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Noncolinear or noncoplanar spin configurations in magnetic materials usually give rise to a fascinating array
of physical phenomena. Here, we perform a systematic study of magnetic and electronic transport properties in
a noncolinear itinerant magnet PrMn2Ge2. With the field applied along different directions, PrMn2Ge2 displays
uniaxial magnetic anisotropy with an easy axis along the c axis. Both the temperature-dependent magnetization
and longitudinal resistivity reveal an anomaly at 330 K, well corresponding to the magnetic transition of the
Mn sublattice from a colinear antiferromagnetic state to a canted ferromagnetic state. Strikingly, PrMn2Ge2

exhibits anomalous Hall effect (AHE) together with prominent negative magnetoresistivity (MR) when the field
is applied along the c axis. The negative MR can be linked to the suppression of spin scattering. Based on
the scaling analysis between the anomalous Hall resistivity ρA

yx and longitudinal resistivity ρxx , the relationship
ρA

yx ∝ ρ1.18
xx has been given, which indicates that the observed AHE in PrMn2Ge2 is likely dominated by the

skew-scattering mechanism. Simultaneously, a sharp jump has been observed in the hysteresis loop, which is
also discernible in the field dependence of Hall resistivity and magnetoresistivity. Such features presumably
result from the movement of the domain wall.

DOI: 10.1103/PhysRevB.107.144402

I. INTRODUCTION

Skyrmions or skyrmion bubbles-hosting materials have
attracted immense interest in condensed matter physics for
promising applications in spintronic devices [1–4]. Thus far,
various intriguing phenomena associated with the nontriv-
ial spin textures, including the topological Hall effect [5,6],
skyrmion Hall effect [7,8], skyrmion magnetic resonance [9],
etc., have been identified. These stirring properties, coupled
with the steady particlelike nature, tiny size, and topological
stability, highlight skyrmions as potential information carriers
in memory devices [2–4]. However, the experimentally de-
tected magnetic skyrmions or skyrmion bubbles usually exist
at low temperatures [10] and less is observed near room tem-
perature. From the viewpoint of better practical applications,
further exploration on other physics properties pertaining to
reported systems with unique room-temperature skyrmion or
skyrmion bubbles is therefore indispensable.

Prominently, the rare earth-transition metal compounds
REMn2Ge2 (RE = rare-earth element) have been recently
reported as a unique system hosting stabilized magnetic
skyrmion bubbles near room temperature [11,12]. Materials
in this family usually crystallize in a body-centered-tetragonal
structure of ThCr2Si2-type with the space group I4/mmm.
The RE, Mn, and Ge layers are arranged alternately along
the c axis following the sequence of -RE-Ge-Mn-Ge-RE-
[13,14]. In regard to the magnetic properties, both the rare
earth and manganese sublattice play a significant role in these
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compounds. In general, the magnetic order in the manganese
sublattice persists up to temperatures higher than 300 K,
whereas the rare earth sublattice only exhibits magnetic or-
der at low temperatures. A diversity of spin configurations
have been proposed and verified in these compounds based
on theory and experiments [15–17]. Besides, recent attention
has also focused on them due to their anomalous Hall effect
(AHE) [18,19] and noncoplanar spin textures-induced topo-
logical Hall effect (THE) [12,18–21]. All the observations
mentioned above remind us that these compounds merit fur-
ther investigation.

PrMn2Ge2, falling into the family of REMn2Ge2, pos-
sesses intricate magnetic structures depending on temperature
as reported in substantial works [22–24]. Briefly, PrMn2Ge2

undergoes a transition from the paramagnetic state (PM) to a
colinear antiferromagnetic (AFM) state with the Mn moments
lying in the intralayers at the Néel temperature TN up to
415 K, termed as AFl type magnetic structure, then enters
into a canted ferromagnetic (FM) state with a commensu-
rate intralayer antiferromagnetic component (Fmc type) at
Tc1 ∼ 330 K, the canting angle with the c axis is about 65◦.
As temperature drops more to Tc2 ∼ 280 K, PrMn2Ge2 con-
verts to a conical ferromagnetic state with an incommensurate
intralayer antiferromagnetic component (Fmi type). The cone
semiangle is approximately 58◦ from the c axis and the in-
terlayer component of moments remains ferromagnetic along
the c direction. It should be noticed that such a Fmi type
magnetic structure in the Mn sublattice persists to the lowest
temperature. On further cooling of PrMn2Ge2 to ∼ 40 K (T Pr

c ),
magnetic order occurs in the Pr sublattice, which couples
ferromagnetically with the ferromagnetic component of the
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conical Mn spins along the c axis. Although extensive works
have been reported to investigate the magnetic properties of
PrMn2Ge2, the study on electronic transport properties is cur-
rently absent, which would provide an inherent and deeper
knowledge of PrMn2Ge2.

In this study, we synthesized high-quality single crystals
of PrMn2Ge2 and implemented a comprehensive study of
its magnetic and electronic transport properties. The uni-
axial magnetic anisotropy with an easy axis along the c
axis has been observed as the field is applied in different
directions. PrMn2Ge2 shows significant negative magnetore-
sistivity (MR) with the field applied along the c axis, which
is ascribed to the suppression of spin scattering. Strikingly,
we found an AHE with an approximately linear relationship
between the anomalous Hall resistivity ρA

yx and longitudinal
resistivity ρxx, namely ρA

yx ∝ ρ1.18
xx , indicating the obtained

AHE might be described by the skew scattering mechanism.
Furthermore, a conspicuous jump, likely produced by the mo-
tion of the domain wall, has been observed in the hysteresis
loop, as well as in the field dependence of Hall resistivity and
magnetoresistivity, which awaits further check with magnetic
force microscopy.

II. EXPERIMENTAL DETAILS

Single crystals of PrMn2Ge2 were prepared via the indium
flux method. Pr ingots, Mn powder, Ge powder, and In pieces
were loaded into an alumina crucible with a molar ratio of
Pr : Mn : Ge : In = 1 : 2 : 2 : 30 before being sealed in an
evacuated quartz tube. The tube was then heated to 1100 ◦C,
dwelled there for 20 h, and finally cooled down to 700 ◦C with
the rate of 3 ◦C / h. Platelike single crystals were dissociated
from the flux with a centrifuge at this temperature. Chemical
compositions of the single-crystal PrMn2Ge2 were confirmed
to be Pr : Mn : Ge = 1 : 2 : 2 by using energy dispersive X-ray
spectroscopy (EDX, Oxford X-Max 50). The single-crystal X-
ray diffraction (XRD) and powder XRD data were collected
with a Brucker D8 Advance X-ray diffractometer using Cu
Kα radiation. TOPAS-4.2 was employed for the refinement.

The measurements of magnetic properties were carried
out on the Quantum Design magnetic property measurement
system (QD MPMS-3). The longitudinal resistivity ρxx and
Hall resistivity ρyx were measured using a standard six-probe
method on the Quantum Design physical property measure-
ment system (QD PPMS-14T). To eliminate the influence of
the voltage probe misalignment, the raw data of ρxx and ρyx

were gathered under both negative (sweeping the field from
0 T to −5 T) and positive field (sweeping the field from
0 T to 5 T). Then the total ρxx and ρyx are assessed using
the formula ρxx(B) = [ρxx(+B) + ρxx(−B)]/2 and ρyx(B) =
[ρyx(+B) + ρyx(−B)]/2, respectively. B is related to the extra
magnetic field (μ0H) by B = μ0[H + (1 − Nd )M )], where Nd

is the demagnetization factor, μ0 is the vacuum permeability,
and M is the magnetization. All the experiments are conducted
on the same rectangular sample.

III. RESULTS AND DISCUSSIONS

As depicted in Fig. 1(a), PrMn2Ge2 crystallizes in a cen-
trosymmetric tetragonal structure. The Pr, Mn, and Ge layers

FIG. 1. (a) Sketch of PrMn2Ge2 Crystal structure. (b) Rietveld
refined powder XRD patterns of crushed sample. (c) The single-
crystal XRD pattern of PrMn2Ge2, the inset shows a photograph
of the as-grown single crystal. (d) The longitudinal resistivity as a
function of temperature at zero field. The Tc1 is marked as green
arrow. The inset shows the curve of dρxx/dT -T.

are arranged alternately along the c axis in the sequence of
-Pr-Ge-Mn-Ge-Pr-. Figure 1(b) displays the powder XRD pat-
terns of crushed single crystals. All the peaks can be finely
refined with space group I4/mmm (No. 139). The refined
lattice parameters are a = b = 4.130(3) Å, c = 10.938(8) Å,
in coincidence with previously reported values [13,14]. The
interlayer Mn-Mn distance is determined by c/2 = 5.469(4)
Å, which is slightly greater than the nearest intralayer Mn-
Mn distance calculated by a/

√
2 = 2.920(1) Å. Figure 1(c)

presents the single-crystal XRD pattern. The sharp peaks are
well indexed as the (00l ), indicating the naturally cleaved
surface is the ab plane. A photograph of typical single-crystal
PrMn2Ge2 is shown in the inset of Fig. 1(c). Temperature
(T ) dependence of longitudinal resistivity ρxx(T ), as pre-
sented in Fig. 1(d), demonstrates a metallic behavior over
the entire temperature range. The sizable value of residual
resistivity ratio (RRR) estimated by ρxx (300 K) / ρxx (2 K)
is 37, indicating that the as-grown sample is of high quality.
A distinct kink has been observed above room temperature,
marked as the Curie temperature Tc1, which well corresponds
to the magnetic transition from AFl type to Fmc type. The
Tc1 is 330 K, further determined by the peak position of the
dρxx/dT vs T curve as presented in the inset of Fig. 1(d). Fur-
thermore, a faster decrease of longitudinal resistivity below
Tc1 is observed, which is attributed to the reduction of spin
disorder-induced scattering.

Temperature dependence of magnetization M(T ) for
PrMn2Ge2 were plotted in Figs. 2(a) and 2(b) with the mag-
netic field applied parallel to the c axis (B ‖ c) and ab plane
(B ‖ ab), respectively. For both directions, zero-field-cooled
(ZFC) and field-cooled (FC) magnetization curves show sharp
upturns at high temperature, consistent with the FM transition
of Mn sublattice as mentioned above. This is more obvious
in the derivative dM/dT curves in the insets of Figs. 2(a)
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FIG. 2. Temperature dependence of magnetization in the ZFC and FC modes under several fields (a) for B ‖ c and (b) for B ‖ ab. The insets
indicate the corresponding dM/dT -T curves. A jump just below Tc1 is marked as the green arrow in (b). (c) and (d) The magnetization as a
function of magnetic field at different temperatures for B ‖ c and B ‖ ab. The inset of (d) shows the isothermal magnetization at 100 K, which
exhibits a nonlinear increase with the increasing field before saturation. The dashed line is the linear fit. (e) The comparison of magnetization
at 2 K between the case of B ‖ c and B ‖ ab. The red solid lines represent the measurement process with the field sweeping from 5 T to −5 T
whereas the green solid lines mean the field sweeps from −5 T to 5 T, which has also been marked with the red and green arrows, respectively.
(f) The angular dependence of magnetization under several fields at 10 K.

and 2(b), where clear peaks have been observed at the charac-
teristic temperature Tc1 = 330 K for both cases, in agreement
with the Tc1 estimated from the ρxx-T curve. Regarding the
case of H ‖ c, the data shows slight ZFC-FC splitting at low
temperature as a field of μ0H = 0.1 T is applied, which is
mainly due to the formation of FM domains. Besides, evi-
dence of the FM order from the Pr sublattice is obtained from
a further increase of magnetization at 36 K with the applied
field of 1 T. On the contrary, when the field is applied parallel
to the ab plane, except for the well displayed FM transition
at Tc1, another kink has been observed in the M-T curve
around 280 K, which is in line with the transition of magnetic
structure from Fmc type to Fmi type at Tc2. Note that there
is a sudden jump just below Tc1. Such a feature, termed as
magnetic anomaly in Fe5−xGeTe2 [25], is widely accepted as
the onset of the magnetic soliton lattice in helimagnets, which
has been theoretically and experimentally validated [26–28].
The possibility of a magnetic soliton lattice in PrMn2Ge2 will
be later simply argued with the data of M-B curves. Upon
further cooling T , the magnetization shows a distinct drop at
low temperature, as evident in Fig. 2(b), which is primarily
attributed to the AFM ground state in the ab plane.

The magnetization of PrMn2Ge2 is displayed as a function
of magnetic field in Fig. 2(c) for B ‖ c. For simplicity, the data
presented here is collected by sweeping the field from 0 T to
5 T and 0 T to −5 T, the same procedure as the aforementioned

longitudinal resistivity and Hall resistivity measurements. All
curves below Tc1 show a linear increase with the increasing
field and finally approach saturation, which suggests a typ-
ical FM behavior. At 2 K, the saturated magnetization Ms

reaches 6.04 μB/f.u. (μB and f.u. stand for the Bohr magneton
and formula unit, respectively) under B ∼ 0.89 T, which is
in fair agreement with the previous reported value (Ms =
5.90 μB/f.u.) in single-crystal PrMn2Ge2 [29], whereas the
field-dependent magnetization results in distinctly different
behaviors in the case of B ‖ ab, as displayed in Fig. 2(d).
Particularly, the curves gathered at low temperatures exhibit
a nonlinear behavior before saturation, which can be observed
obviously from the isothermal magnetization for 100 K in
the inset of Fig. 2(d). In fact, such nonlinear increase on the
field-dependent magnetization has been properly discussed as
a scenario of magnetic soliton lattice formation theoretically
[30] and generally observed in some systems with helical
magnetic structure [26,31], whose magnetic soliton lattice
was directly presented by Lorentz microscopy [28]. As for
PrMn2Ge2, a helical spin structure along the c axis can arise
from the ab-plane component of its conical ferromagnetic
structure [23], which may continuously evolve into a mag-
netic soliton lattice phase with a field perpendicular to the
helical axis based on the well-established theory [30]. Ac-
cordingly, the nonlinear behavior observed here in PrMn2Ge2

just with B ‖ ab, coinciding well with the magnetic structure
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FIG. 3. Field dependence of (a) magnetoresistivity and (b) Hall resistivity at different temperatures for B ‖ c and I ‖ a. (c) The normal
Hall coefficient R0 and anomalous Hall coefficient RS as a function of temperature. The inset of (c) presents the temperature dependence of
anomalous Hall resistivity. (d) The plot of logρA

yx versus logρxx . The red solid line is the fit with the scaling law ρA
xy ∝ ρα

xx . Inset shows the
anomalous Hall conductivity as a function of temperature.

of PrMn2Ge2, likely stems from the formation of a magnetic
soliton lattice. Besides, the saturated magnetization is approx-
imately 4.11 μB/f.u. at 100 K and gradually increases with
the decreasing temperature in both cases of B ‖ c and B ‖ ab.
In other words, the same saturated magnetization at 2 K for
B ‖ ab is anticipated as that for B ‖ c as long as a higher
field is applied. For clarity, Fig. 2(e) presents the comparison
of magnetization loop at 2 K between the case of B ‖ c and
B ‖ ab. A prominent hysteresis is observed for B ‖ c but not
for B ‖ ab, suggesting that there are FM components of mo-
ments along the c axis. An abnormal shape of hysteresis loop
has also been noticed, which will be discussed in detail later.
Note that no saturation signal of the magnetization is observed
for B ‖ ab, even the field strengths up to 7 T in Fig. 2(d). Fur-
thermore, the angular dependence of magnetization with the
field rotating in the ab plane is presented in Fig. 2(f). The data
reveals an almost isotropic behavior in the ab plane, which is
expected from the proposed magnetic structure. Despite such
complexity of magnetism as mentioned above, it is apparent
that PrMn2Ge2 possesses uniaxial magnetic anisotropy and
the easy magnetization axis is the c axis within the entire tem-
perature range, which is evident from M-B and M-T curves in
different directions.

Next, we turn to characterize the electronic transport
properties of PrMn2Ge2. The field dependence of longitudinal
resistivity ρxx(B), together with the field-dependent Hall
resistivity ρyx(B) measurement, was carried out with
B ‖ c and the electric current (I) parallel to the a axis
(I ‖ a). The magnetoresistivity (MR), defined as MR =

[ρxx(B) − ρxx(0)]/ρxx(0) × 100%, is plotted in Fig. 3(a).
It is clearly shown that the signs of MR are opposite in
the case of low and high temperature. At high temperature,
negative MR with a maximum value of 5.7% at Tc1 = 330 K
(B = 5 T) has been observed, which is owing to the
suppression of spin scattering with an extra field as commonly
reported in ferromagnetic systems. In contrast, the sign of
MR is switched from negative to positive with reducing
temperature, which reveals that the conventional MR,
generated by Lorentz force-induced spiral motion of the
conduction electrons, dominates at low temperature.

The Hall resistivity ρyx as a function of magnetic field for
different temperatures is plotted in Fig. 3(b), which exhibits a
linear field dependence for T > Tc1. Instead, the curves show
two distinct regions below Tc1. In the low-field region, the
Hall resistivity increases sharply with an increase in field.
While it becomes nearly field-independent in the high-field
region. Obviously, the ρyx(B) curves highly resemble the trend
of M(B) curves at corresponding temperatures, confirming
the presence of anomalous Hall effect in the target single
crystal. It should be pointed out that no additional signal is
observed on both MR and ρyx curves within the temperature
range of 240–320 K and the low-magnetic field region of 40–
70 mT, where the skymion bubbles exist for polycrystalline
REMn2Ge2 [11]. Generally, the measured Hall resistivity in
a ferromagnetic system is composed of two terms [32], i.e.,
ρyx = ρN

yx + ρA
yx = R0B + RSμ0M, where ρN

yx is the normal
Hall resistivity related to Lorentz effect and ρA

yx is the anoma-
lous Hall resistivity. R0 and RS represent the normal and
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FIG. 4. (a) The field dependence of magnetization, magnetoresistivity, and Hall resistivity taken with the same experimental procedure at
50 K for B ‖ c. The red lines represent the measurement process with the field sweeping from -5 T to 5 T whereas the dark cyan lines mean the
field sweeps from 5 T to -5 T. (b) The hysteresis loop with abnormal drops at different temperatures. (c) The real part of the field-dependent
ac susceptibility. (d) The hysteresis loop at 2 K. The parameters including MS, BS, BC, MA, and M × B are defined as indicated by arrows.
(e) The temperature dependence of different parameters.

anomalous Hall coefficient, respectively. Accordingly, the val-
ues of R0 and ρA

yx can be estimated from the linear fit of ρyx(B)
in the high-field region. The slope and intercept correspond to
the R0 and ρA

yx, respectively. RS is then derived utilizing the
formula ρA

yx = RSμ0MS. The obtained results are presented in
Fig. 3(c). Over the entire measured temperature range, R0 is
positive, indicating the majority carriers are holes. The carrier
concentration (n) is further estimated by n = 1/ | eR0 |, which
reaches 1.8 × 1022 cm−3 at 2 K. Both ρA

yx and RS increase
as the temperature increases with a prominent maximum at
300 K, a temperature slightly below Tc1(∼ 0.9 Tc1). Such a
feature has already been reported in Fe3GeTe2 single crystals
[33] and Mn5Ge3 thin films [34].

It is well recognized that anomalous Hall effect can
arise from three mechanisms, namely the skewing scattering,
side jump, and Berry curvature-related intrinsic mechanism
[35]. To explore the possible origin of the AHE observed
in PrMn2Ge2, the anomalous Hall conductivity (σ A

yx) is
calculated using the formula σ A

yx = |ρA
yx/(ρ2

yx + ρ2
xx )|. The

temperature dependence of (σ A
yx) with a maximum of 220

�−1cm−1 is plotted in the inset of Fig. 3(d). In theory, the
Berry curvature-related term generally gives rise to a large
intrinsic anomalous Hall conductivity (σ A

yx,in) in the order of
e2/(hc), where e, h, and c are the electronic charge, Plank
constant, and lattice parameter, respectively [36]. Using the
lattice parameter c = 10.938(8) Å, the anticipated σ A

yx,in in
PrMn2Ge2 is 353 �−1cm−1, larger than the experimentally
measured value. In contrast, the contribution of a side-jump
mechanism can be expressed as [e2/(hc)](εso/EF), where εso

is the energy of spin-orbit interaction and EF is the Fermi

energy [37]. Since the value of εso/EF is generally less than
0.01 for metallic ferromagnets, the side-jump mechanism
induced σ A

yx is commonly much smaller than σ A
yx,in and the ob-

served value in PrMn2Ge2. Hence, the dominant mechanism
of the AHE should be further ascertained. Based on the well-
established theory, the exponent α determined by the scaling
law ρA

xy ∝ ρα
xx is also a characteristic parameter to check which

mechanism generates the AHE [35]. More precisely, α =
1 refers to the AHE that results from the skew scattering
mechanism, while α = 2 refers to the AHE that results from
the intrinsic or side jump mechanisms. Accordingly, scaling
analysis between logρA

yx and logρxx has been employed in
Fig. 3(d). The exponent α equals 1.18, which suggests that the
AHE might be dominated by the skew scattering mechanism.

As mentioned above, the magnetization shows a sharp
drop as H decreases from high field, bringing out two tiny
triangles in the M(B) loop. It is surprising that such a drop
has also been discernible in the curves of ρyx(B) and MR
taken with the same experimental procedure, as presented
in Fig. 4(a), indicating that the magnetism and electronic
transport properties are intimately related. Figure 4(b) exhibits
the hysteresis loop at several temperatures, which decreases
gradually as the temperature increases and finally disappears
above T > Tc1. Note that the drops occur in a tiny field range
of 0.003 T and finally disappear when temperature approaches
Tc1. The specific shape of hysteresis loop, persisting in a broad
temperature range over a wide temperature range below Tc1

in PrMn2Ge2, have been also reported in moloclinic Cr5Te8

[38], TbMn6Sn6 [39], and BaFe12O19 [40]. Particularly in
BaFe12O19, such an anomaly has been exhaustively studied
using magnetic force microscopy and attributed to the motion
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of domain wall. To further explore the feature in PrMn2Ge2,
the measurement of ac susceptibility is carried out at different
temperatures below Tc1. The results have been demonstrated
in Fig. 4(c). All curves show distinct drops around 0.5 T,
in agreement with the value extracted from M(B) curves
as discussed below. For clarity, several relevant parameters
including MS, BS, BC, MA, and M × B have been defined.
When the field gradually increases, the magnetization reaches
saturation at a critical field. Here the field is defined as BS,
the saturated magnetization is MS as mentioned before. BC

is another critical field where the sharp drop occurs when
the field decreases from high field. The magnetization at this
time is numerically equal to MS and the magnetization after
the drop is defined as MA. M × B stands for the hysteresis
loss, which is estimated by the area of the yellow triangle
displayed in Fig. 4(d). To further assess the degree of change
in magnetization before and after the jump, the mutation ratio
R = (MS − MA)/MS is assessed based on the above param-
eters. The obtained parameters are plotted as a function of
temperature in Fig. 4(e). It is clear that BS, MS, and M × B
exhibit the same temperature dependence. They all increase
with the decreasing temperature as expected in the systems
with FM coupling due to an enhanced magnetic exchange at
low temperatures. All the extracted values of BC are close to
0.5 T with a slight increase when the temperature decreases.
It indicates that there is a mutation of domain wall at 0.5 T
as investigated in an early report [40]. It has been noticed
that there is a drop in BC at low temperature, which might
be attributed to the influence of Pr spins. At the same time,
the R reveals a maximum value of 0.5 (50%) at 2 K. It should
be mentioned that measurements on different samples have
been conducted to check the reliability of the phenomenon
mentioned above. Here, we have reported such phenomena
from the view of magnetic transport. While the precise process
of the field-induced domain wall movement in PrMn2Ge2

has so far remained elusive, which is expected to be further
checked on magnetic force microscopy.

IV. CONCLUSIONS

In this work, we synthesized high-quality single crystals
of PrMn2Ge2, which exhibit abundant magnetic structures
that vary with temperature. The magnetization curves clearly
indicate three magnetic transitions over the temperature range
of 2 K–400 K. With the field applied in different directions,
the uniaxial magnetic anistropy has been observed and the
easy magnetization axis is parallel to the c axis. Then the
comprehensive electronic properties of PrMn2Ge2 have been
investigated. Strikingly, the AHE together with prominent
negative MR is observed as the field is applied along the
c axis. The negative MR is commonly entangled with the
suppression of spin scattering under an extra field. Possible
origination of the observed AHE in PrMn2Ge2 is discussed.
In particular, an approximately linear scaling between the
anomalous Hall resistivity and longitudinal resistivity reveals
that the AHE in PrMn2Ge2 is dominated by the skew scat-
tering mechanism. Besides, the hysteresis loop exhibits an
abnormal jump, which is also obvious in the field depen-
dence of ρyx and MR loops. Such an anomaly might be
caused by the motion of the domain wall. However, the pre-
cise process of the domain wall movement remains unclear
in PrMn2Ge2, which is of interest to further check based
on magnetic force microscopy. To sum up, our results en-
rich the properties of magnetic materials with noncolinear
spin textures, especially the system of skyrmion bubbles,
which holds a promising application in future memory
devices.
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