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Challenges in extracting nonlinear current-induced phenomena in Ca;RuQOy
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An appealing direction to change the properties of strongly correlated materials is to induce nonequilibrium

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 nonthermal 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 magnetization to probe nonequilibrium steady states in Ca,RuQy,. In order to reveal nonthermal
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.

DOLI: 10.1103/PhysRevMaterials.8.074411

I. INTRODUCTION

Direct electric current is a powerful control parameter ca-
pable of inducing nonequilibrium steady states in strongly
correlated materials [1,2]. Nonequilibrium conditions can be
a gateway to peculiar physics that cannot be accessed by other
means [3-5]. Despite the large scientific interest, experiments
with direct current always entail some extent of Joule heating,
which becomes particularly relevant when dealing with highly
resistive materials.

The strongly correlated oxide Ca,RuQy is a Mott insulator
at room temperature that presents a metal-insulator transi-
tion (MIT) at about 360 K and a magnetic transition towards
an antiferromagnetic state below 108 K [6,7]. The MIT is
characterized by a strong coupling between Ca,RuQy lattice
and its electronic structure [8]. Several reports showed that
the MIT can be triggered by the flow of electric current,
with the suppression of its Mott gap [9,10]. The occur-
rence of this current-induced transition has been confirmed
by means of neutron scattering [11,12], electrical transport
[13,14], and also angle-resolved photoemission spectroscopy
(ARPES) [15,16]. Other reports showed the existence of a
rich nanoscale structure at the phase boundary between metal-
lic and insulating regions, possibly induced by the applied
voltage rather than the flowing current itself [17—19]. These
effects motivate a deeper investigation on the meachanism of
electrically induced states in Ca;RuQOj.

Current-induced measurements on Ca,RuQOy are particu-
larly challenging because the material is highly resistive and
even small currents can lead to the occurrence of a large Joule
heating, especially at low temperature. The heating makes it
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difficult to evaluate the sample temperature accurately, and in
the case of magnetic measurements can also introduce spuri-
ous background signals [20]. Various efforts have been taken
to measure accurately Ca,RuQ,4 temperature under applied
current: some groups employed thermal imaging [10,21], Fur-
sich et al. looked at the shift of the Raman lines [22], Okazaki
et al. used a gold nanoparticle to locally assess the sample
temperature [23], Avallone et al. employed a nanoscale ther-
mometer patterned right above a tiny Ca,RuQOy crystal [24].
However, a precise quantification of Joule-heating effects and
a viable approach to distinguish them from nonthermal effects
remains elusive.

In this work, we employ as a “double probe” magnetic
and electrical measurements performed simultaneously to in-
vestigate the current-induced state of Ca,RuQy4. To do so,
we design a special sample holder with a thermometer that
maximizes sample cooling and allows us to measure the sam-
ple temperature as accurately as possible. In the presence
of nonthermal current-induced effects we expect changes in
magnetization and resistance to have a different dependence
on current. However, we show that most of the observed
effects can be explained by the coexistence of a homogeneous
and inhomogeneous temperature increase, assuming that both
magnetization and resistance only depend on temperature. We
discuss how inhomogeneous temperature profiles may explain
remaining nonlinearities and provide a solid basis for probing
current-induced effects in highly resistive materials.

II. EXPERIMENTAL DETAILS

We performed measurements in a magnetic property mea-
surement system (MPMS) from Quantum Design. Simul-
taneous measurements of the sample resistance R and the
magnetic moment m were enabled by the custom-made

©2024 American Physical Society
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FIG. 1. Custom-made sample holder for simultaneous measurements of resistance and magnetic moment. (a) Schematics of the sample
and holder inside the Quantum Design MPMS and location of the system thermometer Typyms. (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 Ca,RuQO,

orthorhombic crystalline axes a, b, and c.

sample holder described in Figs. 1(a)-1(c). The sample holder
ensures a large sample cooling, crucial for measurements with
applied current, thanks to a large copper strip (dimensions
200 mm x 6 mm x 0.4 mm) that constitutes its main body.
For measurements into the MPMS, we protect the sample
holder by placing it into a straw (diameter 6 mm, thickness
20 pm, length 21 cm) made of a translucent plastic that
contains little magnetic impurities. Single-crystal Ca;RuQy4
samples were grown by a floating-zone method as described
in Ref. [25]. Before sample mounting, the sample in-plane
crystalline axes were determined by separate magnetic mea-
surements (Fig. S1 in the Supplemental Material [26]). For all
the measurements in this work, a field uoH = 1 T was applied
along the orthorhombic a axis of Ca;RuQy, while electrical
current was applied along b. This configuration minimizes
eddy currents in the sample holder and the magnetic back-
ground. Cooling ramps were performed by changing at a rate
of 2 Kmin~! the sample-space temperature Typyms, measured
on the outer surface of the copper jacket around the sam-
ple space [Fig. 1(a)]. Helium exchange gas (approximately
1 mbar at room temperature) ensures a thermal connection
between the sample holder and Typums.-

Electrical contact to the sample was provided by gold
wires (diameter 18 um) and silver paste (DuPont 4929N with
diethyl succinate, cured at room temperature), which were
then linked to thicker copper wires (diameter 0.2 mm). In
previous experiments, a low contact resistance was obtained
by sputtering gold on the sample before attaching the leads
with silver epoxy or paste [9,10]. With such a technique, a
contact resistance as low as 1 —10 €2 at room temperature was
achieved. In this experiment, we could not observe improve-
ments in contact resistance with gold sputtering, but achieved
a low contact resistance below 10 €2 at room temperature by
directly attaching the leads with silver paste (Fig. S2 in [26]).
This low contact resistance guaranteed a negligible heating at
the current connection to the sample. A thin sheet of cigarette
paper was used to electrically insulate the sample from the
copper holder, and GE 7031 varnish was used to glue the
elements together and ensure a good thermal contact. Elec-
trical measurements were performed by sourcing a current
to the sample with a Keysight B2912A (voltage compliance
210 V) and measuring the two- or four-probe voltage with

a Keithley Electrometer 6514 (input impedance >200 T 2).
The experiments were performed on several Ca,RuQy crystals
and we here report two representative examples. Sample 1
(CRO16-4, size ] mm x 2.8 mm x 0.6 mm, mass 7.98 mg),
measured in a two-probe configuration, is presented in Fig. 2.
Sample 2 (CR19-17, size 1.2 mm x 3.8 mm x 0.1 mm, mass
2.51 mg), measured in a four-probe configuration with an
additional thermometer connected directly to its top surface,
is presented in Figs. 3, 4, and 5. Further technical details are
given in the following sections.

III. RESULTS AND DISCUSSION

A. Simultaneous electrical-transport and magnetic
measurements

In Fig. 2(a), we show the resistance of sample 1 in a two-
probe configuration Ryp,. For the smallest current / = 1 pA,
the resistance increases several orders of magnitude upon
lowering temperature and it goes beyond the measurement
limit at about 150 K, consistent with previous reports of high-
quality Ca;RuOy crystals [6,27]. For larger values of current
up to I = 10 mA, the resistance curves gradually become
lower, in accordance with other reports [10,13,14,28]. For
comparison with other works, we note that for sample 1, I =
10 mA corresponds to a current density of j = 1.7 Acm™2,
By taking vertical line cuts in Fig. 2(a) (dotted and dashed
lines), we extract voltage-current characteristics at three fixed
values of Tyipms. The resulting curves in Fig. 2(b) show a
nonlinear behavior that becomes more pronounced at lower
temperatures. Similar trends have been previously reported
for voltage-current characteristics of Ca,RuQy4 [24,29]. We
note that the location of the region of negative differential
resistance, after the voltage peak, is strongly dependent on the
thermal couplings and the sample temperature, and it has been
suggested to be the fingerprint of Ca;RuQO4 metal-insulator
transition [10,17,22,30].

As an important additional probe for Ca;RuQ, properties
under applied current, we also measure the sample magnetic
moment m simultaneously with the resistance. We present
in Fig. 2(c) the magnetic moment for / = 0 which, upon
decreasing temperature, shows a gradual increase, a peak at
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FIG. 2. Simultaneous electrical transport and magnetic measure-
ments with constant current. (a) Experimental 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 normalized to their
maximum value V.. (¢) Sample magnetic moment measured at
noH = 1T simultaneously with the resistance. For magnetic mea-
surements, the data for / = 0 are also included. (d) Simulated data
of sample resistance, (e) voltage-current characteristics, and (f) mag-
netic moment calculated by using the self-heating model of Eq. (1)
witha = 180 KW~

about 110 K indicating a Ca;RuOy4 antiferromagnetic transi-
tion, and a final saturating trend, consistent with the literature
[31]. Note that we intentionally report the measured mag-
netic moment m instead of the sample magnetization M =
Msample / Vsample Decause m may contain additional background
signals as discussed in the following section. With applied
current / > 0, the antiferromagnetic transition disappears and
the magnetic moment decreases. As for the resistance, the
measurements are interrupted whenever it becomes impossi-
ble to source the chosen current to the sample.

In order to identify nonthermal 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 temperature Typms +
AT, and the AT is determined solely by the electrical
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FIG. 3. Sample self-heating evaluated with a top thermometer.
(a) Top-thermometer temperature as a function of system tempera-
ture for several currents and (b) corresponding increase of sample
temperature due to current heating. (c) Electrical power supplied
to the sample by the flowing current and (d) experimental values
of «(T) if the temperature increase is described by the Joule self-
heating model of Eq. (1).

power P = I’R as
AT (Tyipms) = «P(Typms + AT) = al*Ro(Typms + AT),

ey

where « is a constant expressing thermal resistance between
the sample and the cryostat and Ry is the sample resistance
with close-to-zero current. By using as the only input Ry(7') =
Rop (T, I = 1 uA), we simulate the data in Figs. 2(d) and 2(e)
by solving Eq. (1). We also simulate the magnetization data
in Fig. 2(f) using my = m (I = 0). The data are reproduced
by adjusting the value of the phenomenological constant
a =180 KW~!, for which we find a striking qualitative
agreement between experiment and simulation. The model
correctly captures the current-induced reduction of both R,
and m, and also the nonlinear trend of the current-voltage
characteristics. This indicates that a significant portion of the
observed behavior can be explained by Joule self-heating of
a temperature-homogeneous insulating phase, underlying the
importance of developing a special technique to accurately
measure the sample temperature.

B. Joule self-heating of Ca,RuQ,

In order to accurately assess the sample temperature, we
perform another set of measurements on a similar Ca,RuQOy4
crystal (sample 2) connected in a four-probe configuration
(full data in Fig. S3 of the Supplemental Material [26]). While
the range of electric current applied to sample 2 is similar
to the one used for sample 1, the current density is about a
factor 5 larger (I = 10 mA corresponds to a current density
of j =8.3 Acm~2 for sample 2). Direct comparison of the
two- and four-probe resistance indicates that the contact re-
sistance is negligible (Fig. S2 in [26]). A thermometer glued
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FIG. 4. Magnetic moment as internal thermometer. (a) Relation-
ship between the resistance and magnetic moment of sample 2
for different temperatures and currents. The color indicates differ-
ent applied currents, while the temperature dependence is implicit.
(b) Sample heating estimated from the magnetic moment 7,,, the top
thermometer 7, and (c) their ratio. (d) Voltage-current characteris-
tics 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 behavior.

by GE 7031 varnish directly on the sample top surface is
used to measure Ti,, as shown in Fig. 1(a). For this pur-
pose, we chose a platinum resistive sensor (Heraeus Pt1000,
SMDO0603) whose substrate was thinned down to about 80 um
thickness by mechanical polishing in order to enhance its
proximity to the sample. We also mechanically 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 in [26]). We provided electrical contact to the
sensor [Fig. 1(c)] by using silver paste and two thin gold wires
(diameter 18 um, length 0.5 cm) which are then connected in
a four-probe configuration to a set of phosphor bronze wires
that have low thermal conductivity. As shown in Fig. 1(b), we
minimize 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 magnetic
measurements with both a positive and negative applied cur-
rent in order to identify the magnetic signal generated by the

referred to Typus.

electrical leads (detailed description in Fig. S5 of [26]). This
background signal is subtracted to extract the value of m for
this sample which will be shown in Fig. 4.

In Fig. 3(a), we observe that Ty, significantly deviates from
Tvipms (dotted line), indicating that the sample is substantially
heated by the flowing current, especially at lower tempera-
tures. We quantify such sample heating in Fig. 3(b) as ATy, =
Tiop — Tvpms and also calculate in Fig. 3(c) the electrical
power dissipated by the flowing current as Py, = I 2R2p. Since
the power dissipation through the low-resistance copper leads
is negligible, most of Py, is dissipated through the sample and
at its electrical contacts. To test whether the dissipated power
determines a Joule self-heating in accordance with the model
of Eq. (1), we calculate the experimental otop(T) = ATiop/Pop
in Fig. 3(d). We find values o, = 150—250 KW~! which
are consistent with the value a = 180 KW~! used in the
simulation of Fig. 2, thus supporting our model choice. The in-
crease of oyp 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 nonthermal current-induced effects that
would induce different changes of resistance and magnetic
moment, we plot in Fig. 4(a) the data of the four-probe re-
sistance R4, vs m for sample 2. The data mostly collapse on
the same curve, suggesting a universal correlation between
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R4, and m, irrespective of the applied current value. This is
a surprising result because if the band structure of Ca;RuOy4
is changed by the flowing current, there is no expectation
that both R4, and m change in the same manner. Despite the
extensive overlap of the curves, some deviation is observed
in the high-resistance high-magnetization region, which cor-
responds to lower temperatures.

To investigate these deviations, we tentatively assume that
m does not depend on current but only on temperature and
we use the experimental data of m(Typms) to calculate the
sample “magnetic temperature” 7,, in Fig. 4(b). Under our
assumption, 7,, provides an internal probe of sample tem-
perature, which we use to estimate the sample heating as
AT, = T,, — Tumpms. This heating is systematically larger than
what is measured by Tip, and their ratio in Fig. 4(c) shows
that AT, is up to 40% larger than ATy, implying that the
top thermometer measures a value which is significantly lower
than the sample average temperature.

We show in Fig. 4(d) the voltage-current characteristics
for sample 2 extracted at a constant sample temperature of
270 K estimated by different temperature probes. Changing
the temperature probe from Typms, to Tiop, to 75, the non-
linear curves become more and more straight, and approach
the ohmic behavior. This indicates that a large component of
the observed nonlinearity can be ascribed to an underestima-
tion of the average sample temperature caused by the Joule
self-heating. Nonthermal current-induced effects, if present,
should be investigated after removing this large heating com-
ponent. We note that some deviation from the ohmic behavior
persists even when using 7,, which may indicate the presence
of nonthermal current-induced effects that will be further in-
vestigated 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 elec-
trical channel. To account for possible inhomogeneities, we
consider two simplified scenarios in which the sample temper-
ature presents hotter regions with vertical boundaries, which
we call in series [Fig. 5(a)], or horizontal, which we call in
parallel [Fig. 5(d)]. The first scenario can be related to excess
sample heating in proximity of the current leads, possibly due
to contact resistance. The second scenario can be related to
an excess heating on the top part of the sample that is further
away from the copper sample holder, thus being subjected to
less cooling power. 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 multiple or spatially asymmetric).

In this simplified model, we consider sharply defined re-
gions at a hotter (7;o) and colder (Tioq) temperature whose
extent is identified by the volume fraction xpo. For both
scenarios, the sample magnetization is given by the volume

average

m(T) = XnotMo(Thot) + (1 — Xno )Mo (Teota), ()

where my is the magnetic moment at zero current. The sam-
ple resistance, instead, is calculated differently in the two
scenarios as

R (T) = XpotRo(Thot) + (1 — Xnot)Ro(Teola)s
(1 - xhot) (3)
Ro(Teora)

1 _ Yhot
Rparallel (T) Ro(Thot)

Following the discussion of the previous section, we expect
the sample temperature to be on average larger than what is
measured by Ti,p. We thus initially set Teoiq = Tiop to simplify
the numerical solution of the model. We comment that, as
shown in Fig. S6 of the Supplemental Material [26], even if
the top part of the sample is expected to be the hottest, the
temperature measured by the top thermometer Ti,, could be
significantly lower. We use the experimental data of m(7T) and
R(T') as inputs to solve the coupled set of equations Egs. (2)
and (3) and calculate numerical solutions for x,o and Tj.

In the series scenario of Figs. 5(b) and 5(c), the values
of xpor are not well defined in the higher-temperature region
because the sample self-heating is small (i.e., Thot ~ Teo1q)- In
this region, the universality of resistance vs magnetization is
satisfied [Fig. 4(a)]. At lower temperatures, xpo shoots up to
100%, indicating that a large portion of the sample is at Tj.
For larger applied currents, no numerical solution is found
below about 200 K, indicating that the series temperature
inhomogeneity cannot explain the experimental behavior. The
formation of hotter regions with vertical boundary is thus un-
likely, indicating that sample self-heating at the current leads
is negligible, consistent with our estimate of a low contact
resistance (Fig. S2 of [26]).

In the parallel scenario of Fig. 5(e), a numerical solution is
found for all temperatures and currents. At low temperature,
Xhot approaches a value of about 80% that is consistent for
all experimental currents, indicating that the coexistence of
a broad hotter region and a thin colder region is a possible
description of the experimental behavior. From Fig. 5(f), we
note that the temperature difference between the hotter and
colder regions AT = ATy — AToq is of a few K at room
temperature [electrical power Py, ~ 50 mW from Fig. 3(c)],
while it grows to about AT ~30K (Pop ~ 500 mW) at low
temperature. Considering that thermal conduction within the
sample is given by P = K*T‘AT, where the room-temperature
conductivity is kcca,ru0, = 1.8 Wm~'K~! [32] and A/7 is
the sample cross-sectional area over its thickness, we estimate
that at room temperature AT ~ 1.4 K along the ¢ direction
of Ca,RuOy,. At lower temperatures, this vertical temperature
inhomogeneity grows up to a factor 10 due to the increas-
ing electrical power, and it may be further enhanced by the
decreasing thermal conductivity of Ca;RuQy. For a more de-
tailed analysis of this possible scenario see also Fig. S6 of
the Supplemental Material [26]. The presence of hot and cold
regions in parallel is thus a reasonable possibility, and their
extent may depend on sample size, thermal couplings, and
cooling conditions.
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IV. CONCLUSIONS

We have investigated current-induced phenomena in
CayRuQ, 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 behavior can be explained by
homogeneous sample heating, additional effects are present.
Temperature inhomogeneity 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 in-
homogeneous sample heating which explained most of the
additional nonlinearities as due to a temperature gradient in
the direction perpendicular to the current flow. This analysis
allowed us to identify that a combination of homogeneous
and inhomogeneous current-induced heating is responsible for
the observed behavior, especially at low temperatures. Non-
thermal current-induced effects in Ca,RuQy, if present, are

below the detection limit of this experiment. Our results pose
a solid basis for investigating current-induced phenomena in
insulators, where large current heating is unavoidable.
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