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1.  Introduction

Breakdown of Landau Fermi liquid (FL) theory is an impor-
tant topic in the experimental and theoretical investigations of 
correlated electronic systems [1–5]. Non-Fermi liquid (NFL) 
behavior has been widely observed in several categories of 
strongly correlated metals, including heavy fermion (HF) metals 
[1, 2, 4, 6, 7], high temperature superconductors [3, 8–11],  
low dimensional compounds [12–14] and itinerant mag-
nets (IMs) [2–4, 15–17]. These NFL systems show unusual 
temperature dependence in their physical properties at low 
temperature, including anomalous temperature dependence of 
resistivity, diverging specific heat coefficient and anomalous 
Curie–Weiss law of susceptibility. These anomalous proper-
ties over wide temperature ranges have attracted continuous 
interest of theoretical studies [2–5], and also have played an 

important role in interpreting experimental efforts. Among 
these theories, the self-consistent renormalization (SCR) 
theory of spin fluctuations [3, 5, 18–20] worked impressively 
well for the IMs with d-electron [2] or non-magnetic ele-
ments [15, 21]. For instance, in itinerant ferromagnetic metals 
(IFMs) Ni3Al, YNi3, ZrZn2 and (Sc1−xLux)3.1In, NFL behavior 
ascribing to spin fluctuations was observed over broad ranges 
under pressure, temperature, and doping [15, 17, 21, 22], 
coexisting with long range ferromagnetic (FM) order.

In many NFL systems, rising evidence is revealing that the 
anomalous behaviors could arise from the disorder induced 
by doping, allotropic magnetic phase, polycrystalline phase or 
frustration. Although the effects of disorder have been studied 
extensively [3, 15, 23–33], exploring the effect of disorder 
is still one of the challenges in condensed matter physics 
because disorder appears naturally from the experimental 
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point of view. Whereas, the SCR theory of spin fluctuations 
does not include any type of microscopic disorder, therefore 
the effect of disorder and its interplay with spin fluctuations 
in IFMs with NFL behavior are still open questions [2, 3,  
25, 34]. On the other hand, it is fascinating that the strong 
disorder can dominate the physics and lead to exotic states of 
matter, such as spin glass phase which is considered to be the 
origin of NFL behavior of heavy fermion alloys [2, 3]. This is 
also important for the completion of theoretical picture of NFL 
behavior [35]. As a consequence, it will be alluring to inves-
tigate the properties of spin glass phase in IFM compounds.

Transition-metal germanide Co5Ge3 with magnetic cobalt 
triangular lattices has two identified phases: low temperature 
phase of α-Co5Ge3 with orthorhombic Co2Si-type struc-
ture (space group Pnma) (as shown in figure 1(a)) and high 
temperature phase of β-Co5Ge3 with hexagonal Ni2in-type 
structure (space group P63/mmc) [36–38]. Both α-Co5Ge3 
and β-Co5Ge3 are FM materials with Curie temperatures of 
46.4 K and 4 K, respectively [38]. In α-Co5Ge3, cobalt tri-
angular lattices form a quasi-two-dimensional network in ac 
plane, as seen in figure  1(b). However, geometrical frustra-
tions are absent as cobalt triangular lattices are non-regular. It 
is thus expected that the spin fluctuations are significant sub-
ject to experimental results. Meanwhile, the defects induced 
by the nonstoichiometry of cobalt, serving as intrinsic dis
order in both lattice and spin structure, are expected to plays 
an important role on physical properties as well. All these fea-
tures make α-Co5Ge3 a promising candidate to investigate the 
interplay of spin fluctuations and disorder in IFM materials.

In this work, we investigate the magnetic and transport 
properties of IFM α-Co5Ge3. At low temperature(�30 K), a 
spin glass phase is observed, coexisting with FM state. A NFL 
behavior is revealed by temperature dependence of resistivity 
in this phase, which arises from both spin fluctuations and 
disorder. In α-Co5Ge3, disorder plays a more important role 
than spin fluctuations. An unconventional anomalous Hall 
scaling relation of ρA

xy ∝ ρ6.9
xx  is observed in the same temper

ature range, attributing to the strong disorder induced by 
cobalt defects. Our results demonstrate that, in IFM systems, 
both spin fluctuations and strong disorder can induce novel 
properties of the NFL behavior and unconventional anoma-
lous Hall effect.

2.  Experimental details

High-quality α-Co5Ge3 single crystals were synthesized by 
the chemical vapor transport (CVT) method by using iodine 
(I2) as the transport agent. Single crystal x-ray diffraction 
(XRD) was measured at room temperature by using a diffrac-
tometer Rigaku-TTR3 with Cu Kα to determine crystal orien-
tation. The energy-dispersive x-ray spectroscopy (EDX) was 
employed to analyze the chemical composition of single crys-
tals on Oxford SWIFT3000 spectroscopy. The transport mea-
surements were performed on Oxford Instrument TeslatronPT 
cryogenic system and quantum design physical property 
measurement system (PPMS) by dc four-probe method. The 

magnetic measurements were carried out on quantum design 
7 T Magnetic Property Measurement System (MPMS3).

3.  Results and discussion

The crystal structure of α-Co5Ge3 is depicted in figures 1(a) 
and (b). The α-Co5Ge3 has a Co2Si-type orthorhombic struc-
ture with the space group Pnma. Three cobalt atoms form a 
triangular lattice with different length of Co-bonds and two 
nonequivalent cobalt sites Co1 and Co2 as illustrated in  
figures 1(a) and (b). Figure 1(c) shows the XRD pattern of an 
α-Co5Ge3 single crystal with its photo shown in the inset. Only 
(h00) Bragg peaks are presented, indicating that the exposed 
surface is bc plane. The a axis lattice parameter is estimated to 
be 0.4995 nm by using Bragg’s law, which is consistent with 
the previous reported value [39]. The chemical composition 
of α-Co5Ge3 single crystals with the atomic ratio of Co:Ge ≈
4.88:3 is identified by using EDX spectroscopy (table S1 in 
supplementary material (stacks.iop.org/JPhysCM/32/155802/
mmedia)). This indicates that the samples contain non-negli-
gible defects at Co sites, which may cause strong disorder in 
both lattice and spin structure.

To study the magnetic properties of α-Co5Ge3, temper
ature dependence of susceptibility χ (≡M/H) with field 
along both a axis (H‖ a) and bc plane (H‖ bc) are measured 
at indicated fields in the temperature range of 2 K–300 K, as 
shown in figures 2(a) and (b). The χ(T) curves are measured 
under sequences of zero-field-cooling (ZFC) and field-cooling 
(FC) at 0.02  T, 0.1  T and 1  T, respectively. FM transitions 
are observed with decreasing temperature under field applied 
along both directions. The FM transition temperatures Tc are 
determined by the dχ/d T curves at 0.02 T, with Tc  =  46 K for 
H‖ a (χa) and Tc  =  50 K for H‖ bc (χbc), respectively, which 
are consistent with the previous reported value of 46.4  K 
determined on polycrystalline samples [38].

Magnetization M(H) isotherms are measured at different 
temperatures between 2 K and 300 K for H  ‖ a (Ma) and H  
‖ bc (Mbc), and shown in figures  2(c) and (d), respectively. 
According to the formula µ0Heff = µ0(H  −  NdM), where Nd 
is the demagnetization factor, the effective magnetic field 
can be obtained. The value of Nd was calculated by using the 
method described in the literature [40]. In our case, however, 
the demagnetization is negligible due to the small value of 
M. The influence of demagnetization is thus not considered in 
following discussions. No saturation is reached in M(H) iso-
therms up to 7 T below Tc. Similar behavior was observed in 
IFM Zr(Mn,Fe)2Zn20 with geometrical frustration [29], and 
thus indicates the existence of strong disorder in our samples. 
The inset of figure 2(b) displays the magnetic anisotropic ratio 
χa/χbc as a function of temperature at indicated magnetic 
field. At low field, χa is larger than χbc, indicating a axis is 
the easy axis of FM state. With the increase of the field, the 
anisotropic ratio decreases and is close to 1 at the field of 1 T. 
In figures 2(c) and (d), a lower critical field is extracted from 
M versus H curves with H ‖ a, comfirming that a axis is the 
easy axis.
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In the paramagnetic (PM) regime approximately 100 
K–300 K, the susceptibility χ(T) can be fitted by the modified 
Curie–Weiss law,

χ(T) = χ0 +
C

T − θp
� (1)

where χ0 is a temperature independent contribution, C  is 
Curie constant related to the effective moment in the common 
manner and θp is the Weiss temperature [41]. The fitting 
parameters of χ0, C , θp, and FM transition temperature Tc are 
extracted and summarized in the table 1. The θa

p = 67.0 K and 
C = 0.30 emu K mol−1 for χa and θbc

p   =  67.0 K and C = 0.32 
emu K mol−1 for χbc. The effective magnetic moment µeff  
extracted from the fitting parameters is around 0.70 µB/Co for 
both χa and χbc using the formula µeff   =  

√
8C/5 [42].

According to the effective moment µeff , the number of 
magnetic carriers in the PM state qc can be obtained exper
imentally from the local moment scenario [43],

µ2
eff = qc(qc + 2)µ2

B.� (2)

Similarly, the number of magnetic carriers in the ordered state 
qs below Tc can be determined from the saturated magnetic 
moment µsat at low temperatures and high fields [43],

µsat = 2qsµB.� (3)

In this work, from equations  (2) and (3), qc  =  0.22 and 
qs  =  0.035 could be obtained with µeff = 0.70µB/Co and 
µsat  =  0.07 µB/Co, determined from the M versus H curve 
at 2 K and 7 T. In our samples, this small value of saturated 
magnetic moment may come from the disorder induced by 
cobalt defects. Comparable values of saturated magnetic 

moment are observed in other IFMs, for instance 0.075 µB/Ni 
in Ni3Al [44] and 0.16 µB/Zr in ZrZn2 [45]. While the values 
in MnSi (0.4 µB/Mn) [46] and CoS2 (0.84 µB/Co) [47] are 
much larger than what we observed in α-Co5Ge3. This differ-
ence is caused by various strength of magnetic correlations, 
spin fluctuation and disorder in these IFMs. The Rhodes–
Wohlfarth (RW) ratio qc/qs of 6.3 is obtained, which indicates 
that α-Co5Ge3 is suitable for discussion under the itinerant 
electron model of ferromagnetism [48]. Then, both strong 
disorder and spin fluctuations could suppress the saturated 
magnetic moment µsat, and cause a large RW ratio. Of course, 
the low effective magnetic moment value above Tc also dem-
onstrates the existence of itinerant electron ferromagnetism 
in α-Co5Ge3.

The χ(T) curve below Tc is analysed by using theoretical 
models of IFM. As shown in the inset of figure 2(a), below Tc, 
the FC χ(T) curve at 0.02 T deviates from the fitting curves 
of Stoner model (4) or spin fluctuation model (5), separately 
[49].

M (T ) = M0(1 − T2

T2
c
)

1
2� (4)

M (T ) = M0(1 − T
Tc

)
1
2 .� (5)

While the experimental curve can be represented well by a 
combination of these two models, which indicates that both 
spin fluctuations and band split are important in α-Co5Ge3. 
Thus, the anisotropic Tc could be explained by spin fluctua-
tions dominant along a axis, while correspondingly weak in 
bc plane [50].

Figure 1.  (a) The crystal structure of α-Co5Ge3 with the space group Pnma. (b) Quasi-two-dimensional triangular lattice network formed 
by Co atoms. (c) X-ray diffraction pattern of an α-Co5Ge3 single crystal. Inset shows a photo of a typical α-Co5Ge3 single crystal of 1 mm 
in length.
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A bifurcation between ZFC and FC appears below Tc 
for χ(T) curves with 0.02 T field along both directions (see 
figures 2(a) and (b)). Similar behavior has been observed in 
anisotropic ferromagnetic compounds [51] or spin-disordered 
systems, such as spin-glass or ferromagnetic cluster glass 
compounds [3, 52]. The random defects at cobalt sites can 
be the origin of the spin-disordered state because the cobalt 
content is less than the stoichiometric number in 5. The disap-
pearance of hysteresis at the field above 0.1 T suggests that 
this spin-disordered phase can be suppressed with increasing 
external magnetic field.

The ac susceptibility is employed to study the magnetic 
properties of α-Co5Ge3 below Tc. The real part of ac suscepti-
bility is plotted in figures 3(a) and (b) as a function of temper
ature in the range from 2 K to 70 K. All curves in figures 3(a) 
and (b) show peaks at around 46  K independing on the 

frequency, which is consistent with the ferromagnetic trans
ition temperature in dc susceptibility. Below 30  K, a broad 
hump appears in ac susceptibility with oscillated ac field 
along both a axis and bc plane. This broad hump implies that 
the low temperature magnetic phase develops with decreasing 
temperature and shows a characteristic of dynamic short range 
magnetic order. In order to clarify the frequency dependence 
of ac susceptibility at low temperature, the expanded views of 
ac susceptibility increments extracted by subtracting the FM 
background guided by the green solid lines(see figures 3(a) and 
(b)) are shown in figures 3(c) and (d), respectively. A peak was 
observed around 8 K in ac susceptibility along both directions. 
The temperatures of the peak position measured at different 
frequencies are denoted by Tf  and represented by orange solid 
lines in figures 3(c) and (d). As shown in figure 3(c), Tf  shifts 
monotonously to high temperature with increasing frequency 

Figure 2.  (a) Magnetic susceptibility χ and dχ/d T versus temperature for 2 K � T � 300 K at the indicated magnetic fields applied along 
the a axis ( χa, H‖ a). Inset: below ferromagnetic transition temperature (Tc), χ versus T is fitted by the models of spin fluctuation, Stoner 
and a combination of both of them. (b) Magnetic susceptibility χ and dχ/d T versus temperature for 2 K � T � 300 K at the indicated 
magnetic fields applied in the bc plane (χbc, H‖ bc). Inset shows the magnetic anisotropic ratio of χa/χbc versus temperature at 0.02 T, 0.1 T 
and 1 T. (c) Isothermal magnetization M as a function of effective magnetic field at indicated temperatures with H‖ a axis (Ma); and (d) H‖ 
bc plane (Mbc). The intercept of green straight line is used to obtain the value of Ms(0) in figure (c).

Table 1.  FM transition temperatures are obtained from dχ/ dT and the three parameters χ0, C and θp are obtained from fitting of the 1/
(χ− χ0) versus T for α-Co5Ge3 single crystal by the modified Curie–Weiss Law.

Field direction Tc (K)
Fit T range 
(K) χ0 (emu mol−1)

C (emu 
K mol−1) θp (K) µeff  (µB/Co)

µsat 
(µB/Co)

H ‖ a 46 100 � T � 300 8.2 × 10−3 0.30 67.0 0.69(3) 0.070

H ‖ bc 50 100 � T � 300 2.6 × 10−3 0.32 67.0 0.71(5) 0.064

J. Phys.: Condens. Matter 32 (2020) 155802
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for H ‖ a. In contrast, Tf  shifts non-monotonously with the 
increasing frequency and to a lower temperature with the fre-
quency of 500 HZ for H ‖ bc. The different frequency depend
ence of Tf  indicates that this low temperature magnetic phase 
is anisotropic. The shifting of Tf  is often observed in spin glass 
or cluster glass systems, indicating that the low temperature 
magnetic phase is disordered. Similar spin glass states have 
been studied in some Ce-based heavy fermion systems, in 
which random site distributions of nonmagnetic/magnetic 
atoms (disorders) play a crucial role for the formation of spin-
glass states [53–55]. In our samples, this spin-glass-like state 
is coexistent with long range ferromagnetic state, which may 
indicate a simple Co–Co magnetic interaction and eliminate 
the possibility of random site distribution of Co and Ge. Thus, 
the disorder induced by cobalt defects and spin fluctuations 
should be more likely responsible for the magnetic properties 
observed in α-Co5Ge3. Certainly, it is necessary and impor-
tant to understand the nature of disorder in α-Co5Ge3 by using 
micro-structure analysis in future.

From the foregoing magnetic properties, α-Co5Ge3 is an 
IFM with spin fluctuations and non-negligible disorder, which 
is induced by cobalt defects. Therefore, this material pro-
vides an ideal platform to study the interplay between spin 

fluctuations and intrinsic disorder in IFMs. The transport 
properties have also been studied to explore the novel behav-
iors in this compound.

Figure 4(a) represents the temperature dependence of the 
electrical resistivity ρbc(T) of α-Co5Ge3 single crystals meas-
ured at zero magnetic field, exhibiting a metallic behavior. 
A sharp peak of dρbc(T)/dT curve at 43 K, which is in good 
agreement with the Tc extracted from χ versus T curves in 
figure 2(a), is attributed to the FM transition. In figure 4(a), 
the fitting parameters of α = 3/2, ρ0 = 0.098 mΩ cm and 
A  =  0.237 µΩ cm K−1.5 are obtained from a power law fit of 
resistivity with the formula of ρbc = ρ0 + ATα in the range 
from 1.6 K and 30 K. A same power law behavior has been 
observed in FM phases of IFMs Ni3Al and YNi3 [17], metallic 
glass phases of HF systems [3], and dirty(disordered) HF 
metals near an antiferromagnetic quantum critical point [56]. It 
is also consistent with some theoretical predictions [3, 34, 57].  
The effect of spin fluctuations and disorder could change 
scattering process of the conduction electrons and lead to 
the emergence of NFL behavior. Above Tc, T-sublinear resis-
tivity behavior is different from the resistivity of conventional 
magnetic metals with localized spins [58] and is also observed 
in ferromagnetic metals with strong spin fluctuations [59, 60]. 

Figure 3.  (a) Real part of ac susceptibility components versus temperature for 2 K � T � 70 K measured at 1, 10, 100 and 500 Hz under 
zero dc field. Oscillated ac field of 10 Oe is applied along a axis; and (b) in the bc plane. The solid green lines in figures 2(a) and (b) 
represent the background of ferromagnetic transition. (c) The expanded views of low temperature ac susceptibility increments at 1, 10, 
100 and 500 Hz with oscillated ac field of 10 Oe along a axis; and (d) in the bc plane. The solid orange lines in (c) and (d) denote the peak 
positions.

J. Phys.: Condens. Matter 32 (2020) 155802
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Temperature dependence of in-plane resistivity at indicated 
magnetic fields show metallic behavior and decrease with 
increasing field (see inset of figure 4(a)).

∆ρbc = ρbc − ρ0 on a scale of Tα up to 30 K under indi-
cated magnetic fields, as shown in figure 4(b), present a linear 
dependence, indicating a good power law fitting below 30 K. 
Figure 4(c) displays the evolution of power law fitting coeffi-
cients ρ0 and A of resistivity as a function of applied field. The 
value of ρ0 is field independent and equals to 0.097 mΩ cm. 
Whereas, the value of A decreases with the increasing field. 
The coefficient A means the quasiparticle interaction, more 
precisely the renorma1ization of the quasiparticles masses at 
the Fermi surface, corresponding to the density of states at the 
Fermi level [61, 62]. The change of A represents the evolution 
of Fermi surface with changing magnetic field.

The magnetic field dependence of power law exponent 
α are shown in figure  4(d). The value of α increases with 
the increasing field and reaches 1.85 at 16  T. According to 
the previous theoretical prediction [33], the resistivity ρ(T) 
crosses over from a FL T2 behavior to a NFL Tα(W) behavior 
with the presence of disorder and fluctuations, where W is 
indicating the strength of disorder and the exponent, α, is 
found to be dependent on W. Here, W can be estimated from 

the Ioffe–Regel parameter kFl, with W ≈ (kFl)−1 [34]. 
The value of kFl could be calculated by using the formula 
kFl = {(3π2)2/3�[RH(T)]1/3}/[ρ(T)e5/3] [63]. In this work, 
kFl is calculated using the corresponding values of R0 (RH) (see 
figure 6(c)) and ρ(T) (see figure 4(a)). The inset of figure 4(d) 
plots the evolution of (kFl)−1 as a function of temperature at 
indicated fields, which indicates that W is sensitive to applied 
field due to the suppression of spin disorder. Consequently, 
α(W) is expected to be a function of magnetic field, with a 
power function relation α(W) ∼ Hγ [57, 64]. In figure 4(d), 
α variation can be well fitted by a power function, and the α 
value may attain 2 with µ0 H  =  20.45 T in this trend. A high 
enough external magnetic field could suppress the disorder 
and spin fluctuations, and restore the FL behavior in the resis-
tivity below 30 K.

Magnetic field dependence of in-plane magnetoresistance 
(MR) at indicated temperatures with H ‖ a are shown in fig-
ures 5(a) and (b), in which MR is calculated by ∆ρbc/ρbc  =  [ρbc
(µ0 H)−ρbc(0)]/ρbc(0). The negative MR is presented under 
the magnetic field up to 9  T at different temperatures. To 
clarify the evolution of MR versus T, the |MR| ratios at 9 T as a 
function of temperature are shown in figure 5(c). The absolute 
value of MR increases with increasing temperature in the FM 

Figure 4.  (a) Temperature dependence of in  −  plane resistivity ρbc(T) and its derivative (dρbc/ dT) at the temperature range from 1.6 K 
to 300 K under zero field. Blue solid line: using ρbc(T)  =  ρ0  +  ATα fit the resistivity measured below 30 K, α = 1.50. Inset: temperature 
dependence of ρbc(T) at different field from 0 to 16 Tesla and in the temperature range from 1.6 K to 55 K. (b) ∆ρbc = ρbc−ρ0 as a function 
of Tα at indicated magnetic field, where α  =  ∂ln(ρ(T)  −  ρ0)/∂lnT is the power law exponent at each field. (c) Power law behavior 
coefficients of ρ0 and A as a function of applied field. (d) Magnetic field dependence of the power law exponent α, corresponding to the 
ρbc(T) in (a) under magnetic field up to 16 T. The solid blue line is the fit of experimental data with a power function. Inset: temperature 
dependence of (kFl)−1 at indicated fields in the temperature range from 1.6 K to 30 K.

J. Phys.: Condens. Matter 32 (2020) 155802
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region and reaches the maximum value (∼8%) at 50 K (near 
the Tc) due to the strong suppression of electron-spin scat-
tering, then followed by a decrease. Upon further increasing 
temperature to 300 K, the absolute value of MR decreases and 
reaches zero at room temperature. The field dependence of 
MR can be fitted by the relation MR ∝ a H  −  b H2 at the 
temperature from 2 K to 100 K [65]. Two of fitting curves for 
T  =  20 K and 70 K are selected and presented in figures 5(a) 
and (b), respectively. For itinerant electron systems, the effect 
of dynamics spin fluctuations is more significant than that of 
spin waves [43], for example, spin fluctuations play a domi-
nate role in itinerant ferromagnet metals Sc3In and Ni3Al 
[61, 66]. The well fitting results in α-Co5Ge3, in particular 
at temperature lower than Tc, reveal that spin fluctuations not 
only play an important role around Tc, but also have predomi-
nant effect at T � Tc. Temperature dependence of coefficients 
a and b are summarized in figure 5(d). The maximum values 
of both a and b are obtained at 50 K, which approaches to the 
magnetic transition temperature. This indicates that the spin 
fluctuations are strongest at 50 K, which directly leads to the 
maxmium negative magnetoresistance.

To elucidate the physical properties in α-Co5Ge3 further, 
the magnetic field dependence of Hall resistivity ρxy at dif-
ferent temperatures under H ‖ a are examined and shown in 
figures 6(a) and (b). In general, the total Hall resistivity ρxy in 
ferromagnetic conductors comprises two terms [67],

ρxy = R0µ0H + RsM ,� (6)

where R0 and Rs represent the ordinary (Lorentz-force) and 
anomalous Hall coefficients, respectively. ρxy increases lin-
early with the increase of magnetic field at temperature above 
100 K, while shows non-linear dependence between 50 K and 
80 K. When the temperature decreases below Tc of 46 K, both 
ordinary Hall effect and anomalous Hall effect make contrib
ution to ρxy [68]. The values of R0 and Rs in the empirical 
formula equation (4) obtained mainly in the linear region of 
high magnetic field of ρxy(H) curves, which is guided by black 
fitted line at 50 K in figure 6(a), are displayed in figures 6(c) and 
(d), respectively. The slope and y -axis intercept (figure 6(a)) 
are corresponding to the R0 and ρA

xy, respectively. The value of 
Rs can be determined by using the formula ρA

xy  =  Rs Ms, with 
the Ms value obtained from M(H) curves in figure 2(c) [69]. 
The temperature dependence of R0 is shown in figure 6(c). R0 
reaches the maximum value of 3.8×10−10 m3C−1 at 100 K and 
changes sign around 50 K, implying that the dominant carrier 
changes from electron to hole with increasing temperature. 
The sign change of R0 also indicates that the α-Co5Ge3 has a 
multiple-band electronic structure. And this evolution of the 
Fermi surface with changing temperature around Tc can be 
attributed to the magnetic phase transition. The Rs presented 
in figure 6(d), which is about two orders of magnitude larger 
than that of the conventional itinerant ferromagnets, such as 

Figure 5.  (a) Magnetoresistance with H ‖ a at 2 K–50 K, and (b) at 50 K–300 K. The red solid lines in (a) and (b) are the fitting curves of 
MR at 20 K and 70 K, respectively, representing typical examples of the goodness of fit. (c) The temperature dependence of the |MR| ratio 
|(ρbc(9 T)  −  ρbc(0))/ρbc(0)|. (d) The evolution value of fitting parameters extracted from the MR fitting results by using the relation MR ∝ a 
H  −  b H2. FM: ferromagnetic region; PM: paramagnetic region.
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Fe and Ni [70, 71], is positive and increases with increasing 
temperature below Tc. As T/Tc approach to 0, the residual 
component of Rs reaches 0.85 × 10−8 m3C−1, which indicates 
that spin disorder has a little contribution to Rs at zero temper
ature. At Tc, the value of Rs reaches the 1.40 × 10−7 m3 C−1 
which is comparable to the Rs value in IFM metal Fe3Sn2 with 
geometrical frustration [72, 80], supporting the existence of 
strong disorder in α-Co5Ge3.

In order to understand the mechanism of anomalous Hall 
effect (AHE) in α-Co5Ge3, the log–log plot of ρA

xy versus 
logρxx (Here ρbc is represented as ρxx.) is shown in figure 7(a). 
The magenta and cyan solid lines show the fitting results using 
the formula ρA

xy ∝ ρβxx. At the temperature of 30 K–50 K, the 
slope β of fitting line is estimated to be  ∼2.0 indicating the 
existence of intrinsic KL mechanism [73] or extrinsic side-
jump mechanism [68]. In the T range from 2 K to 25 K, β has 
an intriguing exponent value 6.9, which cannot be explained 
by conventional mechanisms. This temperature range is in 
line with that displaying NFL behavior, indicating that strong 
disorder play a dominant role in determining the transport 
properties. The large β value was observed in heterogeneous 
ferromagnetic systems, such as β = 3.1 in Fe/Cr mutlilayers 
[74], β = 3.7 in Co–Ag granular films [75], β = 5.7 in Co/Pd 
multilayers [76], even an unexpected high exponent β = 17.6 
in ε−Fe3N nanocrystalline films [77]. A large β = 3.7 was 
also observed in polycrystalline Fe3Sn2 [78], which is larger 

than β = 2 observed in homogeneous Fe3Sn2 single crys-
tals [80]. The reason leading to such large β value in magn
etic mutlilayers films or polycrystalline sample is that the 
mean-free path of carrier is larger or comparable than the 
layer thickness or grain size, respectively [79, 80]. These 
results indicate that disorder may give rise to large β value. 
The effective mean free path λeff in α-Co5Ge3 is estimated 
using the Drude–Sommerfeld formula ρxx = m∗ vF/ne2λeff, in 
which carrier concentration nH = 1/eR0 and Fermi velocity 
vF = � 3

√
3π2n/m∗. Thus λeff can be obtained from exper

imental values of carrier concentration n and ρxx [75], which 
ranges from 12.5 ̊A  to 14.7 ̊A  in our samples below 30 K. The 
value of λeff may be larger or comparable to the characteristic 
size of spin-disordered phase in α-Co5Ge3, resulting in a large 
exponent β = 6.9. This strong disorder observed in our sam-
ples could arise from cobalt defects and/or spin frustrations. 
To clarify the contribution from each factor, further experi-
ments on stoichiometric α-Co5Ge3 are needed.

Figure 7(b) is the plot of the total Hall conductivity σxy (=ρxy 
/(ρ2

xx  +  ρ2
xy)) versus µ0 H at indicated temperatures below 50 K. 

σxy curves have no hysteresis loops, which is consistent with M 
versus H plots in figure 2. Figure 7(c) shows the T depend
ence of σA

xy (=ρ
A
xy/(ρ

2
xx + ρA

xy)) and magnetization M measured 
at 1 T from 2 to 50 K. At the temperature of 30 K–50 K, σA

xy 
is T independent and approximately equal to 11.8 S cm−1. M 

Figure 6.  Magnetic field dependence of the Hall resistivity ρxy at (a) 2 K–50 K and (b) 50 K–100 K. The black solid line in panel (a) 
represents the linear fitting of ρxy(H) in the high magnetic field region at T  =  50 K. (c) Temperature dependence of the ordinary Hall 
coefficient of R0. (d) Anomalous Hall coefficient Rs as a function of the reduced temperature (T/Tc) for α-Co5Ge3, pure Fe and Ni [70, 71].
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versus T, however, has an obvious temperature dependence in 
this temperature range. Therefore, σA

xy is not proportional to M, 
ruling out KL mechanism in this region [81]. Thus, AHE at 30 
K–50 K is dominated by side-jump mechanism. According to 
the above discussions, the rapid decrease of σA

xy below 30 K, 
should be caused by the strong disorder and could not be 
explained by conventional mechanisms.

4.  Conclusions

In summary, α-Co5Ge3 is an itinerant FM with FM transitions 
at Tc  =  45 K for H ‖ a and Tc  =  50 K for H ‖ bc, respectively. 
Unsaturated magnetization and large RW ratio suggest that 
the existence of strong disorder arising from cobalt defects 
and spin fluctuations. The ac susceptibility also reveals that 
the existence of spin glass phase below 30 K due to the strong 

disorder. A NFL behavior with the form of ρbc  =  ρ0  +  ATα 
(1.50 � α � 1.85) is observed in temperature dependence 
of resistivity and attributed to disorder induced by cobalt 
defects and spin fluctuations. The increase of exponent α 
with applied magnetic field is attributed to the suppression of 
spin fluctuations and disorder under external field. The Hall 
resistivity show a sign change of ordinary Hall coefficient R0 
around 50 K, indicating the multiple-band electronic structure 
and the change of Fermi surface induced by FM phase trans
ition. Below 30 K, the large exponent β ∼ 6.9 extracted from 
σA

xy versus σxx plot indicates that the strong disorder play an 
important role on the transport properties. Our results reveal 
the coexistence of spin fluctuations and disorder in α-Co5Ge3, 
which makes it an ideal platform to study the interplay of 
disorder and spin fluctuations.
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