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An appealing direction to change the properties of strongly correlated materials is to induce non-
equilibrium steady states by the application of a direct current. While access to these novel states is
of high scientific interest, Joule heating due to current flow often constitutes a hurdle to identify non-
thermal effects. The biggest challenge usually resides in measuring accurately the temperature of a
sample subjected to direct current, and to use probes that give direct information of the material.
In this work, we exploit the simultaneous measurement of electrical transport and magnetisation to
probe non-equilibrium steady states in Ca2RuO4. In order to reveal non-thermal current-induced
effects, we employ a simple model of Joule self-heating to remove the effects of heating and discuss
the importance of temperature inhomogeneity within the sample. Our approach provides a solid
basis for investigating current-induced phenomena in highly resistive materials.

I. INTRODUCTION

Direct electric current is a powerful control parame-
ter capable of inducing non-equilibrium steady states in
strongly correlated materials [1, 2]. Non-equilibrium con-
ditions can be a gateway to peculiar physics that cannot
be accessed by other means [3–5]. Despite the large sci-
entific interest, experiments with direct current always
entail some extent of Joule heating, which becomes par-
ticularly relevant when dealing with highly resistive ma-
terials.

The strongly correlated oxide Ca2RuO4 is a Mott
insulator at room temperature that presents a metal–
insulator transition (MIT) at about 360K and a mag-
netic transition towards an antiferromagnetic state below
108K [6, 7]. The MIT is characterised by a strong cou-
pling between Ca2RuO4 lattice and its electronic struc-
ture [8]. Several reports showed that the MIT can be
triggered by the flow of electric current, with the sup-
pression of its Mott gap [9, 10]. The occurrence of this
current-induced transition has been confirmed by means
of neutron scattering [11, 12], electrical transport [13, 14],
and also ARPES [15, 16]. Other reports showed the exis-
tence of a rich nanoscale structure at the phase boundary
between metallic and insulating regions, possibly induced
by the applied voltage rather than the flowing current
itself [17–19]. These effects motivate a deeper investiga-
tion on the meachanism of electrically-induced states in
Ca2RuO4.

Measurements with applied current on Ca2RuO4 are
particularly challenging because they involve the applica-
tion of considerable electrical currents which, at low tem-
perature, lead to the insurgence of a large Joule heating
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because of the high resistivity of the material. Heating
makes it difficult to evaluate the sample temperature ac-
curately, and in the case of magnetic measurements can
also introduce spurious background signals [20]. Various
efforts have been taken to measure accurately Ca2RuO4

temperature under applied current: some groups em-
ployed thermal imaging [10, 21], Fursich et al. looked
at the shift of the Raman lines [22], Okazaki et al. used
a gold nanoparticle to locally assess the sample temper-
ature [23], Avallone et al. employed a nanoscale ther-
mometer patterned right above a tiny Ca2RuO4 crystal
[24].
In this work, we employ as a “double probe” magnetic

and electrical measurements performed simultaneously to
investigate the current-induced state of Ca2RuO4. To do
so, we design a special sample holder and thermometer
that maximises sample cooling and measures the sample
temperature as accurately as possible. In the presence of
non-heating current-induced effects, we expect changes in
magnetisation and resistance to have a different depen-
dence on current. We uncover extensive sample heating
that can be explained by the coexistence of a homoge-
neous and inhomogeneous temperature increase. We dis-
cuss how inhomogeneous temperature profiles may ex-
plain remaining nonlinearities and provide a solid basis
for probing current-induced effects.

II. EXPERIMENTAL DETAILS

We performed measurements in a magnetic property
measurement system (MPMS) from Quantum Design.
Simultaneous measurements of the sample resistance R
and the magnetic momentm were enabled by the custom-
made sample holder described in Figs. 2a to 2c. The
sample holder ensures a large sample cooling, crucial for
measurements with applied current, thanks to a large
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copper strip (dimensions 200mm× 6mm× 0.4mm) that
constitutes its main body. The sample holder fits into
a standard MPMS plastic straw (diameter 6mm) that is
used for magnetic measurements. Before sample mount-
ing, the in-plane crystalline axes of Ca2RuO4 were de-
termined by separate magnetic measurements (Fig. S1).
A vertical field µ0H = 1T was applied along the or-
thorhombic a axis of Ca2RuO4, while electrical current is
applied along b. This configuration minimises eddy cur-
rents in the sample holder and the magnetic background.
Cooling ramps were performed by changing at a rate of
2Kmin−1 the sample-space temperature TMPMS, mea-
sured on the outer surface of the copper jacket around the
sample space (Fig. 2a). Helium exchange gas (approxi-
mately 1mbar at room temperature) ensures a thermal
connection between the sample holder and TMPMS.
Electrical contact to the sample was provided by Au

wires (diameter 50µm) and Ag paint (DuPont 4929N
with diethyl succinate, cured at room temperature),
which were then linked to thicker copper wires (diam-
eter 0.2mm). This configuration leads to a low con-
tact resistance, typically much below 100Ω at room
temperature (Fig. S2). A thin sheet of cigarette pa-
per was used to eletrically insulate the sample from the
copper holder, and GE Varnish 7031 was used to glue
the elements together and ensure a good thermal con-
tact. Electrical measurements were performed by sourc-
ing a current to the sample with a Keysight B2912A
(voltage compliance 210V) and measuring the 2- or 4-
probe voltage with a Keithley Electrometer 6514 (in-
put impedance > 200TΩ). The experiments were per-
formed on several Ca2RuO4 crystals and we here report
two representative examples. Sample #1 (CRO16-4, size
2.8mm × 1mm × 0.6mm, mass 7.98mg), measured in
two-probe configuration, is presented in Fig. 1. Sample
#2 (CR19-17, size 2mm×1mm×0.1mm, mass 2.51mg),
measured in four-probe configuration with an additional
thermometer connected directly to its top-surface, is pre-
sented in Fig. 2. Further technical details are given in the
following sections.

III. RESULTS AND DISCUSSION

A. Simultaneous electrical-transport and magnetic
measurements

In Fig. 1a, we show the resistance of Sample #1 in
a 2-probe configuration R2p. For the smallest current
I = 1 µA, the resistance increases several orders of mag-
nitude upon lowering temperature and it goes beyond the
measurement limit at about 150K, consistent with previ-
ous reports of high-quality Ca2RuO4 crystals [6, 25]. For
larger values of current up to I = 10mA, the resistance
curves gradually become lower, in accordance with other
reports [10, 13, 14, 26]. By taking vertical linecuts in
Fig. 1a (dotted lines), we extract voltage–current char-
acteristics at three fixed values of TMPMS. The resulting
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FIG. 1. Simultaneous magnetic and electrical trans-
port measurements with constant current. (a) Exper-
imental sample resistance as a function of temperature for
different applied currents. The resistance is measured in a
two-probe configuration on Sample #1. (b) Voltage–current
characteristics for selected temperatures as indicated by the
vertical linecuts in (a). The voltage curves are normalised
to their maximum value Vmax. (c) Sample magnetic moment
measured simultaneously with the resistance. For magnetic
measurements, the data for I = 0 is also included. (d) Sim-
ulated data of sample resistance, (e) voltage–current charac-
teristics, and (f) magnetic moment calculated by using the
self-heating model of Eq. (1) with α = 180KW−1.

curves in Fig. 1b show a non-linear behaviour that be-
comes more pronounced at lower temperatures. Similar
trends have been previously reported for voltage–current
characteristics of Ca2RuO4 [24, 27]. We note that the
location of the region of negative differential resistance,
after the voltage peak, is strongly dependent on the ther-
mal couplings and the sample temperature, and it has
been suggested to be the fingerprint of Ca2RuO4 metal–
insulator transition [10, 17, 22, 28].

As an important additional probe for Ca2RuO4 prop-
erties under applied current, we also measure the sample
magnetic moment m simultaneously with the resistance.
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FIG. 2. Sample self-heating evaluated with a top thermometer. (a) Schematics of the sample and holder inside
the MPMS and location of the system thermometer TMPMS. (b) Schematic drawing and corresponding photograph of the
sample holder with kapton wire spacer and (c) detail of the sample itself. The spatial directions are indicated with Ca2RuO4

orthorhombic crystalline axes a, b, and c. (d) Top-thermometer temperature as a function of system temperature for several
currents and (e) corresponding increase of sample temperature due to current heating. (f) Electrical power supplied to the
sample by the flowing current and (g) experimental values of α(T ) if the temperature increase is described by the Joule self-
heating model of Eq. (1).

We present in Fig. 1c the magnetic moment for I = 0
which, upon decreasing temperature, shows a gradual
increase, a peak at about 110K indicating Ca2RuO4 an-
tiferromagnetic transition, and a final saturating trend,
consistent with literature [29]. Note that we intention-
ally report the measured magnetic moment m instead
of the sample magnetisation M = msample/Vsample be-
cause m may contain additional background signals as
discussed in the following section. With applied current
I > 0, the antiferromagnetic transition disappears and
the magnetic moment decreases. As for the resistance,
the measurements are interrupted whenever it becomes
impossible to source the chosen current to the sample.

In order to identify non-thermal current-induced ef-
fects, we attempt to estimate and subtract the Joule
self-heating. For this purpose, we consider a simple
model in which the sample is at an effective tempera-
ture TMPMS + ∆T , and the ∆T is determined solely by
the electrical power P = I2R as

∆T (TMPMS) = αP (TMPMS+∆T ) = αI2R0(TMPMS+∆T ),
(1)

where α is a constant expressing thermal resistance be-
tween the sample and the cryostat and R0 is the sample
resistance with close-to-zero current. By using as only
input R0(T ) = R2p(T, I=1µA), we simulate the data in
Figs. 1d and 1e by solving Eq. (1). We also simulate
the magnetisation data in Fig. 1f using m0 = m(I=0).
The data is produced by adjusting the value of the phe-
nomenological constant α = 180KW−1, for which we

find a striking qualitative agreement between experi-
ment and simulation. The model correctly captures the
current-induced reduction of both R2p and m, and also
the non-linear trend of the current–voltage characteris-
tics. This indicates that a significant portion of the ob-
served behaviour can be explained by Joule self-heating
of a temperature-homogeneous insulating phase, under-
lying the importance of developing a special technique to
accurately measure the sample temperature.

B. Joule self-heating of Ca2RuO4

In order to accurately assess the sample temperature,
we perform another set of measurements on a similar
Ca2RuO4 crystal (Sample #2) connected in a 4-probe
configuration (full data in Fig. S3). Direct comparison
of the two- and four-probe resistance indicates that the
contact resistance is negligible (Fig. S2). A thermometer
glued by GE Varnish 7031 directly on the sample top sur-
face is used to measure Ttop as shown in Fig. 2a. For this
purpose, we chose a platinum resistive sensor (Heraeus
Pt1000, SMD0603) whose substrate was thinned down to
about 80µm thickness by mechanical polishing in order
to enhance its proximity to the sample. We also mechan-
ically removed the sensor contact pads, which contain
magnetic materials such as nickel, in order to bring its
magnetic signal to a negligible value (Fig. S4). We pro-
vided electrical contact to the sensor (Fig. 2c) by using



4

Ag paint and two thin Au wires (diameter 18µm, length
0.5 cm) which are then connected in a four-probe config-
uration to a set of phosphor bronze wires that have low
thermal conductivity. As shown in Fig. 2b, we minimise
heat escape from the temperature sensor by using kapton
spacers that keep its wires physically separated from the
highly conductive sample holder. Because the magnetic
moment of Sample #2 is rather small, we perform mag-
netic measurements with both a positive and negative
applied current in order to identify the magnetic signal
generated by the electrical leads (detailed description in
Fig. S5). This background signal is subtracted to extract
the value of m for this sample shown in Fig. 3.
In Fig. 2d, we observe that Ttop significantly deviates

from TMPMS (dotted line), indicating that the sample
is substantially heated by the flowing current, especially
at lower temperatures. We quantify such sample heat-
ing in Fig. 2e as ∆Ttop = Ttop − TMPMS and also cal-
culate in Fig. 2f the electrical power dissipated by the
flowing current as P2p = I2R2p. Since the power dissi-
pation through the low-resistance copper leads is neg-
ligible, most of P2p is dissipated through the sample
and at its electrical contacts. To test whether the dis-
sipated power determines a Joule self-heating in accor-
dance with the model of Eq. (1), we calculate the ex-
perimental αtop(T ) = ∆Ttop/P2p in Fig. 2g. We find
values αtop = 150–250KW−1 which are consistent with
the value α = 180KW−1 used in the simulation of Fig. 1,
thus supporting our model choice. The increase of αtop

at lower temperatures indicates a worse sample cooling,
possibly due to a decreased thermal conductivity of the
components or to a lower pressure of the He exchange
gas.

C. Universal relationship between magnetic
moment and resistance

To reveal possible non-thermal current-induced effects
that would induce different changes of resistance and
magnetic moment, we plot in Fig. 3a the data of the
4-probe resistance R4p vs m for Sample #2. The data
mostly collapses on the same curve, suggesting a univer-
sal correlation between R4p and m, irrespective of the
applied current value. This is a surprising result because
if the band structure of Ca2RuO4 is changed by the flow-
ing current, there is no expectation that both R4p and
m change in the same manner. Despite the extensive
overlap of the curves, some deviation is observed in the
high-resistance high-magnetisation region, which corre-
sponds to lower temperatures.

To investigate these deviations, we tentatively assume
that m does not depend on current but only on temper-
ature and we use the experimental data of m(TMPMS) to
calculate the sample “magnetic temperature” Tm. Under
our assumption, Tm provides an internal probe of sam-
ple temperature, which we use to estimate the sample
heating as ∆Tm = Tm − TMPMS. This heating is system-
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FIG. 3. Magnetic moment as internal thermometer.
(a) Relationship between the resistance and magnetic moment
of Sample #2 for different temperatures and currents. The
colour indicates different applied currents, while the temper-
ature dependence is implicit. (b) Sample heating estimated
from the magnetic moment Tm, the top thermometer Ttop,
and (c) their ratio. (d) Voltage–current characteristics at a
fixed sample temperature evaluated with different probes. As
the probe of sample temperature becomes more accurate, the
curves tend to a more ohmic behaviour.

atically larger than what is measured by Ttop, and their
ratio in Fig. 3c shows that ∆Tm is up to 40% larger than
∆Ttop, implying that the top thermometer measures a
value which is significantly lower than the sample aver-
age temperature.

We show in Fig. 3d the voltage–current characteris-
tics for Sample #2 extracted at a constant sample tem-
perature of 270K estimated by different temperature
probes. Changing the temperature probe from TMPMS,
to Ttop, to Tm, the non-linear curves become more and
more straight, and approach the ohmic behaviour. This
indicates that a large component of the observed non-
linearity can be ascribed to an underestimation of the
average sample temperature caused by the Joule self
heating. Non-thermal current-induced effects, if present,
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FIG. 4. Possible spatial temperature inhomogeneity.
(a) Schematic of a simplified sample temperature inhomo-
geneity with vertical (i.e., in series) and (d) horizontal (i.e.,
in parallel) boundaries. In both cases, we set the temperature
of the colder regions to Tcold = Ttop. (b) Simulated hot vol-
ume fraction and (c) temperature of the hotter region for the
series configuration, and (e), (f) for the parallel configuration.
Also here, all the temperature increases ∆T are referred to
TMPMS.

should be investigated after removing this large heating
component. We note that some deviation from the ohmic
behaviour persists even when using Tm, which may indi-
cate the presence of non-thermal current-induced effects
that will be further investigated in the following section.

D. Possible sample temperature inhomogeneity

We now discuss whether residual deviations of the R
vs m curves can be described by possible inhomogeneities
of the sample temperature. We note that the magnetic
moment is a bulk measurement averaged over the entire
sample volume, while the resistance is dominated by the
most-conductive electrical channel. To account for pos-
sible inhomogeneities, we consider two simplified model
scenarios in which the sample temperature presents hot-
ter regions with vertical boundaries, which we call in se-
ries (Fig. 4a), or horizontal, which we call in parallel
(Fig. 4d). The first scenario can be related to excess
sample heating in proximity of the current leads, possi-
bly due to contact resistance. The second scenario can
be related to an excess heating in the internal part of the
sample, that is further away from the colder bottom and

top surfaces that are in contact with the sample holder
and exchange gas, respectively. The formulation of the
following analysis allows the location and extent of the
hotter and colder regions to be different from the one in
the schematic drawings, as long as the directionality is
respected (for example, the hotter regions could be mul-
tiple or spatially asymmetric).
In this simplified model, we consider two sharply de-

fined regions at a hotter (Thot) and colder (Tcold) tem-
perature whose extent is defined by the volume fraction
xhot. For both scenarios, the sample magnetisation is
given by the volume average

m(T ) = xhotm0(Thot) + (1− xhot)m0(Tcold), (2)

where m0 is the magnetic moment at zero current. The
sample resistance, instead, is calculated differently in the
two scenarios as

Rseries(T ) =xhotR0(Thot) + (1− xhot)R0(Tcold),

1

Rparallel(T )
=

xhot

R0(Thot)
+

(1− xhot)

R0(Tcold)
.

(3)

Following the discussion of the previous section, we ex-
pect the sample average temperature to be on average
larger than what is measured by Ttop. We thus tenta-
tively set Tcold = Ttop and use the experimental data
of m(T ) and R(T ) as inputs to solve the coupled set of
equations Eqs. (2) and (3) to find numerical solutions for
xhot and Thot.
In the series scenario of Figs. 4b and 4c, the values

of xhot are not well defined in the higher-temperature
region because the sample self-heating is small (i.e.,
Thot ∼ Tcold). In this region, the universality of resis-
tance vs magnetisation is satisfied (Fig. 3a). At lower
temperatures, xhot shoots up to 100%, indicating that
a large portion of the sample is at Thot. For larger
applied currents, no numerical solution is found below
about 200K, indicating that the series temperature in-
homogeneity cannot explain the experimental behaviour.
The formation of a hotter regions with vertical boundary
is thus unlikely, indicating that sample self-heating at the
current leads is negligible, consistent with our estimate
of a low contact resistance (Fig. S2).
In the parallel scenario of Fig. 4e, a numerical so-

lution is found for all temperatures and currents. At
low temperature, xhot approaches a value of about 80%
that is consistent for all experimental currents, indi-
cating that the coexistence of a broad hotter region
and a thin colder region is a possible description of
the experimental behaviour. From Fig. 4f, we note
that the temperature difference between the hotter and

colder regions ∆T̃ = ∆Thot − ∆Tcold is of a few Kelvin
at room temperature (electrical power P2p ∼ 50mW

from Fig. 2f), while it grows to about ∆T̃ ∼ 30K
(P2p ∼ 500mW) at low temperature. Considering
that thermal conduction within the sample is given by

P = κ
A

t
∆T̃ , where the room-temperature conductivity
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is κc,Ca2RuO4
= 1.8Wm−1 K−1 [30] and A/t is the sam-

ple cross-sectional area over its thickness, we estimate

that at room temperature ∆T̃ ∼ 1.4K along the c di-
rection of Ca2RuO4. At lower temperatures, this verti-
cal temperature inhomogeneity grows up to a factor 10
due to the increasing electrical power, and may be fur-
ther enhanced by the decreasing thermal conductivity of
Ca2RuO4. The presence of hot and cold regions in paral-
lel is thus a reasonable possibility, and their extent may
depend on sample size, thermal couplings, and cooling
conditions.

IV. CONCLUSIONS

We have investigated current-induced phenomena in
Ca2RuO4 through a wide temperature range by means
of simultaneous magnetic and electrical measurements.
Despite the purpose-made setup, the sample experienced
a large Joule self-heating that we quantified by means
of a simple model and a thermometer in direct contact
with the sample. While most deviations from ohmic be-
haviour can be explained by homogeneous sample heat-
ing, additional effects are present. Temperature inho-
mogeneity is intrinsic to a current-induced steady state
where the continuous heat input is balanced by the heat

escape. Therefore, we introduced a model of inhomoge-
neous sample heating which explained most of these ad-
ditional non-linearities as due to a temperature gradient
in the direction perpendicular to the current flow. This
analysis allowed us to identify that a combination of ho-
mogeneous and inhomogeneous current-induced heating
are responsible for the observed behaviour. Non-thermal
current-induced effects in Ca2RuO4, if present, are below
the detection limit of our experiment. Our results pose a
solid basis for investigating current-induced phenomena
in insulators, where large current heating is unavoidable.
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FIG. S1. Determination of in-plane crystalline axes. Before mounting on the copper sample holder, the magnetic signal
of Sample #2 alone is measured in a standard MPMS straw in two different sample orientations. The absence of the peak at
110K in the orange curve allows us to identify the crystalline orthorhombic b axis which is the easy axis for antiferromagnetic
ordering in Ca2RuO4.

103

104

105

106

107

108

Re
sis

ta
nc

e
(Ω

)

I= 1μA

R2p

R4p

120 140 160 180 200 220 240 260 280 300
Temperature (K)

100

125

150

R 2
p/R

4p
(%

) Geometrical ratio: 3.8 mm/2.8 mm

b

a Ca2RuO4

V+ V−I+ I−
R4p

R2p

b

a

FIG. S2. Comparison of two- and four-probe resistance for Sample #2. (a) Resistance vs temperature curves measured
with a current of 1 µA and (b) their ratio. At higher temperature, the ratio R2p/R4p is compatible with the geometrical ratio
of the sample width 3.8mm and the inner distance between the voltage probes 2.8mm. This indicates that R2p is larger
merely due to geometry (i.e., due to a longer electrical channel), thus indicating that contact resistance is negligible. The data
indicates that the contact resistance is smaller than 100Ω at room temperature and it does not increase significantly at lower
temperatures. At lower temperature, instead, the ratio significantly deviates from the geometrical one. This devtiation cannot
be explained as to be due to contact resistance, which would determine an increase of R2p, but it is possibly related to the
formation of temperature inhomogeneity within the sample as discussed in Fig. 4 of the main text.
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FIG. S3. Resistance and magnetic curves as a function of temperature for Sample #2. (a) Four-probe resistance
and (b) magnetic moment measured for different values of current similar to what presented for Sample #1 in Fig. 1 of the main
text. The data is plotted as a function of the system thermometer TMPMS. (c) Resistance and (d) magnetic moment replotted
as a function of the top thermometer Ttop. Even if the effects of current look smaller in the data with Ttop, the current-induced
reduction of R4p and m is qualitatively the same. This data is used for the analysis of Figs. 2 to 4 in the main text.
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FIG. S4. Comparison of magnetic backgrounds. Magnetic signals of isolated materials measured in the MPMS. (1)
Ca2RuO4 Sample #2; (2) Pt1000 sensor after mechanical removal of the electrode coating and (3) same Pt1000 sensor after
also thinning the substrate down to about 80 µm by mechanical polishing; (4) A small cubic copper piece of about 80mg.
When compared to Ca2RuO4, the magnetic signal of the polished Pt1000 temperature sensor is negligible. The copper material
has a considerable magnetic moment, but the signal of the long copper stripe used as sample holder does not appear in the
magnetic measurements performed in this work thanks to its homogeneous shape. This is because the MPMS employs a
SQUID magnetometer that is only sensitive to spatial variations of magnetic moment. Fits in the range 130–300K show that
the magnetic temperature coefficient of Ca2RuO4 is more than one order of magnitude larger than the other materials. This
indicates that the insurgence of magnetic signals due to local heating of the background materials, which is proportional to
their temperature coefficient, is minimal in our setup [G. Mattoni et al., APL 116 (2020)].
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FIG. S5. Removal of magnetic signal generated by the current leads. In order to identify and subtract the
magnetic signal coming from the current leads, each magnetic measurement is repeated with opposite values of current. (a)
SQUID response measured with a positive and negative current of 10mA. (b) Symmetric [(VSQUID(I

+) + VSQUID(I
−))/2] and

asymmetric [(VSQUID(I
+)−VSQUID(I

−))/2] components of the SQUID signal. The latter is amplified by a factor 10 for clarity.
Both data are fitted with the SQUID response function to extract the corresponding magnetic moment (for details see [G.
Mattoni et al., APL 116 (2020)]). The fit for the symmetric component has good agreement with the data and provides a
magnetic signal which is centred at position x = 2.2 cm, consistent wtih the sample spatial location. The fit for the asymmetric
component, instead, reveals a magnetic signal located at a shifted position x = 1.8 cm which is not produced by the sample
but from the current flowing through the current leads. (c) Magnetic signal of Sample #2 that is used in the manuscript and
(d) spurious magnetic signal of the current leads that is correctly discarded thanks to the described measurement technique.
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