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Anisotropic magnetization and anomalous electrical transport properties of flux-grown PrMn,Ge, single
crystals were investigated. The grown crystals exhibit strong magnetic anisotropy with easy magnetization along
the ¢ axis. Linear magnetoresistance (MR) and a conventional anomalous Hall effect (AHE) are observed for
H/lc and 1//b in contrast to a nonlinear positive MR and a large planar topological Hall effect (PTHE) observed
for H//a and 1//b. The anisotropy of the magnetic and electrical transport properties is increased as temperature
decreases because magnetic ordering of Pr atoms brings about an increase of the saturation magnetic field of
nonlinear MR and the critical field for the maximum values of PTHE. A scaling analysis using the Tian-Ye-Jin
model suggests that the AHE in this compound has a larger intrinsic contribution compared to the extrinsic
contribution. The nonlinear positive MRs are attributed to the field-induced nontrivial spin textures. The PTHE
is related to the real-space skyrmionic bubbles and the noncoplanar spin texture with nonzero spin chirality.
These results demonstrate a magnetic field induced anisotropic magnetoresistance and Hall resistivity and its
tunability by the ferromagnetic ordering of rare earth atoms in conical-ordered magnets.
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I. INTRODUCTION

The ternary intermetallic compounds RMn,Ge, (R = rare
earth) have been extensively studied with respect to vari-
ous magnetic ordering and giant magnetocaloric effect near
the magnetic transition temperature [1,2]. The magnetic
structures and magnetic phase transitions of RMn,Ge, can
be tuned by the substitution of different rare earth atoms.
Recently, the RMn;Ge, compounds have attracted broad in-
terest following the discovery of room-temperature magnetic
skyrmions [3,4], which are topologically nontrivial spin tex-
tures. The special spin configurations can induce unusual
magnetic and electrical transports such as the topological Hall
effect (THE) and nonlinear magnetoresistance (MR) [5]. A
large anomalous Hall effect (AHE) and THE have been ob-
served in LaMn,Ge, [6] and CeMn,Ge, [7] and are related to
the momentum-space and real-space Berry phases of conduc-
tion electrons, respectively [8]. Their magnitudes are sensitive
to the details of the electronic and magnetic structures. The
AHE is proportional to the spontaneous magnetization and
it is usually interpreted by considering three mechanisms,
i.e., skew scattering, side jump, and Berry curvature [8,9].
On the other hand, a THE is induced by the noncoplanar
spin configuration or the topological windings of spin tex-
ture, known as skyrmions [10,11]. The AHE and THE of
CeMn,Ge, also show a significant anisotropy. The anisotropy
is related to the magnetocrystalline anisotropy of the conical
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magnetic moment of the Mn atom because the Ce sublattice
is not ordered at low temperatures [7,12]. Rare earth atoms
have a strong single-ion anisotropy [13,14], and there exists
a strong interaction between 3d electrons of Mn atoms and
4f electrons of rare earth atoms [15], which should affect the
magnetoelectric transport properties of RMn,Ge,. Therefore,
one of the aims of this paper is to study the effect of the
magnetic moment of rare earth ions on the anisotropy of the
magnetoelectric transport.

In the family of RMn,Ge, compounds, PrMn;Ge; is an
ideal one to study the effect of rare earth ion anisotropy
on magnetoelectric transport, because the type of the mag-
netic structure of Mn atoms in PrMn,Ge, remains constant
throughout the long-range magnetic ordering of rare earth
atoms. At temperatures above T¢, the Mn sublattice of
PrMn,Ge, has a collinear antiferromagnetic structure in
which the magnetic moment is perpendicular to the c axis. Be-
low T¢ these compounds have a canted spin structure, with a
ferromagnetic component along the c axis. As the temperature
goes below 280 K, the magnetic structure transforms from a
canted to a conical ferromagnetic configuration. The magnetic
structure of the Mn sublattice remains conical below this
temperature [12,16,17]. The Pr sublattice becomes ferromag-
netically ordered with moments parallel to the ¢ axis when
temperature is further decreased to 100 K [12]. A recent study
of the anisotropic magnetic properties and critical behavior
revealed that the magnetism of PrMn,Ge; is dominated by the
competition of long-range Ruderman-Kittel-Kasuya-Yosida
(RKKY) and short-range exchange magnetic interactions
[18]. Until now, the transport properties of PrMn,Ge, have
not been thoroughly investigated. On the other hand, a
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theoretical study predicted that the conical spin spiral texture
can naturally produce a planar topological Hall effect (PTHE)
when an external magnetic field is applied in the plane of
the charge current [19]. It is well known that the planar Hall
effect (PHE) refers to transverse Hall voltage induced by
the coplanar electric and magnetic fields [20,21], which is
essentially different from the usual Hall effect where they
are mutually perpendicular to each other. The PTHE resem-
bles a topological signal superimposed on the Hall resistivity
with coplanar magnetic field and charge current, which has
very recently been observed in skyrmion-hosting materials
[22-24]. Following the above theoretical prediction and ex-
perimental studies, it is of fundamental interest to explore
the magnetic and electric transport properties in the conical
itinerant magnet PrMn,Ge,. In this paper, we report a study
of the anisotropic magnetization behavior, magnetoresistance,
and AHE of PrMn,Ge, with the magnetic field in plane and
out of plane. The results reveal a nonlinear magnetoresistance
and PTHE in an in-plane magnetic field and the enhancement
of the anisotropy of the magnetic and electric transport proper-
ties by the magnetic ordering of Pr atoms at low temperatures.

II. EXPERIMENTAL DETAILS

Single crystals of PrMn,Ge, were grown in an indium
flux. High-purity elemental Pr (99.9%), Mn (99.95%), Ge
(99.999%), and In (99.99%) were mixed with a 1:2:2:20 molar
ratio in an alumina crucible. The crucible was sealed in an
evacuated quartz tube. The quartz tube was heated to 1423
K, soaked at this temperature for 24 h, and then cooled
slowly to 973 K at a rate of 3 K/h. At this temperature,
the excess indium was decanted using a centrifuge. Lamel-
lar single crystals were the preferred growth. The as-grown
crystals were characterized by the powder x-ray diffraction
(XRD) technique in a PANalytical Empyrean with Cu Ko
radiation. The bulk composition of as-grown crystals was
examined by energy-dispersive spectroscopy (EDS) in a Hi-
tachi SU5000 scanning electron microscope (SEM). The
atomic ratio of Pr:Mn:Ge determined by EDS is very close
to the stoichiometry of 1:2:2 (Fig. S1 in the Supplemental
Material [25]). The atomic-scale microstructure of crystals
was investigated using a JEOL ARM200F scanning trans-
mission electron microscope (STEM). Thermomagnetic and
isothermal measurements were conducted on small pieces of a
single crystal using a vibrating sample magnetometer attached
to a Quantum Design superconducting quantum interference
device (SQUID) in dc magnetic fields up to woH = 5 T. The
magnetoresistance (MR) and Hall resistivity of the samples
at room and cryogenic temperatures in magnetic fields up to
uoH = 5 T were measured using a Cryogenic Limited physi-
cal property measuring system (PPMS). A standard six-probe
method was used to perform the resistivity and Hall resistiv-
ity measurements [22]. In these measurements, the samples
were cut into a regular rectangular shape with a thickness of
about 100 um. The resistivity of the sample was determined
using o (ol ) = [oxx(+1oH ) + pxx(—poH)]/2 to reduce
errors due to voltage probe misalignment. Correspondingly,
the Hall resistivity of the sample was obtained using the equa-
tion pyy(120H) =[xy (+140H) — pry(—110H)1/2. The MR of
the sample was defined as [p(H) — 0y (0)]/0xx(0), where

p(H) and p,,(0) are the resistivities with and without a
magnetic field, respectively. To study the anisotropy of the
transverse magnetoresistance and the Hall effect, the magnetic
field was applied out of plane (H//c) and in plane (H//a),
respectively, and always perpendicular to the electrical current
direction (I//b) [see the insets of Figs. 3(a) and 3(b)].

III. RESULTS AND DISCUSSION

PrMn,Ge, crystallizes into a ThCr,Si,-type tetragonal
structure with the space group I4/mmm. As shown in Fig. 1(a),
the Pr, Mn, and Ge atoms are stacked in the layered se-
quence ---Pr—Ge —Mn — Ge —Pr--- along the ¢ axis.
The Mn atoms within the ab plane constitute a square lattice
[Fig. 1(b)]. The nearest Mn-Mn intralayer distance given by
al\/2 is smaller than that of interlayer separation ¢/2 [1].
Figure 1(c) shows the XRD pattern of a PrMn,Ge, single
crystal. Only (00/) Bragg peaks are detected, indicating that
the rectangular crystal surface is the ab plane. A typical crystal
size of a single crystal piece is about 2 x 2 x 0.2mm? as
presented in the inset of Fig. 1(c). A high-resolution STEM
micrograph is shown in Fig. 1(d) and it confirms the high
quality of the grown single crystals. Figure 1(e) shows the
zero field cooling (ZFC) and field cooling (FC) curves of a
PrMn,Ge, single crystal in a magnetic field of uoH = 0.01 T
applied along the a axis and c axis, respectively. The curves
of the PrMn,Ge,; single crystal show three magnetic transi-
tions on decreasing temperature: a ferromagnetic ordering of
Mn, canted to conical ferromagnetic ordering of Mn (kinks
in the dotted box), and ferromagnetic ordering of Pr. These
transitions are consistent with those observed for PrMn,Ge,
polycrystals [16,17]. In Fig. 1(e), the starting and ending
temperatures of ferromagnetic ordering of Pr are labeled as
TP and T}, respectively. This is almost in agreement with
the result of neutron diffraction as Pr establishes a magnetic
moment of 1up and 2.95 ug at 142 and 2 K, respectively
[12]. As shown in Fig. 1(e), the temperature dependence of
magnetization curves is bifurcated at low temperatures for
H/la and H//c, indicating a significant magnetocrystalline
anisotropy in this compound. When H//a, a drop of magne-
tization is observed in a low-temperature region. The drop is
similar to that observed for a cooling-induced ferromagnetic
to antiferromagnetic transition. An increase in magnetization
is observed at the same temperature when H//c. The thermo-
magnetic curve shows an increase of the magnetization with
the decreasing temperature due to the ordering of Pr mag-
netic moment around 7*" = 160 K. It was suggested that the
decrease of magnetization at H//a is caused by the antiferro-
magnetically coupling of Pr and Mn at low temperature [18].
This seems to contradict the ferromagnetic coupling of Pr
and Mn with H//c. The thermomagnetic and magnetoelectric
transport measurements later allow us to conclude that there
are ferromagnetic interactions between Pr and Mn, no matter
whether a magnetic field is applied in the in-plane or out of
plane directions. The decrease of magnetization in the H//a
at low temperatures is attributed to the enhanced magnetic
anisotropy due to the magnetic ordering of Pr magnetic mo-
ments.

Figure 1(f) shows the resistivity p,(T ) of PrMn;Ge, under
zero field in the temperature range 4 — 380 K indicating a
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FIG. 1. (a), (b) Schematic diagram of crystal structures of PrMn,Ge, viewed from the side and the top. (c) XRD pattern of the single
crystal with the (00/) plane exposed in the surface. The inset shows a photograph of a typical PrMn,Ge, crystal. (d) High-resolution lattice
image taken from the [001] axis using STEM. (e) The temperature dependences of magnetization under zero field cooling (ZFC) and field
cooling (FC) along H//c and H//a at 0.01 T. (¢) Temperature dependence of in-plane, zero-field resistivity. Top inset: Derivative of resistivity
with respect to temperature. Bottom inset: Sketch of the electric current relative to the crystallographic orientations.

typical metallic behavior. The derivative of resistivity, shown
in the inset of Fig. 1(f), indicates two transitions at 326 and
278 K, corresponding to the ferromagnetic transitions and
the canted to conical ferromagnetic transitions, respectively.
The temperature dependence of resistivity measured below
the conical ferromagnetic ordering temperature is divided
into two regions and fitted using different laws. As shown
in Fig. 1(f), the resistivity in a lower-temperature region can
be well fitted using the formula of py, = px0 + AT? + BT®/?
with pyo = 23.41uQcm, A = 2.48 x 1072 u2ecm/K?, and
B =1.49 x 107" uQ2 cm/K%?, where the AT?> and BT/
terms of the resistivity describe electron-magnon scatter-
ing and two-magnon scattering, respectively [26,27]. The B
value is very small, suggesting the dominant contribution
of electron-magnon scattering for the low-temperature re-
sistivity. The resistivity in a higher-temperature region, i.e.,
intermediate temperate from 250 to about 40 K, can be
well fitted using the formula of o, = pyo +C T3/3, with C
=2.04 x 1072 uQ2 cm/K>/3, where the CT>/? describes the
temperature dependence of the resistivity of spin fluctuation
magnets [28].

Figures 2(a) and 2(b) show the anisotropic isothermal
magnetization (M) versus applied field (uoH) for the H//a
axis and the H//c axis at different temperatures, respectively.
The magnetization reaches saturation more rapidly with the
increasing field for H//c than H//a, indicating that the easy
magnetization axis of PrMn,Ge, is along the ¢ axis. The
saturated magnetic moment increases with the decreasing
temperature for H//c, as shown in Fig. 2(a). In contrast, the
isothermal curves for the H//a axis show completely differ-
ent magnetization behavior at low temperatures, as shown
in Fig. 2(b). The magnetization increases as temperature

decreases down to 80 K and then it decreases. It is noted that
the magnetization curves at 80 and 100 K show a nonlinear
field dependence before the saturation, which is expected
for a typically conical spin structure in PrMn,Ge, [29].
Figures 2(c) and 2(d) show the temperature dependence of
magnetization at given fields with H//c and H//a. The data of
the thermomagnetic curves were extracted from the isother-
mal magnetization in Figs. 2(a) and 2(b). It is consistent with
direct measurements except for the constant magnetization for
the low field with H//c that is probably related to the domain
wall pinning during the periodic high-field magnetization. It
is worth noting that the magnetization for H//a reaches the
maximum at 7* with the decrease of temperature, and then
decreases rapidly. Here T* is the critical temperature corre-
sponding to the maximum magnetization in different magnetic
fields. The magnetization of the H//a at T < T* rapidly de-
creases which is related to the magnetocrystalline anisotropy.

The magnetocrystalline anisotropy constants of PrMn,Ge;
were estimated by the approximation of K, = HxMs/2 [30],
where Ms is the saturation magnetization and Hg is the
anisotropy field defined as the critical field above which the
magnetization between the two magnetic field directions (H//c
and H//a) becomes consistent (see Fig. S2 [25]). The arrange-
ments of the magnetic moment of Mn and Pr in different
temperature regions are shown in the inset of Fig. 2(d). Above
300 K, the magnetocrystalline anisotropy constants caused by
the canted ferromagnetic structure of Mn atoms are close to
zero. The Mn atoms have a conical ferromagnetic configu-
ration but the Pr atoms are not magnetically ordered in the
temperature region of 290-160 K. Thus, the magnetocrys-
talline anisotropy changes little with decreasing temperature.
At about 160 K, the magnetic ordering of Pr emerges and
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FIG. 2. The isothermal magnetization M (uoH ) curves at different temperatures for (a) H//c axis and (b) H//a axis. Temperature depen-
dence of magnetization for (c) H//c axis and (d) H//a axis with the data taken from the M (uuoH ) curves. (e) The temperature dependence of
anisotropy constant (K, ). The insets show the schematic of the spin configurations at different temperature regions.

the magnetocrystalline anisotropy constant increases abruptly
due to the strong single-ion anisotropy of the rare earth Pr
[13,14]. Unlike the negligible temperature dependence of the
magnetic moment of Mn, the magnetic moment of Pr along
the ¢ axis increases with decreasing temperature [12]. Thus,
it is hard for the magnetic moments to be oriented along
the external magnetic field with the H//a axis because of the
single-ion anisotropy of Pr with a nonzero orbital moment
and the 4 f-3d electrons’ interaction [15] between Pr and Mn
atoms. Therefore, the magnetic anisotropy can account for the
decreasing trend of magnetization at T < T* in Fig. 2(d).
Figures 3(a) and 3(b) show the MR of PrMn,Ge; at various
temperatures in a magnetic field applied out of plane along
the ¢ axis and in the ab plane along the a axis. The MR
decreases linearly with increasing magnetic field in the range
of 300—40 K with the H//c axis. The linear negative MR
originates from the suppression of electron-magnon scattering
on the application of a magnetic field [31]. A plateaulike
MR appears at the low field below 60 K (see the details in
Fig. S3 [25]) due to the competition between Pr and Mn
magnetic moments [32]. Below 20 K, MR shows a nonlin-
ear reduction due to the compensation of the positive MR
generated by Lorentz forces to the linear negative MR [33].
For the H//a axis, the MR shows a nonlinear increase before
magnetization saturation, following a parabolic relationship.
As shown in the schematic diagram in Fig. 3(c), when the
magnetic field is applied along the a axis in the plane, the
Mn moment tends to form a frustrationlike magnetic structure
when the moment turns and is slowly aligned to the direction
of the magnetic field, thus forming a nonlinear positive MR.
When the magnetic moment is aligned completely along the

external magnetic field, MR decreases linearly. Below 140 K,
the opening of the parabola enlarges and the saturation field
becomes higher. At low temperatures, the increase of the mag-
netic moment of Pr results in a strong magnetic anisotropy,
and thus it is difficult for the magnetic moment to rotate
toward the external field. The field dependence of MR is in
agreement with the M-uoH curves in Fig. 2. The MR for H//a
and H//b in plane with I//b were also measured (see Fig. S4
[25]). The measurements show that MR is almost isotropic in
the ab plane. Figure 3(d) shows the temperature dependence
of MR for the H//a and H//c directions under a magnetic
field of 5 T. For the H//c, negative MR is maintained because
the magnetization is fully saturated at 5 T magnetic field. In
contrast, MR changes from negative to positive around 160 K
as the temperature decreases for H//a. This positive MR at 5 T
is attributed to the nonsaturating MR due to the emergence of
the magnetic moment of Pr. As temperature decreases, the ab-
solute value of MR decreases for H//c and H//a. The decrease
for H//c can be attributed to a weakening of the negative MR
by the Lorentz force at low temperatures [33], whereas the
decrease for H//a can be attributed to the unsaturated mag-
netic moment because of the increased magnetic anisotropy.
The out-of-plane anisotropic magnetoresistance (AMR) ratio
is defined as MR, — MR, originating from the difference
of in-plane and out of plane spin scatterings [33,34]. Dur-
ing cooling, AMR increases slowly in the temperature range
from 300 to 160 K. However, it increases rapidly with de-
creasing temperature below 160 K and attains a maximum
of 5.4% at 60 K. The trend of the temperature dependence
of MR is consistent with that of the anisotropy constants
in Fig. 2(e). At temperatures below 60 K, MR decreases
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FIG. 3. Magnetoresistance with the magnetic field (a) out of the ab plane, H//c, and magnetic field (b) in the ab plane, H//a, and current
along the b axis, I//b. The insets of (a), (b) show a schematic setup for measurements of resistivity and Hall resistivity when the magnetic field
is out of plane and in plane, respectively. (c) Magnetoresistance at 100 K. The inset of (c) shows spin configurations corresponding to different
magnetoresistance states. (d) Temperature dependence of MR and AMR ratio at uoH =5 T.

for magnetic fields H//a and H//c, resulting in a decrease
in the AMR ratio. Therefore, the magnetic ordering of Pr
significantly enhances the anisotropy of the out of plane and
in-plane MR.

Figure 4(a) presents the magnetic-field dependence of the
Hall resistivity p.,(B) at different temperatures with H//c.
Here p,, was refined to allow for the demagnetization ef-
fect from the geometry of the parallelepiped sample, and
B = wo[H + (1 — Ng)M], where the demagnetization factor
Ng = 0.68 was calculated following a standard method [35].
With increasing magnetic fields, oy, first increases rapidly
and reaches a maximum, corresponding well to the saturated
magnetic fields as shown in Fig. 2(a). Then it almost levels
off with further increase of the magnetic fields. These results
demonstrate that the AHE exists in PrMn,Ge,. It is known
that the Hall resistivity py, in ferromagnets arises from two
parts, py, = ,oxoV + pfy = RyB + RsuuoM, where pxoy is the or-
dinary Hall resistivity due to the Lorentz force, ,o;‘y is the
anomalous Hall resistivity, Ry is the ordinary Hall coefficient,
and Rg is the anomalous Hall coefficient [8]. We can obtain
the value of Ry and pj?y from the linear fit of p,, curves at
the saturation region. The slope and the intercept of the y axis
correspond to Ry and ,ofy, respectively. The carrier concen-
tration (n) can be calculated from Ry = 1/ne [36], while the
sign of Ry determines the type of charge carriers. As shown
in Fig. 4(b), the values of Ry are all positive, confirming that

the hole-type carriers are dominant. The carrier concentration
increases abruptly below 300 K due to the possible change in
the density of states at the Fermi surface induced by the canted
to conical FM transition [37]. The carrier concentration shows
a broad valley around 80 K. The valley means that a certain
number of magnetic moments of Pr are ordered introducing
a competition of long-range Ruderman-Kittel-Kasuya-Yosida
(RKKY) and short-range exchange magnetic interactions [18]
and bring about a change of the transport properties such as
the Hall resistivity.

To understand the origin of the AHE in PrMn,Ge,, we have
checked the scaling behavior of pfy using the relation p;‘y =

Bpg. [38]. The dependency of log(,o;‘y) and log(p,,) is shown
in Fig. 4(c). A scaling law parameter of @ = 1.74 is obtained
and it confirms that the AHE originates from a combination
of extrinsic and intrinsic mechanisms. To further ascertain the
mechanism of the AHE, the dominant types of intrinsic and
extrinsic contributions of the AHE resistivity are separated
using the Tian-Ye-Jin scaling relation p%, = apwo + Bl +
y p?x, where p,.o is the residual resistivity. «, B8, and y are
the resistivity coefficients [9]. In this relation, the first two
items on the right side of the equation represent extrinsic con-
tributions related to the scattering affected by the spin-orbit
interaction, i.e., the skew scattering and side-jump mecha-
nisms [8,39]. The other is the intrinsic Kaplus-Luttinger (KL)
contribution related to Berry curvature of electronic bands and
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FIG. 4. (a) Anomalous Hall resistivity with the external magnetic field applied along the c axis. (b) Temperature dependence of the ordinary
Hall coefficient and the carrier concentration. (c) The plot of log (p;‘fy) versus log (p,,). The inset of (c) shows the plot of p;‘y Versus py,. (d)
Temperature dependence of the anomalous Hall conductivity. The inset of (d) shows the temperature dependence of the anomalous Hall angle.

varies with p2_[40]. The inset of Fig. 4(c) shows the scaling
behavior of ,o;‘y versus p,,. Thus, the intrinsic anomalous Hall

conductivity (AHC) (o2 Oinin X vo; “) of 217.6 2! cm™! for the
PrMn,Ge, compound can be obtalned from the fitting. As
shown in Fig. 4(d), o x} . Teaches ~79% of the total Hall
conductivity, being the dominant contribution to the observed
AHE at 5 K. The intrinsic anomalous Hall conductivity is
similar to the maximum value in other rare earth intermetallic
compounds, such as CeMn,Ge,; (O’f’m ~276 Q' em™h) [7]
and GdMngSng (a)’;‘%in ~223Q 7 tem™!) [41].

Figure 4(d) shows the temperature dependence of the total

AHC (oA ~ p") for PrMn,;Ge,. The AHC increases mono-

tonically Wlth decreasmg temperature and a maximum of
about 300 2~ ! is attained at 40 K. It should be noted that
ny deviates from a linear relation below 40 K, which is proba-
bly related to the enhanced electron-magnon scattering due to
the perfect ordering of Pr at low temperatures. Theoretically,
the intrinsic contribution of |ny | is of the order of e?/(hc),
where e is the electronic charge, h is the Planck constant and
c is the lattice constant Taking ¢ = 10.929 A [42], |02 Oyinl 18
~355Q7! !, Therefore, the intrinsic AHC derived from
the Tian-Ye- Jin scaling relation is ~0.61 2 / (hc). By contrast,

the extrinsic side-jump contribution of |oy; SJ| is of the order

of €?/(hc)(eso/Er), where eso and Er are the spin-orbit in-
teraction (SOI) and Fermi energy, respectively [43,44]. Since
the 50/ EF is usually less than 0.01 for metallic ferromagnets,
thus the extrinsic side-jump contribution should be very small

compared to the intrinsic Berry phase KL contribution. The
anomalous Hall angle (6 = afv /0yx) 1s shown in the inset of
Fig. 4(d). The maximum anomalous Hall angle of PrMn,Ge;
is determined to be 2.8%, which is comparable to that of most
intermetallic compounds [23,45]. Moreover, the value of 6
is not constant with temperature, indicating that the AHE of
PrMn,Ge; is not dominated by the extrinsic skew scattering.
A second approach based on the relation between anoma-
lous Hall conductivity o*g, and saturation magnetization Mg
was used to determine the dominant contributions to the AHE
in this compound Figure 5(a) shows the temperature depen-
dence of O’X} and Ms. For the intrinsic AHE dominated by the
Kaplus-Luttinger (KL) theory, the anomalous Hall conductiv-
ity af‘, is linearly proportional to Ms [46,47]. As shown in
Fig. 5(a), cr;‘y exhibits two-stage linear dependence of Mg due
to the ordering of the magnetic moment of Pr atoms. Thus, the
scaling factor Sy = uoRs/ ,oxx =o0] /Ms should be constant
and temperature independent. Sy in high-temperature and
low-temperature regions was determined from the slope of the
two linear relations between ojc‘_‘y and Mg to be §; = 0.19 V!

and S, = 0.08 V™!, respectively. These values are comparable
to those found in traditional itinerant ferromagnets such as
Fe and Ni (Sy ~ 0.01-0.2 V™) [48,49]. Figure 5(b) shows
the scaling plots of the modified anomalous Hall resistivity
,ofy /oB and resistivity p2 M/1oB over the whole temperature
range. A fairly linear temperature dependence is observed
confirming that the AHE in PrMn,Ge, is dominated by the
intrinsic KL mechanism.
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FIG. 5. (a) Temperature dependence of crfy and Ms. The inset
shows ny versus saturated magnetization (Ms). (b) The p;‘y /B ver-
sus p2 M/uoB curves from 300 to 5 K with a temperature step of

20 K.

Figure 6(a) shows the field dependence of the Hall re-
sistivity for the in-plane magnetic field of the H//a axis
at different temperatures. The transverse Hall resistivity o,
shows a cusp when the temperature is above 80 K. The cusps
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gradually weakened and their corresponding magnetic field
increased with decreasing temperature. The anomalous planar
Hall resistivity here resembles a topological signal, known
as the planar topological Hall effect (PTHE) [19,22]. The
conical magnetic configuration of PrMn,Ge, has magnetic
moments which are believed to have a component parallel to
the external magnetic field and a transverse component akin to
the conventional helical structure. Therefore, conical magnets
naturally promote the PTHE, as theoretically predicted [19].
A recent study of magnetic domain structure by Hou et al. has
revealed that the PrMn,Ge, can host skyrmionic bubbles in
a wide temperature range [3]. Thus, the PTHE here could be
intrinsic and originates from the real-space skyrmionic bub-
bles rather than being related to the in-plane AMR. To further
confirm our argument, the angular-dependent in-plane AMR
and PHE of the PrMn,Ge, were measured simultaneously at
a ferromagnetic state of 300 K in a saturation field of 3 T (see
Fig. S5 [25]). The AMR of PrMn;Ge; shows a maximum of
0.02% at 3 T, which is negligible compared to the AMR for
conventional transition metal compounds [34,50]. The PHE
characterized by the transverse Hall resistivity can be well
fitted following the work of Li et al. [51], and then the in-plane
AMR and intrinsic PHE contribution can be separated. As
shown in Fig. S5 [25], the analysis shows that the in-plane
AMR effect is quite small, and thus the PTHE in PrMn,Ge;
is due to the in-plane topological spin texture related to the
real-space skyrmionic bubbles. The skyrmionic bubbles act as
a fictitious magnetic field that finally results in the appearance
of the cusp that resembles the topological Hall effect. The
field-dependent anomalous planar Hall variables have very
recently been observed in several skyrmion-hosting materials
such as Fe3;Sn, [22], CrsTeg [23], and Fe;GeTe, [24,52]. It
is generally attributed to a nonzero spin chirality by a non-
coplanar spin texture, that acts as an effective gauge field for
the origin of an exotic planar Hall-like signal. Thus, we can
also attribute the PTHE of PrMn,Ge, to a similar mechanism.
As shown in Fig. 6(b), the conical magnetic structure of Mn
turns toward a magnetic field applied along the a axis such

0.30

0.25

0.20 'g
o
G
015 =
£
>
0.10 °Z
Pr ordered
+ 0.05
Conical FM
: . : ~0.00

50 100 150 200 250 300
T (K)

FIG. 6. (a) Planar topological Hall resistivity with the H//a axis. (b) Magnetic phase diagram of the PrMn,Ge, single crystal. The yellow
and red solid circles correspond to the critical field for the maximum values (poH .y ) and the vanishing (poHs) of the planar topological Hall
resistivities, respectively. (c) The schematic spin configurations of Mn and Pr moments at 0 < T < TCP " and TCPr < T < T¢. The inset of (a)

shows the schematic diagram for defining the oHy.x and poHs.
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that a noncoplanar spin configuration appears. This noncopla-
nar spin configuration leads to spin chirality in the conical
magnetic structure of the Mn atoms. It causes a real-space
nonvanishing Berry curvature, which acts as a fictitious mag-
netic field and produces an additional Hall signal, namely, the
PTHE. The PTHE disappears at a high magnetic field because
a stable collinear ferromagnetic structure is formed. Below
80 K, the PTHE was not observed because the applied in-
plane magnetic field was not large enough to overcome the
enhanced magnetocrystalline anisotropy.

Based on the observation of the magnetoelectric trans-
port properties, we propose a magnetic phase diagram for
the PrMn,Ge, compound [Fig. 6(c)]. In the low magnetic
field region, the magnetic phase diagram is divided into three
regions: canted ferromagnetic, conical ferromagnetic, and co-
existence of Pr ordered and conical ferromagnetic. In these
regions, a noncoplanar magnetic structure is formed upon the
application of an in-plane magnetic field. The magnetic phase
diagram plots the magnetic field (oHpmax) corresponding to
the maximum value of PTHE and the critical magnetic field
(noHs) where PTHE disappears. The woHmax and poHs are
defined as shown in the inset of Fig. 6(a). It should be em-
phasized that the critical magnetic field of PTHE increases
rapidly with decreasing temperature after the ordering of the
Pr magnetic moment. Figure 6(b) shows the magnetic struc-
ture of PrMn;,Ge; and the left and right panels correspond to
the case with and without ordering of magnetic moments of
Pr atoms, respectively. At temperatures above 7.7, only Mn
atoms carry a magnetic moment and form a conical magnetic
structure. The spin chirality of the noncoplanar conical mag-
netic moment of the Mn atoms is induced upon rotating to
the external field. Once the ferromagnetic ordering of Pr is
established, it is rather difficult to rotate the conically arranged
magnetic moment of Mn atoms to the direction of the external
field because of the strong single-ion anisotropy of Pr and
4f-3d interaction [13—15], and thus a higher critical magnetic
field is required to generate a PTHE. Theoretically, the critical
magnetic field for the occurrence of PTHE for PrMn,Ge, and
its size can be adjusted by doping with other rare earth ions
of different anisotropy. This possibility will be explored in the
future.

IV. CONCLUSION

We have grown high-quality PrMn,Ge, single crystals
using the flux method and systematically investigated the
anisotropy of the magnetoelectronic transport properties of
this ternary compound by applying a magnetic field along
the primary crystallographic axes. A significant magnetocrys-
talline anisotropy has been revealed. For H//c and 1//b, the
compound exhibits a linear MR and a conventional AHE.
Analysis of the magnetotransport data using the Tian-Ye-Jin
scaling relation and the linear relationship between pfy/ woH

and ,ofo /oH indicate that the AHE of PrMn,Ge; is domi-
nated by the intrinsic Berry curvature mechanism. A nonlinear
positive MR and a large PTHE have been observed with
H/la and I//b and they both arise from the field-induced
noncoplanar spin textures with nonzero spin chirality. The
emergence of the ferromagnetic ordering of the Pr atoms at
low temperatures strongly enhances the magnetocrystalline
anisotropy and it increases the saturation magnetic field of
nonlinear MR and the critical field for the maximum values
of PTHE. It has been suggested that the magnitude and the
critical field for the MR and PTHE can be manipulated by the
magnetic ordering of the rare earth atoms, indicating that the
conical ferromagnetic PrMn,Ge; single crystal is an excellent
candidate for functional applications in spintronic devices.

Note added. A related work, Ref. [53], on the anisotropic
magnetism and the anomalous Hall effect of PrMn,Ge; single
crystal was published after our submission. Except for the
common magnetic anisotropy, we focus on the electrical trans-
port properties of PrMn;,Ge, single crystals for the in-plane
(H/la) and out-of-plane (H//c) directions, while Ref. [53]
only reported that for the out of plane (H//c) direction. More
importantly, we observed a planar topological Hall effect at
the H//a direction and showed a complete magnetic phase
diagram.
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