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Recent predictions and experimental observations of high 7¢ superconductivity in hydrogen-rich
materials at very high pressures are driving the search for superconductivity in the vicinity of
room temperature. We have developed a novel preparation technique that is optimally suited for
megabar pressure syntheses of superhydrides using modulated laser heating while maintaining
the integrity of sample-probe contacts for electrical transport measurements to 200 GPa. We
detail the synthesis and characterization of lanthanum superhydride samples, including four-
probe electrical transport measurements that display significant drops in resistivity on cooling up
to 260 K and 180-200 GPa, and resistivity transitions at both lower and higher temperatures in
other experiments. Additional current-voltage measurements, critical current estimates, and low-
temperature x-ray diffraction are also obtained. We suggest that the transitions represent
signatures of superconductivity to near room temperature in phases of lanthanum superhydride,

in good agreement with density functional structure search and BCS theory calculations.
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The search for superconducting metallic hydrogen at very high pressures has long been
viewed as a key problem in physics [1,2]. The prediction of very high (e.g., room temperature) 7
superconductivity in hydrogen-rich materials [3] has opened new possibilities for realizing high
critical temperatures but at experimentally accessible pressures (i.e., below 300 GPa) where
samples can be characterized with currently available tools. Following the discovery of novel
compound formation in the S-H system at modest pressures [4], theoretical calculations
predicted that hydrogen sulfide would transform on further compression to a superconductor
with a 7, up to the 200 K range [5,6]. The high 7t of 203 K at 150 GPa in samples formed by
compression of H,S was subsequently confirmed [7,8], with x-ray measurements consistent with

cubic H3S as the superconducting phase [9].

Given that the higher hydrogen content in many simple hydride materials is predicted to
give still higher 7, values [3], we have extended our studies to higher hydrides, the so-called
superhydrides, XH,, with n > 6. Systematic theoretical structure searching in the La-H and Y-H
systems reveals numerous hydrogen-rich compounds with strong electron-phonon coupling and
T in the neighborhood of room temperature (above 270 K) [10] (see also Ref. [11]). Of these
superhydrides, LaH o and YH,( have a novel clathrate-type structure with 32 hydrogen atoms
surrounding each La or Y atom, and 7, near 270 K at 210 GPa for LaH,( and 300 K at 250 GPa
in YH,o; see Ref. [12] for a recent review. Notably, in these phases the H-H distances are ~1.1 A,

which are close to those predicted for solid atomic metallic hydrogen at these pressures [13].

Recently, our group successfully synthesized a series of superhydrides in the La-H
system up to 200 GPa pressures. Specifically, we reported x-ray diffraction and optical studies
demonstrating that the lanthanum superhydrides can be synthesized. The diffraction reveals that
La atoms have a face centered cubic (fcc) lattice at 170 GPa upon heating to ~1000 K [14], and a
structure with compressibility close that for predicted cubic metallic phase of LaH;y.
Experimental and theoretical constraints on the hydrogen content give a stoichiometry of
LaH .., where x is between +2 and -1 [14]. On decompression, the fcc-based structure
undergoes a rhombohedral distortion of the La sublattice to form a structure that has
subsequently been predicted to also have a high 7. [13]. Here we report the use of a novel
synthesis route for megabar pressure syntheses of such superhydrides using pulsed laser heating
and ammonia borane (NH3;BHj3, AB) as the hydrogen source. We detail the synthesis and

characterization of several samples of the material using x-ray diffraction and electrical



resistance measurements at 180-200 GPa. The transport measurements reveal a clear resistance
drops at 260 K using four-probe measurements and in other experiments. Consistent with low-
temperature x-ray diffraction, we infer that the transition is a signature of near room-temperature

superconductivity in LaH,( and not related to any structural transition.

Samples were prepared using a variety of diamond-anvil cells (DACs), depending on the
measurement [16]. For the electrical conductivity measurements, we used a multi-step process
with piston-cylinder DACs [15] (Fig. 1). Composite gaskets consisting of a tungsten outer
annulus and a cubic boron nitride epoxy mixture (cBN) insert were employed to contain the
sample at megabar pressures while isolating the platinum electrical leads [16]. We synthesized
the superhydride from a mixture of La and H, loaded in the gasket assembly as in our previous
work [14], and found that maintaining good contact between the synthesized material and
electrodes is not guaranteed. To overcome this problem, we used AB as the hydrogen source [17-
19]. When completely dehydrogenated, one mole of AB yields three moles of H, plus insulating
cBN, the latter serving both as a solid pressure medium and support holding the hydride sample

firmly against the electrical contacts (Fig. 1).

The synthesis and structural characterization of samples were carried out in situ at high
pressure using a versatile diode-pumped ytterbium fiber laser heating system [20] that was
adapted for our experiments. In all runs, we observed very good coupling of the laser with the
sample and subsequent sharpening of La diffraction peaks; above 175 GPa and temperatures of
1000-1500 K, this resulted in the formation cubic LaH ., [14]. To complete the transformation
but avoid the formation of additional phases [16], we needed to maintain sample temperatures
below 1800 K. This was achieved by varying the combination of laser power and pulse width of
the heating laser. Typically, we found that a 300-ms pulse and a 30-¢m laser spot size resulted in
optimal transformation and sample coverage, and minimal anvil or electrode damage. Repeated
checks on the two-probe resistance between the four electrodes between heating cycles were

performed to ensure that electrodes in a given run were not damaged.

Representative diffraction patterns of three samples are shown in Fig. 2, including a
LaH ., sample that was verified to have the four-probe geometry intact at 188 GPa (Fig. 1 and
Fig. 2¢). The characteristic diffraction peaks of LaH ., identified previously in synthesis from

La and H; are observed, demonstrating that the superhydride phase can indeed be synthesized



from La and AB using the techniques described above. Further, the results show that synthesis
can be carried out while maintaining the electrical leads intact. All the samples for which

conductivity data are presented were also characterized by x-ray diffraction.

Figure 3 shows electrical resistance measurements as a function of temperature for the
sample presented in Fig. 1 at an initial 300 K pressure of 188 GPa. On cooling, the resistance
was observed to decrease around 275 K and to drop appreciably at 260 K, as first reported in
Ref. [21]. The resistance abruptly dropped by >10° and remained constant from 253 K to 150 K.
Upon warming, the resistance increased steeply at 245 K, indicating the change was reversible
but shifted to lower temperature. Upon subsequent warming to 300 K, the pressure was measured
to be 196 GPa. Since the pressure was not measured as a function of temperature during thermal
cycling, the pressure at which the resistance change occurred was not directly determined. No
dependence of the applied current on the transition temperature could be detected in this run, but
the sample appeared to degrade with repeated thermal cycling at higher current levels (i.e., 10

mA) [16].

In a second four-probe conductivity measurement, we performed the laser heating
synthesis, x-ray diffraction, and electrical conductivity in-situ on samples in the cryostat on the
x-ray beamline. Although these samples were considerably smaller and mixed phase [16], we
also more carefully monitored possible changes in transition temperature with applied current
and measured the [-V characteristics of the material. We observed a 10 K decrease in transition
temperature upon increasing the current from 0.1 mA to 1 mA and appeared to decrease further
at higher currents (Fig. 4). Distinct I-V characteristics were observed above and below the
transition temperature. The measurements suggest that well into the superconducting phase,
LaH .« could exhibit very large critical current densities [16,22]. In this experiment, part of the
sample had spread outside the central culet, giving rise to the formation of lower pressure phases
with their own transition temperatures. The high transition temperature observed here in several
thermal cycles was also obtained from measurements on other samples using pseudo-four probe

geometries (Fig. S4). Further discussion of these experiments is provided in Ref. [16].

An alternative explanation for the resistivity change is a temperature-induced, iso-
structural electronic transition with a dramatic increase in conductivity in the low-temperature

phase. Consistent with our previous optical observations [14], the resistance measurements



indicate that the high-temperature phase (i.e., normal state) is a metal, so this would be a metal-
metal transition. However, calculations reported to date do not predict such a transition within
metallic LaH,( [10,13]. Nevertheless, low-temperature x-ray diffraction was measured to
determine whether the resistance change is due to a temperature-induced structural transition.
The x-ray diffraction patterns reveal no change in volume and the available data show no

indication of structural changes over the range of temperatures explored [16].

The complexity of the experiments prevents us from accurately determining the pressure
dependence of the possible superconducting 7.. We did not attempt to determine the intrinsic
resistivity of the superhydride samples because of their complex geometries, and some of the
samples are clearly mixed phase, possibly with varying hydrogen stoichiometry [10,16]. In the
three-point (pseudo-four probe) geometry, the contact resistance plays a major role and such low
resistance values cannot be measured [23,24]. The samples could consist of layers of LaH,
starting from x = 10 on the laser heated side and x <10 toward the electrodes. The samples could
also have a complicated toroidal geometry consisting of a central region of LaH (.4 with a
peripheral ring of untransformed La arising from the need to preserve the electrodes during laser
heating and differential thermal heat transport for the sample in contact with the diamond versus
the electrodes. Thus, variability in the observed transition temperatures may also arise from a
changing network of the superconducting component on thermal cycling as well as the presence
of multiple phases produced within a sample as a result of P-T gradients during synthesis [16].
Indeed, after our work was completed, a report appeared of possible 7¢ in lanthanum hydride at
215 K at slightly lower pressure [25], which we suggest may be a signature of another phase
[13,16].

In summary, we report four-probe, ac resistance measurements on LaH ., synthesized at
pressures of 180-200 GPa by a modulated, pulsed laser heating technique that preserves the
integrity of multi-probe electrical contacts on the sample after synthesis. Our multiple
measurements reveal the signature of superconductivity at temperatures above 260 K at pressures
of 180-200 GPa. The transition temperature is close to that predicted for the superconducting 7,
based on BCS calculations for LaH,( at comparable pressures. Whereas diamagnetic
measurements are needed to confirm the present results, we note the magnitude of the resistance
drops repeatedly observed in our experiments is comparable to that observed in previous high-

pressure studies where the transition was subsequently found to be correctly identified as



signatures of superconductivity by magnetic susceptibility (e.g., Refs. [23,26]). Extending and
applying the latter technique for the smaller and more complex superhydride samples is progress.
Infrared, optical, and x-ray spectroscopy [27,28] would also provide useful characterization,
including identifying different superconducting phases and establishing the pressure dependence
of T, for each component. A recent report of similar measurements of high 7¢ in lanthanum
superhydride samples, including the observation of a decrease in transition temperature in an
external magnetic field [29], further validates this discovery of very high T, superconductivity in
this system. The results reported here thus provide the first experimental evidence of near room

temperature, as exhibited in this new class of hydride materials.

Acknowledgements

We are grateful to H. Liu, S. Sinogeikin, I. I. Naumov, R. Hoffmann, N. W. Ashcroft, and
S. A. Gramsch for their help in many aspects of this work. The authors would like to
acknowledge the support of Paul Goldey and honor his memory. This research was supported by
EFree, an Energy Frontier Research Center funded by the U.S. Department of Energy (DOE),
Office of Science, Office of Basic Energy Sciences (BES), under Award DE-SC0001057. The
instrumentation and facilities used were supported by DOE/BES (DE-FG02-99ER45775, VVY),
the U.S. DOE/National Nuclear Security Administration (DE-NA-0002006, CDAC; and DE-
NAO0001974, HPCAT), and the National Science Foundation (DMR-1809783). The Advanced
Photon Source is operated by the DOE Office of Science by Argonne National Laboratory under
Contract DE-AC02-06CH11357.



References

[1] N. W. Ashcroft, Metallic hydrogen - A high-temperature superconductor, Phys. Rev. Lett.
21, 1748 (1968).

[2] V. L. Ginzburg, What problems of physics and astrophysics seem now to be especially
important and interesting (thirty years later, already on the verge of XXI century)? , Phys.
Uspekhi 42, 353 (1999).

[3] N. W. Ashcroft, Hydrogen dominant metallic alloys: high temperature superconductors?,
Phys. Rev. Lett. 92, 187002 (2004).

[4] T.A. Strobel, P. Ganesh, M. Somayazulu, P. R. C. Kent and R. J. Hemley, Novel
cooperative interactions and structural ordering in H,S-H,, Phys. Rev. Lett. 107, 255503
(2011).

[5] Y.Li,J. Hao, H. Liu, Y. Li and Y. Ma, The metallization and superconductivity of dense
hydrogen sulfide, J. Chem. Phys 140, 174712 (2014).

[6] D.Duan, Y. Liu, F. Tian, D. Li, X. Huang, Z. Zhao, H. Yu, B. Liu, W. Tian and T. Cui,
Pressure-induced metallization of dense (H,S),H; with high-T. superconductivity, Sci. Rep.
4, 6968 (2014).

[71 A.P.Drozdov, M. L. Eremets and I. A. Troyan, Conventional superconductivity at 190 K at
high pressures, arXiv:1412.0460.

[8] A.P.Drozdov, M. I. Eremets, I. A. Troyan, V. Ksenofontov and S. I. Shylin, Conventional
superconductivity at 203 K at high pressures, Nature 525, 73-76 (2015).

[9] M. Einaga, M. Sakata, T. Ishikawa, K. Shimizu, M. 1. Eremets, A. P. Drozdov, 1. A. Troyan,
N. Hirao and Y. Ohishi, Crystal structure of the superconducting phase of sulfur hydride,
Nature Phys. 12, 835-838 (2016).

[10] H. Liu, L. I. Naumov, R. Hoffmann, N. W. Ashcroft and R. J. Hemley, Potential high-T,
superconducting lanthanum and yttrium hydrides at high pressure, Proc. Natl. Acad. Sci.
US4 114, 6990-6995 (2017).

[11] F.Peng, Y. Sun, C. J. Pickard, R. J. Needs, Q. Wu and Y. Ma, Hydrogen clathrate
structures in rare earth hydrides at high pressures: Possible route to room-temperature

superconductivity, Phys. Rev. Lett. 119, 107001 (2017).



[12]

[13]

[14]

T. Bi, N. Zarifi, T. Terpstra and E. Zurek, The search for superconductivity in high pressure
hydrides, arXiv:1806.00163.

H. Liu, I. I. Naumov, Z. M. Geballe, M. Somayazulu, J. S. Tse and R. J. Hemley, Dynamics
and superconductivity in compressed lanthanum superhydride, Phys. Rev. B 98, 100102(R)
(2018).

Z. M. Geballe, H. Liu, A. K. Mishra, M. Ahart, M. Somayazulu, Y. Meng, M. Baldini and
R. J. Hemley, Synthesis and stability of lanthanum superhydrides, Angew. Chem. Inter. Ed.
57, 688-692 (2018).

[15] H. K. Mao, R. J. Hemley and A. L. Mao, Recent design of ultrahigh-pressure diamond cell,

[16]

in High Pressure Science and Technology --1993, edited by S. C. Schmidt, et al. (AIP
Press, New York, 1994), pp. 1613-1616.
See Supplemental Material for further details concerning the experimental techniques and

results, including Refs. [3, 10, 11, 14-15, 17-19, 25, 31-44, 46].

[17] R.S. Chellappa, M. Somayazulu, V. V. Struzhkin, T. Autrey and R. J. Hemley, Pressure-

induced complexation of NH3;BHs—H,, J. Chem. Phys. 224515 (2009).

[18] Y. Song, New perspectives on potential hydrogen storage materials using high pressure,

Phys. Chem. Chem. Phys. 15, 14524-14547 (2013).

[19] R. G. Potter, M. Somayazulu, G. D. Cody and R. J. Hemley, High pressure equilibria of

dimethylamine borane, dihydridobis(dimethylamine)boron(IIl) tetrahydridoborate(III), and
hydrogen J. Phys. Chem. C 118, 7280-7287 (2014).

[20] Y. Meng, G. Shen and H. K. Mao, Double-sided laser heating system at HPCAT for in situ

[21]

x-ray diffraction at high pressures and high temperatures, J. Phys. Cond. Matter 18, S1097
(2007).

R. J. Hemley, Progress on hydride, superhydride, and hydrogen superconductors,
International Symposium: Pressure and Superconductivity. Fundacion Ramon Areces -
Madrid, Spain, May 21-22;
https://www.fundacionareces.tv/watch/superconductividad?as=5b485ea9fe7e8150088b45fe
(2018).

[22] J. P. Rush, C. J. May-Miller, K. G. B. Palmer, N. A. Rutter, A. R. Dennis, Y. H. Shi, D. A.

Cardwell and J. H. Durrell, Transport in bulk superconductors: a practical approach?, [EEE
Trans. Appl. Superconductivity 26, 1-4 (2016).



[23] V. V. Struzhkin, M. L. Eremets, W. Gan, H. K. Mao and R. J. Hemley, Superconductivity in
dense lithium, Science 298, 1213-1215 (2002).

[24] A. M. Schaeffer, S. R. Temple, J. K. Bishop and S. Deemyad, High-pressure
superconducting phase diagram of °Li: Isotope effects in dense lithium, Proc. Nat. Acad.
Sci. 112, 60-64 (2015).

[25] A. P. Drozdov, V. S. Minkov, S. P. Besedin, P. P. Kong, M. A. Kuzovnikov, D. A.
Knyazev and M. I. Eremets, Superconductivity at 215 K in lanthanum hydride at high
pressures, arXiv:1808.07039.

[26] R. Dias, C. S. Yoo, V. V. Struzhkin, M. Kim, T. Muramatsu, T. Matsuoka, Y. Ohishi and S.
Sinogeikin, Superconductivity in high disordered dense carbon disulfide, Proc. Nat. Acad.
Sci. 110, 11720-11724 (2013).

[27] L Troyan, A. Gavriliuk, R. Rullffer, A. Chumakov, A. Mironovich, I. Lyubutin, D.
Perekalin, A. P. Drozdov and M. 1. Eremets, Observation of superconductivity in hydrogen
sulfide from nuclear resonant scattering, Science 351, 1303-1306 (2016).

[28] J. P. Carbotte, E. J. Nicol and T. Timusk, Detecting superconductivity in the high pressure
hydrides and metallic hydrogen from optical properties, Phys. Rev. Lett. 121, 047002
(2018).

[29] A.P. Drozdov, P. P. Kong, V. S. Minkov, S. P. Besedin, M. A. Kuzovnikov, S. Mozaffari,
L. Balicas, F. Balakirev, D. Graf, V. B. Prakapenka, E. Greenberg, D. A. Knyazev, M.
Tkacz and M. 1. Eremets, Superconductivity at 250 K in lanthanum hydride under high
pressures, arXiv:1812.01561

[30] Y. Akahama and H. Kawamura, Pressure calibration of diamond anvil Raman gauge to 310
GPa, J. App. Phys. 100, 043516 (2006).

[31] A. Dewaele, P. Loubeyre and M. Mezouar, Equations of state of six metals above 94 GPa,
Phys. Rev. B 70, 094112 (2004).

[32] D. L. Heinz and R. Jeanloz, The equation of state of the gold calibration standard, J. Appl.
Phys. 55, 885 (1984).

[33] M. Somayazulu, Z. M. Geballe, A. K. Mishra, M. Ahart, Y. Meng and R. J. Hemley,
Crystal structures of La to megabar pressures, in preparation.

[34] F. Porsch and W. B. Holzapfel, Novel reentrant high pressure phase transition in
lanthanum, Phys. Rev. Lett. 70, 4087-4089 (1993).



[35] G. K. Samudrala, S. A. Thomas, J. M. Montgomery and Y. K. Vohra, High pressure phase
transitions in the rare earth metal erbium to 151 GPa, J. Phys.: Condens. Matter 23, 315701
(2011).

[36] G. K. Samudrala and Y. K. Vohra, Structural properties of lanthanides at ultra high
pressure, in Handbook on the Physics and Chemistry of Rare Earths, edited by J. G. Biinzli
and V. K. Pecharsky 2013), pp. 275-319.

[37] R.J. Husband, I. Loa, K. Munro and M. I. McMahon, The distorted-fcc phase of samarium,
J.Phys.: Conf. Ser. 500, 032009 (2014).

[38] R. Cerny, Y. Filinchuk, H. Hagemann and K. Yvon, Magnesium borohydride: synthesis
and crystal structure, Angew. Chem. Inter. Ed. 46, 5765-5767

[39] W. W. Zhan, Q. L. Zhu and Q. Xu, Dehydrogenation of ammonia borane by metal
nanoparticle catalysts, ACS Catalysis 6, 6892-6905 (2016).

[40] L. J. van der Pauw, A method of measuring specific resistivity and Hall effect of discs of
arbitrary shape, Philips Res. Rep. 13, 1-9 (1958).

[41] R.J. Hemley, M. 1. Eremets and H. K. Mao, Progress in experimental studies of insulator-
metal transitions at multimegabar pressures, in Frontiers of High Pressure Research II,
edited by H. D. Hochheimer, et al. (Kluwer, Amsterdam, 2002), pp. 201-216.

[42] M. L. Eremets, V. V. Viktor V. Struzhkin, H. K. Mao and R. J. Hemley, Exploring
superconductivity in low-Z materials at megabar pressures, Physica B 329-333, 1312-1316
(2003).

[43] A. G. Gavriliuk, A. A. Mironovich and V. V. Struzhkin, Miniature diamond anvil cell for
broad range of high pressure measurements, Rev. Sci. Instr. 80, 043906 (2009).

[44] Y. A. Timofeev, V. V. Struzhkin, R. J. Hemley, H. K. Mao and E. A. Gregoryanz,
Improved techniques for measurement of superconductivity in diamond anvil cells by
magnetic susceptibility, Rev. Sci. Instrum. 73, 371-377 (2002).

[45] W. A. Grosshans, Y. K. Vohra and W. B. Holzapfel, Evidence for a soft phonon mode and
a new structure in rare-earth metals under pressure, Phys. Rev. Lett. 49, 1572 (1982).

[46] P. Loubeyre, R. LeToullec, D. Hausermann, M. Hanfland, R. J. Hemley, H. K. Mao and L.
W. Finger, X-ray diffraction and equation of state of hydrogen at megabar pressure, Nature

383, 702-704 (1996).

10



(a)

Figure 1. (a) Schematic of the assembly used for synthesis and subsequent conductivity
measurements. The sample chamber consisted of a tungsten outer gasket (W) with an insulating
cBN insert (B). The piston diamond (P) was coated with four 1-um thick Pt electrodes which
were pressure-bonded to 25-um thick Pt electrodes (yellow). The 5-um thick La sample (red)
was placed on the Pt electrodes and packed in with ammonia borane (AB, green). Once the
synthesis pressure was reached, single-sided laser heating (L) was used to initiate the
dissociation of AB and synthesis of the superhydride. To achieve optimal packing of AB in the
gasket hole, we loaded AB with the gasket fixed on the cylinder diamond (C). (b) Optical
micrograph of a sample at 178 GPa after laser heating using the above procedure (sample A).

11



d spacing (A)
2.6 24

3.0 2.8 2.2
T 1 rr.r T T T T T T T T | Rl
X-ray Diffraction
(@) before and after laser heating n
LaH, g

75 80 85 980 95 100 105 11.0
20 (degrees)

Figure 2. Synchrotron x-ray diffraction patterns obtained from three samples in which LaH;¢.,
was synthesized by laser heating at pressures above 175 GPa. (a) X-ray diffraction following
laser heating of a mixture of La and H, (Au pressure marker); (b) and (c) results obtained
following laser heating of La and NH3BH; (samples A and C; Pt pressure marker). The data were
obtained from three separate runs with an x-ray spot size of 5 x 5 um. In all three panels, the
pattern in black is from unreacted La, and that in red is fcc-based LaH ;.4 obtained after laser
heating. The sample corresponding to (c) was nominally 5-pum thick and exhibited a high degree
of anisotropic stress as indicated by the relative intensities, broadening, and shift of the La peaks
prior to the reaction. The diffraction peak marked by the green symbol in (a) is due to residual
WH; which forms when Hj is present. This hydride also gives rise to the tail above 10.5 degrees.
WH; features are absent in the other two patterns because insulating cBN gaskets were used.
Further details are provided in Ref. [16].
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Figure 3. Normalized electrical resistance of the LaH (., sample characterized by x-ray
diffraction and radiography (Figs. 1 and 2) and measured with the four-probe technique (sample
A). The initial pressure determined from Raman measurements of the diamond anvil edge was
188 GPa. The lowest resistance we could record was 20 pu€2 whereas the 300 K value was 50
mQ . The measurements were performed at 10 mA and 10 kHz; for further details see Ref. [16].

13



1.2 | — I I I I
1.0 mA
Four-Probe m_v._
1.0 Resistance N | -
|
195 GPa
0.8 -
B [ I T | 3
= Current-Voltage
C; 0 6 - ? .|
£
— 6 300 K 46
o
> 5.
04 -E4 142 -
5 13
02} T* ¢
0 1
0 2 4 6 8 10
mA
0.0 | l | ] l l |
230 250 270 290

Temperature (K)

Figure 4: Electrical resistance measurements using the four-probe technique (sample F). At the
lowest current of 0.1 mA, the sample resistance displays an abrupt drop (grey curve, first heating
cycle), and the transition temperature decreases with increasing current, as shown for 1 mA (blue
curve, third heating cycle) and 10 mA (red curve, fifth heating cycle). The inset shows [-V
curves obtained from this experiment, and compares data measured at 300 K (mV scale, left
axis) and at 180 K (UV scale, right axis), well below the transition temperature. These data were
obtained in-situ on the synchrotron beamline with different instrumentation and data collection
protocols compared to the data presented in Fig. 3 (sample A). The flat response for temperatures
above the transition reflects the dynamic range setting of the instrument needed for these smaller
samples, and there is a lower density of points on the R-T curves; see Ref. [16] for further
details.
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