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Abstract

The abrupt drop of resistance to zero at a critical temperature is the paradigm of the metal—
superconductor transition. However, the emergence of an intermediate bosonic insulating state
characterized by a resistance peak preceding the onset of the superconducting transition has
challenged traditional understanding. Notably, this phenomenon has been predominantly observed
in disordered or chemically doped low-dimensional systems, raising intriguing questions about the
generality of the effect and its underlying fundamental physics. Here, we present a systematic
experimental study of compressed elemental sulfur, an undoped three-dimensional (3D) high-
pressure superconductor, with detailed measurements of electrical resistance as a function of
temperature, magnetic field, and current. The anomalous resistance peak observed in this 3D
system is interpreted based on an empirical model of a metal-bosonic insulator—superconductor
transition, potentially driven by vortex dynamics under magnetic field and energy dissipation
processes. These findings offer a fresh platform for theoretical analysis of the decades-long
enigmatic of the underlying mechanism of this phenomenon.

Significance Statement

The metal-bosonic insulator—superconductor transition, predominantly observed in low-
dimensional systems with disorder or magnetic impurities, defies mean-field theory and challenges
the long-held picture of a straightforward transition from metal to either superconductor or insulator.
Here, we report experimental evidence of a magnetic field-tuned bosonic insulating state in
compressed 3D sulfur in the vicinity of its superconducting transition. The experiments reveal a
prominent, and apparently unprecedented, concurrent resistance peak as a function of
temperature, magnetic field, and current in the same superconductor. The results suggest the
potential for revealing diverse electronic and transport phenomena in putatively simple systems
and open new avenues for advancing the understanding of the underlying physics.

Main Text
Introduction

Quantum mechanics dictates that bosons created from two paired electrons either condense
into a macroscopic superconducting state with zero resistance or localize into an insulating state
with infinite resistance (1), a scenario that aligns with a metal-superconducting transition (MST)
and metal-insulator transition (MIT) as temperature goes down, respectively. The puzzling
observation, however, is the metal-bosonic insulator-superconductor transition (MIST) identified
by the resistance peak situated in the vicinity of the superconducting critical temperature (7c) on
the resistance-temperature (R-T) curve (2). This anomalous change in resistance is predominantly
observed in low-dimensional materials, such as 1D wires and whiskers (3,4), thin films (5-9), and
quasi-two-dimensional cuprates (10-14), where the resistance peak can typically reach tens to
hundreds of percent above the residual resistance close to Tc. The surprising emergence of the
excess resistance violates mean-field theory (15) and upends long-held wisdom about the routine
manifestation of the direct transition from metal to superconductor or insulator.

Since the discovery of this anomalous resistance behavior in 1950s (2), a significant amount
of effort has been devoted to probing the origin of the unusual R(T) peak, and an eclectic set of
models have been proposed to understand this phenomenon. These include superconducting—
normal boundaries, disorder and fluctuations, vortex dynamics and Josephson coupling in layered
systems, nonequilibrium superconductivity near phase slip centers, charge imbalance, and
competition between superconducting and insulating states in 2D systems (2,3,5,7,11,16-22).
These models and theories, however, generally invoke or require some aspect of the reduced
dimensionality of the systems investigated, for example, 2D thin film,1D whiskers, and wires. While
a few experimental studies have been conducted on 3D systems (23-25), the observed resistance
peaks have amplitudes that are relatively small [e.g., <6% for Cu-Zr alloys (23,24)], which may be
attributed to weak localization effects. On the other hand, resistance peaks as high as 1600% have



been reported for boron-doped diamond (25), which surpasses the range expected for weak
localization. However, disorder and granularity in the material may also contribute to the resistance
peak, which complicates understanding the underlying mechanism. Due to the diversity of samples
and experimental configurations for these measurements, it is unclear how (and if) the various
observations are related. Therefore, the quest for additional information in well-defined 3D material
systems is crucial for uncovering universal explanations.

In this work, we find that highly compressed bulk sulfur, which has the highest Tc among non-
metallic elements (26), exhibits a robust magnetic field-induced MIST, evidenced by an anomalous
resistance peak that appears prior to the onset of the superconducting transition. The amplitudes
of R(T) and R(H) peaks both reach a maximum of approximately 158% larger than the normal-state
resistance (Rn) at 165 GPa. Further, resistance-current (R-/) curves under magnetic field also
reveal anomalous peaks. Notably, our study thus represents the first instance of the concurrent
observation of a prominent resistance peak as a function of temperature, magnetic field, and
current in the same superconductor. The findings for compressed sulfur, a well-established
elemental superconductor, suggest the possibility of unveiling diverse electronic and transport
phenomena in putatively simple systems and open avenues for further delving into the essence of
anomalous transport mechanisms in condensed matter.

Results

Pressure-induced superconductivity in sulfur under pressure has been the subject of
significant attention since its discovery in 1997 (26). A critical temperature of 10 K at 93 GPa rising
to 17 K at 162 GPa was originally reported using magnetic susceptibility measurements (26). The
results were subsequently confirmed by combined electrical resistance and magnetic susceptibility
to 230 GPa, with the Tc dropping to 15 K at the highest pressure (27). Discrepancies in the pressure
dependence of T between theoretical predictions and experimental observations as well as among
different experimental studies have been noted (26-29). These discrepancies, as well as deeper
questions about the nature of the transition motivated the present extended experimental study
using in particular detailed measurements as a function of high magnetic field.

We observed pressure-induced superconductivity evidenced by the emergence of zero
resistance in the R-T curves measured from 93 to 196 GPa (Fig. 1A), which is broadly consistent
with previous work. Notably, a broadened resistance drop was observed at 119 GPa and 136 GPa,
possibly resulting from the gradual transition from the body-centered orthorhombic (bco) S-IV to
the B-Po S-V phase. Above 155 GPa, the superconducting transition curves steepened, signifying
the complete entry of the sample into the S-V phase, in agreement with the phase transition
pressure reported in previously (30). Comparison of our data with those from previous experiments
and theoretical calculations (Fig. 1B) reveals that the T. measured in the S-IV phase is higher than
previous results, whereas a gradual decline in T¢ is observed in the S-V phase, in agreement with
both the original results (26,27) and theoretical calculations (29).

Resistance curves as a function of temperature at different external magnetic fields of sulfur
in cell_2 at 163 GPa are illustrated in Fig. 2A. When the temperature drops below T¢, the zero-field
resistance curve exhibits a standard sharp transition from the normal metal to the superconducting
state, consistent with the traditional transport picture (31). However, the introduction of an external
magnetic field results in a distinct change in resistance behavior. At a magnetic field of 0.1 T, the
superconductivity R(T) onset shifts to the lower temperature and is accompanied by a small rise
preceding the superconducting transition before dropping to the zero-resistance state. Upon
increasing the field to 0.3 T, the resistance peak becomes much more conspicuous, up to 119%
larger than Rn, and then the resistance did not reach zero on cooling to 2 K. The amplitude of the
resistance peak continued to increase with field, reaching 131% at 0.4 T, with no observable
decrease in resistance at the low-temperature limit of the experiment. Beyond 0.4 T, on the other
hand, the resistance peak gradually decreased, ultimately resembling metallic behavior throughout
the temperature range above 2 T. This giant R(T) peak is an established hallmark of a MIST (25).

The R(T) peak behavior in response to the magnetic field suggests that the resistance jump
caused by the disruption of superconductivity by the magnetic field will be followed by a regime of
negative magnetoresistance, implying that the R(H) curves will also exhibit a resistance peak. To
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present this anomalous behavior more clearly, we measured the magnetoresistance of the same
sample in cell_2 at different temperatures, as depicted in Fig. 2B. The R(H) curve measured at 2 K
(orange) demonstrates a transition from the zero resistance to a non-zero state with a rapid rise in
resistance as the magnetic field increases, peaking at ~0.32 T. This behavior is consistent with the
typical destruction of the superconducting state by a magnetic field. Subsequently, the sample
exhibits a period of remarkable negative magnetoresistance until about 2 T, after which it behaves
in line with the response of a normal metal to the magnetic field. The peak was observed to
decrease continuously with the increasing temperature, diminishing from 91% at 2 K to completely
disappearing at 19 K. Moreover, the position of the peak exhibited a shift towards the low-field
region with increasing temperature. The results obtained from this measurement indeed align with
the phenomenon observed during the resistance measurement of cooling cycles. Similar results
were observed in cell_3 of S-V phase at 165 GPa (S/ Appendix, Fig. S1), where both the R(T) and
R(H) peaks were up to around 158%. In the S-IV phase we also observed R(T) and R(H) peaks of
approximately 9% in cell_6 at 117 GPa (S/ Appendix, Fig. S2). The arrangement of the electrical
leads has been reported to affect the strength of the resistance peak in metallic glasses [24].
Experimental constraints of the diamond anvil cell precluded direct tests of this effect in high-
pressure sulfur, but we point out that the strong resistance peak was observed in multiple
experiments having slight differences in the arrangement of the electrodes. This transport behavior
offers compelling experimental evidence for a MIST in compressed sulfur.

In Glazman’s theory the peak value could only be observed experimentally within a specific
range of currents between an upper and a lower threshold (32). The results shown in Fig. 3A
illustrate that the value of the current significantly influences the R(H) peak. With increasing current
from 0.0005 A to 0.001 A, a slight increase in the peak resistance value is observed, indicating the
presence of a lower critical current. However, when the current was further increased from 0.001
A0 0.03 A, the value of the resistance peak exhibited a significant suppression that was confirmed
in various experiments (Fig. 3B), indicating the presence of an upper critical current. Unfortunately,
the noise in the resistance measurements under magnetic field is enhanced at these low current
levels, so we unable to collect useful data with further reduction of current. Additionally, increasing
the current can damage the sample or the electrodes, so measurements at higher currents were
also not conducted. Furthermore, our measurements consistently revealed a decrease in the
magnetic field value at which the resistance peak occurred as the current increased. This shift is
likely due to critical-current effects.

The current-voltage (/-V) curve serves as an important means for investigating the transport
properties of materials. In a normal metal, the /-V relation is linear and passes through the origin,
indicating that the resistance remains constant with varying current (Ohm’s law). The suppression
of the magnetoresistance peak by the current suggests the presence of an anomalous region where
resistance decreases with increasing current. Fig. 4 illustrates representative /-V and /-R curves at
selected magnetic fields for cell_2. The zero-resistance state is maintained as the current is
increased from 0.0001 A to 0.1 A in the absence of the field, but it is disrupted when the current
reaches ~0.0046 A at an external magnetic field of 0.2 T (Fig. 4A). These results show a
distinguishing feature of superconductors, wherein superconductivity disappears above upper
critical current. The above features are consistent with the response of conventional
superconductivity to changes in electrical current. Upon increasing the external magnetic field to
0.4 T, an anomalous R(/) peak emerges at about 0.0017 A, exhibiting a negative rate of change at
higher current values, thereby deviating from the behavior of a conventional metal but resembling
that of an insulator (Fig. 4B). Our measurements at 2 K reveal an unconventional trend in the R(/)
curve over a specific range of magnetic fields, likewise showing the observation of the anomalous
peak. With increasing magnetic field, the magnitude of the peak value also grows to a maximum
value before gradually decreasing. When the magnetic field exceeded 2 T, the curve gradually
leveled off, indicative of the material entering a normal metal state. Similar behavior was also
observed in cell_5 (S/ Appendix, Fig. S3).

The temperature-magnetic field (T-H) phase diagram in Fig. 5 captures the sequence of
transitions documented here and the overall results of our study. The superconducting state (yellow
region) with zero resistance can only be sustained in the low-field region (less than 0.28 T). As the
magnetic field strength increases, the material undergoes a transition from the resistance drop
region (purple region) to a notable insulating state (red region), eventually evolving into a normal
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metallic state (blue region) when the external magnetic field reaches a sufficiently high level. This
phase diagram represents a significant departure from that of traditional 3D systems, in which a
superconductor transforms directly to a normal metal at high external magnetic fields.

Discussion

The disparate observations of similar resistance peaks in R(T) and/or R(H) measurements of
superconductors have prompted the question of a common origin for this phenomenon. Our
observation of dramatic combined effects of T, H, and / on the resistance peak in superconducting
sulfur, including the giant enhancement as well as suppression of the peak as a function of external
variables, suggests that this simple 3D superconductor is a key candidate for investigating the
underlying mechanism. We demonstrate that the formation of a bosonic insulator mainly based on
the increase of resistance preceding the superconducting transition, which has been experimentally
confirmed [33] and widely recognized in low-dimensional or disordered superconducting systems
[1,34-37]. At this stage, electrons begin to form Cooper pairs but become localized, effectively
removing fermions from electrical transport and substantially increasing the sample’s overall
resistance [37-39].

Previous studies indicated that the introduction of disorder plays a pivotal role across various
scenarios, e.g., regulating thin film sample thickness (17), doping superconducting systems with
magnetic elements (23,24), or constructing granular metal systems (25). It has been suggested
that the granularity-correlated disorder in heavily boron-doped diamond results in the formation of
islands that can trap Cooper pairs at sufficiently low temperatures and subsequently diminish the
carrier density in the material, thus giving rise to an intermediate bosonic insulating state (25). The
effect of intrinsic disorder can be largely ruled out for crystalline elemental sulfur. Moreover, the
steepness of the T. resistance drop at zero field (approximately 1 K wide) is also consistent with
ordered, homogeneous samples.

Our experimental data suggest that application of an external magnetic field is necessary for
the emergence of the anomalous resistance peak. For type-ll superconductors, applying a
magnetic field within the range between the lower critical field (Hc1) and the upper critical field (Hc2)
induces vortices within the superconductor. The number of vortices increases with the magnetic
field, which it may also cause vortex shifting or motion. In earlier discussions, vortex motion was
proposed as a possible mechanism candidate (40); however, the predicted magnitude of the
transverse peak was orders of magnitude smaller than the observations. Subsequent in-depth
investigations of vortex dynamics demonstrated that various factors, such as the external magnetic
field’s influence and the micropattern of the sample, lead to significant alterations in the
configuration and transition of vortices, resulting in substantial energy dissipation (19,31,41). The
Bardeen-Stephen model has been employed to elucidate the energy dissipation in moving vortices
within bulk systems (41). According to this model, the vortex is assumed to be the normal-state
core within the coherence length for simplification. The electric field caused by the moving vortex
is proportional to the velocity of the vortices and the number of vortices. Therefore, the energy
dissipation increases with current and magnetic field. This theoretical framework may serve as a
starting point for explaining our findings, but understanding the underlying mechanism will require
a more in-depth theory. Exploring the dynamics of vortices under magnetic fields and delving into
the mechanisms governing energy dissipation stemming from vortex dynamics could shed light on
the presence of this anomalous behavior.

In conclusion, we have documented a giant enhancement of electrical resistance above Tc
induced by applying a magnetic field in superconducting elemental sulfur. With increasing applied
magnetic field, the R(T) begins to show an anomalous resistance peak above T.. The peak rises
with field and then is progressively suppressed at a critical magnetic field of ~0.4 T, eventually
disappearing completely, signaling the collapse of the insulating state. Moreover, the width of the
resistance peak is enhanced with increasing magnetic field. The dramatic enhancement of the R(T)
peak can be interpreted as a result of a sequence of transitions from metal to bosonic insulator to
superconductor on cooling. The observation of this transition sequence in undoped simple
elemental solid offers a favorable material platform for in-depth exploration of the physical influence
parameters and underlying mechanisms of this behavior. The results indicate that similar effects
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that have been reported are not limited to low-dimensional systems. We suggest that the resistance
enhancements should be evident in other 3D systems, although the phenomenon remains to be
fully explained. Further theoretical and experimental studies are needed to explore the interplay of
vortex dynamics and energy dissipation, as well as possible competing electronic or structural
orders, are essential to elucidate the emergence of the resistance peak in compressed sulfur.

Materials and Methods

For electrical transport measurements, we utilize nonmagnetic BeCu or NiCrAl alloy diamond
anvil cell (DAC) and steel DACs in experiments with and without a magnetic field, respectively.
Anvil culets with different sizes were employed, depending on the required maximum pressure of
the measurements. Details regarding the cells are provided in S/ Appendix, Table S1. The sulfur
powder with a purity of 99.5% (Tianjin Xintong Fine Chemical Co., Ltd) was used. The ambient-
pressure Raman and x-ray diffraction measurements indicate the absence of other impurities in the
sample (S/ Appendix, Fig. S4). DAC gaskets made from nonmagnetic rhenium were used with a
mixture of aluminum oxide and epoxy inserts to confine the sample, and no pressure-transmitting
medium was used. Given the stability of elemental sulfur in air, samples were loaded under ambient
conditions. The pressure was determined at room temperature using the diamond Raman edge
scale (42), a widely utilized method in high-pressure experiments. The electrical resistance was
measured using a four-probe van der Pauw configuration (43). The current used in all resistance
measurements was in the range of 107 to 1072 A. Currents exceeding 0.03 A were only applied
only during /-V curve measurements, as such high currents were not sustained for extended
periods during testing. The magnetic field was applied along the DAC load axis, i.e., perpendicular
to the surface of the disk-shaped sample in the cell.

The small initial resistance of sulfur samples with thicknesses greater than 5 ym causes
resistance instabilities with increasing magnetic field that can drown out the resistance change,
rendering it ineffective for analysis. To address this issue, it was crucial to limit the thickness of the
samples to <5 ym in our experiments under external magnetic field. Furthermore, in high-pressure
experiments where the sample cavity thickness is small, there is a risk of diamond breakage at
high pressures. In order to obtain high-quality resistance data while ensuring the integrity of the
diamond anvils at the highest pressures, we utilized a stacking method involving the sulfur sample
and insulating powder used in gasket preparation to control the sample cavity thickness (S/
Appendix, Fig. S5). Despite the fact that the electrode only makes contact with the sulfur sample,
and the sample is not expected to react with the insulating material in a high-pressure setting, there
are concerns that the insulating material could influence the characteristic properties of measured
sample. To eliminate this potential impact, we conducted multiple experiments in which the
chamber was filled with only thin sulfur samples; consistent results were obtained that ruled out
reactions with the insulating material (S/ Appendix, Fig. S3 and Fig. S6). The calculation formula
for the peak height follows the common approach in this field: subtracting Rn from R, (resistance
peak value) and then dividing by Rn. For the R(T) peak, the resistance at 30 K is used as Rn, while
for the R(H) peak, the resistance at 2 T is taken as Rn.
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Fig. 1. Superconductivity of elemental sulfur over a wide range of pressures. (A) Resistance curves
as a function of temperature at typical pressures (Cell_1). At low-temperature limit of the
experiment, the resistance of the sample all drops to zero resistance marked by the black horizontal
dotted line in the figure over the measured pressure range. Note the resistance at 93 GPa was
normalized as indicated. (B) Dependence of the critical temperature Tc on pressure. The data
represented by the rhombus, solid dots of varying colors, and hollow dots are from our measured
results, previous experimental results, and previous theoretical results, respectively. The phase
transition boundaries indicated by the black dotted line are derived from a previous work (30).
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Fig. 2. Metal-bosonic insulator—superconductor transition in elemental sulfur at 163 GPa (cell_2).
(A) Temperature dependence of electrical resistance curves under specific magnetic fields. With
initial increase in magnetic field, the anomalous R(T) just above T peak first increased, and then it
was completely suppressed at about 2 T or above. The entire R(T) peak shifts to lower temperature
and continues to broaden with increase in field. The resistance peaks were observed in the
magnetic field range from 0.1 T to nearly 2 T. The current used in the measurements is 0.001 A.
(B) Temperature dependence of magnetic field curves at different temperatures. Increasing
temperature exhibits a significant suppressive effect on the R(H) peak. The inset is the crystal
structure of S-V phase at 160 GPa (30). The current used in the measurements is 0.01 A.
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Fig. 3. The relationship between the peak value and the magnitude of the current. (A) Resistance
curves as a function of magnetic field for different sample currents (cell_2). The increase of current
first strengthens and then suppresses the peak value. The resistance peaks were observed across
the entire current range (0.0005 A to 0.03 A) involved in the measurements. (B) Peak height vs
sample current in different samples. All measurements were conducted at T=2 K.

11



A B i
0.8+ |
p— 5
(o G 1.2}
T 0.6} g
2 3 0]
S 0.4t =
S0 S
S 2 0.4}
— 0.2} ';
2 ~
0.0}-: - 0.0+
0.00 0.02 0.04 0.06 0.08 0.10 }
Current (A) Current (A)

Fig. 4. Current-voltage characteristic curves (A) and resistance curves as a function of current (B)
at specific magnetic field (cell_2). The red dashed lines are the linear /-V characteristics. As the
magnetic field increases, the resistance curve gradually shows peak behavior with current, and is
finally suppressed at 2 T and above. The resistance peaks were observed in the magnetic field
range from 0.3 T to nearly 2 T. These measurements were all conducted at T=2 K. The pronounced
fluctuations in resistance at 2 T arise from the combined influence of the strong magnetic field and

the low current.
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Fig. 5. Metal-bosonic insulator—superconductor phase diagram in compressed bulk sulfur. The
areas of the metallic state (blue), insulating state (pink), resistance transition zone (purple), and
superconducting state (yellow) are characterized by the resistance before the increase, resistance
in the increase, resistance in the drop, and zero resistance, respectively. The specific method for
regional division described above is presented more intuitively in the schematic diagram of Fig. S7.
The blue triangles represent onset temperatures (7:°"*s), the purple squares represent peak value
corresponding temperature, and the orange circles represent offset temperatures (Tc°f¢'s) of the
transition, where the T°™® and T°™et are defined by the point at which the extension lines that
deviate from the normal state and the superconducting state, respectively. These data points were
all taken from the measurements at 0.001 A.
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