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Chiral magnets have attracted considerable attention due to their intricate magnetic properties, among which B20
compounds constitute a quintessential class that has gained significant focus, particularly in the study of skyrmions. MnGe,
as a member of the B20 family, exhibits a more complex magnetic structure compared with other materials with sim-
ilar crystal structures. In this work, we successfully synthesized high-quality MnGe thin films and characterized their
magnetoresistance, M—H curves, magneto-Seebeck effect, and magnetic force microscopy (MFM) images, all of which
demonstrate pronounced magnetic anisotropy. Notably, the Seebeck coefficient exhibits a plateau at low magnetic fields
when the magnetic field is applied in the film plane, indicating a field region in which the magnetic structure remains stable.
MFM imaging further reveals magnetic transitions within the MnGe films when the magnetic field is oriented along the film
plane. These findings are crucial for advancing our understanding of the magnetic ground state of MnGe and the evolution
of its magnetic structure under an applied external magnetic field.
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1. Introduction

In recent decades, B20 materials have emerged as a piv-
otal platform for hosting magnetic skyrmions, owing to their
unique noncentrosymmetric crystal symmetry that enables the
Dzyaloshinskii-Moriya interaction (DMI).!!-8] Magnetic B20
materials, such as MnSi, typically exhibit a helical magnetic
structure and display a skyrmion phase within specific mag-
netic field—temperature ranges.!'3! In contrast, MnGe pos-
sesses a more intricate magnetic structure, comprising three
mutually orthogonal helical axes, resulting in a unique hedge-
hog lattice arrangement.!”~'?] This complexity endows MnGe
with a broader range of physical properties compared with
other B20 materials, including an extended skyrmion phase
across a larger magnetic field—temperature range,®! a more
pronounced topological Hall effect,!!”) substantial anoma-
lous Hall conductance at high fields,!'!! and the potential for
momentum-space topological properties.[!3!

The magnetic structure of MnGe thin films differs signif-
icantly from that of bulk samples. In MnGe films, the helical
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axes, which are aligned along the [001], [100], and [010] di-
rections in the crystal, tilt toward the [111] direction, with the
tilt angle depending on the film thickness. As the film thick-
ness decreases, the three helical axes converge, and a triple-g
state in the MnGe film transforms into a single-g state when
a magnetic field is applied along the [111] direction or the
temperature is increased.!'’ In summary, the application of
a magnetic field or an increase in temperature ultimately leads
to the merging of the three helical axes into a single axis along
the [111] direction, in contrast to bulk samples, which are able
to sustain a triple-g state even under high magnetic fields.!'?!
Direct observations using spin-polarized scanning tunneling
microscopy (SP-STM) have shown that the magnetic ground
state of MnGe films consists of multiple domains, each with
a single helical axis,"*! which contradicts the previously re-
ported triple-g state of MnGe thin films. One possible expla-
nation for this discrepancy is sample dependence,/'>! which
highlights the sensitivity of the magnetic ground state to exter-
nal factors such as growth methods and film thickness. Conse-

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

016802-1


https://doi.org/10.1088/1674-1056/ae1191
https://cstr.cn/32038.14.CPB.ae1191
mailto:chenxh@ustc.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 016802 (2026)

quently, the magnetic structure of MnGe is not only inherently
complex but also highly susceptible to variations under dif-
ferent conditions (e.g., thickness, temperature, and magnetic
field). Therefore, it is crucial to investigate the evolution of the
magnetic structure of MnGe thin films in response to changes
in magnetic field and temperature, employing both experimen-
tal and theoretical approaches, although to date there has been
no systematic study addressing the variations in the magnetic
structure of MnGe thin films.

In this study, we investigated the magnetotransport and
magnetic properties of MnGe thin films under two distinct
orientations of the magnetic field: parallel to the film plane
(H||[111]) and perpendicular to the film plane (H_L[111]). It
was observed that MnGe films exhibit pronounced magnetic
anisotropy. Additionally, multiple phase transitions were iden-
tified when the magnetic field was applied along the direction
perpendicular to [111], which were also reflected in the mag-
netoresistance, M—H data, magnetic force microscope (MFM)
images, and Seebeck coefficients. By systematically analyz-
ing the experimental results, we constructed a phase diagram
for the magnetic field perpendicular to [111] orientation. This
phase diagram provides a clearer understanding of the mag-
netic structure evolution in MnGe thin films, offering valuable
insights that will aid in the future exploration of the material’s
physical properties.

2. Experimental details
2.1. Thin-film growth

The MnGe thin films were grown via molecular beam epi-
taxy (MBE),['®! and to minimize substrate thermal conductiv-
ity effects during Seebeck measurements, a 0.1-mm-thick Si
substrate was employed. The Si (111) substrate was first im-
mersed in an HF acid buffer for 2 hours and then transferred to
a vacuum chamber with a base pressure of 5 x 107!0 mbar.
Prior to growth, the substrate was annealed at 800 °C for
8 hours to achieve a 7 x 7 superlattice structure. Subsequently,
a 2-nm-thick MnSi buffer layer was deposited onto the Si sub-
strate by evaporating Mn at 400 °C. Following this, Mn and Ge
were co-evaporated at 90 °C onto the buffer layer in a Mn:Ge
ratio of 1 :~ 1. Finally, the film was annealed at 300 °C for
2 hours.

2.2. Characterization and measurements

The quality of the samples was characterized by x-
ray diffraction (XRD) using Cu K¢ radiation (SmartLab-9,
Rigaku Corp.). The temperature and magnetic field depen-
dence of the magnetic and thermal transport properties were
measured using a standard four-probe configuration in the
physical properties measurement system (Quantum Design
PPMS-9 T). In the thermal transport experiments, the sam-
ple was mounted on a custom-built thermoelectric puck, and

measurements were conducted under high-vacuum conditions
(with a pressure lower than 1 X 107> Torr). The lowest tem-
perature reached during the measurements was 30 K, and the
magnetic field sweep rate was set to 3 mT/s. The magnetic
properties of the samples were evaluated using a vibrating
sample magnetometer (Quantum Design VSM-7 T). Addi-
tionally, the magnetic domain distribution on the sample sur-
face was investigated using a home-built cryogenic rotating
MFM system (12 T), employing commercial piezoresistive
cantilevers (Quantum Design Co., Ltd., model PRSA-L400-
F30-Si-sdPCB) with a resonance frequency of approximately
35 kHz and a quality factor of about 10000 at 5 K.

3. Results and discussion
3.1. Characterization of the MnGe films

Figure 1 shows the characterization of the MnGe films.
Figure 1(a) shows the crystal structure of MnGe, and Fig. 1(b)
presents the XRD data of the films. All film thicknesses used
in this article are 20 nm, and the 2 pm X 2 wm atomic force mi-
croscopy (AFM) image shown in Fig. 1(c) reveals a relatively
flat surface, indicating the high quality of the film. To further
substantiate the quality of our films, we have provided a direct
comparison between the AFM image of our sample (Fig. 1(c))
and those reported in the literature.!!'*!%! The AFM image of
our film reveals an exceptionally flat surface topography with
only a low density of pores. This stands in sharp contrast to
literature reports on MnGe films, which frequently describe
poor film continuity, manifested as either a high density of

141 or a distinct island-growth mode.'®! The

bright protrusions|
observed morphological differences provide strong evidence
for the superior quality of our samples. Additionally, the re-
flection high-energy electron diffraction (RHEED) pattern of
the MnGe film, featuring sharp streaks, suggests well-defined
two-dimensional film growth, as depicted in Fig. 1(d), which

is consistent with previous reports. ¢!
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Fig. 1. (a) The crystal structure of MnGe. (b) XRD patterns of the
MnGe thin film. (c¢) 2 pm x 2 pm AFM image of the MnGe thin film.
(d) RHEED pattern of the MnGe thin film, indicating the high quality of
the sample.
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3.2. Magnetic and transport properties measurements of
MnGe thin films

Figures 2(a) and 2(b) show the magnetic-field depen-
dence of the magnetoresistance at various temperatures when
the magnetic field is applied along the current direction (within
the film plane) and perpendicular to the (111) plane (out of
the film plane). The up-sweep and down-sweep curves exhibit
clear hysteresis, indicating the formation of magnetic order-
ing. As shown in Fig. 2(a), at low temperatures (7T = 2 K)
with H parallel to the film plane, the magnetoresistance shows
positive values under low magnetic fields and negative val-
ues under high magnetic fields. As the temperature increases,
the positive magnetoresistance features gradually weaken and
eventually disappear for 7 > 150 K, with the magnetoresis-
tance becoming entirely negative. In contrast, when the mag-
netic field is applied perpendicular to the (111) plane, as shown
in Fig. 2(b), the magnetoresistance exhibits negative values
throughout the entire temperature range, which is markedly
different from the behavior observed when the magnetic field
is aligned with the current direction in Fig. 2(a).
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Fig. 2. (a)-(b) Magnetoresistance data at different temperatures with (a)
H|| film plane and (b) HL film plane. The up-sweep and down-sweep
curves do not overlap at the same temperature, indicating a hysteresis
phenomenon. (c)—(d) Magnetoresistance data at 7 = 2 K with the mag-
netic field rotating in the out-of-plane direction from 0° (H|| film plane)
to 90° (H L film plane).

It is noteworthy that the magnetoresistance behavior ob-
served for H parallel to the (111) plane is similar to that

seen in polycrystalline MnGe, where the magnetoresistance
response transitions from positive in the low-field regime to

e.[1”18] The positive magne-

negative in the high-field regim
toresistance observed here is unconventional, as an external
magnetic field typically suppresses spin-dependent scattering,
leading to monotonically increasing negative magnetoresis-
tance in other related B20-type compounds. The large positive
magnetoresistance observed in polycrystalline MnGe samples
is attributed to fluctuations of the emergent magnetic field
(monopole fluctuations), and the significant positive magne-
toresistance, peaking around the magnetic phase boundary, is
ascribed to the enhancement of monopole fluctuations near the
monopole—antimonopole annihilation point. To further inves-
tigate the magnetoresistance changes for H parallel and H per-
pendicular to the (111) plane in thin films, we measured the
magnetoresistance at 7 = 2 K with the magnetic field rotat-
ing in the out-of-plane direction, from 0° (H|| film plane) to
90° (HL (111) plane). Figure 2(c) presents magnetoresistance
data measured at different rotation angles. Figure 2(d) com-
piles the magnetoresistance data from all angles, facilitating
a clearer analysis of the trend in magnetoresistance variation
with angle. A clear transition to entirely negative magnetore-
sistance behavior occurs around a rotation angle of approxi-
mately 40° (starting from 0°), indicating that monopole fluc-
tuations are unlikely to be the origin of the positive magne-
toresistance behavior in the film. Compared with the behavior
under a magnetic field perpendicular to the (111) plane, the
parallel alignment of the magnetic field with the (111) plane
may induce an additional magnetic phase transition.

The anisotropic magnetic-field responses are further evi-
denced by the sharp contrasts observed in other physical prop-
erties for H parallel and H perpendicular to the (111) plane
configurations. Figure 3 illustrates the H dependence of M
for both H parallel and H perpendicular to the plane. At
300 K, both configurations exhibit a linear H dependence of
M, but as the temperature decreases to 200 K, nonlinear be-
havior with saturation of M at high magnetic fields becomes
evident. Below 200 K, the behaviors diverge significantly:
an obvious metamagnetic transition is observed for H parallel
to the (111) plane, with the transition point shifting to higher
fields as the temperature decreases. For clarity of analysis, the
transition point in the M—H curve of Fig. 3(a) is defined as
Hy. This behavior aligns with the magnetoresistance data pre-
sented in Fig. 2(a), where positive magnetoresistance under H
parallel to the (111) plane at low fields begins to appear as
the temperature is reduced to 7' < 150 K. In marked contrast,
when the magnetic field is applied perpendicular to the (111)
plane (as shown in Fig. 3(b)), the M—H curve exhibits an over-
all linear behavior below 200 K, which is consistent with the
negative magnetoresistance observed in Fig. 2(b). Crucially,
when the magnetic field is applied perpendicular to the (111)
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plane, the M—H curves do not exhibit a transition point, un-
like the behavior observed under in-plane field configurations.
The distinct differences in behavior between the two magnetic
field orientations indicate the presence of significant magnetic
anisotropy.
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Fig. 3. The M—H curves of the MnGe thin film at different temperatures
with (a) H|| film plane and (b) HL film plane. To facilitate subsequent
analysis, the transition point in Fig. 3(a) is defined as Hy, as indicated by
the black arrow.

Figures 4(a) and 4(b) display the magneto-Seebeck effect
in MnGe films under magnetic fields applied along different
directions. Figure 4(a) shows the variation of the Seebeck co-
efficient with magnetic field at different temperatures when
H is parallel to the (111) plane. At low magnetic fields, the
S—T curve exhibits a plateau, with no significant change in
the Seebeck coefficient under the application of an in-plane
magnetic field. As the magnetic field increases, a marked
increase in the Seebeck coefficient is observed, followed by
saturation at high magnetic fields. In other words, within a
certain low magnetic-field range, the Seebeck coefficient re-
mains unchanged and then increases abruptly beyond a spe-
cific field (defined as H). Moreover, this magnetic field cor-
responds exactly to Hy defined in Fig. 3(a). As the tempera-
ture increases, the magnetic-field range of the plateau gradu-
ally narrows and completely disappears at T = 200 K, which
is consistent with the magnetic transition temperature of the
MnGe thin film, indicating that the variation in the Seebeck
effect of the MnGe thin film is closely related to changes in
its magnetic properties. In contrast, when H is applied per-
pendicular to the (111) plane, as shown in Fig. 4(b), the S-T
curve exhibits a parabolic behavior. Additionally, a ferromag-
netic kink appears, similar to that observed in the S—T curve
under H parallel to the (111) plane. Figures 4(c) and 4(d) show
Seebeck—temperature curves at different magnetic fields with
H parallel and perpendicular to the (111) plane, respectively.
As shown in Fig. 4(c), when the magnetic field is applied par-
allel to the (111) plane, the curves at lower magnetic fields
(e.g., 0T, 1T, and 2 T) coincide below specific temperatures

(such as 100 K and below). This overlap behavior is consis-
tent with the plateau observed in the low-field Seebeck data in
Fig. 4(a). In contrast, when the field is oriented perpendicular
to the (111) plane, the S—T curves exhibit negligible overlap
across different magnetic fields, a feature consistent with the
Seebeck data presented in Fig. 4(b). The Seebeck coefficient
of MnGe is primarily related to changes in the magnetic struc-
ture, as observed in polycrystalline samples.!!8! This suggests
that at low magnetic fields with H parallel to the (111) plane,
the magnetic structure of the MnGe film remains unchanged,
whereas no similar plateau region is observed when H is per-
pendicular to the (111) plane, consistent with the M—H curve
data (i.e., nonlinear behavior for H parallel to the (111) plane
and linear behavior for H perpendicular to the (111) plane).
In other words, when the magnetic field is applied parallel to
the (111) plane, the magnetic structure remains stable at low
fields. Given that the variation of the Seebeck coefficient di-
rectly correlates with changes in the magnetic structure, the
Seebeck coefficient consequently exhibits minimal variation
under low-field conditions, manifesting as the plateau behav-
ior observed in Fig. 4(a). Conversely, with an out-of-plane
magnetic field (perpendicular to the (111) plane), the mag-
netic structure undergoes continuous modification, resulting in
a monotonic increase in the Seebeck coefficient with increas-
ing magnetic field. Thus, these observations provide clear ex-
perimental evidence supporting the conclusion that the See-
beck coefficient in MnGe depends on changes in the magnetic

structure.
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Fig. 4. (a)—(b) The magneto-Seebeck effect of the MnGe thin film at
different temperatures with (a) H|| film plane and (b) HL film plane.
The termination point of the magnetic-field plateau is defined as H, with
both H; and the forced-ferromagnetic (FFM) transition point indicated by
black and red arrows, respectively. (c)—(d) Seebeck—temperature curves
at different magnetic fields with (¢) H|| film plane and (d) H_L film plane.

4. Magnetic phase diagram of MnGe thin films

Based on the magnetoresistance, M—H curves, and See-
beck coefficient data, we constructed a phase diagram for H
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parallel to the (111) plane, as shown in Fig. 5. The magnetic
ground state used in this phase diagram was the multi-domain
helical state, as confirmed by SP-STM.!!¥] To delineate the
boundaries of the phase transition, we integrated data from the
magnetoresistance, M—H curves, and Seebeck coefficient, as
presented in Fig. 5. Detailed information on how data points
were selected from each curve can be found in the supple-
mentary materials (Fig. S1). Here, FFM (M-H) and FFM
(Seebeck) are the forced-ferromagnetic transition points de-
fined by the inflection points in the M—H curves and Seebeck
data, respectively. It is evident that at low magnetic fields,
the magnetic structure remains unchanged. As the magnetic
field increases, the magnetic structure begins to evolve, which
is marked as the transition region, and ultimately, the system
enters a ferromagnetic state at higher magnetic fields. The
maximum magnetoresistance value resides within the transi-
tion region. One possible explanation for this observation is
that the phase transition from a multi-domain state to a single-
domain state occurs when the magnetoresistance reaches its
maximum value, in which scenario the magnetoresistance be-
haves as positive in the multi-domain state and negative in the
single-domain state. Consequently, employing complemen-
tary experimental techniques to probe the magnetic evolution
within the transition region is essential.

8 —=— H_ (Seeback)
7+ —e— H, (M—H)
FFM —A—FFM (M—H)
6 —¥—FFM (Seeback)
~ bF
)
| Transition region
o 4
=
3 3t
2}
1 Multi-domain helical state
0 1 1 1 1 1 1 1 1

0 40 80 120 160 200

T (K)

Fig. 5. The phase diagram with H|| film plane, based on the magnetore-
sistance, M—H curves, and Seebeck coefficient data. Here, Hs and Hy cor-
respond to the termination points of the magnetic-field plateau in the See-
beck data and the transition point in the M—H curves, respectively. Mean-
while, FFM (M-H) and FFM (Seebeck) denote FFM transition points
defined by the inflection points in the corresponding M—H curves and
Seebeck data.

For elucidating magnetic phase transitions within the
transition region, microscopic magnetic characterization
serves as a uniquely direct and effective experimental probe.
To date, there is no direct microscopic experimental evidence
confirming whether the magnetic structure remains unchanged
at low magnetic fields. Commonly used methods for observing
magnetic domain structures include Lorentz transmission elec-
tron microscopy,[w’zol SP-STM, 21221 and MFM.[2324] The
following presents our observations of the magnetic domain

structure using a custom-built rotatable low-temperature high-

field MFM.[?>26] 1t is important to note that this device al-
lows direct rotation of the microscope within a 12 T super-
conducting magnet inside a 5 K chamber, enabling us to cap-
ture high-resolution magnetic domain images (with a resolu-
tion better than 50 nm) under in-plane magnetic fields up to
12 T, which is critical for our study. The frequency-modulated
mode is employed to image the stray field from the sample,
with the frequency shift being proportional to the gradient of
the magnetic interaction force at the cantilever tip. By main-
taining a constant distance between the tip and the sample,
the detected frequency shift can be used to infer the magnetic
moment strength of the sample. We present MFM images at
T = 100 K under varying magnetic fields when H is parallel
to the (111) plane. We were unable to observe the three funda-
mental classes of domain walls and helical domains, which are
typically found in FeGe, in our MFM images,!?’~>"! likely due
to the much smaller helical period of MnGe (~ 3 nm), which
is below the resolution limit of our MFM (~ 50 nm). As a re-
sult, we cannot directly observe changes in the MFM images
with varying magnetic fields to determine the specific modifi-
cations in the magnetic domains. Even so, to reflect the rate of
change in the magnetic signal as the magnetic field increases,
we subtract the MFM images of each adjacent magnetic field.

The calculation formula is as follows:
__ phase (H3) — phase(H)

Aphase(H|,H,) = H _H, . (D

The contrast (phase degree) is proportional to the second
derivative of the magnetic field, and the phase value represents
the strength of the magnetic signal. Figure 6 shows the rate of
change at T = 100 K, while the original data at 7 = 100 K
are presented in Fig. S2 of the supplementary material. It can
be observed that when H < 2 T, the magnetic signal remains
unchanged, corresponding to the multi-domain helical state
shown in Fig. 5. When 2 T < H < 3 T, the magnetic structure
changes most rapidly, corresponding to the transition region
in Fig. 5, and as the magnetic field continues to increase, the
system enters the ferromagnetic state, and the intensity of the
magnetic signal stabilizes, as shown in Fig. 6(j). The quantita-
tive analysis of the MFM data at 100 K is presented in Fig. S3,
and by establishing a one-to-one correspondence between dif-
ferent phases of the phase diagram and the MFM images, we
can confirm the accuracy of the phase diagram. This also aids
in better understanding the changes in the magnetic structure,
although we still cannot conclusively determine whether other
magnetic phase transitions exist within the transition region,
which may require more precise measurements in future ex-

periments.
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Fig. 6. The rate of change of the 3.3 um x 3.3 um MFM images at
T =100 K. In each figure, H|—H, represents Aphase(H),H).

5. Conclusion and perspectives

To understand the physical origin of the magnetic
anisotropy in MnGe films, we compared the magnetoresis-
tance and M—H behavior with those observed in FeGe and
MnSi films, 331 whose magnetic ground states are also he-
lical but with the propagation direction of the helical axis per-
pendicular to the film plane, which is simpler than that in
MnGe. As reported in the literature, FeGe and MnSi films
exhibit an additional magnetic phase transition when the mag-

netic field is applied perpendicular to the film plane, which is
similar to the behavior observed in MnGe films. Through ex-
perimental analysis, the changes in the magnetic structure of
FeGe and MnSi films under different magnetic field orienta-
tions have been attributed to the influence of uniaxial magnetic
anisotropy. Specifically, when the magnetic field is applied
parallel to the plane (i.e., perpendicular to the propagation di-
rection of the helical axis), the direction of the helical axis
remains unchanged, while the helical period changes, transi-
tioning from three turns to two turns through an incommensu-
rate state. > When the magnetic field is applied perpendicular
to the film plane (i.e., parallel to the propagation direction of
the helical axis), the helical magnetic state transitions into a
conical state without an additional magnetic phase transition.
This physical model clearly explains the unusual magnetore-
sistance and M—H behavior observed in FeGe and MnSi films,
but it may not fully account for the magnetic anisotropy ob-
served in MnGe thin films, as MnGe possesses a more com-
plex magnetic structure compared to other B20 materials.

As mentioned above, MnGe films host a complex multi-
domain ground state with tilted helical axes,!'*!4! leading to
the observed metamagnetic transition, robust low-field posi-
tive magnetoresistance, and Seebeck plateau under in-plane
This
enhanced complexity stems from MnGe’s intrinsic triple-g

fields — features absent in simpler helical systems.

magnetic instability, which drives the reorientation of heli-
cal axes toward the [111] direction in thin films.!'"! The pro-
nounced positive magnetoresistance in MnGe, peaking near
phase boundaries, differs fundamentally from the monotonic
negative magnetoresistance in FeGe/MnSi, suggesting a dis-
tinct scattering mechanism potentially linked to emergent field
fluctuations or multi-to-single domain transitions rather than
conventional spin-disorder suppression.!!”) Furthermore, the
stability of the Seebeck plateau at low in-plane fields in MnGe
implies a magnetic rigidity not observed in other B20 films,
underscoring the unique energetics of its multi-domain config-
uration. These comparative differences highlight how MnGe’s
intricate magnetic texture manifests in transport and thermo-
dynamic properties distinct from its B20 counterparts.
Through measurements of magnetoresistance, M-H
curves, the magneto-Seebeck effect, and MFM, we found that
MnGe thin films exhibit both in-plane and out-of-plane mag-
netic anisotropy. Notably, compared to H perpendicular to the
(111) plane, nonlinear M—H curves and positive magnetore-
sistance at low magnetic fields appear in MnGe films when H
is parallel to the (111) plane. MFM images further reveal that
the magnetic structure of MnGe thin films remains unchanged
at low magnetic fields below the magnetic transition temper-
ature, and by combining all transport measurements with H
parallel to the (111) plane, we constructed a phase diagram,
which aligns with the behavior observed in the MFM data.
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These results significantly contribute to a better understanding
of the magnetic interactions in MnGe thin films. Addition-
ally, we provide a comprehensive set of methods for studying
materials with complex magnetic structures, which may prove
beneficial for future studies of other materials with similarly
complex magnetic properties.
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