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Anomalous electrical transport and magnetic skyrmions in Mn-tuned Co9Zn9Mn2 single crystals
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β-Mn-type CoxZnyMnz (x + y + z = 20) alloys have recently attracted increasing attention as a class of chiral
magnets with skyrmions at and above room temperature. However, experimental studies on the transport proper-
ties of this material are scarce. In this work, we report the successful growth of the β-Mn-type Co9.24Zn9.25Mn1.51

and Co9.02Zn9.18Mn1.80 single crystals and a systematic study on their magnetic and transport properties. The
skyrmion phase was found in a small temperature range just below the Curie temperature. The isothermal
ac susceptibility and dc magnetization as a function of magnetic field confirm the existence of the skyrmion
phase. A negative linear magnetoresistance over a wide temperature range 2–380 K is observed and attributed
to the suppression of the magnetic ordering fluctuation under high fields. Both the magnetization and electrical
resistivity are almost isotropic. The quantitative analysis of the Hall resistance suggests that the anomalous Hall
effect of Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18Mn1.80 single crystals is dominated by the intrinsic mechanism. Our
findings contribute to a deeper understanding of the transport properties of CoxZnyMnz (x + y + z = 20) alloys
material and advance their application in spintronic devices.

DOI: 10.1103/PhysRevB.107.115103

I. INTRODUCTION

Skyrmions have captured vast attention due to their var-
ious intriguing properties including the topological Hall
effect (THE), the emergent electrodynamics, as well as
their potential applications in low-power electronics and
nonvolatile memories [1–8]. Over the last decade, a large
amount of research on skyrmions has been conducted on thin
films or quasi-two-dimensional systems [9]. Nevertheless,
three-dimensional skyrmion systems have richer topologi-
cal magnetic structures, whose formation and dynamics will
pave the way for three-dimensional spintronic devices for
brain-inspired computing [10]. Among the three-dimensional
systems, chiral magnets exhibit a relatively small size
(<100 nm) of skyrmions, thus are more appealing for en-
abling functional skyrmionic memory devices with higher
density [10]. However, the subambient temperature of
skyrmion formation in most chiral magnets limits their practi-
cal application [11–14]. The formation of room temperature
skyrmions breaks the application limitations imposed by
the low formation temperature of skyrmions in other chi-
ral magnets [2,11–15]. The recent discovery of skyrmions
at and above room temperature in β-Mn-type CoxZnyMnz

(x + y + z = 20) chiral magnet provides a significant step
towards application [15,16]. In Co8Zn10Mn2 and Co9Zn9Mn2,
the electrical manipulation of skyrmions at room temper-
ature has been realized by current pulses [17,18]. More
interestingly, metastable skyrmions have been observed in
Co8Zn8Mn4, with a much wider temperature and field range
beyond the narrow region of the equilibrium skyrmion phase,
thus further expanding the limited set of their application [19].
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Despite the extensive studies on the CoxZnyMnz

(x + y + z = 20) compound [17,19–22], most of the current
research focuses on the magnetic configuration by small-angle
neutron scattering (SANS), Lorentz transmission electron
microscopy (LTEM) measurements, and other sophisticated
techniques that require a large-scale instrument, with little
attention to the electrical transport properties. However, the
electrical transport and magnetic properties are crucial for the
real applications of skyrmion-based spintronic devices. On
the other hand, the detection of skyrmions can also be probed
by magnetoresistance in spin valves or magnetic tunnel
junctions, noncollinear magnetoresistance as well as Hall
measurement [4,10,23]. Actually, the anomalous Hall effect
(AHE) is one of the important means and tools to explore
and characterize the transport properties of ferromagnetic
materials. As far as we know, however, there is only one study
on the electrical transport properties of the skyrmion host
material CoxZnyMnz [24]. In that study [24], the observed
AHE of the polycrystalline Co7Zn8Mn5 was mainly attributed
to the skew scattering. However, it is known that the skew
scattering dominates the AHE only in the high conductivity
regime where σxx � 106 (� cm)−1 [25]. Considering the
reported conductivity of about 5 × 103 (� cm)−1 that falls
far away out of the high conductivity regime, the claim of the
dominant skew scattering for the polycrystalline Co7Zn8Mn5

needs revisiting [24]. Therefore, in order to not only figure
out the mechanisms that dominate the AHE, but also to serve
as a supplement to the current research on this skyrmion
host material for potential applications in spintronic, study
on the electrical transport properties of the CoxZnyMnz

(x + y + z = 20) compound is essential.
In this work, the high-quality Co9Zn9Mn2 single crystals

were synthesized by the self-flux method. We systematically
investigated the magnetic and transport properties of the
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FIG. 1. (a) Schematic of β-Mn-type structure with P4132 and P4332 space group. (b) X-ray diffraction pattern of Co9.24Zn9.25Mn1.51 single
crystal. (c) X-ray diffraction pattern of Co9.02Zn9.18Mn1.80 single crystal. Inset: Photo of samples.

samples. The magnetic susceptibility results show that
skyrmions appear in the temperature range 354–360 K.
Moreover, the longitudinal magnetoresistance (LMR) and
transverse magnetoresistance (TMR) both display negative
magnetoresistance, which is associated with the suppressed
fluctuation of magnetic ordering by magnetic field. Impor-
tantly, we find that a detailed analysis about the Hall resistance
suggests a main contribution of the intrinsic mechanism to
the observed AHE in Co9Zn9Mn2, which is different from the
previously reported skew scattering of Co7Zn8Mn5 alloy [24].
Our works provides fundamental transport and magnetic un-
derstanding for the high-temperature skyrmion host materials.

II. EXPERIMENTAL DETAILS

Single crystals of CoxZnyMnz (x + y + z) = 20 with dif-
ferent Mn contents were synthesized by using the Zn-flux
method. Co (99.99%), Zn (99.99%), and Mn (99.99%) grains
were mixed and placed in an alumina crucible. The crucible
was then sealed in a quartz tube in a vacuum environment,
and heated at 1100 ◦C for 2 days in the furnace before be-
ing slowly cooled down to 900 ◦C. It was kept at 900 ◦C
for 2 days before finally being water quenched to get the
samples. The resulting single crystals are very shiny with
no regular shape as shown in the insets of Figs. 1(b)
and 1(c). X-ray diffraction (XRD) was conducted by using
the x-ray diffractometer (Bruker D2 PHASER) and Bruker
D8 Discovery with a home-made high-throughput attach-
ment. The chemical compositions were characterized by
energy-dispersive x-ray spectroscopy (EDX, HGSTFlexSEM-
1000). The crystals utilized in this study have compositions
of Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18Mn1.80, respectively.
Magnetization measurements of single crystals were per-

formed in a superconducting quantum interference device
magnetometer (MPMS, Quantum Design). The resistivity was
measured by a standard four-probe method using a physical
property measurement system (PPMS-14, Quantum Design).

III. RESULTS AND DISCUSSION

XRD of powdered single crystals indicates a chiral
β-Mn-type structure for both Co9.24Zn9.25Mn1.51 and
Co9.02Zn9.18Mn1.80, which is similar with that of parent
Co9Zn9Mn2. The XRD pattern of single crystals displays
sharp diffraction peaks as shown in Fig. 1(b) for the (310)
lattice plane of Co9.24Zn9.25Mn1.51 and in Fig. 1(c) for the
(210) plane of Co9.02Zn9.18Mn1.80, respectively, confirming
the high quality of our single crystals. As depicted in Fig. 1(a),
CoxZnyMnz (x + y + z) = 20 compounds crystallizes in a
chiral β-Mn-type structure with space group P4132 or P4332
and have 20 atoms in each unit cell [15]. This structure
contains two crystallographic sites, 8c sites and 12d sites
[15,26]. The neutron powder diffraction analysis indicates
that Zn atoms are always accommodated in the 12d sites,
while site preference of both Co and Mn atoms are affected
by the Mn content [27]. The occupation disorder of the
Co, Zn, and Mn atoms in the compound will affect the
magnetic and transport properties, making the varying
Mn content samples attractive to study. To understand
the magnetic properties of obtained single crystals for
different Mn contents, the temperature dependence of
the magnetic susceptibility M/H-T of Co9.24Zn9.25Mn1.51 and
Co9.02Zn9.18Mn1.80 single crystals was measured and shown in
Figs. 2(a)–2(d), respectively. It can be seen that M/H exhibits
typical ferromagnetic behavior with Curie temperature
TC around 400 K for Co9.24Zn9.25Mn1.51 and 368 K for
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FIG. 2. (a)–(d) Temperature dependence of magnetic susceptibility M/H . Insets show the magnetic anomaly around the Curie temperature.
(e), (f) Temperature dependence of M/H for samples at H = 1 T . Inset shows the inverse susceptibility fitted by the Curie-Weiss formula.

Co9.02Zn9.18Mn1.80, respectively. To help understand the
ferromagnetism in the system, we have done the modified
Curies-Weiss fitting via the formula [28] H

M = T
C − TC

C as
shown in the inset of Fig. 2(f), where C is Curie-Weiss
constant. The good fitting result yields C = 20.358 and
TC = 368 K for Co9.02Zn9.18Mn1.80. It should be noted that
the Curie temperature of the Co9.24Zn9.25Mn1.51 sample is too
high (400 K) to do the Curies-Weiss fitting due to the limited
temperature range. Compared with the Curie transition
temperature of Co10Zn10 (TC = 462 K) [15], the obtained
TC in our present compounds is significantly reduced.
This indicates that the doping of Mn atoms weakens the

ferromagnetic exchange interaction in the crystals. We
calculated the effective magnetic moment by using
[28] μeff = 2.83

√
C and obtained 12.77 µB/f.u. for

Co9.02Zn9.18Mn1.80. The obtained value here is much smaller
than the reported μeff = 1.6 µB (equivalent to 19.2 µB/f.u.)
for Co8Zn8Mn4 [29]. This indicates that the ratio of Co atoms
and Mn atoms has a greater effect on the effective magnetic
moment μeff . In addition, upon cooling to around 120 K,
the magnetic susceptibility M/H decreases significantly with
the decreasing temperature. According to previous studies,
this could be because of the disorder from the fluctuating
Mn moment or because of an increase in the magnetic wave

115103-3



QI, HUANG, YAO, LU, AND CAO PHYSICAL REVIEW B 107, 115103 (2023)

FIG. 3. (a) Isothermal dM/dH versus µ0H curve for Co9.02Zn9.18Mn1.80 sample. (b) Isothermal ac susceptibility as a function of field
measured under excitation field of 1 Oe and 317 Hz ac magnetic field at various temperature after ZFC process for Co9.02Zn9.18Mn1.80 sample.
Inset: Phase diagram of magnetic structure.

vector q [16,30–32]. However, the spin glass behavior
appeared in Co7Zn8Mn5 polycrystalline compounds due
to the disordered cluster-glass state not being found here
[16,24]. This spin glass is closely related to the number of Mn
atoms at the 8c sites [24,27], where it was proposed that only
when the z (Mn content) exceeds 3 will Mn atoms occupy the
8c sites [27]. So, our Mn content lower than 3 can explains
the absence of a spin glass state in the present compounds.

Interestingly, there appears a sharp peak in
both field cooled (FCC) and field-cooled warming
(FCW) curves around TC as shown in the insets of
Fig. 2(a)–2(c), and we defined the temperature point at which
the peak occurs as TP. However, this sharp peak disappears
when applied to a 1 T field as shown in Figs. 2(e) and 2(f).
This peaklike character, which appears in low fields but
is suppressed in high fields, was also observed in MnSi,
Fe5−xGeTe2, Cu2OSeO3, and other skyrmion materials
[2,33–37]. This feature is generally considered as a
significant indicator of the precursor for the skyrmion
phase [2]. To confirm the existence of skyrmions in the
sample, we measured the magnetic field dependence of
isothermal magnetization curves (M vs µ0H). The differential
of magnetization dM/dH vs µ0H near TP (360 K) for the
Co9.02Zn9.18Mn1.80 sample displays a typical peak in the
temperature range 354–360 K [Fig. 3(a)]. This feature is
a hallmark associated with the formation and annihilation
of skyrmions with the evolution of applied magnetic field

[15,24]. Based on the sensitivity of ac susceptibility x′ for
magnetic properties, we further measured x′ as a function of
magnetic field for Co9.02Zn9.18Mn1.80 at various temperatures
around TP from 346 to 361 K. As shown in Fig. 3(b), it can
be seen that x′ increases rapidly with increasing magnetic
field near H1, at which the transition from helical to conical
phase occurs [38]. In addition, the dip anomalies in the
x′-µ0H curves appear between H2 and H3 from 354 to 360
K. In fact, this anomaly that looks like a small pocket proves
the formation of a skyrmion phase [11,15,24]. When the
temperature is lower than 352 K, the first anomaly which
represents the helical-to-conical transition still exists, but
the pocket between H2 and H3 related to the skyrmion
phase almost disappears. Meanwhile, all three anomalies
disappear when the temperature is above 361 K. Therefore,
the temperature ranges of the abnormality appearing in the
x′-µ0H curves and dM/dH vs µ0H curves are basically
the same. In the inset of Fig. 3(b), we plot the phase
diagram from the results of the ac susceptibility, clearly
showing the evolution of the magnetic structure with applied
magnetic field. With increasing magnetic field, the magnetic
structure of the sample undergoes three transitions: from
helical to conical phase, then enters the skyrmion phase,
and finally reenters the conical phase. We demonstrate that
skyrmions appear in a narrow temperature interval of about
6 K near TP, which further indicates the high quality of
our sample.
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FIG. 4. The temperature dependence of the longitudinal resistivity ρ (blue line) without applied field. The purple line shows temperature-
dependent differential resistivity of Co9.02Zn9.18Mn1.80 sample.

Figures 4(a) and 4(b) show the temperature dependen-
cies of the zero-magnetic field longitudinal resistivity ρ(T )
of the Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18 Mn1.80 samples,
respectively. It can be seen that both samples exhibit metal-
lic behavior during the whole temperature range 2–380 K.
However, the anomaly near 360 K is seen in the ρ(T ) curve
of the Co9.02Zn9.18Mn1.80 compound at almost the same tem-
perature point corresponding to the ferromagnetic transition

in the M(T ) curve as shown in Fig. 4(b). It is particularly
clear in the dρ/dT curve. While the Curie temperature of
the Co9.24Zn9.25Mn1.51 compound is so high that it is out of
the present measurement range, no corresponding kink can
be detected. Our finding of the kink in both ρ(T ) and M(T )
curves further confirms the high quality of our samples. Sub-
sequently, we focused on the data of the resistivity in the low
temperature region. The curve behavior indicates that the data

FIG. 5. Magnetic-field dependence of magnetoresistance at various temperature. The black lines are the linear fit of MR (%).
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FIG. 6. (a), (b) Magnetization M as a function of applied field µ0H at various temperatures. (c), (d) The Hall resistivity ρH as a function of
magnetic field µ0H for samples. The blue dashed lines show the linear fit of ρH vs µ0H .

at low temperature cannot be described by the Fermi liquid
form [39] ρ = ρ0 + AT 2, where ρ0 is the residual resistivity
and A is a measure of the strength of electron-electron scat-
tering. This is because the disorder caused by the fluctuation
of Mn moment affects the scattering process of the conduc-
tion electrons, which eventually leads to the emergence of
non-Fermi-liquid (NFL) behavior [16,40]. In addition, the
residual resistivity ρ0 was obtained by extrapolating the ρ(T )
data. The ρ0 is 174 µ� cm for the Co9.24Zn9.25Mn1.51 com-
pound and 201 µ� cm for the Co9.02Zn9.18Mn1.80 compound.
Through comparison, it can be found that ρ0 increases with
increasing Mn content, indicating the influence of disorder.
The results observed in the ρ(T ) here are consistent with
that observed gradual decrease of magnetization in the M(T )
curves below 100 K [Figs. 2(a)–2(d)]. All of these are origi-
nating from the Mn disorder. It can be concluded that the study
of single crystal samples is essential to study the transport
properties especially in the disordered systems, which will
provide the intrinsic physical phenomena. Our present result
indicates that the varying Mn composition has an important
influence on both the electronic transport and magnetic prop-
erties.

Combined with the M(T ) and ρ(T ) measurement
results, we measured the magnetoresistance (MR) of
the Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18Mn1.80 samples and

the results are shown in Fig. 5. It can be seen that both
the LMR and TMR displays negative over a wide range
temperature 2–380 K. Moreover, the LMR and TMR of the
samples show a perfect linear effect between 0 and 13 T at
T = 2 K. As the temperature increases, the MR still main-
tains a linear behavior in the low-field region, but gradually
deviates from linearity in the high-field region. Based on
the current research progress on the MR effect, there exists
two mechanisms for the negative MR behavior: (1) In heavy
fermion compounds above the Kondo temperature scale, a
regime where f electrons are not a part of the coherent
excitations defined around a large Fermi surface and con-
duction electrons are thus scattered by local moments, the
applied magnetic field would suppress the electronic scat-
tering rate from local moments and magnetic impurities,
leading to negative simultaneous LMR and TMR [41]. (2)
Simultaneous negative LMR and TMR are also observed in
ferromagnetic compounds [42]. The applied magnetic field
suppresses fluctuations of the ferromagnetic order parameter,
thus decreasing the inelastic scattering rate for conduction
electrons, well consistent with the phenomenon appeared
in our present Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18Mn1.80

single crystals [43,44]. Therefore, the suppressed fluc-
tuations of ferromagnetic ordering is the mechanism be-
hind. Furthermore, the linear effect of MR was generally
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FIG. 7. (a),(b) The temperature dependence of ρA
H for samples. The insets show the temperature dependence of R0. (c),(d) Plot of ρA

H/(Mρ)
vs ρ. The insets show the AHC as a function of M for samples.

speculated to the ferromagnetic correlation between the
localized spins [45]. This is understandable for our present
ferromagnetic Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18Mn1.80

compounds.
The transport properties and magnetic properties are

closely correlated as shown above. The magnetization curves
M-µ0H display typical ferromagnetic behavior for both
Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18Mn1.80 compounds as
shown in Figs. 6(a) and 6(b). With decreasing temper-
ature, the saturated magnetization increases continuously,
and reaches its maximum value of about 14.93 µB/f.u. for
Co9.24Zn9.25Mn1.51 and 15.14 µB/f.u. for Co9.02Zn9.18Mn1.80

samples at T = 2 K. The obtained value of 15.14 µB/f.u.

for the Co9.02Zn9.18Mn1.80 sample here is comparable to that
reported for Co9Zn9Mn2 [16]. As the hallmark of ferromag-
netism, the Hall resistivity ρH increases quickly to certain
saturated values at low field, and reaches almost linear with
further increasing magnetic field at the ρH vs µ0H curves
under various temperatures [Fig. 6(c) and 6(d)].

For ferromagnetic materials [25], Hall resistivity ρH is the
sum of the normal Hall resistivity ρO

H and anomalous Hall
resistivity ρA

H : ρH = ρO
H + ρA

H = R0B + Rsμ0M. Here R0 and
Rs are normal and anomalous Hall coefficient, respectively.
The ρA

H is typically obtained as the H = 0 intercept of a linear
fit to ρH versus µ0H at the high field region, and the slope

corresponds to R0. The linear fitting is shown in Figs. 6(c)
and 6(d), and the results are shown in Figs. 7(a) and 7(b).
It can be seen that the ρA

H values increase gradually with
increasing temperature, which is inconsistent with a previous
report where decreasing ρA

H with T was found [24]. The values
of ρA

H increasing with increasing T in our study can be well
understood according to the intrinsic mechanism as explained
below. R0 is positive, indicating the majority carriers are hole
[the insets of Figs. 7(a) and 7(b)]. The current view is that
there are three mechanisms of AHE, namely skew scattering,
side-jump scattering, and intrinsic mechanism [46–51]. The
skew scattering and side-jump scattering are also called an
extrinsic mechanism, generally considered to be the result
of asymmetric scattering of conducting electrons affected by
spin-orbit interaction [47–49], while, the intrinsic mechanism,
also known as K-L theory, is related to the Berry curvature
of electronic band structure in momentum space [50,51]. Ac-
cording to previous reports, the dominant mechanism can be
decided by the formula [52,53] ρA

H = a(M )ρ + b(M )ρ2. The
first term corresponds to the skew scattering contribution,
and the second term represents the intrinsic mechanism or
side-jump scattering contribution [53]. The skew scattering
contribution a(M ) is usually linear with magnetization [54].
Accordingly, a(M) can be obtained by plotting ρA

H/(Mρ )
vs ρ, i.e., the skew scattering contribution can be obtained.
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As previously mentioned, the skew scattering generally only
dominates the AHE in the high-purity regime [25], while the
order of magnitude of σxx of our samples is 103 (� cm)−1,
which is far less than 106 (� cm)−1. Therefore, our samples
do not belong to the high-purity regime; the skew scattering
was ruled out as the main mechanism of AHE. Furthermore,
we need to analyze the data of anomalous Hall conductivity
after subtracting the skew-scattering contribution. Interest-
ingly, the plotting ρA

H/(Mρ ) vs ρ displays a wonderful
linear behavior as shown in Figs. 7(c) and 7(d). Previous
study suggests that if the intrinsic mechanism dominates the
AHE, then the b(M ) = ρA

H/ρ2 is directly correlated with the
intrinsic AHC with σ AHE

int = −ρA
H/ρ2 [52]. Since σ AHE

int is
linearly dependent on M, the linear behavior of plotting
ρA

H/(Mρ ) vs ρ as shown in Figs. 7(c) and 7(d) shows
that the AHE in this compound meets the intrinsic mecha-
nism, not the side-jump scattering [53]. To further confirm
the intrinsic mechanism, we obtain the intrinsic AHC σ AHE

int
by subtracting the skew-scattering contribution σ AHE

S.S. from
the AHC σ AHE, and plot their relationship with M in
the insets of Figs. 7(c) and 7(d). A more intuitive rep-
resentation of the dominant role of intrinsic mechanisms
can be clearly seen. The determination of the mecha-
nism of AHE will help us to explore the possibility of
Co9Zn9Mn2 samples in novel electronic devices based on
the AHE. On the other hand, according to the intrinsic
mechanism, ρA

H ∝ ρ2, since it is clear that the resistivity ρ

rises gradually with increasing T as shown in Fig. 4. There-
fore, we naturally expect that ρA

H increases with increasing
T , which can help us to well understand the phenomena of
increasing ρA

H with increasing T in Fig. 7. In addition, though
the presence of skyrmions is confirmed in the ac susceptibility
data, the topological Hall effect, a characteristic of skyrmions
in transport, does not appear. The reason is that the size of the
effective magnetic field produced by the skyrmion is inversely
proportional to the λ, while it is directly proportional to the
topological Hall resistivity [4,55]. The λ of the CoxZnyMnz

(x + y + z = 20) are between 115 and 187 nm [2,15], which
means that the value of topological Hall resistivity is too small
to be observed.

IV. CONCLUSION

In conclusion, we have successfully synthesized the chiral
β-Mn-type Co9.24Zn9.25Mn1.51 and Co9.02Zn9.18Mn1.80 single
crystals and investigated systematically magnetic and trans-
port properties. A typical characteristic of skyrmion phase in a
narrow temperature interval of about 6 K was observed above
the room temperature via dc and ac magnetic susceptibility
measurements. A negative linear magnetoresistance over a
wide temperature range 2–380 K is observed and attributed
to the suppression of the magnetic ordering fluctuation under
high fields. The normal Hall coefficient R0 is positive, indicat-
ing the hole carriers in the compounds. In addition, through
quantitative analysis of AHE, we found that the intrinsic
mechanism dominates the AHE in present lightly Mn-doped
Co9Zn9Mn2, instead of the previously reported skew scatter-
ing in the Co7Zn8Mn5 compound. This result, along with the
different transport and magnetic properties, indicates that the
composition may be essential to tune the transport properties.
We call for further experimental and theoretical investigation
regarding a more detailed transport study with different com-
positions. Our study provides a basic understanding of the
fundamental properties of β-Mn-type CoxZnyMnz (x + y +
z = 20) that host the room-temperature skyrmions, which are
useful for applications of skyrmion-based spintronics.
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