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As the first intrinsic antiferromagnetic (AFM) topological insulator (TI), MnBi;Tey has provided
a material platform to realize various emergent phenomena arising from the interplay of magnetism
and band topology. Here by investigating (Mni—.Pb;)Bi2Tes (0 < z < 0.82) single crystals via the
x-ray, electrical transport, magnetometry and neutron measurements, chemical analysis, external
pressure, and first-principles calculations, we reveal the magnetic dilution effect on the magnetism
and band topology in MnBisTes. With increasing x, both lattice parameters a and ¢ expand linearly
by around 2%. All samples undergo the paramagnetic to A-type antiferromagnetic transition with
the Néel temperature decreasing lineally from 24 K at x = 0 to 2 K at x = 0.82. Our neutron data
refinement of the z = 0.37 sample indicates that the ordered moment is 4.3(1)up/Mn at 4.85 K and
the amount of the Mng; antisites is negligible within the error bars. Isothermal magnetization data
reveal a slight decrease of the interlayer plane-plane antiferromagnetic exchange interaction and a
monotonic decrease of the magnetic anisotropy, due to diluting magnetic ions and enlarging the unit
cell. For z = 0.37, the application of external pressures enhances the interlayer antiferromagnetic
coupling, boosting the Néel temperature at a rate of 1.4 K/GPa and the saturation field at a rate
of 1.8 T/GPa. Furthermore, our first-principles calculations reveal that the band inversion in the
two end materials, MnBisTes and PbBisTes, occurs at the I' and Z point, respectively, while two
gapless points appear at * = 0.44 and x = 0.66, suggesting possible topological phase transitions

with doping.

I. INTRODUCTION

Intrinsic magnetic topological insulators provide a
great playground for discovering new topological states
of matter such as the quantum anomalous Hall insu-
lators, Chern insulators and axion insulators [I]. Re-
cently, MnBi;Te; with the van der Waals bonding was
discovered to be the first example of an intrinsic antifer-
romagnetic (AFM) TI [2H6], which has triggered exten-
sive theoretical and experimental studies to explore the
emergent phenomena arising from the interplay of mag-
netism and non-trivial band topology. Soon quantum
anomalous Hall effect, Chern insulator state and layer-
Hall effect were realized in the two-dimensional (2D)
limit of MnBisTey [7HIO], opening up great opportunities
in low-energy-consumption devices, quantum metrology
and quantum computing.

MnBisTes has a rhombohedral crystal structure with
the stacking of Te-Bi-Te-Mn-Te-Bi-Te. The Mn?T ions
adopt a high-spin S = 5/2 state and order into the A-
type AFM structure below 24 K with spins ferromag-
netically aligned in-plane and coupled antiferromagneti-
cally along the c-axis. It is of particular interest to tune
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the magnetism and band topology in MnBisTey so that
new magnetic topological states and novel functionalities
can be realized. Such tuning has been effected by three
means.

One is through the structural engineering. Follow-
ing this line, MnBiy,Tes,+1 (n = 2,3,4) consisting
of alternating (n — 1) [BizTes] quintuple layers and
one [MnBisTey] septuple layer were synthesized [ITTH2T].
With increasing n, the interlayer Mn-Mn distance in-
creases and thus the AFM interlayer exchange inter-
action decreases. Consequently, MnBi;Teys, MnBisTer
and MnBigTe;q are Zo AFM topological insulators while
MnBigTe;3 becomes a ferromagnetic axion insulator [14].

Another is through external pressure [22H24], where
pressure-activated metamagnetic transitions [24] were re-
ported. The third approach is chemical doping. When
Sb is doped in MnBisTey [25] 26], Sb not only substi-
tutes Bi, but also leads to complex chemical disorders.
Due to the similar ionic radius between Mn?* and Sb3*,
the amount of Mn on the Mn site (Mnl sublattice) de-
creases while the amount of the Mnp; g1, antisites, that
is, the amount of the Mn on the Bi/Sb site (Mn2 sub-
lattice) increases [27, 28]. Consequently, holes are doped
into the system, and the ground state becomes ferrimag-
netic with decreasing saturation moment and saturation
field [29, [30]. Therefore, the uncontrollable and complex
chemical disorders caused by Sb doping make it chal-
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lenging to differentiate the effect caused by the dilution
of the Mnl sublattice and the growing of the Mn2 sub-
lattice. To investigate the effect of magnetic dilution of
the Mnl sublattice on the magnetism and band topol-
ogy, here we grew and characterized (Mnj_,Pb,)BisTey
(0 < z < 0.82) single crystals. We find that the Mng;
antisites remain negligible. We show that the dilution
of the Mnl sublattice leads to linearly decreasing with
doping Néel temperature and saturation field. We fur-
ther reveal a complicated band inversion evolution upon
doping, where two gapless points appear when doping
concentration achieves x =0.44 and 0.66.

II. METHODS

Single crystals of (Mn; _,Pb,)BisTes were grown using
the self flux method [3I]. Pb shots, Mn pieces, Bi and
Te chunks were mixed with a ratio of [ZpominaiPb+(1 —
Znominal) Mn]Te : BisTes varying from 15 : 85, 21 : 79,
29: 71,31 : 69, 37: 63 and 30 : 70 for z,ominal = 0, 0.36,
0.5, 0.6, 0.7 and 0.85. The mixture was loaded into an
alumina crucible and vacuum sealed inside a quartz tube.
It was then heated to 900 °C in 4 hours and cooled to 598
°C in 0.5 hours. Then the ampule was cooled from 598°C
to 592 °C in a duration of 3 days and stayed at 592 °C
for 3 more days. The ampule was then centrifuged and
shiny single crystals with lateral sizes ~ 3x3 mm? can be
obtained. PbBiyTe, single crystals can also be grown by
this method, its physical properties are consistent with
the previous report [32].

Chemical analysis was performed using the
wavelength-dispersive  spectroscopy (WDS). Here-
after, the doping concentration z refers to the molar
ratio of Pb/(Pb+Mn) determined by the WDS measure-
ments. Although the sample-to-sample variation in each
growth batch is quite small, to get rid of the impurity
contributions from Bis;Tesz flux in physical property
measurements, extra care was paid to select the purest
specimens without any detectable BisTes impurities.
X-ray diffraction was performed using a PANalytical
Empyrean diffractometer (Cu Ka). Initially, the surface
x-ray diffraction was used in order to select a specimen
of the right phase, then a small portion of the latter
was grounded for powder x-ray (PDXR) diffraction to
check for impurities. Once no discernible impurity peaks
were detected, the same specimen was then used for all
physical property measurements. The magnetization
data were measured in a Quantum Design Magnetic
Properties Measurement System (QD MPMS3). The
sample was then cleaved into thin plates and cut into
rectangular bars for six-probe electric and Hall resistivity
measurements, which were performed in a QD DynaCool
Physical Properties Measurement System (QD PPMS).

Transport measurements under pressure were per-
formed on the z = 0.37 sample. Hydrostatic pressure
was applied in a high pressure cell designed by C&T fac-
tory, compatible with the QD PPMS. Daphne Oil 7373
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Figure 1.

was used as the hydrostatic pressure medium.

Single-crystal neutron diffraction was performed for
the x = 0.37 sample at 4.85 K and 0 T on the HB-3A
DEMAND single-crystal neutron diffractometer located
at Oak Ridge National Laboratory|[33].

The bulk band structures of PbBisTe, and MnBisTey
were computed using the projector augmented wave
method as implemented in the VASP package [34H30]
within the GGA [37] and GGA plus Hubbard U (GGA
+ U) [38] scheme, respectively. On-site U = 5.0 eV
was used for Mn d orbitals. The spin-orbit coupling
was included self-consistently in the calculations of elec-
tronic structures with a Monkhorst-Pack k-point mesh
15 x 15 x 5. The experimental lattice parameters were
used. The atomic positions were relaxed until the resid-
ual forces were less than 0.01 eV/A. In order to sim-
ulate the doping effect, we constructed a tight-binding
Hamiltonian for both PbBisTey and MnBisTey, where
the tight-binding model matrix elements were calculated
by projecting onto the Wannier orbitals [39-41], which
used the VASP2WANNIERY0 interface [42]. We used Bi
p orbitals and Te p orbitals to construct Wannier func-
tions, without performing the procedure for maximizing
localization. The electronic structures of the doped com-
pounds were then calculated by a linear interpolation of
tight-binding model matrix elements of the Hamiltoni-
ans.



Table I. Data summary of (Mni_;Pbg)BisTes. z refers to the molar ratio of Pb/(Pb+Mn) obtained by the WDS measurements.
The lattice parameters obtained by PDXR. refinement (a and ¢ in A). The effective magnetic momentum (peg in pz/Mn) and
Curie-Weiss temperature (Tow in K) are calculated from Fig. |2 (see text). Saturation moment (us in pp/Mn) for =0 (2 K,
7.7 T)and z > 0 (2 K, 7 T), effective magnetic anisotropy (SK in meV) and effective interlayer magnetic interaction (SJ. in
meV) are obtained from magnetization measurements shown in the first row of Fig. [3| (see text), charge carrier density (n in
10*°em™?) is calculated from Hall measurements shown in the third row of Fig. [3| (see text).

Znominal WDS X a C TN TCW Meff | Us SK SJC n
0 Mng ss(1)Biz.0s(1) Tea 0 [4.3314(2) |40.915(4)[23.0] 5.0 | 5.4 [4.5/0.080(0.090] 1.3
0.36 | Mng.ga¢1)Pbo.16(1)Biz.16(2)Tea | 0.20(1) |4.3560(6) | 41.05(2) |18.0| 5.0 | 5.5|4.4]/0.035|0.065]| 2.8
0.5 | Mng.s5(4)Pbo.s34)Bis.10(2)Tea |0.37(3) | 4.3763(3) [41.201(7) | 14.5| 6.5 | 5.7 |4.5/0.030|0.055| 3.5
0.6 |Mng.ss(1)Pbo.as(1)Bis.1o(1)Tea [0.53(2) |4.3916(7) | 41.33(1) [ 9.5 | 4.0 | 6.0 |4.7/0.030{0.040 4.1
0.7 | Mng 24(1)Pbo.s5(4)Bis.1s(1)Tea [0.69(4) | 4.407(1) | 41.44(1) | 4.5 | 2.5 | 5.7 |4.6]0.025]0.02512.9
0.85 | Mng 141)Pbo.67(1)Biz.201)Tes |0.82(4) |4.4210(5) | 41.56(1) | 2.0 | 0 [5.7|47] — | — |246

III. RESULTS

Both WDS and PXRD measurements indicate that Pb
successfully substitutes Mn in MnBi;Tes. The results
are summarized in Fig. |1|and Table[l} Figure a) shows
the PDXR for various doping levels. All the peaks can
be indexed by the MnBi;Tes phase. If there is BiyTeg
impurity, an additional hump can be seen on the right
shoulder of the (107) peak. As shown in the inset of
Figa), the BisTes phase is almost indiscernible. Ac-
cording to Table. [I] the doping variation in each growth
batch is small. In MnBisTes, the molar concentration
of (Mn+PDb) is 0.88(1) while the molar concentration of
Bi is 2.08(1). This is consistent with the neutron and
x-ray studies which reveal the partial occupancy of Bi
atoms on the Mn sites. Upon doping, the amount of
(Mn+Pb) stays around 0.80 while the amount of Bi is
between 2.1 and 2.2, providing strong evidence that in-
deed Pb substitutes Mn atoms, not Bi. As plotted in
Fig. [[b), the real doping level « defined as Pb/(Pb+Mn)
from the WDS data increases with the nominal doping
level Zypominal- From 0.2 to 0.82, a linear fitting results
in z = —0.28 + 1.34%nominal. Figure b) also shows the
evolution of lattice parameters with respect to x. The
lattice parameters a and c increase linearly by 2.2% and
1.8% respectively from 2 = 0 to 0.82, consistent with Ve-
gard’s law. This is different from the Sb-doped MnBi;Tey
where ¢ remains unchanged but a decreases with doping.

A. DMagnetic and electrical transport properties

Magnetic and electrical transport properties of this
doping series are shown in Figs. |2/ and [3] The evolution
of the magnetism throughout the doping process can be
well traced in the temperature-dependent susceptibility
with H || ¢ (x(T)) and the temperature-dependent re-
sistivity with I || ab (pz(T)) in Fig. For z =0, a
sharp cusp in x(T') and a drop in p,, agree with the pre-
vious reports, indicating a paramagnetic (PM) to A-type
AFM phase transition at Ty = 24 K. The cusp feature

in x(T) persists for z < 0.82 while the drop in p,, can
be observed up to xz = 0.69. Together with the small
magnitude of x(7T') across the whole doping series, these
observations indicate the A-type AFM ground state with
Ty decreasing from 24 K for x = 0 to 2 K for x = 0.82.
We note the drop in p,, at Ty becomes less dramatic
upon doping (indiscernible at = 0.82), which is consis-
tent with the fact that the fewer the magnetic scattering
centers, the weaker the spin disorder scattering.

The bottom panel of Fig. |2 presents the inverse mag-
netic susceptibility, 1/x, with H || c and H = 1 T. As
one can see, 1/x is rather linear in essentially entire range
between 40 K to 250 K. The Curie-Weiss fitting results in
the effective moment peg of 5.740.3 p15/Mn with no clear
doping-dependence (Table I). This is consistent with the
theoretical value of 5.9 yp/Mn for high-spin Mn?*. The
Curie-Weiss temperature Ty is positive for =z < 0.69,
consistent with the strong in-plane FM fluctuation; Tow
becomes zero at x = 0.82, suggesting AFM spin fluctu-
ation in the paramagnetic state, likely due to the Mn
lattice being very dilute.

Figure [3| presents the M (H) (isothermal magneti-
zation), pue(H), pey(H) (Hall resistivity) and pZ, (H)
(anomalous Hall resistivity) with H || ¢ at 2 K. Except
for the x = 0.82 sample, where no spin-flop feature ap-
pears at 2 K, all other samples with « < 0.69, a spin-flop
transition can be well resolved in M (H). The spin-flop
transition field Hg marked by the vertical line decreases
with increasing Pb doping, from 3.3 T for = 0t00.92 T
for z = 0.69. Meanwhile, the saturation field Hgs marked
by the vertical dash line also decreases with x, from 7.7 T
[26] for x = 0t0 2.1 T for x = 0.69 and 1.2 T for = = 0.82.
Furthermore, unlike Sb-doped MnBi;Te, where the sat-
uration moment decreases to 2.0 pp/Mn for MnSbyTey
due to the formation of ~ 16% of Mnp; antisites|26] 43],
in all Pb-doped MnBisTe, samples, the magnetic mo-
ment at 7 T and 2 K remains around 4.5 up/Mn (Table.
I). This provides strong evidence that the amount of such
antisites remains minimal during Pb doing.

Despite Bi and Te dominating the band characters at
the Fermi level and the Mn band being a few eV away
from the Fermi level, charge transport strongly couples



T T T T T T 1.2 T T T
(@x=0 T 0.4 H{c) x=0.37 1 06 10 2.5 ™ x=0.82 ]
_nolHllc z = |Hlc TN = < T20
£92[001 T 1= = tooiT NS, S o8
= 5 02 5 3% S 06 515
2 E Eo2r 1€ E™ E
£ E] E] 3 3 04 31.0
3 £ £ £0.2 JE Y £
£ ) ©) ) )
5 = = L =02 =05
=< >
0. — 0.0 0.0 . . 0.0 . . . 0.0 0.0
T R 1/ ab 0.65[- 1// ab 4 0.258
0.62} ™ z 0.192
0.7F 1=0.78 1= £ S B
= 5 5 S e] G
5 c c a E g
g £ E £ a =
S a a Q 0.256 B
a 0.76 068 / A 0.190F .
PO N T IR X1 Joeae 72 A e
0 10 20 30 40 50 O 5 1015202530 0 5 10 15 20 O 5 10 15 20 0 5 10 15 20 0 5 10 15 20
T(K) T(K) T(K) T(K) T(K) T(K)
— ——— — T — —
Hllc Hllc — Hllc - Hllc - Hllc . Hllc
560F o7 S60F 1T 12 60F 17 Z60F 1T 1 60F 1T Z60-1T
E 5 5 k3 g g
<@ = c c c c
S 40 [ 1 £ a0t 1S 40t 1S 40t 4= a0} 1S 40 4
= = 5 s 5 5
S £ E E E £
E2Ff 1 E20l 41 Z20} 120t 1= 20} 1z 201 1
= x 3 S 3 3
-
0 e oL P A oL oL o
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 O 50 100 150 200 250 O 50 100 150 200 250 0 50 100 150 200 250

T(K)

Figure 2.

T(K)

T(K)

The evolution of temperature-dependent properties of (Mni_.Pb;)BisTe,.
dependent magnetic susceptibility under 0.01 T with H || c.

T(K)

T(K)

Top row: x(T), the temperature-
Middle row: pg(T"), the temperature-dependent electrical

resistivity with the current along the ab plane. Ordering temperature T for each concentration is marked and a correlation
between two measurements can be observed. Bottom row: 1/x(T'), the inverse magnetic susceptibility measured at 1 T above
Tn. Curie-Weiss fits are shown in solid lines.

[ (b)x=020

L ©x=037

[(d)x=053

4l(a) x=0 - 4 s —1 4 1 i 4|(e)x=0.69 ] d
_ olT= . o[ T=2x Pl LT Vol plTEx : 1 SLT=2x : 1 1
< Hilc S Hilc ] Hilc \ < Hilc , TE:‘ Hilc , ’g
S 12 L0 5 s, s s
|
41 - 4
T=2K : T=2K 0.641 LT =2K
0.68 |- // ab . 11/ ab . |tnab
E Hilc 1]_064FHIllc § Hilc
Zo66| 1|5 z
E I =1
‘_; ] é hx
064F J" 0638
1| o063
NN o’ R X I
60 L H 2 | 10
40 - 1 1 .
£ 20f '1E 07 £ i 5T
5 ; '1s D]z
Z o R ES ER) L1 EOT
=20rT=2x 11 Zaol T=2k 1] Boel T2k ] FglT=2k
-40 | 1/l ab ' \/lab ! 1// ab ' 1// ab
eo [ Hllc N 20F Hc N 150/ H//c k a0l Hlc
MR P 4 D N N 2 A
20 1l i o o T=2K
1 2L [ ! 211/ ab
- . . X -
e g | E LT
2 ot 14 L . L 12 oL
20 120 1 3° L 10 !
<5 T=2K | <z T=2K 1 <z T=2K 1 <5 |
1/ ab 1 =-2F l/lab [ 1/l ab 1 2+ 1
20l Hilc ¥ Hilc ! 2l Hie — '
1 1 1 1 " -4 1 1 1 1 1 1 -4 1 1 ' -1.0 1 1 1 1 1 1
8 4 0 4 8 8 -4 0 4 8 - 0o 4 8 -4 0 4 8 8 -4 0 - 0o 4 8
H () H(T) H(T) H(T) H () H (M)

Figure 3. The evolution of magnetic-field-dependent properties of (Mni_,Pb;)BisTes. First row: M (H), the isothermal
magnetization at 2 K with H || ¢. The reflection-point criterion used to determine the H, is shown for > 0.53. Second
row: pzo(H), the magnetic field dependence of electrical resistivity with the current along the ab plane and H || ¢. Third row:
pazy(H), the Hall resistivity with the current along ab plane and H || c. Fourth row: pZ,(H), the anomalous Hall resistivity
calculated by subtracting linear Hall background in pg,(H).



3000_ T T T T T T T T T T T T T .| T T ]
O Experimental

B =0.44(2)

2500

52000

(a.

21500}

Intens

1000

500}

0 2 4 6 8 10 12 14 16 18
T(K)

Figure 4. The temperature-dependent neutron peak intensity
at magnetic reflection (1 0 -0.5) for the x = 0.37 sample.
Order parameter fit results in a value of § = 0.44(2). Curves
with 8 = 0.36 (3D Heisenberg case) and 8 = 0.32 (3D Ising
case) are also shown for comparison.

to the magnetism. As shown in the second row in Fig.
at z = 0, upon increasing the field, a sharp decrease
of p,» happens at Hg due to the loss of spin-disorder
scattering when the system goes from the AFM state to
the canted AFM state; p,, then slightly increases in the
canted AFM state and reaches a kink feature at H,. A
negative slope of p,, indicates the electrons dominate the
charge transport while the pfy(H ) shows a sharp drop
at Hg and becomes independent to the M(H) in the
canted AFM state. Upon doping, electrons remain the
dominant carrier in charge transport, which is in stark
contrast with the Sb-doped MnBiyTey, again suggesting
the amount of the Mngp; antisites remains few. The sharp
drop from both p,, and p,, continues to appear at Hg for
x < 0.69. As shown by the solid lines, the H from three
measurements corresponds well with each other. We can
determine H, using M (H) and pfy(H), indicated by the
dash lines. For x = 0.82, at 2 K where it just orders, no
feature signaling Hgs can be observed while the Hg can
be consistently determined by both M(H) and pZ, using
the criterion shown in the first row of Fig.

To further investigate the crystal and magnetic struc-
tures, single-crystal neutron diffraction was performed
on the x = 0.37 sample at 4.85 K. The refined struc-
tural parameters are summarized in Table II. Since Mn,
Bi and Pb co-occupy the Mn site (3a site), which com-
plicates the refinement, to make the refinement work,
we confined the Pb concentration as the one obtained
from the WDS measurement. Meanwhile, if we allow the
(Mn, Pb)g; antisite formation, that is, if we allow Mn
and Pb to partially occupy the Bi site (6¢ site) in the
refinement, the obtained Bi concentration is too low to
agree with the WDS measurement, suggesting that the
amount of (Mn, Pb)p; antisites is negligible within the
neutron measurement resolution. Our refinement leads

Table II. Refined structural parameters for the z =0.37 sam-
ple based on the single crystal neutron diffraction data. (num-
ber of reflections: 192; Rr = 3.83%; x? = 28.7). x? here is
large because the experimental error bars are smaller than the
standard deviation from merging equivalent reflections.

Atom site = y z occ. Moment at 4.85 K
Mnl 3a 0 O 0 0.50(1)  4.3(1) ps/Mn
Bil 3¢ 00 0 0.17(1)

Pbl 3a 0 0 0 0.33(1)

Bi2 6¢ 0 0 0.42645(4) 1

Tel 6¢ 0 0 0.13459(6) 1

Te2 6c 0 0 0.29202(5) 1

to the chemical formula of Mn0.50(1)Pb0,33(1)Bi2'17(1)Te4,
which agrees well with the WDS values. Using the crys-
tal structural information, the refinement of the mag-
netic Bragg peaks results in an ordered moment of 4.3(1)
wp/Mn at 4.85 K.

Figure [4| shows the peak intensity of the magnetic re-
flection (1 0 -0.5). It follows an empirical power law be-
havior,

_7\28
I=4A (TNT) +B (1)
Tn

where A is a proportional constant, 8 is the critical ex-
ponent of the order parameter, and B is the background.
Unlike the undoped sample whose order parameter can
be fitted by the 3D Heisenberg model near the critical
temperature [44], from 5 to 20 K, the best fit is shown
as the red curve, which yields Ty = 14.1 K and the
critical exponent 8 = 0.44(2), considerably larger than
that in MnBisTey (0.36)[44]. We also show the curves
with 5 = 0.36 (3D Heisenberg case) and § = 0.32 (3D
Ising case), which clearly deviate from the data. Note
that 8 = 0.44 is very close to the mean-field value, 0.5,
and cannot represent the true criticality in any sensible
Hamiltonian (nor do we expect the Hamiltonian class to
change with doping). On the other hand, this number
is rather close to critical exponents expected in various
percolation models [45]. Thus, the temperature evolution
of the observable order parameter may reflect static per-
colation, expected in this strongly disordered medium,
rather than dynamic fluctuations.

To further study how interlayer and intralayer inter-
actions will affect the magnetism in the doped samples,
we measured the x = 0.37 sample under different hydro-
static pressure. Figure [5| shows the transport measure-
ments for x = 0.37 under pressure. The sample remains
in the AFM state for the pressure range we applied while
the p..(T) anomaly at Ty moves to higher temperatures
under pressure. As summarized in Fig. [5] (b), T lin-
early increases with pressure at a rate of 1.4 K/GPa,
which is smaller than 1.9 K/GPa for z = 0 [22]. Figure
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pressure. Linear fit is shown in line.

(c) presents the pressure dependence of MR at 2 K.
The ~ 1% drop in MR again suggests the ground state
remains AFM. H; marked with the arrows increases grad-
ually with increasing pressure. The pressure dependence
of H, is summarized in Fig. [5] (d), which suggests a lin-
ear increase of H, at the rate of 1.8 T/GPa. Both the
increase of Ty and H, under pressure indicate that the
external pressure enhances the AFM interlayer coupling,
which is expected due to the decreasing lattice parameter
¢ under external pressure.

B. Band topology engineering

To understand the evolution of band structures
as a function of Pb doping, we performed first-
principle calculations on the bulk band structures
of (Mn;_,Pb,)BisTe; using the generalized gradient
approximation (GGA) plus correlation parameter U
(GGA+U) with spin-orbit coupling (SOC). The results
are summarized in Fig. [6] Our calculations reveal an in-
sulating ground state for both MnBisTe, and PbBisTey,
the two end materials. The orbital projection shows that
the Bi-p orbitals and the Te-p orbitals dominate around
the Fermi level (Er), while the Mn-d orbitals and the Pb-
p orbitals are far away from the Ep (Fig. [f] (a) and (b)).

As shown in Fig. [6] (a), for MnBi;Tey, there are clear
band inversion features between the Bi-p and Te-p states
at the I' point, supporting a magnetic topological insu-
lator state which is consistent with the literature. For
PbBisTey, contrary to MnBisTey whose band inversion
appears at the I' point, the band inversion of PbBisTey
occurs at the Z point, resulting in a strong topological in-
sulator phase due to the preservation of spatial inversion
and time-reversal symmetry (Fig. [§] (b)). Our calcula-
tion is consistent with the previous research on PbBisTey
146, 47].

We now investigate the evolution of the band gap via
the fine-tuning of the strength of SOC (Fig. [f] (c)). We
found that for both MnBi;Te, and PbBisTey, the band
gaps at the I and Z points decrease rapidly when increas-
ing the strength of SOC. In particular, for MnBisTey, the
bulk gap at the I" point first decreases to zero and then
reopens as the SOC is larger than 75%. On the other
hand, for PbBiyTes, we find the bulk gap at Z point is
the one that closes first and then reopens at SOC ~ 60%
(Fig. [6](d)). Therefore, topological phase transitions can
appear when the SOC increases for both compounds.

Following the line of reasoning, will the Pb doping
on MnBiyTes induce topological phase transitions? To
shed light on this, we calculate the band structures of
(Mn;_,Pb,)BisTey. Figure |§| (e) shows the minimum
gap value between the valence band and conduction band
as a function x. Generally, topological phase transi-
tion between magnetic and nonmagnetic states do not
induce additional band inversion, because the two end
of states possess different symmetry. However, this con-
cept has its limitations, it is only valid to the trivial to
nontrivial phase transition that occurs at the same time-
reversal symmetry momenta in the two end systems. As
we have shown that the band inversion in MnBisTe, and
PbBisTey appear at I' or Z point, respectively. Thus
complicated band inversion diagram is expected. In-
deed, our results display two gapless points when doping
concentration achieves z = 0.44 and = = 0.66. Since
the band inversion may exist at I' and Z simultane-
ously between these two ratios, we expect that there
might be a new topological phase in this doping regime.
Detailed DFT and angle-resolved photoemission spec-
troscopy (ARPES) study of the effect of doping in this
material are left as an open question for future studies.

IV. DISCUSSION

Figures 7(a)-(f) summarize the doping-dependent
magnetic properties. The doping-dependence and the
magnitudes of Tow (Fig. 7(a)) are not trivial. The sys-
tem is very 2D and one expects the Tow to be set by
strong intraplanar ferromagnetic interactions and scale
with the average number of Mn neighbors, i.e., as 1 — z,
which is not the case here, especially in the Mn-rich side.
We argue this is because at 40-250 K we may not be in
the true Curie-Weiss regime due to the strong FM in-
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Figure 6. (a) The bulk band structure of MnBisTes and (b) PbBizTes. The blue and red dots indicate the weight of the Bi-p
orbitals and Te-p orbitals, respectively. (¢) The gap value at I' and Z point as a function of SOC strength for MnBizTes and
(d) PbBizTes. (e) The minimum bulk band gap along I' - Z as function of Pb content.

plane fluctuations, as indicated by the pes (Fig. 7(b))
being slightly smaller than the expected 5.9 pp/Mn.
Indeed, neutron scattering experiments indicate strong
FM in-plane correlations even at room temperature for
MnBiyTey [48]. Furthermore, in a 2D system where
strong fluctuation always exists, one would expect the
T'n to be strongly suppressed compared to the mean-field
limit value, Tyipr; indeed, even in the least-fluctuating
square Ising model, T is nearly smaller than half of
Tvirr. On the contrary, Tow we obtained using the
Curie-Weiss fit of our data for 40-250 K listed in Ta-
ble I is much smaller than 7. This may be partially
because we are not in the true Curie-Weiss regime as
aforementioned. But interestingly, similarly odd behav-
ior was observed in some other quasi-2D ferromagnet
or A-type antiferromagnets. For instance, Ty = 14 K
and high-temperature Tow = 11(1) K for CrCls [49];
Ty = 61 K and Tew = 71(1) K for Crlz [50]. These
large Ty /Tow ratio, to the best of our knowledge, was
never explained, since a quantitative theory of spin-
susceptibility in Mermin-Wagner systems has never been
worked out.

Upon doping, us per Mn slightly increases (Fig. 7(c)),
suggesting possible reduction in the number of the Mnp;
antisites, consistent with our neutron scattering refine-
ment. Figure 7(d) shows a comparison of the pressure
work [22] and our doping work. Apparently, dTn/da or
dT'n /dc is much larger in Pb-doped MnBisTe, than that
in the pressurized MnBisTe4. This is reasonable since the
former comes from both the magnetic dilution and lattice
expansion while the latter is only caused by lattice expan-
sion. Furthermore, comparing with (Mn;_,Sn,)BisTey
[51] where Ty ~ 18 K and Hs; ~ 6 T at = 0.5, Pb

doping shows a much stronger suppression of magnetism
with Ty ~9 K and H; ~3 T at « = 0.5 (Fig. 7(d) and
(e)). Due to the larger atomic radius difference between
Pb and Mn, Pb doping can cause a faster lattice param-
eter increase than Sn, it is thus reasonable to expect a
faster suppression of the AFM coupling, Tn and H,.

Unlike the nonlinear decrease of Ty and Hg in Sb-
doped MnBisTes where the Mnl sublattice is diluted and
the Mn2 sublattice gets enhanced upon doping [26], here
Tn and H, decrease rather linearly as shown in Fig. m(d)
and (e), leading to Ty = 24—27.4x and Hy = 7.70—7.98%
up to x = 0.82. The clear difference between these two
doping series indicates that indeed the Pb-doping series is
ideal to investigate the unadulterated magnetic dilution
effect in MnBisTey.

So now let us understand these behaviors accounting
for the dilution effect when a non-magnetic Pb replaces
a magnetic Mn so that the fraction of magnetic site is
0 =1—2z. In a quasi-2D AFM system, long-range or-
der is impossible without either interlayer coupling, J., or
uniaxial magnetic anisotropy, K. We define the former as
the effective coupling strength between two neighboring
planes per Mn site and the latter as magnetic anisotropy
parameter per Mn site. That is to say, the effective inter-
planar coupling J. includes all possible Mn-Mn exchange
paths between the planes, and the effective anisotropy K
includes both single-ion and exchange anisotropies.

We can write the full Hamiltonian as:

E = FEy+0%J.S;-Siv1 — 6K (S7)* — SgupS; - H, (2)

where ¢ is the Lande factor, i labels Mn planes, J, > 0
for AFM and K > 0 to ensure z is the easy axis. Since a
magnetic bond needs to have Mn on both ends, §2 arises



T T T
sl ]
o L x
< 4f * 1 ,
3 * 1S
= oF 4 ;
= i
-4(2) , , 1=
6.4F 1T |
z
= 6.0f ° .
=
560 e ® o 030F E
®
.
0.25F E
520(0) | , 1s v
5.00 1 g o020 3
= 48[ 1 ~°0.15F [ 4
£ a6l 4 4 %19 S,
S44f a4 1 ¥ o10F —m—SK -
=420 ] 0.05F .\.\I—H E
401©) s s 1 000 @ ! !
0.0 03 X 06 0.9 00 03 06 09
0 038 * 0.76
35 T T ! .I .I
30k Pressure ! Doping E
Ref.22 . this work
25F : E
< 20F ]
}_2 15 E E 4
10F ; ]
5F : ]
1 1 i 1 1

0 1
(a-ayfay), (c-c))lc, (%)

Figure 7. (a) The doping dependence of the Curie-Weiss tem-
perature, (b) The doping dependence of the Curie-Weiss ef-
fective moment per Mn, (c) The doping dependence of the
magnetic moment per Mn for z =0 (2 K, 7.7 T) and = > 0
(2K, 7T), (d) Néel temperature vs. z, Néel temperature vs.
(a—ao)/ao and Néel temperature vs. (c—cg)/co for the pres-
sure work (Ref. 22) and this doping work, (e) Spin-flop field
and saturation field determined from magnetic and transport
measurements with H || ¢, (f) The doping dependence of the
ef fective (see the main text) interlayer plane-plane coupling
per Mn site SJ. and the ef fective magnetic anisotropy per
Mn SK. All lines are guides to the eye.

for the two-site exchange term. Meanwhile, § arises for
the single-ion magnetic anisotropy and Zeeman terms.
Thus the energy in the spin-flop phase is [52],

E(H, ¢) =(Ey ¥ 6K5%/2) + 6% J.S? cos(m — 2¢)
+ 0K 5% cos® ¢ — SgupSH sin ¢, (3)

where By = Ey — §K5?/2, the upper (lower) sign corre-
sponds to the angle between H and S as 7/2 — ¢ with H
along the easy axis ¢ (H along the hard ab plane). By
minimizing Eq at ¢ = m/2, we can get the saturation
fields,
H[* =2(25J. — K)S/gus (4)
HI™ = 2(25J. + K)S/gus. (5)

Similarly, one can estimate the spin-flop threshold:

Hsf: VK(25JC_K)(2S/9NB)7 (6)

from Eq[4] and [6}
SK = (gup/2)(HZ;/HY) (7)
SJe = (gup/40) (Hle+ 12, [ HI). (8)

Note that this scaling is only true if magnetic anisotropy
is of a single-ion origin. If there is a contribution from
the exchange anisotropy, that contribution will be scaled
as 62, and our K in Eq.4-6 will be replaced as K, + 6 Ko
where K7 is the single-ion anisotropy parameter and Ko
is the exchange anisotropy parameter.

Using Eq.7 and 8, we estimate the effective SK and
SJ., as shown in Fig. [7] (f). SJ. slightly decreases from
0.26 meV at x = 0 to 0.23 meV at z = 0.69, being
consistent with the small change in lattice parameter c.
Meanwhile S K shows a monotonic decrease with a sharp
drop from 0.08 meV at £ = 0 to 0.04 meV at x = 0.20
and then a slow decrease to 0.02 meV at x = 0.69. We
thus readily see that Hg is linear in J, as seen in Fig.
(e), because it is defined mostly by 6.J.. But the be-
havior of Hyf is harder to understand: naively, it can
behave either sublinearly, or, in the extreme case of the
dominating exchange anisotropy, linearly with §. Figure
(e) shows that for z 2 0.2 the behavior is indeed linear,
suggesting that the anisotropy there is dominated by the
exchange anisotropy. But there is an additional contri-
bution at = 0, of about 0.05 meV, which mostly disap-
pears at x = 0.2. The only plausible explanation is that
this contribution comes from the single-ion anisotropy
which is strongly affected by the local environment, and
only appears if all or nearly all of the nearest neighbors
of a given Mn ion are also Mn. It is easy to see that the
probability of having a Mn at a given site, and having all
its neighbors Mn, is 67, and is only 100% at = = 0, 20%
at x = 0.2, and 8% at z = 0.3.

We can try to understand the linear doping depen-
dence of Ty by studying the magnetic dilution effect in
the mean-field limit (i.e., in the Weiss molecular field the-
ory). We consider an individual Mn ion with the spin S
and 6 nearest sites. Under doping, the mean-field-theory
temperature Typr (we use this notation to distinguish it
from the Tow extracted experimentally from 1/x(7T') for
40-250 K, which, as discussed above, does not represent
the true MFT limit) is given by Typr o 6u§ff, which
linearly decreases with x. Given that T is, generally
speaking, nothing but fluctuations-renormalized mean-
field-theory temperature, Ty ~ Tyrr/(a + blog(J/J.)),
where a and b are not supposed to change much with dop-
ing, J is the intraplanar magnetic coupling and J > J,,
bars means spacial average. As discussed above, .J ~ §2.J,
and J, ~ 62J,, so log(J/J.) ~ log(J/J.). Since Ty de-
pends on J and J. logarithmically weakly, we conclude
that T should roughly follow Typr and thus linearly
decreases with x.

Lastly, the bottom row of Fig. H-dependence shows
that a sign change of the anomalous Hall resistivity
pfy (H) occurs between z = 0.37 and x = 0.53, may sug-
gesting possible band structure changed in this regime.



Thus we call ARPES experiments to investigate the band
structures of this doping series to address this question.

V. CONCLUSION

In summary, we have grown high-quality single crys-
tals of (Mn;_,Pb,)BisTes with z ranging from 0 to 0.82.
We find that this doping series provides a great plat-
form to investigate the magnetic dilution effect in van
der Waals magnets. The Néel temperature and satura-
tion field decrease linearly with doping, which can be well
understood in a simple model considering the dilution ef-
fects. Moreover, our DFT calculations reveal two gapless
points appearing at x = 0.44 and x = 0.66. Together
with the sign change of the anomalous Hall resistivity
between z = 0.37 and x = 0.53, this may suggest possi-
ble topological phase transitions in this doping series.
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