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Magnetic topological insulators provide a platform for emergent phenomena arising from the interplay
between magnetism and band topology. Here we report the single crystal growth, crystal structure, magnetic and
transport properties, as well as the neutron scattering studies of topological insulator series (Ge;_s_,Mn, ),Bi,Tes
(x €£0.47,0.11 < 8 < 0.20). Upon doping up to x = 0.47, the lattice parameter ¢ decreases by 0.8%, while the
lattice parameter a remains nearly unchanged. Significant Ge vacancies and Ge/Bi site mixing are revealed
via elemental analysis as well as refinements of the neutron and x-ray diffraction data, resulting in holes
dominating the charge transport. At x = 0.47, below 10.8 K, a bilayer A-type antiferromagnetic ordered state
emerges, featuring an ordered moment of 3.0(3) uz/Mn at 5 K, with the ¢ axis as the easy axis. Magnetization
data unveils a much stronger effective interlayer antiferromagnetic exchange interaction and a much smaller
uniaxial anisotropy compared to MnBi,Tes. We attribute the former to the shorter nearest-neighbor Mn-Mn
interlayer superexchange path and the latter to the smaller ligand-field splitting in (Ge;_s_,Mn,),Bi,Tes. Our
study demonstrates that this series of materials holds promise for the investigation of the layer Hall effect and

quantum metric nonlinear Hall effect.
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I. INTRODUCTION

The discovery of magnetic topological insulators (TIs)
marks an important breakthrough in condensed matter physics
in the past decade. When magnetism is introduced in TIs and
breaks the time-reversal symmetry that protects the gapless
Dirac surface states, a gapped surface state and dissipa-
tionless quantized edge conduction may appear. Therefore,
magnetic TIs can host a set of emergent phenomena such as
quantum anomalous Hall effect, axion insulating state, and
quantum magnetoelectric effect [1-4]. Among the magnetic
TIs, MnBi,,Tes,+; family with alternating [MnBi,Te4] sep-
tuple layer (SL), and (n — 1)[Bi,Tes] quintuple layer (QL) is
the first family that hosts intrinsic magnetism rather than intro-
duced by doping [5-23]. MnBijy, Tes,+; goes from an A-type
antiferromagnetic (AFM) state (n < 3) to a ferromagnetic
state (n > 4), with magnetic moment pointing out-of-plane.
The van der Waals nature makes it easy to exfoliate a bulk
crystal into a thin-film device, in which quantized anomalous
Hall conductance [24,25] and electric-field tuned layer Hall
effect [26] are experimentally achieved in odd-layer and even-
layer MnBi,Te, devices, respectively.

The discovery of MnBiy, Tes,+; was inspired by the ex-
istence of the nonmagnetic XBi,,Tes,+; (X = Ge, Sn, Pb)
series which have already been synthesized for decades [27].
XBiy, Tes, 1 are previously known thermoelectric materials,
and recently attracted research interest due to their nontriv-
ial band topology [28-30]. When nonmagnetic X atoms are
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replaced by Mn, the quasimetastable MnBi,,Tes,; com-
pounds can be made in a very narrow temperature region
[31]. To the XTe-rich end of the XTe-Bi,Te; phase diagram,
besides XBij, Tes,+1, thicker layered structures with more X
in one building block exist. For example, X,;Bi,Tes (X = Ge,
Sn, Pb), abbreviated as the 225 phase, is made of nonuple
layers (NL) while X3Bi,Teg (X = Ge, Sn, Pb) phase consists
of undecuple layers [27,32-34]. The NL of X;Bi,Tes can
be seen as inserting an additional XTe layer into XBi,Tey4
SL, as shown in Fig. 1(a). Given the close structural corre-
spondence between MnBi, Te, and XBi,Te4, one may suspect
Mn;Bi;Tes (Mn225) and Mn3Bi,Teg to exist, being poten-
tial candidates of intrinsic magnetic topological insulators.
Indeed, theoretical calculation has indicated Mn225 to be an
intrinsic magnetic topological insulator that could host a dy-
namical axion field [35-39]. However, the successful growth
of the pure Mn225 phase is very challenging, hindering the
investigation of its intrinsic physical properties [40,41]. For
example, only a few layers of the Mn225 phase were found
embedded inside the MnBi,Tes pieces in chemical vapor
transport (CVT) growths while the Mn225 single crystals
obtained via the self-flux growth might show significant con-
tamination from the MnBi, Te, phase.

In this paper, we report the growth, crystal and mag-
netic structures, as well as the transport and thermodynamic
properties of high-quality (Ge;_s;_,Mn,),BiTes (x < 0.47,
0.11 < 6 < 0.20) single crystals. While our attempt to grow
pure Mn225 single crystals is not successful using both
the CVT and flux growth methods, pure (Ge;_s),Bi,Tes
(Ge225) single crystals were made by the flux method using
Te as the self-flux while (Ge|_s_,Mn,),Bi,Te; (GeMn225)

©2024 American Physical Society
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FIG. 1. (a) Crystal structures of Bi,Te; QL, XBi,Te, SL and

X,Bi,Tes NL. (b) (0 0 L) Bragg peaks of different X-Bi-Te series.
Inset: an as-grown hexagonal single crystal of GeMn225 (x = 0.47)
against a mm grid. (c) PXRD of (Ge;_;_,Mn,),Bi;Tes. (d) Xyominal
vs. xwps When growing GeMn225. (e) Lattice parameters a and ¢
of (Ge;_s_Mn,),Bi,Tes, dashed line shows the linear fit of lattice
parameters.

with x < 0.47 can be grown by the CVT method [40,42].
The wavelength dispersive x-ray spectroscopy (WDS) mea-
surements as well as the refinements of the powder x-ray
diffraction (PXRD) and single-crystal neutron diffraction data
indicate the presence of significant Ge vacancies of 0.11 <
6 < 0.20, leading to holes dominating the electrical transport.
We find that GeMn225 shows a Ty = 10.8 K at x = 0.47 with
a spin flop transition at 2.0 T when H || ¢. Our neutron anal-
ysis of the x = 0.47 compound suggests a negligible amount
of Mngp; antisite formation and a bilayer A-type AFM with a
refined Mn moment of 3.0(3) upg at 5 K.

II. EXPERIMENTAL METHODS

Ge225 single crystals were grown using the self-flux
method with Te as the flux. Ge chunks, Bi chunks, and Te
chunks were mixed at the ratioof Ge : Bi: Te=2:2: 8 in
an alumina crucible and sealed in an evacuated quartz tube.
The ampule was first heated to 1000 °C overnight to ensure
a homogeneous melt, then transferred to the other furnace
which was preheated at 600 °C before the ampule was slowly
cooled to 520 °C in 3 days. At last, single crystals were sepa-
rated from the flux by a centrifuge. Large and shiny mm-sized
single crystals were obtained using this method.

Our flux-growth trials of the Mn-doping series using Te
self-flux did not yield the 225 phase. However, our CVT
growth trials using Mnlj as the transport agent resulted in high
quality GeMn225 single crystals. Mn pieces, Ge chunks, Bi
chunks, Te chunks and I, pieces were mixed at the ratio given
in Table I, loaded and sealed in a quartz tube under vacuum.
The tube was placed vertically in a box furnace and slowly
heated to 1000 °C overnight. It was then moved to a horizontal
tube furnace where the low-temperature and high-temperature
ends were set to be 520 °C and 540 °C, with the starting ma-
terial on the high-temperature end. The cold-end temperature
was selected as 520 °C since it was the synthesis temperature
reported for pure Ge225 in a solid-state reaction [32]. Af-
ter two weeks, GeMn225 single crystals were taken out and
rinsed with distilled water to remove the iodide impurities.

To identify the pieces of the 225 phase, (0 0 L) reflec-
tions were collected on both the top and bottom surfaces of
single crystals using a PANalytical Empyrean diffractometer
equipped with Cu Ko radiation. Following this, we performed
PXRD for further impurity checking and structural refine-
ment. WDS measurements were then conducted to obtain the
elemental analysis of the samples, specifically the Mn level
x. Magnetization data were collected in a Quantum Design
(QD) Magnetic Properties Measurement System (MPMS).
Specific heat and electrical transport measurements were
made inside a QD DynaCool Physical Properties Measure-
ment System (PPMS). Electrical contacts were made to the
sample using Dupont 4922N silver paste to attach Pt wires in a
six-probe configuration. To eliminate unwanted contributions
from mixed-transport channels, electrical resistivity (o) and
Hall (py,) data were collected while sweeping the magnetic
field from —9 T to 9 T. The data were then symmetrized
to obtain oy, (H) USing Pux(H) = (pux(H) + /Oxx(_H))/z and
antisymmetrized to get py(H) using oy (H) = (oy(H) —
pyx(—H))/2. The magnetoresistance is defined as MR =
(oxx(H) — pxx(0))/ 02 (0). In our measurement geometry, the
positive slope of p,(H) suggests hole carriers dominate the
transport. Single-crystal neutron diffraction was performed
for the x = 0.47 sample at 5 K and O T on the HB-3A DE-
MAND single-crystal neutron diffractometer located at Oak
Ridge National Laboratory [43]. Both the neutron and x-ray
diffraction data were refined using the Fullprof suit [44].

III. EXPERIMENTAL RESULTS

A. Growth optimization and phase characterization

Our CVT growth trials of the GeMn225 phase started with
an elemental ratio such that XTe : Bi,Tes : Mnl, =m :1:1,
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TABLE I. Summary of the (Ge;_s_,Mn, ),Bi,Tes series. All doped compounds are grown by the CVT method with Mnl, as the transport
agent, while the parent compound is made by the flux method as discussed in the text. *: the ratio of Ge,_,Mn,Te : Bi;Te; : Mnl,. a and
c are the lattice parameters. Ty is the AFM transition temperature. p; is the charge carrier density calculated from Hall measurements via

p1 = B/epy, p; is the charge carrier density estimated by p, = 2§/A, where A is the unit cell volume in cm”.

3

Xoomina  Ratio® WDS x 8 a(d) cA K  piem)  prem)
0 (Flux) Ge 503 Bi1.0402) Tes 0 020(2) 42831) 17.352(1) NA 92 x10® 2.9 x 10!
0.3 2:1:1 Mny 65(1yGe1.07(1)Bii1.99¢2) Tes 0.33(1) 0.14(1) 4.286(1) 17.263(1) 6.0 4.7 x 107 1.7 x 10%!
0.5 2:1:1  Mngos1)GeosasBinmyTes  0.47(1)  0.12(2)  4.284(1)  17.223(1) 10.8 1.6 x 10 1.3 x 10%!
0.6 3:1:1 Ml‘lo_g3(1)G€0'93(2)Bi|_99(2)T€5 041(1) 012(1) 4284(1) 17225(1) 10.0
0.8 5:1:1 Mn0_94(3)GeoAg5(1)Bi|_99(2)T€5 047(1) 0.1 ](2) 4285(]) ]7238(]) 11.0

where X = (Ge;_,Mn,). As we increased the Mn concen-
tration in X, higher m for extra XTe became necessary to
yield the 225 phase. Our optimal trials that gave high-quality
GeMn225 single crystals are listed in Table I. Ge225 and
GeMn225 crystals can grow up to a lateral size of several mm
with a thickness of about a hundred microns in two weeks.
All crystals obtained from the CVT growth process exhibit a
hexagonal-plate shape, with clearly defined edges indicating
the as-grown a and b axes. In the inset of Fig. 1(b), an image
of a (Mng 47Geg 41 )2Bi, Tes single crystal against the mm grid
is shown.

The GeMn225 phase was first confirmed by checking the
(0 0 L) reflections in the surface XRD patterns. Because the
(0 0 L) spectrum depends solely on the periodic unit along the
¢ axis, i.e. the thickness of the NL layer, it can be well
distinguished from that of [MnBi,Te4] SL, [Bi,Tes;] QL, or
their combinations. A comparison of the (0 0 L) reflections
of various materials is shown in Fig. 1(b), revealing the in-
creasing thickness of the repeating layer(s) from QL, SL, NL
to QL + SL. The PXRD patterns are shown and indexed in
Fig. 1(c). No clear impurity phases were identified.

The Mn doping levels obtained via the WDS measure-
ments are summarized in Table 1. These values suggest the
highest doping level of Mn remains to be around x = 0.47
in GeMn225, despite the nominal x in the starting materials
being much higher than 0.47. Based on the experience stated
above, we also attempted pure Mn225 growth with extra
MnTe. High-m trials suchas Mn : Bi: Te: I =11:2:13:
2 at various growth temperatures yield only MnBi, Te4 and/or
Bi,Tes. Via both flux and CVT methods, we were unable to
obtain pure Mn225 single crystals. So for this GeMn225 phase
to appear stably in CVT growth, we conclude that there exists
a substitution limit of Mn on Ge as indicated in Fig. 1(d).

The refined lattice parameters a and c¢ are plotted in
Fig. 1(e) against the x values that are determined by WDS.
The lattice parameter a remains almost unchanged while the
lattice parameter c decreases by 0.8% fromx = O tox = 0.47.
Assuming Vegard’s law, the extrapolation of the lattice pa-
rameters with x allows us to predict the lattice parameters for
pure Mn225. The data suggest Mn225 has a = 4.27 A and
¢ = 17.1 A, which is consistent with the previous report [41].

B. Magnetic and transport properties of (Ge;_;_,Mn,),Bi,Tes
single crystals

To investigate the effect of Mn doping, we con-
ducted thermodynamic and transport measurements. The Mn

concentrations measured via WDS are utilized in the analysis
of the magnetic and specific heat data and will be referenced
throughout the paper. In Fig. 2(a), the temperature-dependent
magnetic susceptibility, x(7), measured at 0.1 T, reveals a
kink feature at 6.0 K and 10.8 K for the x = 0.33 and x =
0.47 samples, respectively, indicating magnetic ordering at
low temperatures. As the temperature decreases, x(7") con-
tinues to rise below the ordering temperature for H | ab,
while it decreases for H || ¢, indicating AFM ordering with
the easy axis along the ¢ direction. The Curie-Weiss fit of
the inverse susceptibility measured at 1 T [inset of Fig. 2(a)]
yields a Curie temperature of —12 K which is consistent
with the AFM order we observed and an effective moment of
6.0 ;p/Mn that is consistent with Mn?*’s effective moment.
Figure 2(b) presents the normalized temperature-dependent
longitudinal resistivity with the current along the ab plane,
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FIG. 2. Thermodynamic and transport properties of GeMn?225.
(a) Temperature-dependent magnetic susceptibility under 0.1 T for
different doping levels and directions. Inset: inverse magnetic sus-
ceptibility measured at 1 T above 7y. Curie-Weiss fit is shown in
solid line. (b) Normalized temperature-dependent electrical resistiv-
ity with current along the ab plane for different doping levels. Inset:
temperature-dependence of specific heat of the x = 0.47 sample with
the criterion to determine Ty .
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FIG. 3. (a) Isothermal magnetization at 2 K of GeMn225 with
H || c. (b) Isothermal magnetization measured at 2 K up to 14 T for
the x = 0.47 sample with H || ab and H || c. (c) Field-dependence of
MR of GeMn225. (d) MR at various temperatures for the x = 0.47
sample. (e) Field-dependence of Hall resistivity. Dotted lines refer to
Hiy in the x = 0.33 and 0.47 samples.

Pux(T)/ pxx(2 K). While the resistivity in the undoped one
exhibits a monotonic decrease upon cooling, the sharp drop
in resistivity for the x = 0.33 and 0.47 samples is due to the
suppressed spin scattering upon entering the ordered state.
The inset of Fig. 2(b) presents the specific heat data of the
x = 0.47 compound, revealing an anomaly associated with
the AFM transition emerging at 10.8 K, in line with other
measurements.

The evolution of magnetism under external fields and
its coupling with charge carriers are presented in Fig. 3.
Figure 3(a) shows their isothermal magnetization for
H || c. While both curves exhibit AFM behavior, a clear
spin-flop transition feature appears in the x = 0.47 sample at
about Hy = 2.0 T. This value is lower than that of 3.3 T in
MnBi,Te,, yet significantly higher than the 0.2 T observed
in MnBiyTe;. No sign of spin-flop transition is observed for
H | ab [Fig. 3(b)], indicating the c-axis as the easy axis.
Magnetization in both doped samples is about 1.8 up/Mn at
7 T. For the x = 0.47 sample, M reaches to 2.4 ug/Mn at 14 T
with no sign of saturation, as shown in Fig. 3(b). This value
is less than half of the expected Mn moment of 5 uz/Mn,
suggesting that the saturation field is much higher than 14 T.

Figures 3(c) and 3(d) depict the MR data. The MR of the
x = 0 sample exhibits a parabolic field dependence while it
peaks at Hy = 0.7T and Hy¢ = 2.0T for the x = 0.33 and
0.47 compounds, respectively. Above Hg, the MR displays
a negative slope as the spin disorder scattering gradually di-
minishes with increasing field. This negative slope in MR
persists at elevated temperatures up to 30 K, as illustrated
in Fig. 3(d), suggesting significant spin fluctuation above
the ordering temperature in this doping series. Figure 3(e)

presents the field-dependent Hall resistivity. Its positive slope
with magnetic field suggests holes dominate the transport.
The carrier concentrations are in the order of 10° cm~3 and
decrease with higher Mn doping, as summarized in Table 1.
This is in sharp contrast with the previous report on Mn225,
where electrons dominate the transport [41].

C. Crystal and magnetic structure

If free of defects, the stoichiometry of Ge : Bi : Te would
be 2 : 2 : 5 for Ge225. However, as indicated in Table I, WDS
measurements reveal a deficiency of Ge, with only 1.59 Ge
atoms present in Ge225. Meanwhile, a (Ge 4+ Mn) deficiency
in Mn-doped samples also exists, where (Ge + Mn) ~1.7. In
order to better understand the crystal and magnetic structure of
this family, particularly regarding the types of defects present
and the specific sites where Mn is doped, we have performed
both single crystal neutron diffraction for the x = 0.47 sample
and PXRD for the Ge225 sample. The 2d and 2c sites are
where (Mn/Ge/Bi) cations can reside, forming four cation
layers. In each NL, atoms on the 2d site make the inner two
cation layers, while those on the 2¢ site constitute the outer
two cation layers.

1. Magnetic structure revealed through neutron
diffraction analysis

Since neutron diffraction is quite sensitive to Mn atoms in
the Mn-Bi-Te systems due to the negative scattering length
of Mn [17,45], we first measure the x = 0.47 crystal using
neutron diffraction to determine the magnetic structure and
whether Mn is doped onto the 2d or 2c site.

No additional Bragg peaks are observed below 7Ty, indicat-
ing a magnetic propagation vector of (0 0 0). Therefore, each
peak intensity includes both the nuclear Bragg peak intensity,
resulting from neutron interaction with atomic nuclei, and the
magnetic Bragg peak intensity, arising from neutron interac-
tion with magnetic moments. The right inset of Fig. 4 shows
the intensity of the (0 1 0) and (0 0 4) peaks below and above
Ty. Upon entering the ordered state, the (0 1 0) peak increases,
indicating the formation of spin order perpendicular to the b
axis. An unchanged intensity in (0 O 4) peak, on the other
hand, indicates likely no spin component perpendicular to the
¢ axis. This points to an easy axis along the ¢ axis without spin
tilting, consistent with our magnetic property measurements.
So given its AFM nature and the crystal space group P3ml

(No. 164), the highest magnetic symmetry P3'm'l with the
ordered moment along ¢ can be concluded and used to fit
the collected neutron data. Because Ge and Bi have similar
scattering lengths for neutrons, it is difficult to differentiate
Ge and Bi on the same site. For simplicity, in our refinement,
we assume Ge and Bi each occupy either 2d or 2c site, with
our primary focus being on Mn distributions. Note in reality
Ge and Bi mixing is expected, which we will discuss later
through x-ray diffraction analysis. We examine three possible
scenarios, stacking A with Mn on the 2d site, stacking B with
Mn on the 2c site, and a mixed stacking where Mn can go into
either site (Table S1-S3) [46]. In all three scenarios, we refine
the occupancy of Ge and Mn, as well as the moment of Mn.
Our refinement demonstrates that the scenario where all Mn
atoms reside on the 2d site yields the highest goodness-of-fit
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FIG. 4. Magnetic order parameter at magnetic reflection
(0 1 1) for the x = 0.47 sample measured at DEMAND. The blue
line depicts the best fit using the mean-field power law, see text.
Left inset: the magnetic structure. Right inset: the intensity of the
(0 10) and (0 0 4) peak above and below Ty .

value. Therefore, within the resolution of our measurement,
we conclude that Mn is doped onto the 2d site, with Mn resid-
ing on the inner two layers, as shown in the left inset of Fig. 4.
Our refinement indicates parallel alignment of spins within
the ab plane, with spins in adjacent layers being antiparallel
to each other [46].

2. Vacancies and Bi/Ge site mixing in Ge225

According to the WDS measurements, Ge225 samples may
exhibit vacancies. If we assume the presence of vacancies and
Bi/Ge site mixing, we can write down:

fra = Ge5T fae + Bisy fai + Vag X 0, (1)

fre = Ge3€ fae + Bise fai + Vae x 0. 2)

Here, f is the atomic scattering factor, °° refers to the element
occupancy, V is the amount of vacancy.

Two extreme structural models are used on powder XRD
to obtain f>; and f>.. In model 1, Ge occupies both 2d and
2c sites while in model 2, Bi occupies both. The refinements
show that in model 1, Gegif1 and Ge"‘c'"' equals 1.59 and 1.79,
respectively, and in model 2, Bif; and Bi‘z’f‘C2 equals 0.58
and 0.66, respectively [46]. Since regardless of the occupancy
model employed, the scattering cross section of an individual
site should be the same, we can write down:

Site 2d : fog = 1.59fge = 0.58 fii, 3)

Site 2¢ : foe = 1.79fge = 0.66 i, o))

which lead to fgi/fge = 2.7. This number is close to the
atomic number ratio between Bi and Ge, 2.6. By plugging this

TABLE II. Refined crystal structural parameters for the parent
compound Ge225 based on the PXRD data measured at 300 K. The
refinement is constrained by the WDS result. Number of reflections:
6474; Rp = 8.42%; x* = 46.4.

Atom Site X y Z Occ.
Gel 2d 1/3 2/3 0.1043(3) 0.640(6)
Bil 2d 1/3 2/3 0.1043(3) 0.361(6)
Ge2 2c 0 0 0.3260(2) 0.161(6)
Bi2 2c 0 0 0.3260(2) 0.639(6)
Tel la 0 0 0 1
Te2 2d 1/3 2/3 0.2037(3) 1
Te3 2d 1/3 2/3 0.4243(2) 1

ratio into Eq. (1), we obtain:
Gely” + 2.7Bi5; = 1.59. &)

By plugging the ratio into Eq. (2) and with GeS.° = 1 — Vge —
GeS;” and Bij:® = 1 — Vg — Bi5 where Ve and Vg; refer to
the amount of vacancies for Ge or Bi, we get:
(1 = Voe — Ge35) +2.7(1 — Vg — BiSy) = 1.79.  (6)
From Egs. (5) and (6), we get:
Vee +2.7Vi = 0.32. @)

Therefore, PXRD also suggests vacancies in the compound.
WDS measurements show Ve to be 0.20(2) and Vp; is 0.03(1),
which is consistent with Eq. (7).

Utilizing the aforementioned constraint and with the total
amount of Ge and Bi set to their WDS values, the occupancy
of Ge and Bi on each site is refined. The refinement returns
the same goodness-of-fit when assuming all vacancies on the
2d site (Table S6), 2c¢ site (Table II), or distributed on both
2d and 2c sites (Table S7) [46]. Based on the refinement
of our neutron diffraction data, which suggests that Mn is
doped on the 2d site, and considering the WDS measurements
indicating that Mn atoms solely substitute Ge atoms, it is
reasonable to infer that most Ge atoms occupy the 24 site.
Our refinement shows that Ge atoms predominantly occupy
site 2d when vacancies concentrate on site 2c. The refined
crystal structure is thus finalized in Table II.

3. Neutron refinement of the x = 0.47 sample

With a better understanding of the crystal structure of
Ge225, we turn back to the neutron diffraction data to work
out the crystal and magnetic structure for the doped sample.
Now we force the WDS values of Mn with Mn only replacing
Ge on site 2d, and set the distribution of Bi on both sites
identical to that of the parent compound with all vacancies
concentrating on site 2c. The refined structure is shown in
Table III. The ordered Mn moment at 5 K is refined to be
3.003) up.

Figure 4 shows the magnetic order parameter, measured on
the (0 1 1) refection up to 15 K, for (Mng 47Ge 41 )2Bi, Tes.
The solid line represents the fit to the mean-field power-law,

Ty — T\
I=A +B, (®
Ty

where A is a constant, B is the background, and g is the
order parameter critical exponent. The best fit yields a Neél
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TABLE III. Refined magnetic and crystal structural parameters
for the x = 0.47 sample based on the single crystal neutron diffrac-
tion data measured at 5 K. The refinement is constrained by the WDS
result. Number of reflections: 38; Ry = 12.8%; x> = 7.12.

Atom  Site X y z Occ.  Moment at 5 K

Gel 2d /3 2/3
Mnl 2d /3 2/3
Bil 2d 1/3  2/3
Ge2 2¢ 0 0 0.316(2) 0.23
Bi2 2¢ 0 0 0.316(2) 0.64
Tel la 0 0 0 1
Te2 2d /3  2/3  0.792(3) 1
Te3 2d 1/3  2/3  0.426(3) 1

0.0996)  0.17
0.099(6) 047
0.099(6)  0.36

3.0(3) up/Mn

temperature of Ty = 9.5K and a critical exponent of g =
0.32(7), which is similar to that of MnBi,Tes [17]. Based
on the fitting, we estimate the ordered moment at 0 K to be
4.5(7) g per Mn, close to the expected value for Mn?*.

IV. DISCUSSION

The presence of vacancies has a profound impact on
the transport properties of the 225 compounds. Research
on Mn-Bi-Te systems indicates that defect-free compounds
are charge neutral, with carriers in actual samples being
contributed by various defects [42]. Mainly, electron carriers
are contributed by Bimn/ge and Te vacancies, whereas hole
carriers are contributed by (Mn/Ge)g; and cation vacancies.
This can be seen in the following defect chemistry for native
Ge225:

Ge,Bi, Tes = Ge;Si + h® + Bi(.]e +é )

Indeed, one Geg; produces one hole while one Big, creates
one electron. In the presence of Ge vacancies, we can write

(Gel_g)zBizTe4 - (SVge + 28h°. (10)
50(a) GeMn225,x=0.47 1 (b) GeMn225
e e ———t
4
Al 45u,/Mn »°A
4
4
3} 7
= v 32T
e
Sol
1 4
i T=2K Hlic
0 1 1 1 1 1 1
0 5 10 15 20 25 30 35

B(T)

Therefore, the hole carrier density can be estimated by
calculating 2§/A, where A represents the unit cell volume
with cm? as the unit. The carrier densities calculated through
this defect analysis are denoted as p, and are summarized in
Table I. As observed, the correspondence between p; and p;
is reasonably good, especially for the x = 0 and 0.33 samples.

We may tentatively estimate the saturation field of the
x = 0.47 sample by assuming linear field dependence of M
above 14 T. The interpolation is shown in Fig. 5(a). When the
magnetization at 2 K reaches 4.5 up/Mn, the saturation field
is estimated to be around 32 T. For a uniaxial antiferromagnet,
long-range order requires either interlayer coupling or uni-
axial magnetic anisotropy. Due to the bilayer nature of 225,
there exist two interlayer exchange couplings, as depicted in
Fig. 5(b): one is J., representing the interlayer AFM coupling
within each NL per Mn, and the other is J.,, denoting the
interlayer coupling between adjacent NL per Mn. According
to the bilayer Stoner-Wohlfarth model, we can write down the
full Hamiltonian in the ordered state, per Mn, as [48]:

E=E)+ %leclsi “Sip1 + %xz-]ﬂsi -Sizi

—xKS? —xgupS; - H, (11
where g is the Lande factor, S; represents the Mn spin under
investigation, S, is the Mn in the same NL as S; while S;_;
is the Mn in the adjacent NL, K is the magnetic anisotropy
parameter per Mn and S = 5/2. Since S;;; and S;_; represent
identical spin, we can combine two exchange coupling as
Jo = (1 +J2)/2, where J. denotes the effective plane-to-

plane AFM interaction per Mn. The relationship between J,
and K is then

SK = (gus/2)(H/H)*), (12)

ST = (gua/4)(H) + H,/H), (13)

where H,y and H; is the spin flop field and saturation
field. Using critical fields obtained above, we can get SK =
0.008 meV and SJ. = 1.8 meV. Table IV summarizes SJ., K,

FIG. 5. (a) Isothermal magnetization of the x = 0.47 sample at 2 K. The red line is the experimental curve and the black dashed line is a
linear extrapolation of the magnetization at 2 K, it reaches to 4.5 uz/Mn at around 32 T. (b) Crystal structure of X225 (X = GeMn) and X124
(X = Mn). For GeMn225, A = mixed occupancy of Ge, Mn and Bi and B = mixed occupancy of Bi and Ge; for Mn124, A = Mn and B = Bi.
The superexchanges are indicated with red arrows, and the nearest-neighbor Mn-Mn distances are highlighted with olive lines. (c) Distorted
MnTeg octahedron, the building blocks of the magnetic layer in the 124 and 225 phases. The Mn atom in the center refers to the circled one in
(b). Different Te-Mn-Te bond angels are shown, the asymmetry in GeMn225 arises from its asymmetric next-nearest-neighbor environment.
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TABLE IV. Comparison in Mn-Bi-Te family. J. is the plane-to-plane exchange coupling per Mn and K is the uniaxial magnetic anisotropy.
L, and L, refer to the nearest-neighbor Mn-Mn interlayer distances shown in Fig. 5(b). @ and 8 are the bond angles of the distorted MnTeg

octahedron shown in the inset of Fig 5(c).

Component SJ, (meV/Mn) SK (meV /Mn) L (A) L, (A) a () B (©)
(Mng 47Geg 41 )2Bis Tes 1.8 0.008 13.96 439 86.7/90.5 52.4/55.1
(Mng¢Pbg.4)Bi Tey [47] 0.24 0.03 13.93 453 93.5 57.3
MnBi, Te, [48] 0.26 0.09 13.64 451 93.5 57.3
MnBi, Te; [49] 0.01 0.10 23.71 93.5 57.3
MnBigTe; [49] 0.01 0.10 34.00 93.2 57.0

Mn-Mn distances and bond angles in Mn-Bi-Te family for
comparison. Since J.; 3> J» owing to the much shorter su-
perexchange path of J,; compared to J.,, J. can be roughly
approximated as J.1/2. So J.; of (Mng47Geg4;)2BixTes is
much larger than that of the MnBi,,Tes,+; series. This is
reasonable, given the much shorter Mn-Mn nearest-neighbor
interlayer distance of 4.39 A in GeMn225 (Lp) compared to
13.64 A in MnBi,Tes (L;). Meanwhile, owing to a similar
exchange path, J.; should be comparable to the coupling be-
tween the primary Mn site and the Mng; antisite in MnBi, Tey.
Indeed, the latter is responsible for the high full saturation
field in MnBi,Tes [47]. It may be puzzling that the Ty in
(Mn().47Ge()_41)2Bi2T€5 and (Mn0_6Pb0_4)Bi2Te4, which have
comparable Mn site occupancy, are similar, despite the former
having a much larger J.. This is because, according to the
Mermin-Wagner theorem, Ty is not only related to J. but
also to K, the intralayer interaction and material-dependent
constants [50]. Since the structural differences of NL and SL
will lead to variations in these parameters, it is clear that
J. is not the sole determinant of 7y when we compare the
225 and 124 material systems. A much smaller magnetic
anisotropy is obtained for (Mng 47Geg 41 ),BirTes, compared
to (Mng ¢Pbg.4)Bi;Tes. This can be understood qualitatively
by the bond angle analysis. As depicted in Table IV, both the
Te-Mn-Te («) and Te-Mn-z (8) angles exhibit a significant de-
crease in (Mng 47Geg 41 )2BiyTes compared to MnBiy, Tes, ;.
When the bond angles decrease, the ligand-field splitting will
also become smaller due to a less overlap of wave functions,
leading to a reduced magnetic anisotropy [51,52]. This also
explains why SK remains similar across the MnBi,,Tes, 1
series (refer to Table IV), as the lattice environment of Mn
remains consistent in these compounds.

When GeMn225 is exfoliated into even-NL or odd-NL
thin flakes, both the inversion symmetry P and time-reversal
symmetry 7 are broken, while the combined P77 symmetry
is preserved. This symmetry condition is the same as the
even-layer MnBi,Tes device, where the layer Hall effect [26]
and quantum metric nonlinear Hall effect [53] are discovered.
Therefore, the bilayer A-type AFM and the nontrivial band
topology nature of GeMn225 [36,38] make it an excellent sys-
tem for probing these emergent phenomena, eliminating the
need to differentiate between even-NL and odd-NL devices.

V. CONCLUSION

In summary, we have successfully grown high-quality sin-
gle crystals of (Ge;_s_,Mn,),;Bi,Tes with a doping level up
to x = 0.47. The flux method was employed for the x = 0
samples, while the CVTmethod was used to grow the doped
samples. Elemental analysis and diffraction techniques not
only suggest Ge/Bi mixing, but also reveal the presence of sig-
nificant Ge vacancies of 0.11 < § < 0.20, being responsible
for the holes dominating the charge transport. As x increases,
long-range AFM order with the easy axis along ¢ emerges at
6.0 K for the x = 0.33 sample and at 10.8 K for the x = 0.47
sample. Spin-flop transitions are observed at 0.7 T for the x =
0.33 sample and at 2.0 T for the x = 0.47 sample; by linearly
extrapolating the isothermal magnetization at 2 K to a satura-
tion moment of 4.5 wg/Mn, a saturation field of 32 T is esti-
mated for the x = 0.47 sample. Our refinement of the neutron
diffraction data of the x = 0.47 sample suggests a bilayer A-
type AFM structure with the easy axis along ¢ and an ordered
moment of 3.0(3) up/Mn at 5 K. Based on the bilayer Stoner-
Wohlfarth model, the analysis of the spin-flop field and satu-
ration field reveals a much enhanced effective interlayer AFM
exchange interaction and a much smaller uniaxial magnetic
anisotropy compared to MnBi,Te,. We argue the former arises
from the much shorter nearest-neighbor Mn-Mn interlayer su-
perexchange distance and the latter to be linked to the smaller
ligand-field splitting in (Ge|_s_,Mn, ),Bi;Tes. Our study il-
lustrates that this series of materials always exhibit broken P
and broken 7 symmetries yet preserved P77 symmetry upon
exfoliation into thin flakes, providing a platform to explore the
layer Hall effect and quantum metric nonlinear Hall effect.
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