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Role of local temperature in the current-driven metal-insulator transition of Ca,RuQy,
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It was recently reported that a continuous electric current is a powerful control parameter to trigger changes
in the electronic structure and metal-insulator transitions (MITs) in Ca,RuO4. However, the spatial evolution
of the MIT and the implications of the unavoidable Joule heating have not been clarified yet, often hindered
by the difficulty to assess the local sample temperature. In this work, we perform infrared thermal imaging
on single-crystal Ca,RuO,4 while controlling the MIT by electric current. The change in emissivity at the phase
transition allows us to monitor the gradual formation and expansion of the metallic phase upon increasing current.
Our local temperature measurements indicate that, within our experimental resolution, the MIT always occurs at
the same local transition temperatures, irrespective of whether it is driven by temperature or current. Our results
highlight the importance of local heating, phase coexistence, and microscale inhomogeneity when studying
strongly correlated materials under the flow of electric current.
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I. INTRODUCTION

In the field of quantum materials, extensive research in-
terest has recently focused on strongly correlated systems,
where unique changes of physical properties can be induced
by external stimuli [1,2]. A paradigmatic example is the lay-
ered perovskite Ca;RuQOy, a material having a Mott insulating
ground state with antiferromagnetic ordering [3-5]. In this
material, exotic phases presenting orbital ordering and uncon-
ventional magnetic modes have been reported [6,7]. Metallic
states with paramagnetic, ferromagnetic, or superconducting
character have been triggered by a series of control parame-
ters, such as chemical composition [8,9], pressure [10-12], or
strain [13-16].

More recently it was reported that a continuous electric
current induces structural and electronic changes in Ca;RuQOy4
[17,18]. Several subsequent works reported the emergence
of novel phases in these nonequilibrium steady states in-
duced by current [19-22]. An interesting development is the
possibility of using a continuous current to trigger the ma-
terial metal—insulator transition (MIT) [17], which naturally
occurs at about 360 K in bulk single crystals [5]. In this
framework, the coexistence of metallic and insulating regions
stabilized by current has been reported by Zhang et al., with
a phase front characterized by nanoscale stripes of alternating
phases [23].

However, the considerable amount of power supplied by
a flowing current requires one to carefully take into account
the unavoidable Joule heating, which makes it often difficult
to measure the actual sample temperature. Recent reports by
Fiirsich et al. prove that heating by direct current can lead to a
large temperature rise in Ca;RuQy, strongly depending on the
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cooling technique [24]. Studies by Jenni e al. indicate that
current-induced heating can lead to metal/insulator phase co-
existence [25]. Moreover, Joule heating can cause less trivial
effects in measurements. For example, current-induced dia-
magnetism reported by our group [26-29] was then revealed
to be caused by localized heating of the sample holder [30].
Also, there are cases in which the occurrence of MITs in other
materials has been linked to local heating effects [31-34]. Due
to these considerations, a local temperature probe allowing
direct imaging of Ca,RuQy is strongly desirable to uncover
current-induced changes in the MIT.

Here, we study the current-driven MIT in Ca;RuO4 by
means of infrared (IR) thermal imaging. Our technique allows
us to produce spatial maps of the local sample temperature,
as well as to image the coexistence of metallic and insu-
lating regions by making use of their different reflectivity.
We uncover that the metallic phase forms and extends as a
function of increasing continuous electrical current, and that
a sample area becomes metallic or insulating whenever its
local temperature crosses the characteristic MIT temperatures.
Thus, within our experimental resolution, the value of these
transition temperatures remains unchanged by the flowing
current. Our imaging also allows us to reveal the formation
of macroscopic cracks and defects during repeated cycles of
current-driven MIT, which we find to strongly affect the MIT
spatial evolution. These findings uncover the important role
of local sample temperature in triggering phase transitions, in
particular under the presence of direct current.

II. RESULTS AND DISCUSSION

A. Thermal imaging setup

For the experiment, we used the thermal imaging setup in
Fig. 1(a). An IR camera (Avio, InfRec R500, spatial resolution
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FIG. 1. Setup for thermal imaging. (a) Schematics and pho-
tographs of the thermal imaging setup, the sample holder, and a
typical Ca,RuOy single crystal (sample no. 1) with electrical leads in
a four-probe configuration. (b) Resistivity of Ca,RuQ, as a function
of Ty, controlled by varying the Peltier stage. The shaded regions
show the range of temperatures where the insulator-to-metal (7jy,
blue) and metal-to-insulator (7yy, orange) transitions are observed
in our samples. Upon cooling (dashed line), a hysteresis is observed
and the sample often breaks at Ty. (c) Four-probe voltage-current
characteristics in the low-current regime. A linear trend is observed
at all temperatures, both in the insulating and in the metallic phases.

21 pum, spectral range 8—14 um) allows us to acquire optical
maps of the raw IR reading 7, that can be converted to the
sample IR temperature Tjr upon calibration. A Peltier stage
(Ampére, UT4070 with UTC-200A temperature controller)
allows us to control the temperature of the thermal bath (7p)
to which the sample is anchored. The sample holder consists
of an FR-4 glass epoxy plate (Sunhayato, 31R, thickness
1.6 um) covered on each face by a thin copper layer (35 um),
which is patterned to provide contact pads on the top face.
Two Pt1000 sensors (Heraeus, SMD 805-1000-B) are glued
on the top copper layer with GE varnish in order to measure
the temperature at a distance of 1 mm (sample monitor, Tgy,)
and of 15 mm (holder, 7;) from the sample. The copper layer
enhances the thermal coupling between the sensors and the
sample. We use high-purity Ca,RuQy, single crystals of typi-
cal dimension between 0.6 x 0.5 x 0.1 and 2 x 1 x 0.3 mm?,
with an exposed a,b, surface in orthorhombic notation (see
Fig. S1 in the supplemental material [35]). The sample is
glued to the holder by using GE varnish with a layer of
cigarette paper in between for electrical insulation. This con-
figuration provides a strong thermal coupling, maximizing the
cooling of the sample. To obtain low-resistance ohmic con-
tacts, a thin layer of Au is sputtered at a 45° angle on the edges
of the sample, and then connected to gold wires (thickness

18 um) by using silver epoxy (Epotek, H20E). We measure
a contact resistance smaller than 100 2 at room temperature
(Fig. S2 [35]). The electrical measurements are performed
using a variable current source (Keysight, B2912A) and mul-
timeters to measure the sample current and voltage (Keithley,
2000).

In Fig. 1(b), we show the typical resistivity of a Ca;RuQO4
sample measured in a four-probe configuration with constant
current / = 10 uA (current density j ~ 0.01 Acm~2). The
sample temperature is measured by Ty, while varying the
Peltier-stage temperature at 1 Kmin~'. Upon warming, the
resistivity shows the expected insulating trend, with a sharp
drop at Ty, where the sample becomes metallic. Upon cool-
ing, the resistivity presents a clear hysteresis, consistent with
previous results on Ca,RuO4 [11,36], and typical of first-
order phase transitions [37,38]. At Ty, the sample turns back
insulating, and we often lose the electrical contacts because
the crystal shatters (vertical dashed line). The values of in-
plane resistivity for the insulating (p,, ~ 1 Q2 cm at room
temperature) and metallic (o, ~ 1072  cm) phases indicate
high-purity Ca,RuO, single crystals [5,8,39]. As shown in
Fig. 1(c), the I-V characteristics up to £100 A (current
density 0.1 A cm~?) are linear, indicating that the sample is
in an ohmic regime in the explored current range, both in the
insulating and metallic phases.

The MIT of Ca;RuQy is rather abrupt and is known to
involve a large change of the lattice parameters, with +1%
change of ¢,, and up to —1% change of a, and b, at Ty
[36]. The Ca;RuQ,4 samples often cleave upon warming and,
more frequently, shatter in several pieces upon cooling [5].
This is naturally understood as due to the material fragility
to expansion, which occurs in the out-of-plane direction upon
warming and in-plane upon cooling. Consequently, we need
to use multiple samples for our study (Fig. S3 [35]). Since the
values of Ty and Ty are slightly different for each sample,
we consider them as a range that we indicate with shaded re-
gions in Fig. 1(b) and throughout this paper (i = 85-100 °C
in blue, Ty = 65-80 °C in orange). These sample-to-sample
variations can be due to slight differences in chemical stoi-
chiometry, in the amount of microcracks, or in strain possibly
caused by the gluing on the holder.

B. Temperature-driven MIT

We now perform thermal imaging on Ca,RuQ,4 during a
warming-and-cooling ramp without any supplied current (/ =
0). The representative thermal images in Fig. 2(a) show that
the raw IR reading T,y is rather homogeneous over the sam-
ple surface. To measure the appropriate IR temperature, T,y
needs to be calibrated according to the emissivity of Ca;RuQy.
To perform this calibration, we exploit the fact that in these
conditions the sample is in thermal equilibrium with T,. We
thus extract in Fig. 2(b) the dependence of T;,,, averaged over
the sample surface, on Ty,,. Upon warming, T;,y shows a sharp
drop at Ty when the sample becomes metallic. This drop is
due to the decreased thermal emissivity of Ca,RuQy in the
metallic phase, in accordance with its increased reflectivity
[23]. Upon cooling, T, rises sharply at Ty when the sample
turns insulating, and it goes back to the previous curve.
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FIG. 2. Thermal imaging of the temperature-driven MIT in
CayRuO4 with I = 0. (a) Thermal images taken at different values
of Ty, as indicated (sample no. 2, pristine state, no electrical leads).
Images (i) and (ii) show the insulator-to-metal transition upon warm-
ing, while images (iii) and (iv) show the metal-to-insulator transition
upon cooling. (b) Raw reading of the IR camera T}, averaged over
the sample surface as a function of Tj,. The jumps in T;,, are due
to the abrupt change in Ca,RuQ, reflectivity at the MIT. Two linear
regressions are used to separately calibrate 7ir for the insulating (red)
and metallic (gold) phases. (c) IR temperature calculated from T,
by using the two calibrations obtained in (b). Overlap with the gray
line shows that the calibration Tig ins (iR mer) is Valid only when
the sample is in the insulating (metallic) phase. (d) Percentage of
insulating area A, as a function of temperature estimated by making
use of the emissivity change. In this temperature-driven MIT, the
whole sample changes phase at the same time.

The observed experimental behavior prompts for two dif-
ferent emissivity calibrations for the two phases. These are
obtained by performing a linear regression for the insulating
(Tir, ins, red line) and for the metallic (7ir, met, gold line) phases
separately. We note that the regressions have some deviation
from the experimental data, especially in the insulating phase
close to Tpy. Furthermore, there are two additional sources
of error that affect our calibration: the thermal contribution
due to areas surrounding the sample, and sample-to-sample
variations (Fig. S4 [35]). For these reasons, we estimate an
uncertainty of about +10°C on the absolute temperature value
provided by the calibrations. Since the same calibrations are
used throughout this work, this error is of systematic character
and it does not affect our findings. We comment that a smaller
error on Tir has been previously achieved by coating the
sample with a blackbody insulating paste [18]. Nevertheless,
our experimental configuration has the important advantage

of allowing direct imaging of metallic and insulating areas, as
discussed in the following.

We use the obtained calibrations to convert T, into the
appropriate IR temperature for the insulating and metallic
phases in Fig. 2(c). As a reference, we also plot Tir = Ty
(thick gray line), which is the result expected from an ideal
calibration. Figure 2(c) shows that Tig i has a good overlap
with the gray line as long as the sample is in the insulating
phase. In the metallic state, instead, Tig ins iS significantly
lower than the effective sample temperature, whereas Tir, met
overlaps the gray line.

The large change in emissivity at the MIT allows us to map
the local distribution of metallic and insulating phases. Areas
turning from insulating to metallic, in fact, suddenly appear
darker in our images. For the case of the temperature-driven
MIT presented here, the whole sample changes phase at the
same time, as shown by the images of Fig. 2(a). This is a direct
consequence of the spatially homogeneous temperature distri-
bution over the sample, which is brought above Tjy; or below
Ty all at the same time. In addition, the single-crystal nature
of the sample contributes to a simultaneous phase transition
in the entire volume. For these reasons, the percentage of
insulating area Aj, as a function of temperature has a steplike
trend [Fig. 2(d)]. As shown by the overlap with the orange
and blue shaded areas, Aj,s has a hysteresis compatible with
the transport data of Fig. 1(b).

C. Current-driven MIT

We now investigate how the electric current can drive
the MIT in Ca;RuQ,. For this measurement, we fix the
Peltier-stage temperature to 25°C in air environment and
drive the sample with a constant current source. We use a
two-probe configuration in order to measure the voltage and
power supplied to the whole sample. As shown in Fig. 3(a),
the voltage-current characteristics has an initial linear trend,
peaks at about 20 mA, and then evolves into a negative differ-
ential resistance. We observed a similar behavior also when
driving the sample with a voltage source or a voltage di-
vider (Fig. S5 [35]). This voltage-current characteristics is
consistent with that observed in several previous experiments
on CaRuQy4 under current flow [14,17,18,20,23,24]. With
increasing current, the supplied electrical power increases
[Fig. 3(b)]. Consequently, both Ty, and T; detect a small
temperature increase of a few degrees [Fig. 3(c)]. At the same
time, however, the actual sample temperature increases to a
much larger extent: Tir_ ins shows a raise of several tens of °C
as measured by the IR camera in Fig. 3(e). This indicates that
the temperature sensors placed on the sample holder largely
underestimate the actual temperature of Ca,RuO,4 which is
heated up by the direct current, as also reported by a recent
study by Fiirsich et al. [24]. This observation emphasizes the
need for monitoring the local sample temperature as allowed
by our imaging technique.

The temperature distribution over the sample surface is ap-
proximately homogeneous, apart from slightly hotter regions
near the contacts, probably due to the higher current density
dictated by the sample geometry. The low-resistance gold
pads used for the electrical contacts guarantee a small power
dissipation due to contact resistance (Fig. S2 [35]). In another
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FIG. 3. Current-driven MIT in Ca,RuQy. (a) Voltage-current characteristics measured in a two-probe configuration and (b) corresponding
electrical power (sample no. 3). (c) Temperature measured by the sample-monitor and holder sensors at a fixed 7p = 25°C. (d) Percentage of
insulating area extracted from the thermal images. (e) Thermal images with insulating and (f) metallic calibration. The temperature value of
points A-D is indicated by a number in the image corresponding to the appropriate state of the point. The current electrodes are indicated by
=+ and the dotted lines. (g) Current dependence of the IR temperature obtained with the insulating and (h) metallic calibration for the points

indicated by the circles in (e).

experimental configuration where the sample has a weaker
thermal coupling with the cooling stage, we observe a Peltier
effect at metal-Ca,RuQy interfaces, which produces a higher
temperature at the negative current electrode (Fig. S6 [35]).
This Peltier effect and its sign are consistent with previous
experimental and theoretical reports both on Ca;RuO4 [23,40]
and VO, [41]. In the data presented here, Peltier effects are
negligible due to the strong thermal coupling between the
sample and the holder.

Upon increasing current, the metallic phase nucleates
simultaneously at both current electrodes, from which it
expands starting from the hotter regions close to the con-
tacts [see the darker areas appearing in the third panel from
the top in Fig. 3(e)]. We comment that in similar condi-
tions nanoscale stripes at the phase front were reported by
Zhang et al. [23], but we cannot resolve them with the
present technique. The change in thermal emissivity gives
us the unique possibility of extracting from the images Ajns
[Fig. 3(d)], which progressively decreases with increasing
current as the sample becomes more metallic. We comment
that even though Aj,s is estimated from the sample surface,
we ensured a homogeneous current flow along the sample
thickness by attaching the electrical leads covering the sample
sides and using thin samples of single-crystal nature. For
these reasons, we expect Aj,s to extend to most of the cross

section for pristine samples (i.e., in the absence of severe
cracks).

The appropriate temperature of metallic areas is provided
by the calibration Tir mer Shown in Fig. 3(f). Once the metallic
phase appears, the resistivity is locally reduced resulting in
a lower local dissipation of electrical power. This effect is
expected to produce a local cooling, but in reality it leads to
complex rearrangements of the effective current path, some-
times causing a local switch back to the insulating phase, or to
repeated insulating/metallic switches. In most cases, however,
the MIT hysteresis prevents the newly formed metallic areas
from going back to the insulating state. Due to the +10°C
uncertainty in our temperature calibrations, we cannot experi-
mentally assess whether regions turning metallic experience a
local cooling.

For I > 215 mA the entire sample is in the metallic state.
Upon decreasing current, the sample cools down and pro-
gressively goes back to the insulating state. At this point, the
curves in Figs. 3(a)-3(d) show a hysteresis that can be due
to various effects. First, there is the intrinsic hysteresis of
the MIT as discussed in Fig. 1(b). Second, when the current
is decreased from the maximum value, the sample is in the
less resistive metallic state so that the voltage, power, and
sensor temperatures also have lower values. Third, the current-
induced MIT leads to the irreversible formation of cracks and
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defects, as will be discussed in the following subsection. The
presence of this irreversible effect is also evidenced by the fact
that once the sample goes back to the insulating state at low
current, the peak in the VI curve [Fig. 3(a)] occurs at a higher
voltage value and the sample has a higher resistivity.

Our imaging technique allows us to extract the local tem-
perature of some representative points [A—D in Fig. 3(e)] as
a function of applied current. We report in Figs. 3(e) and 3(f)
the local temperature of these points using the insulating and
metallic calibrations, respectively. We use a solid line for the
increasing-current ramp and a dashed line for the decreasing
current. Data with the calibration matching the appropri-
ate phase are shown in black, while the rest are in shaded
gray. The curves in Fig. 3(g) show the local temperature
increase due to the increasing current up to the point where
the insulator-to-metal transition occurs (open squares). The
opposite phase transition (metal-to-insulator) can be observed
in Fig. 3(h) upon decreasing current, as indicated by the open
diamonds. We note that the square and diamond markers lie,
within our experimental resolution, within the ranges of Tpy
and Ty, respectively. This indicates that the current-driven
MIT is triggered whenever the local temperature of an area
goes above Ty or below Tyy. The experimental setup used
in the present work does not allow us to detect additional
nonthermal effects induced by the electrical current, which
may have caused changes in Ty and Ty smaller than our
uncertainty of £10°C.

Finally, we comment on the temperature gradients ob-
served in the insulating and metallic phases. With increasing
current up to the fourth row of Figs. 3(e) and 3(f) (I =
189 mA), the temperature of the representative points is rather
homogeneous both in the insulating (84, 87°C) and in the
metallic (97, 92°C) phases. With higher currents (fifth row at
216 mA), the sudden switch of a large sample portion to the
metallic phase leads to the formation of several cracks. We
anticipate a larger resistance in the proximity of these cracks,
causing a large local dissipation of power (hot spots), and thus
a larger temperature inhomogeneity (140, 104, 86, 127°C).
This inhomogeneity has hence an extrinsic origin.

D. Current-driven MIT in the presence of cracks and defects

To study how the formation of cracks and defects affects
the current-driven MIT, we perform multiple current cycles
that bring the sample to the metallic state and then back to the
insulating state. We fix the thermal bath at 7p = 25°C and
increase the current up to a few mA more than what is required
to switch the entire sample to the metallic phase; we then
decrease it back to zero and start the next cycle (rates of
0.5mAs~!). We show in Figs. 4(a) and 4(b) the two-probe
V—I characteristics and value of Aj,s measured during nine
consecutive cycles. At each cycle, the voltage peak increases
and shifts to lower currents [triangles in Fig. 4(a)] and to lower
corresponding current densities [ jpeax in Fig. 4(c)]. Concomi-
tantly, the entire sample turns metallic at a lower current [stars
in Fig. 4(b)] and current density [jaimer in Fig. 4(c)]. This
occurs because a higher power is dissipated in the sample
due to its increased resistance. The drop of more than one
order of magnitude in jyme indicates large and irreversible
changes in the sample properties, consistent with the previous

(@) 20 . . (c) —
108 Y Jacmer
E 15 e - all-me
[} £ ..
g 10 1 3 10tk 1
° g
> 5 _ = )
100 | Jpeak Yl
0 M
(b) 100 T T T ] (d) T T T T
120 E
= ) Tim
> = I
: %l {3 bl
é é 80 +* ++#| 1
O L 1 1 1 ]
100 10! 102
Current (mA)
(e)

2nd cycle

Tir,ins (°C)

FIG. 4. Multiple cycles of current-driven MIT. (a) Current de-
pendence of the two-probe voltage and (b) percentage of insulating
area for the different increasing-current sweeps (sample no. 3).
(c) Current density at the voltage peak (triangles) and when the
sample becomes all metallic (stars) as a function of cycle number.
(d) IR temperature at which the regions indicated by the circle
and the square in (e) turn metallic as a function of cycle number.
(e) Representative thermal images at different current cycles during
the increasing ramp. The presence of a hot spot in the bottom left
(right) corner during the second (eighth) current cycle drives the
formation of the metallic phase from the left (right) corner.

observation of crack formation at similar current values [42].
These macroscopic defects can be clearly observed under the
optical microscope (Fig. S7 [35]).

The formation of cracks and defects strongly affects the
temperature distribution over the sample surface, leading to
the formation of hot spots responsible for higher power dis-
sipation, as can be seen in the images of Fig. 4(e). It is clear
that, despite the comparable values of Ajy, the presence of hot
spots in the lower left (right) corner during the second (eighth)
cycle drives a preferential metallic phase formation from the
left (right) electrode. We select two representative regions,
indicated by the circle and square in Fig. 4(e), and report in
Fig. 4(d) the values of Tir, ins at which they become metallic at
each current cycle. The values of Tig ins are rather constant
and in good agreement with the temperature range of Tpy
[shaded blue area in Fig. 4(d)], even if the insulator-to-metal
transition in these regions occurs for very different current
densities at each cycle. These data are a further indication that,
in our experimental conditions and irrespective of the sample
state, the main trigger for the current-induced MIT is the local
sample temperature.
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III. CONCLUSIONS

To conclude, we were able to observe the current-induced
formation of metallic and insulating regions in Ca;RuOy4 by
means of thermal IR imaging. Our data show that while the
insulator-to-metal transition can occur over a broad range of
current densities, it is always triggered whenever the local
sample temperature exceeds Ty;. Within our resolution, the
local Tyy is the same regardless of whether the MIT is trig-
gered by temperature, by current, or by current in the presence
of macroscopic cracks and defects. In our experimental con-
ditions we find that direct heating of the sample due to the
Joule effect is much larger than what is detected by ther-
mometers that monitor the sample holder temperature. These
findings uncover an important balance of local heating, phase
coexistence, and microscale inhomogeneity in Ca,RuQ; that
is of the utmost importance when performing measurements
with applied current. These effects can potentially have a large

influence also on macroscopic measurements, which may av-
erage the contribution of coexisting metallic and insulating
regions. The present work sets an important basis to perform
future experiments to uncover current-induced nonequilib-
rium steady-state effects.
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