,
1 —7xrye
2ip
_ _ _  Iytye
Fyx = Ty +Trxy—— 2ip and (2)
1—T7xrye
Ixty e""
tyx

1 — Fyry €4

@ = —1Qd is the phase delay every time the X-ray wave of wavelength A
crosses the interlayer distance d between the X and Y layers, and Q =
(4z/2)sind is the modulus of the scattering vector perpendicular to film
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Fig. 4. (a) Q-scans along the surface normal direction in epitaxial MBT films on BaF; (111) substrate. Q = (4x/4)sinf. Sample labels (see Table 1) are indicated aside
each experimental scan. Sharp-high intensity peaks stand for 111, 222, and 333 reflections of the substrate lattice (triangles at the bottom). The 010, 020, and 030
reflections (dashed lines) from a hexagonal Te phase [41] are originated by the Te protective capping layer, while the 002 and 004 reflection indexes refer to a
hexagonal MnTe phase [42] observed in the sample S11c only. Broad peaks are 00L reflections (L = 6, 9,... 39) from MBT films. Contributions from Bi,Tes layers are
pointed out by arrows. Simulated curves for MBT and Bi,Tes single phase 13 nm thick films are shown at the bottom (out of vertical scale) as reference for peak
positions. (b) Zooming of experimental profiles around film L21 peak and substrate 222 reflection. Q positions (vertical lines) of the L21 peaks obtained by line profile
fitting (yellow lines) are indicated: Q3%*° = 3.201 A1, 307¢ = 3.214 A1, and Q31 =3.208 A~1 for samples S06c¢, SO7c, and S11c, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Q-scans along the surface normal direction in epitaxial MBT films on
BaF; (111) substrate. Q = (4x/2)sinf. Sample labels (see Table 1) are indicated
aside each experimental scan (lines with dots). Film 00L reflections with L = 6,
9, 12, and 15 are visible, as well as the 111 substrate reflection. Simulated curve
for a 13.8 nm thick MBT film is shown at the bottom (out of vertical scale) as
reference for peak positions. A sharp peak (label p) from CuK radiation is seen
in the experimental scans. Line profile fitting (yellow lines) by two gaussians of
the diffraction peak L6 provide splitting values of AQ = 0.15A-1,0.10 A-1, and
null for samples S075, S086, and S102, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

thickness for an incidence angle 6. In general, reflection coefficients are
different when the X-ray impinges from the top, coefficients ryx, ry, and
ryx, or from the bottom, coefficients rx, ry, and ryx.

Eq. (2) are used recursively, starting from the atomic monolayers
within the building blocks A and B, whose interlayer distances are given
in Table 2. For an atomic monolayer, ry = 7x = —il'y_#,fa(Q, E) and tx
=1+1i'Yn.fa(0,E) where 5, is the area density of atoms a in the
monolayer plane and f,(Q,E) = f2(Q) + f,(E) + if" (E) are their atomic
scattering factors with resonant amplitudes for X-ray photons of energy
E, see Appendix A.3. The parameter I' = r,AC/sin arises from the scat-
tering and photoelectric absorption cross sections, and it is very small
due to the value of electron radius r, = 2.818 x 107° A. The sind takes
into account area variation of the beam footprint at the sample surface,
and the polarization term C is always equal to 1 for tx, as well as in ry
when using linearly polarized X-rays (most synchrotron facilities) [37].
For accurate curve fitting purposes with unpolarized X-rays, take C>
= 1(1 +cos?20) in rx. Throughout this work, C = 1 is considered for the
sake of simplicity.

After calculating the reflection coefficients r4 and rp of the A and B
building blocks, the reflection coefficients of any sequence of blocks
such as A:A:B:A:A:B follows straightforward from Eq. (2) by replacing X
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and Y layers as follow:

(Y:A,X:A) = Taa,

(Y=AA,X=B) — rmp, and 3)
(Y=AAB,X=AAB) > rFansus-
The A:A and B:B vdW gap distances are given in Table 2, and the mean
value of 0.26713 nm has been used for the A:B vdW gap. In most cases, it
is necessary to consider the presence of the perfect and thick substrate
lattice underneath the film. As detailed elsewhere [36], Eq. (2) also
provides the dynamical diffraction solution in specular reflection ge-
ometry where refraction, rescattering, and photoelectric absorption are
taken into account—the impact of the rescattering phenomenon on the
diffracted intensities can be figured out by suppressing the term 7xry e
in the denominator of the coefficients in Eq. (2). The reflection coeffi-
cient rg, obtained from Eq. (2), for a thick substrate can be included
when simulating the X-ray reflectivity curve R(9) for a given model by
repeating one more step of the recursive procedure in which

(Y=S,X=AABAAB)—rsiapaas -

It provides R(0) = |r3AABAAB\2 as the reflectivity curve of the particular
example of model in Eq. (3) grown on top of a single crystal substrate
undergoing dynamical diffraction.

5. Results and discussions

Experimental and simulated long-range Q-scans along the surface
normal direction are shown in Fig. 4. Diffraction peaks of epitaxial MBT
films are clearly identified by comparing with the simulated ones. Traces
of Bi;Tes layers are seen in sample SO7c (arrows) near peaks L9 and L21
of the MBT film. Besides film and substrate reflections, there are also
diffraction peaks of 010, 020, and 030 reflections from the protective Te
capping layer, and two diffraction peaks from a MnTe phase in the S11c
film grown under higher Mn supply. The presence of MnTe layers
epitaxially oriented with the substrate lattice have already been
observed, as well as the formation of multiple MnTe layers inside the
MnBi,Te, blocks, given rise to blocks composed of 9, 11 or 13 layers
[40]. The presence of MnTe clusters perturb locally the magnetic order
of the sample and must be avoided.

Fig. 5 shows Q-scans for the samples without the Te capping layer.
No signal from the 002 MnTe reflection can be identified at the right side
of the MBT L12 peak, even in the case of sample S102 with Mn supply
@y, = 0.102 that is close to @y, = 0.11 used for preparing sample S11c
(Fig. 4). There are other features evidenced by these intensity curves. As
the Mn supply increases, peak L6 becomes narrower and peak L9 moves
slightly towards the expected position of the pure phase. By fitting the
line profile of peak L6 with two gaussians, they appears set apart by
AQ = 0.15 A! and 0.10 A1 in the samples S075 and S086, respec-
tively. In the S102 sample, no separation of the gaussians is detected. To
clearly understand such features, XRD simulation becomes crucial.
Structure models of MBT films based on two building blocks, as depicted
in Fig. 1(d), are supported by TEM images as the one in Fig. 6 where only
MnBi,Te, septuple layers (SLs) and Bi;Tes quintuple layers (QLs) have
been observed [26]. Bismuth bilayers owing to the deficit of tellurium
have been suppressed, probably due to the extra amount of Te from the
MnTe source.

Simulated Q-scans in disordered (MnBi,Te4), (BizTes),, films as a
function of the Mn deficit y = m/(n + m) are shown in Fig. 7; simulation
in grazing incidence region, Q < 0.3 A’l, is detailed in Appendix A.1.
For a given degree of disorder, the simulated curves reveal that well
visible diffraction peaks as L6 and L18 undergo a splitting into two
superlattice satellite peaks set aparted by a AQ value nearly proportional
to the content of QLs (BiyTes blocks) or Mn deficit. Most satellite peaks
vanish as the disorder parameter o increases, as better seen in Fig. 8.
But, the splitting of the L6, L18, and L30 peaks remain measurable even
in films where the QLs are distributed with high degree of disorder. It
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Fig. 6. Scanning transmission electron microscopy cross-sectional images of a 15 nm thick MBT film capped with Te. (a) Cross-sectional overview image showing the
BaF; substrate, the epitaxial film, and the Te protective capping layer. (b,c) Detailed views of the film structure showing the coexistence of septuple layers (SLs) and

quintuple layers (QLSs).
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Fig. 7. Simulated Q-scans in epitaxial (MnBi,Te,), (BizTes),, films on BaF; (111) substrate as a function of compositon n:m. Structure models of disordered building
blocks according to Eq. (1) with 6 = 10 (6 = 0.1 for the top curve only). L index of O0L reflections in single phase epitaxial MBT films are indicated at the bottom,
and substrate reflection at the top. AQ splitting of the L6 peak is proportional to the Mn deficit y = m/(n+ m), as well as of the L18 and L30 peaks.

also occurs in much thicker films, as demonstrated for a 510 nm thick
film in Appendix A.1. Within the approximation of stable interlayer

distances summarized in Table 2, the films have thickness T = ndg; +

mdqr, and mean superlattice period (D) = T/m where dg; = 1.36367
nm and dor = 1.01656 nm (Table 2). It provides satellite reflections set
aparted by
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Fig. 8. Simulated Q-scans in epitaxial (MnBiyTey),4(BizTes), films on BaF, (111) substrate as a function of 6 = 0.1, 0.2,..., 8 in Eq. (1). Each simulation cor-
responds to the average curve calculated over an ensemble of 100 models of disordered heterostructures, such as those in Fig. 3.

Fig. 9. Structural parameters accessible from X-ray
reflectivity curves as a function of the Mn deficit y in
MBT films. AQ (blue solid line and circles, left axis)
stands for the separation between adjacent superlattice
peaks, Eq. (4), that are well visible as a splitting of the
L6 and L18 peaks. Q(L21) (green solid line and tri-
angles, right axis) is the L21 peak position given by Eq.
(5). y =m/(n+m) for a film with composition n:m as
indicated near a few points. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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The Mn deficit y also shifts the L21 peak position. In MnBi,Tey4 film, the
lattice parameter ¢ = 3dg;, Q = 27L/c, and hence for L = 21, Qo1 = 27
/{(d)q as (d)y = ds1/7. In the case of (MnBiyTey),(BizTes),, films, the
mean atomic interlayer distance is (d) = T/(7n+ 5m) where 7n +5m
corresponds to the total number of atomic monolayers stacked along the
film thickness. It leads to

2 w(-2) | o Lﬂ(é,@) 5
Ol) =0y = Gyl —dgn) )y (g \7 ) ®

The linear behavior of AQ and Q»; as function of y are shown in Fig. 9.
For low Mn deficit (y<0.25), the splitting can be taken as

AQ~0.46y [10\’1], while the shift in the L21 peak position is AQ21(y) =
Qu(r) - 21/ ()~ — 0.107[A"1].

By using the substrate 222 reflection at Q = 3.5105(+0.0001) A~! as
reference, the expected L21 peak position is at Qo1(0) = 2z/(d), =
3.2253 A1 for unstrained non-tilted epitaxial films with no Mn deficit.
In Fig. 4(b), the experimental L21 peaks have been observed at sligthly
different positions, implying in AQJ® = Q3 — Qu(0) = -
0.027A71, AQSY® = — 0.014A7, and AQSI® = — 0.020 AL, Ac-
cording to Eq. (5), the analyzed films have compositions x = 0.73, 0.86,
and 0.80, respectively. However, these values are reliable as far as the
interlayer distances have no dependence with composition, disorder,
and film thickness. In highly disordered heterostrucutres, peak broad-
ening is observed instead of peak splitting into superlattice satellite
peaks. The X-ray reflectivity simulations in Figs. 7 and 8 clearly show
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that peaks susceptible to composition are much broader than other
peaks, such as the L24 peak that has presented a nearly constant width as
a function of composition and heterostructure disorder. Therefore, L6
peak significantly broader than L24 peak can be taken as another evi-
dence, although qualitative, of Mn deficit and disorder in the films. For
the sake of comparison, the L6 peaks in the S06¢, S07¢c, and S11c sam-
ples have width (fwhm) around wye ~ 0.067 A~!, against nearly half of
this value for the L24 peak.

Invariance of L24 peak width with composition and disorder implies
that their widths w95 = 0.0315 A~1, w§97¢ = 0.0260 A1, and w24S11c
—=0.0386 A1 from the experimental Q-scans, Fig. 4(a), can be used as a
measure of the longitudinal coherence lengths of 20.0(£1.0) nm, 24.2(+
1.2) nm, and 16.3(+0.7) nm, respectively. For samples SO6¢ and Sl1c,
these lengths are close to the nominal thickness of 20 nm. But for sample
S07c, the coherence length is smaller than the nominal thickness of 40
nm, probably indicating to structural defects unaccounted for in the X-
ray diffraction simulation. Main peaks of the Bi;Tes phase are clearly
observed in the Q-scan of sample S07c, as pointed out by arrows in Fig. 4
(a). It means that segregation of phases has occurred in this film, which
can in part justify a longitudinal coherence length smaller than the total
film thickness and also corroborate to MBT phase with composition
closer to x = 1.

Although vdW epitaxy can take place on substrates with relatively
large lateral lattice mismatch [11,43-45], it has been demonstrated in
Bi;Tes (001) films on BaF,(111) that even mismatch as small as 0.02%
can drastically impact the lateral lattice coherence length, or the lateral
size of crystalline domains [13,46]. In MnBiyTe4 (001) films on BaF,
(111) the lattice mismatch |Aa/a| = |aa — as|/as is much bigger, of
about 1.1%. If the amount ¢ of lattice misfit that can be elastically
accommodated remains within the same order of magnitude, around 5 x
1073 as observed in Bi,Tes; films, the lateral coherence length in
MnBi;Tey films is probably smaller than 27 nm (= m) [13]. An
indirect evidence of shorter in-plane coherence length is the absence of
thickness fringes around peak L24, as smaller domains can lead to more
irregular film surfaces smearing out the fringes. The necessary thickness
fluctuation for eliminating fringes around the L24 peak is discussed in
Appendix A.2.

In the case of samples S075, S086, and S102 with exposed films—no
cap layers—, the splitting of peak L6 in two superlattice peaks as a
function of the Mn supply is better evidenced, Fig. 5. By using Eq. (4)
and the measured values of AQ, the Te deficit of y = 0.30 and 0.21 are
obtained for samples S075 and S086, respectively. Both sets of samples,
the capped and not capped ones, are indicating that to prevent the
formation of undesired MnTe layers by limiting the Mn supply to about
@y, = 0.1, films with composition close to Mng gBizTes g are obtained.
This value of x ~ 0.8 also corresponds to a limit value of composition
detection capability by X-ray diffraction regarding the actual quality of
the epitaxial MBT films.

Results from the statistical modeling presented in this work can be
useful to describe other experimental data available in the literature. In
particular, the predicted AQ splitting of the L6, L18, and L30 peaks as a
function of Mn deficit y, Fig. 7. It has been observed in a series of

Appendix A

Al. Grazing incidence X-ray reflectometry and thick films
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uncapped epitaxial MBT films growth by MBE on Al,O3 (001) substrates
where the Mn deficit varies systematically from y ~ 0 to 0.5, that is from
a MnBi,Te4 to MnBisTe; film structure [27].

6. Conclusion

X-ray diffraction simulation in (MnBiyTes), (BixTes)n, structure
models as a function of composition and disorder has pointed out a few
features that can be promptly exploited in structural analysis of MBT
films obtained by molecular beam epitaxy. There are diffraction peaks
that split up into superlattice satellites peaks whose separation is
directly proportional to the Mn deficit y, and another peak whose po-
sition can be used to measure the value of y. On top of this, there are
peaks with line profiles independent of composition and disorder, and
can lead to a measure of the longitudinal coherence length. The models
used to demonstrate these features were based on a Gaussian probability
distribution of the two building blocks present in the n:m hetero-
structures. The experimental results showed that increasing the Mn
supply provides just a little improvement in composition, with x from
around 0.7 to 0.8. The MBT phase with highest composition, x = 0.86,
was observed in the thicker film where some phase segregation is also
observed.
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The set of recursive equations used for X-ray diffraction simulation in this work, Eq. (4) of the main text, is also valid at low Q in grazing incidence
specular reflection geometries [29,47,48]. In Fig. A1, it is demonstrated for (MnBiyTe4),(BizTes)n, heterostructures as a function of degree of disorder
and composition. Using ensemble of model structures of disordered heterostructure is a method quite limited for X-ray reflectivity simulation at
grazing incidence angles. In actual films, this method of adding diffracted intensities from many statistically equivalent models is accurate for films
with large crystallographic domains where interference effects between laterally adjacent domains can be neglected. The method become more
reliable at wide angles where these interference effects are minimized. A more detailed discussion on this subject can be found elsewhere [48]. This set
of recursive equations that become very suitable for layered materials has emerged within the vast effort to advance X-ray diffraction methods for
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Fig. A2. Simulated Q-scans for 510 nm thick Mng 75BizTes 75 films on BaF, (111) substrates as a function of the disorder parameter o = 0.2, 0.4,..., 4 in Eq. (1).
These films stand for disordered heterostructures of 300 SLs and 100 QLs. Atomic resonant amplitudes were considered for CuK,; radiation. Positions of L6, L18, and
L30 MnBi,Te, diffraction peaks are indicated (vertical dashed lines).

analyzing relevant materials, ranging from nanostructured devices to biological tissues [37,46,49-54].

Although the recursive series for X-ray diffraction simulation has been applied for thin films only, it is also suitable for thick films and semi-infinte
crystals (substrate). Splitting of MnBi,Te4 diffraction peaks into satellites peaks as the deficit of Mn increases, and prevalence of visibility of the L6,
L18, and L30 peak splitting even in disordered heterostrucutes is shown in Fig. A2 for 510 nm thick (MnBizTe4)300(BizTes)100 films.

A2. Thickness fluctuation

The quality of epitaxial films is strongly dictated by lattice matching. In van der Waals (vdW) epitaxy where week interlayer forces are responsible
for the film structure along the growth direction, films of good quality can be achieved even in cases where there are misfits of a few percents [31-35].
However, the misfit between film and substrate in-plane lattice parameters impacts the lateral lattice coherence length, that is the size of perfect
crystallographic domains [13]. Small uncorrelated domains lead to thickness fluctuation that can be inferred by the absence of thickness fringes in the
reflectivity curves. At grazing angles there is the problem that severe thickness inhomogeneity can compromise data analysis. Fortunately X-ray
diffraction simulation of long Q scans in (MnBiyTe4),(BizTes),, heterostructures have revealed a few reflections, such as the L24, around which
thickness fringes are visible regardless disorder and composition.

To estimate the amount of thickness fluctuation necessary for eliminating the fringes around the L24 peak, a weight function

W(N) = / " L, (A1)

N
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Fig. A3. (a) X-ray reflectivity simulation in MnBi, Te4 films on BaF; (111) substrate as a function of thickness distribution over the films. (b-e) Weight function W(N)
for intensity contribution of film regions with N SLs. The most probable number of SLs in the films is Nyp = 20 and the thickness deviation ¢ in Eq. (A.2) are indicated
for each used function, as well as near the corresponding reflectivity curve.

is used to account for the intensity contribution of film areas containing N septuble layers.

L(x) = M] 5 SXP { It/ b)} (A.2)

202

where b = Nyexp(c2), Ny is the most probable thickness (mode), and ¢ is the standard deviation in log scale. The simulated reflectivity curves in a Q
range near the L.24 peak are shown in Fig. A3(a) and the corresponding thickness distributions in Fig. A3(b-e). For films with most probable thickness
around 20 SLs, the fringes vanish when the weights above 1% are distributed from N = 13 to 31 SLs.

A3. Reflection and transmission coefficients

An X-ray monochromatic plane-wave as it crosses an atomic plane undergoes reflection, refraction, and absorption. In standard kinematical theory
of X-ray diffraction, only reflection is accounted for. On the other hand, the dynamical diffraction theory besides include these three phenomena, also
takes into account the rescattering process between successive planes of atoms. In a more general approach, the dynamical diffraction theory can
embrace more complex situations where many reflections are fully excited simultaneously, within the so-called multi-wave diffraction configuration
[56,57]. However, for investigating Bragg reflections under specular diffraction geometry in layered materials, the theory can be significantly
simplified in terms of the recursive series in Eq. (4) where the reflected and transmitted amplitudes of the X-ray waves by atomic monolayers (MLs) are
given in terms of the reflection and transmission coefficients,

ry = MCZ Jo(Q,E) and HZr]afa (0,E), (A.3)

sinf

respectively. Q = (4z/4)sind is the modulus of the diffraction vector along the MLs normal direction given as a function of the incidence angle 6,
scattering angle 26, and wavelength 1. 5, is the area density of atoms a in the ML plane and f,(Q, E) Q) +f.(E) + if!(E) are their atomic scattering
factors with resonant amplitudes f, (E) and f” (E) that are a function only of the X-ray photons of energy E. re = 2.818 x 1075 A is the classical electron

10
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Fig. A4. Angle dependent component of atomic scattering amplitudes for X-rays fo(Q), given in number of electrons. Exact values were obtained from the asfQ.m
codes [55].

Table A1l
Resonant atomic scattering amplitues obtained from the fpfpp.m codes [55] for the used energy E = 8041.57 eV (1 = 1.5418 A).
atom: Mn Bi Te Ba F
f:l = — 0.532920 — 3.877040 — 0.153572 — 1.015625 + 0.073181
4 + 2.808637 + 8.937114 + 6.358851 + 8.469466 + 0.053438

=

radius from the Thomson elastic scattering and photoelectric absorption cross sections [58]. The sind in the denominator of Eq. (A.3) takes into
account area variation of the beam footprint at the sample surface, and the polarization term C = /(1 + cos?26)/2 stands for unpolarized X-rays. Due
to the collimating optics of the used diffractometer as well as the o-polarization available in most synchrotron diffraction stations, C = 1 has been
considered throughout this work.

From the perspective of the OOL film reflections and hhh substrate reflections, each ML contains only one type of chemical element, that is the MLs
are monoatomic layers. Basically there are the Mn, Bi, and Te MLs in the film and the Ba?>* and F!~ MLs in the substrate. The actual values of non-
resonant atomic scattering amplitudes f2(Q), are shown in Fig. A4 as a function only of Q within the spherosymmetric atom approximation [55]. No
ionic charges were considered for the metallic atoms. Table A1 provides the resonant amplitudes values used in the X-ray diffraction simulations. For
the area density of atoms in the MLs, 57, in Eq. (A.3), the used values where 775, = 5z = 2/assin(60°) = 6.0076 x 1072 atoms/A? in the substrate MLs,
Nei = fte = 1/aousin(120°) = 6.0025 x 102 atoms/A? in the QLs, and 7y, = g = fre = 1/@sLsin(120°) = 6.1483 x 102 atoms/A? in the SLs.
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