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I. SUPPLEMENTARY INFORMATION19

A. Sample analysis20

FIG. S1. Structure of EuCd2P2 in (a) and (c) with A-type AFM order indicated by yellow arrows. (b) shows sample #1 after
polishing and before gold evaporation and contacting.

The structure and chemical composition of the EuCd2P2 samples was confirmed using powder X-ray diffraction21

(PXRD), energy dispersive X-ray spectroscopy (EDX) and single crystal analysis. The characterisation of the crystal22

structure of sample #1 by PXRD yielded lattice parameters of a = 4.324 Å and c = 7.179 Å. The powder diffraction23

patterns were recorded on a diffractometer with a Bragg-Brentano geometry and copper Kα radiation (Bruker24

D8).The chemical composition of sample #1 was analysed with EDX, yielding averaged values of Eu= (17± 2) at%,25

Cd= (40± 2) at% and P = (43± 2) at%. Analyis of sample #2 yielded similar results within the error range.26

27

In Tab. S1 we provide a comparison of various parameters relevant for the magnetotransport properties for different28

samples reported in the literature and in this work. Interestingly, samples exhibit both metallic or semiconducting29
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behavior upon cooling from room temperature and a significant range of charge carrier concentration nc. Previous30

reports have established a correlation between higher charge densities and Eu vacancies, suggesting the possibility of31

intrinsic doping [3]. Samples reported in [3] are even metals with low ρ(300K) and a positive coefficient dρ/dT > 032

down to low temperatures where FM ordering occurs, highlighting the strong competition between FM and AFM33

interactions in this material. The magnitude of the CMR and also the ratio ρ(Tpeak)/ρ(300K) systematically increase34

with decreasing nc, wheras Tpeak increases with increasing nc.35

Sample/Data origin #1 [this work] #2 [this work] Wang et al.
[1]

Zhang et al.
[2]

Chen et al. [3]

nc(300K) from Hall 4.8 ·1017 cm−3 3.5 ·1018 cm−3 −6 ·1018 cm−3 ∼ 1 · 1017
cm−3

4.6 ·1019 cm−3

(at 150K)

ρ(300K) 2.3 · 10−1 Ωcm 1.4Ωcm 2.4 · 10−2 Ωcm 3.1 · 10−1 Ωcm 5.5 · 10−3 Ωcm

high-T behavior semiconducting semiconducting metallic n.a. metallic

ρ(Tpeak)/ρ(300K) 1.33 · 104 1.46 · 103 5 · 101 5 · 103 0.87

Tpeak 14K 15K 18K 14K 47K

TN 11K 11K 11K 10.9K TC = 47K

MRmax 2.5 · 105 %
(14K, 5T)

3.5 · 104 %
(16K, 5T)

5.6 · 103 %
(18K, 5T)

1.75 · 105 %
(14K, 2T)

80% (47K,
5T)

µ(300K) = (ρenc)
−1 56 cm2/Vs 1.3 cm2/Vs −43.3 cm2/Vs ∼ 200 cm2/Vs 24.6 cm2/Vs

TABLE S1. Properties of different EuCd2P2 samples. Zhang et al. report sample-to-sample dependencies and some information
is not available (n.a.).
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FIG. S2. (a) Negative magnetoresistance −MR = −(ρ(B) − ρ(0))/ρ(0) at relatively small (µ0H = 0.1T) and large fields
µ0H = 5T for both samples #1 (in orange and red) and #2 (in light blue and blue). (b,c) Fourier coefficient κ3ω = V3ω/V1ω

of the third-harmonic voltage generation below T = 30K for sample #1 and #2 measured in magnetic fields from µ0H = 0T
to 1T.

B. Weakly-nonlinear resistance and noise36

Besides the common resistance calculated by Ohm’s law R = V/I, assuming a linear dependence between current37

I flowing through, and voltage drop V across the sample, in spatially inhomogeneous systems it is often useful to38

consider so-called higher harmonics of the voltage signal. Prime examples for intrinsic electronic and/or magnetic39

phase separation are the vortex lattice in a type-II superconductor, the magnetic skyrmion lattice, coexistence of40

phases near a first-order phase transition or the emergence of nano-scale clusters (e.g. polar nanoregions in relaxor41

ferroelectrics or magnetic polarons in CMR systems) [4–10]. The latter two examples are often discussed in the42

context of percolation in a random resistor network (RRN) [11, 12]. Basic ideas of such a scenario are often invoked43

to describe the dynamics of magnetic polarons in CMR systems [13, 14].44

In a model percolation system of a semicontinuous metal film [15], upon application of an AC current (I = I0 cos(ωt)45

the local resistance rα can be written as46

rα = r0 + δrα cos(2ωt+ ϕ) , (1)

where δrα are the fluctuations of each local resistance assumed to be significantly smaller than their resistance r0 and47

ϕ is the phase shift between the heat production and the local temperature. The voltage across the sample can be48

written as49

V = IR = I0R0 cos(ωt) +
1

2
I0∆R cos(3ωt+ ϕ) . (2)

Thus, a third-harmonic voltage50

V3ω ∝ I0∆R ∝
∑

i4αr
2
α

I0
(3)

is created by the sample and connected to the fourth-order distribution of the local currents iα. In a simple RNN51

there is a direct connection to the PSD of the resistance fluctuations:52

SR/R
2 ∝ V3ω

I30R
2

(4)

Here, energy conservation I2∆R =
∑

i2αδrα is used and a power-law scaling53

V3ω

I30
∝ R2+w (5)

is expected, where the critical exponent w = κ/t depends on the particular percolation scenario [16, 17].54

55



4

0 . 1 1 1 0 1 0 0
1 0 � � �

1 0 � � �

1 0 � �

1 0 � �

1 0 � �

0 . 1 1 1 0 1 0 0

� � 	 �

� � 	 �

� � � � 	 �

� � � � 	 �
S R

/R2  (1
/Hz

)

c o m b i n a t i o n

1 / f
L o r e n t z

f c

f*S
R/R

2

f  ( H z )

 L o r e n t z i a n  f i t 1 1 K( b )( a )

f  ( H z )
FIG. S3. Typical PSD spectrum SR/R

2(f) of a 1/f−type noise (green line) superimposed with a dominating two-level fluctuator
producing a Lorentz spectrum (orange) in (a). Plot of SR/R

2 ·f with a fit (red) to evaluate the amplitude of the 1/f -background,
it’s frequency exponent α, the amplitude of the lorentzian and the corner frequency fc (b).

The generated third-harmonic resistance or so-called weakly-nonlinear transport can be easily accessed in an AC56

lock-in measurement and reveals sensitive information on microscopic inhomogeneities in the current distribution57

of CMR systems [9, 18]. The results are shown in Fig. S2 for #1 in (b) and for #2 in (c). The Fourier coefficient58

κ3ω = V3ω/V1ω and is clearly nonzero above TN and below about 25K and shows a pronounced peak for both samples59

at about ∼ 16K in the vicinity of the resistance peak. We note that the observed values of κ3ω ∼ 3 − 4% in zero60

magnetic field are similarly large as the ones observed for the FM CMR systems EuB6 (bulk) [9] and (La,Ca)MnO361

(thin film) [18], where the third-harmonic generation is due to a percolative insulator-metal transition involving62

magnetic polarons.63

Strikingly, the weakly-nonlinear transport peak is strongly suppressed already in small magnetic fields, with the64

peak shifting to lower temperatures with increasing field, and vanishes between about µ0H = 0.5T and 1T for both65

samples. According to the common interpretation outlined above, this means a significant inhomogeneity in the66

microscopic current distribution in a rather well defined temperature interval above TN, which becomes suppressed67

in moderate magnetic fields. We note that the temperatures where κ3ω ≳ 0 coincides with a finite negative MR at68

low fields and with the plateau-like regime of a large negative MR of more than 99% at higher fields. Again, in69

agreement with the behavior of the MR at smaller fields, for sample 1, a second, smaller peak develops upon cooling70

below TN, the magnitude of which changes only slightly in increasing magnetic fields and is only suppressed in this71

temperature regime for fields of order 1T. Sample 2 does not show such a second peak and the weakly-nonlinear72

transport is close to zero below TN.73

74

An exemplary measured power spectral density (PSD) SR/R
2 of the resistance fluctuations is shown in Fig. S375

(a) in a double logarithmic plot, where the Lorentzian contribution is shown in blue, the linear 1/f background76

in red and the resulting combination in orange, describing the measured spectrum in black. Also marked is the77

corner frequency fc of the Lorentzian spectrum, which is connected to the lifetimes of the two-level fluctuator by78

fc = 1/(2π) · (1/τ1 = 1/τ2). By plotting SR/R
2 · f as shown in (b), one can fit the spectrum with a Lorentzian79

function and obtain the amplitude and slope of the 1/f contribution, as well as the corner frequency fc and the80

amplitude of the lorentzian contribution.81

8283

In a percolation scenario a power-law dependence B = V3ω/I
3 ∝ R2+w should be observed for the weakly nonlinear84

resistance [15]. As shown in Fig. S4 the data can be linearly fitted between T = 18K and T = 15K yielding w = 1.2485

very similar to the observation in silver thin films (or w = 0.53 for T < 15K). A fit in the same temperature range86

for SR/R
2(f = 1Hz) plotted versus R(T ) yields a larger w = 4.4 but also with a much larger error ±0.7 as the fit is87

worse and there are less points to average over (or w = 1.18 ± 0.47 below T = 15K). In theory the scaling should88

also be SR/R
2 ∝ Rw. It should be mentioned, that scaling of the third-harmonic signal with current and frequency,8990

as well as basic scaling relations of the noise PSD expected for simple RRNs do not yield the same results for the91

present system, but vary with the chosen temperature range, which likely is due to the intricate interplay between92

competing AFM and FM interactions in EuCd2P2 (see Fig. S4).93
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FIG. S4. Plot of the normalized third-harmonic amplitude B(T ) = V3ω(T )/I
3 versus the linear resistance R(T ) on a double

logarithmic scale (a). The data can be linearly fitted between T = 18K and T = 15K yielding w = 1.24. A fit in the same
temperature range for SR/R

2(f = 1Hz) plotted versus R(T ) (b) yields a larger w = 4.4 but also with a much larger error ±0.7.
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FIG. S5. (a) Hall resistivity ρxy measured at distinct temperatures are shown for sample #1 and #2 in (b). The linear behavior
at high temperatures develops into a curved shape upon cooling with two distinct slopes at low and high magnetic fields. Lines
are guides to the eyes. (c) Crossover field Bc where the two slopes intersect, shown for both samples #1 and #2 in blue and
red, respectively. Inset shows the construction at T = 100K.

C. Magnetic and magnetotransport measurements94

Hall measurements were carried out on the same samples #1 and #2 using the given contact geometry. In order95

to cancel out the magnetoresistance offset due to the non-perfect Hall cross geometry, voltages have been measured96

at discrete positive and negative magnetic fields antisymmetrized.97

Figure S5(a) displays the Hall resistivity ρxy vs. µ0H up to 10T for various discrete temperatures from T = 300K98

down to 50K for sample %1, see SI Fig. S5 for the data of #2. The temperature profiles for both samples are99

rather similar, despite the about one order of magnitude larger slope at room temperature (and correspondingly lower100

carrier concentration) of #1, see inset of Fig. 1(b). In particular, the almost perfect scaling of the crossover field101

Bc for both samples shown in Fig. S5(c), together with the power-law scaling of the weakly-nonlinear transport as102

evidence for dynamic percolation, Fig. S4(a), and the strong magnetic field dependence of the electrical transport,103

rules out extrinsic effects like structural/chemical inhomogeneities.104

In order to compare low-frequency resistance and magnetic fluctuations we measured the frequency-dependent AC105

susceptibility of sample #2. Figure S6(a) shows the real part χ′(T, f) measured at zero external DC field with an AC106

field of 5 Oe applied along the c-axis for different frequencies (yellow to red colors) in comparison to the data taken at107

µ0H = 5T dc field (blue) for f = 17Hz. For decreasing temperature the susceptibility shows the expected behavior108

for an antiferromagnet with an essentially frequency-independent cusp marking the magnetic transition temperature109

TN = 11K and further decrease in the AFM phase. The jump at T = 3.7K is due to the superconducting transition of110

Sn flux incorporated in to the sample during the crystal growth. In a magnetic field of 5T the susceptibility decreases111

below about T = 40K reaching zero below T = 17K.112

The imaginary part of the AC susceptibility χ′′(T ) is shown in Fig. S6(b) for frequencies f = 17 − 477Hz. The113114

magnitude of χ′′(T ) with a sharp peak at TN = 11.1K is frequency dependent with larger values for higher frequencies.115

(The anomaly at T = 3.7K is due to the superconducting transition of Sn flux incorporated in the sample during116

crystal growth.)117

In the inset of Fig. S6(a) the anisotropy γ(T ) = χ′
001(T )/χ

′
210(T ) for the AC field along the c-axis (hard axis) and118

within the a-a plane (easy axis) is shown. We find γ(T ) ≈ 1 (dotted line) at high temperatures while it starts to119

gradually decrease upon cooling until a sharp downturn occurs below T ≈ 25K, i.e. the susceptibility for the field120

applied in the a-a plane is increasing faster and becomes larger than for the c-direction. Below the magnetic ordering121

temperature, the anisotropy in the zero-field magnetic susceptibility saturates at a value of γ ∼ 0.14.122

In the inset of Fig. S6(c) the calculated SM (f) at T = 11.2K is shown to follow a 1/fα frequency dependence with123

α = 0.98, allowing a direct comparison to the resistance noise measurements which we present in the discussion124

chapter.125
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FIG. S8. (a) The amplitude, A, of the asymmetry component in our wTF experiments at SµS corresponding to oscillations in
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D. Muon-spin relaxation126

The ZF µSR data measured at SµS is made up of two components at temperatures below TN: an oscillating term127

with an asymmetry of A = 9.0% and a constant term with A = 4.7%. We made weak transverse field (wTF)128

measurements at SµS where a field of 3 mT is directed along the x-direction in Fig. S7(a), which allow us to observe129

the response of muon spins in magnetically disordered environments. The amplitude of the nonmagnetic asymmetry130

component is plotted against temperature in Fig. S8 and shows an amplitude of 1.5% at the lowest temperature point.131

This contribution could be either a background due to muons stopping outside the sample or a behavior intrinsic to the132

material, implying the existence of a small nonmagnetic volume fraction at low temperatures. In the absence of any133

other evidence for the latter case, we assume that this term represents a 1.5% background in all of our data collected134

at SµS. The amplitude of the constant term in the ZF data with this background subtracted is therefore 3.2%. The135

oscillating term corresponds to the precession of the component of the muon spin that is perpendicular to the local136

field, and therefore, in a single crystal sample, has an amplitude proportional to the sine squared of the spin-field137

angle, ϕ. The constant term corresponds to the component of the muon spin that is pinned parallel to the local field,138

and so has an amplitude proportional to cos2 ϕ. The ratio of the two is therefore tan2 ϕ = 9.0/3.2 = 2.8 ± 0.99 or139

ϕ = 59± 5◦.140

As part of our analysis of the µSR data we carried out DFT calculations to identify a candidate muon stopping site141

at a single low energy position within the unit cell (as discussed in Section IV D). We were able to then calculate the142

local dipole field experienced by muons stopping at this site, which is found to be pointed 15◦ out of the a−a plane. In143

our experiments the spins of the incoming muons were polarized at an angle of 45◦ to their direction of travel towards144

the sample (the z axis), as shown in Fig. S7(a). The sample was positioned such that the crystallographic c axis was145

orientated along z, so that the local dipole field at the muon site must exist on a cone about the z axis depending on146

the crystal orientation in the a− a plane as shown in Fig. S7(b). The minimum spin-field angle is therefore ϕ = 30◦,147

so that 0.33 ≤ tan2 ϕ ≤ ∞, compatible with our estimate of ϕ = 59◦ from the data. This is complicated slightly148

by the fact that in our experiments we used a mosaic made up of single crystals oriented in this way. The resulting149
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averaging over angles in the a− a plane gradually constrains this range with increasing crystal number, approaching150

an expected value of 1.14 [19], but for a small number our observed ratio of 2.8 is reasonable.151

Over the temperature region TN < T < T ∗ the total asymmetry rises from 13.7% to 16.6%. Accounting for a152

background of 1.5%, this gives sample-only asymmetries of 12.2% and 15.1% respectively. The 45◦ rotation of the153

initial muon spin away from the detector axis means that the total initial asymmetry is reduced by a factor of
√
2, so154

at high temperatures 16.6%×
√
2 = 23.5% is in good agreement with the expected total asymmetry on the FLAME155

instrument. This suggests that we are observing the full asymmetry from all stopped muons in the high-temperature156

region, but that at low temperatures there is a phase accounting for 0.19 ± 0.02 of the total sample volume whose157

contribution is not observed in the asymmetry, presumably because the spins in this magnetic environment are relaxed158

so quickly that they are not resolved in our data.159

Our wTF measurements show an increase of about 4.5% above TN. This corresponds to a total volume fraction160

of 0.30 ± 0.06 undergoing a phase transition from magnetic order to nonmagnetic disorder. The rest of the muon161

sites from the ordered phase therefore enter a dynamically fluctuating magnetic phase that strongly relaxes the muon162

spins.163
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