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Emergent superconductivity from suppression of charge order in pressurized Re3Ge7
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The emergence of superconductivity is often accompanied by competing charge/magnetic orders, such as
charge/spin density waves and antiferromagnetism in correlated systems. The superconducting temperature
TC can often be significantly enhanced once the competing order is suppressed via external stimuli. Recently,
Re3Ge7 has attracted considerable attention due to its temperature-induced metal-insulator-like transition, which
is inexplicably related to superconductivity. In this study, we have discovered that Re3Ge7 single crystals exhibit
pressure-induced superconductivity due to the suppression of charge order. Re3Ge7 displays an insulatorlike
upturn of electronic resistivity bellow 60 K at ambient pressure without triggering a structure transition. The
dominant carrier changes from electrons to holes at low temperatures. The temperature-dependent angle-resolved
photoemission spectroscopy investigations indicated that the band structure of Re3Ge7 does not appear to alter
significantly between 70 K and 7 K. After ruling out some possible competing orders based on experimental
evidence, we suggest that the insulatorlike state could be the unconventional charge ordering’s plausible ground
state. Our findings indicate that the emergence of superconductivity can be achieved at a relatively low pressure of
0.2 GPa by restraining the charge order. With increasing pressure, TC is slightly enhanced, reaching a maximum
value of 5.3 K at 24.1 GPa, while the charge order is rapidly inhibited until it becomes imperceptible. The su-
perconductivity shows an unusual platform-shaped phase diagram, suggesting the possibility of unconventional
electronic contributions. The current research poses important questions concerning the Re3Ge7 unconventional
charge order and how it competes with the appearance of superconductivity.
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I. INTRODUCTION

One of the most critical challenges in condensed matter
physics is the competition between various ground orders
in a many-body electron system. For example, it has been
discovered through research on representative unconventional
superconductors such as cuprates, iron-pnictides, and heavy-
fermion superconductors that superconducting states and
other electronic-driven states are always in a complicated
competition and have the potential to combine to create new
superconductivity [1–8]. Exploring the complicated interplay
between superconductivity and opposing orders has become
a major focus on the superconductivity physics frontiers
[9–13]. Efficient strategies for manipulating the competing
charge/magnetic orders and seeking for the superconductiv-
ity ground state within materials include physical/chemical
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pressure and carrier doping [6,12,14–17]. In contrast to the
internal compression caused by chemical doping, applying
external pressure is a clean procedure without introducing
chemical disorder [18–22]. Interestingly, the competition be-
tween electronic-driven state and superconductivity occurs
regularly under pressure in some cuprates [16], iron-based
superconductors [23], and other materials [8,24,25]. Re-
cent advances in kagome CsV3Sb5 have unveiled a possible
stripelike charge density wave (CDW) order arising between
0.58 GPa and 2.0 GPa, which leads to the unusual two-
dome-like superconducting behavior under pressure [22].
Additionally, a new nickelate superconductor with TC close to
80 K has been discovered recently via application of pressure
[8].

Re3Ge7 single crystals are hard to synthesize, since the
eutectic temperature region of Re-Ge system is quite nar-
row [26–29]. It has an orthorhombic structure with space
group Cmcm [26]. The magnetization characterization reveals
a weak diamagnetic ground state. More intriguingly, a sharp
increase in electrical resistivity below 60 K reveals a metal-
insulator-like transition. The discovery of a kink in magnetic
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FIG. 1. Crystal structure and transport properties of Re3Ge7 at ambient pressure. (a) Schematic diagram of the crystal structure of Re3Ge7.
The bottom half describes the eight- and nine-geometries bonding between Re atoms and Ge atoms. (b) Resistivity as a function of temperature
at ambient pressure. The illustration highlights the low-temperature section, showing insulatorlike behavior below 60 K. (c) MR as a function
of external magnetic field at various temperatures from 2–300 K. The inset shows the MR vs temperature at 9 T, revealing a steep ascent below
60 K with a summit around 15 K. (d) The Hall resistivity ρH as a function of magnetic field at various temperatures. The inset shows the details
of Hall resistivity at typical temperatures. (e) Extracted carrier concentration n and mobility μ as a function of temperature.

susceptibility and a λ-like anomaly in specific heat at the crit-
ical temperature confirms the presence of a phase transition
[27]. The temperature-dependent powder x-ray diffraction in-
vestigation shows a sudden change in unit cell parameters
without symmetry variation near the transition temperature,
demonstrating the transition’s second-order nature. The elec-
tronic structure calculations suggest a gap opening around the
Fermi level right above the narrow pocket of strong 5d-4p
hybridized states, which might be responsible for the insula-
torlike state [29]. Moreover, substitution of Ga for Ge leads
to a suppression of the insulatorlike ground state and emer-
gence of superconductivity. The superconducting temperature
TC shows a typical domelike doping dependence with a maxi-
mum value of 3.37 K for Re3Ge7−xGax with x = 0.25 [28].
Furthermore, Re3Ge7 is also proposed to be a topological
high-symmetry point semimetal [30]. These unusual prop-
erties have led to greater curiosity about the nature of its
insulatorlike state and its connection to the superconducting
order.

In this paper, we perform angle-resolved photoemission
spectroscopy (ARPES) and high-pressure transport studies on
high-quality Re3Ge7 single crystals. The absence of evident
band gap after the metal-insulator-like transition in ARPES
experiment distinguishes it from the typical band-gapped

insulating state, thus a possible unconventional charge-driven
state is discussed. Furthermore, high-pressure electrical resis-
tivity experiments show the emergence of superconductivity
via the suppression of such charge order at extremely low
pressure. Our work sheds light on the ground nature of the
localized charge ordering in Re3Ge7 and its competitive rela-
tionship with emergent superconductivity.

II. RESULTS AND DISCUSSION

Structure, ambient pressure transport, and ARPES char-
acterization. Single-crystal x-ray diffraction (SC-XRD) mea-
surements of the as-prepared Re3Ge7 is carried out and
analyzed to obtain the precise crystal structure. The crys-
tal parameters from SC-XRD refinement are displayed in
Table S1 of the Supplemental Material [31]. The lattice pa-
rameters of the orthorhombic structure are a = 3.2280(3) Å,
b = 9.0454(8) Å, and c = 21.9438(19) Å, which show good
agreement with previous reports [26,27]. Figure 1(a) shows
a schematic diagram of the crystal structure for Re3Ge7. Or-
thorhombic Re3Ge7 is rather unique, with no isostructural
analogs. There are two inequivalent Re sites and four inequiv-
alent Ge sites. The two inequivalent Re atoms are bonded in
eight- and nine-coordinate geometries to Ge atoms, as shown
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FIG. 2. ARPES results of Re3Ge7. (a) The three-dimensional (3D) Brillouin zone of primitive cell and the projected in-plane Brillouin
zone with high-symmetry points indicated. (b) Fermi surface of Re3Ge7 measured by ARPES with 21.2 eV photons at 7 K. The dashed lines
are guides to the eye. (c) Band structures along X -�-X (left) and X 1-Y -X 1 (right) directions measured by ARPES at 7 K.

in the bottom half of Fig. 1(a). The corrugated nets formed by
the Ge atoms are located right between the Re-based trigonal
prisms’ layers.

The electrical resistivity, ρ(T ), of the Re3Ge7 single crystal
is shown against temperature from 1.8–300 K at ambient pres-
sure in Fig. 1(b). The ρ(T ) initially decreases monotonously
with cooling before abruptly increasing at 60 K, exhibit-
ing a similar metal-insulator-like transition with prior results
[27–29]. It is also important to note that with further cooling,
ρ(T ) undergoes a steeper rise at around 15 K, as illustrated in
the inset of Fig. 1(b). Fig. 1(c) depicts the magnetoresistivity
[(MR), [ρ(H ) − ρ(0)]/ρ(0)] at various temperatures, reveal-
ing a nonsaturated trend up to 9 T at low temperatures. The
MR curves in the high-field region exhibit a nearly linear field
dependence. The inset of Fig. 1(c) shows MR as a temper-
ature function at a 9 T field. The MR is, as can be shown,
extremely small in the metallic state above 60 K. However,
below 60 K, MR increases dramatically, reaching a maximum
value of approximately 71% at 15 K, where ρ(T ) commences
its second rapid ascent. Moreover, the Hall resistivity ρH ex-
hibits apparent bending around 60 K as shown in Fig. 1(d),
suggesting multiband behavior. According to the classic two-
carriers transport model, the field-dependent ρ and ρH can be
expressed as follows:

ρ(B) = 1

e

[
neμe + nhμh + (neμh + nhμe)μeμhB2

(neμe + nhμh)2 + (nh − ne)2μ2
eμ

2
hB2

]
(1)

ρH(B) = B

e

[
nhμ

2
h − neμ

2
e + (nh − ne)μ2

eμ
2
hB2

(neμe + nhμh)2 + (nh − ne)2μ2
eμ

2
hB2

]
(2)

where (ne, μe) and (nh, μh) are the carrier concentrations and
mobilities for electron and hole, respectively. The extracted
ne, nh μe, and μh as a function of temperature are shown in
Fig. 1(e). The carrier concentrations nh and ne intersect in the
vicinity near 20 K, indicating a change in carrier type from
electron to hole. This critical temperature is consistent with
the temperature at which MR reaches its maximum value at
9 T, and the Hall coefficient reverses sign. The carrier mobili-
ties μh and μe exhibit no distinction in the order of magnitude
below 60 K. Similar phenomena have been reported in ZrTe5,

where the Hall coefficient undergoes sign reversal and ex-
hibits multiband characteristics due to temperature-induced
Lifshitz phase transition [32,33]. We noticed that similar field-
induced MR maximum and linear MR dependency have also
been identified in CDW LaSb2 and half-Heusler compound
RPtBi (R = Dy, Gd, and Nd), whose intrinsic origins are
attributed to possible field-induced density wave transition
and temperature-driven band crossing [34–38]. All anomalies
in the transport behaviors of Re3Ge7 consistently point to an
unusually ordered state at low temperatures.

The ARPES experiments were carried out to investigate
the electronic band structure of Re3Ge7. Figure 2(a) de-
scribes the 3D Brillouin zone and the projected in-plane
Brillouin zone of Re3Ge7, with crucial high-symmetry points.
Figure 2(b) depicts the Fermi surface measured by ARPES
using 21.2 eV photons at 7 K. Figure 2(c) shows the measured
band structures along the X -�-X and X 1-Y -X 1 directions
at 7 K, in accordance with the theoretical calculated elec-
tronic band structure [29]. The band structures along these
two directions at 40 K and 70 K are provided in Figs. S1
and S2 of the Supplemental Material [31]. In addition, the
band structure and Fermi surface show no topological change
with decreasing temperature in the measurement. Conse-
quently, there is no evidence of a gap opening in Re3Ge7 at
low temperature, indicating that the ground state of Re3Ge7

should not be considered as a simple band-gapped insulat-
ing phase. Previous low-temperature structural studies have
revealed abrupt changes in lattice parameters without the
emergence of a phase transition [29], which is consistent
with our low-temperature XRD results as shown in Fig. S3
[31]. Furthermore, the weak diamagnetism negates the pos-
sibility of long-range spin order formation [27]. Therefore,
the anomaly observed below 60 K will likely stem from an
unconventional state of charge order, which may also interact
with topological order. [30,39,40].

Pressure-induced superconductivity. Figures 3(a) and 3(b)
depict the evolution of electrical resistivity ρ for Re3Ge7 with
the application of pressure in two runs, focusing on low-
pressure and high-pressure ranges, respectively. Surprisingly,
after applying only 0.2 GPa of pressure, an obvious drop
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FIG. 3. Transport properties of Re3Ge7 at high pressure. (a) ρ-T curves with pressure ranging from 0–4 GPa in run 1. The illustration
enlarges the first sign of superconductivity at 0.2 GPa. It should be noted that, due to low pressure and poor contact between electrodes
and samples in local areas, the resistivity at 0.2 GPa fluctuates significantly with temperature. (b) ρ-T curves with pressure ranging from
1.4–38 GPa at low-temperature region in run 2. (c) MR from 5–70 K at 0.2 GPa. The critical temperature of MR maximum is suppressed
to around 10 K. (d) Hall resistivity ρH from 5–70 K at 0.2 GPa, showing vanishing of bending and sign reversal. These phenomena clearly
demonstrate that the charge-ordered ground state has been inhibited. (e) MR as a function of temperature at various pressures. With rising
pressure, the MR maximum collapses and shifts to lower temperature, clearly stating a dampening influence of the charge order.

in resistivity appears above the cryostat’s lowest temperature
of 1.8 K, demonstrating pressure-induced superconductivity.
In addition, superconducting transition temperature TC , de-
fined as 90% drop of the normal-state resistivity [18,19,41],
is determined to be 2.6 K, as illustrated in the inset of
Fig. 3(a). Generally, the normal state of superconductor is
metal, the resistivity decreases with the temperature. In the
current case, it is insulatorlike state below 60K, which shows
a unique superconductivity in an insulatinglike state. With
further increasing pressure, the substantial up warp at low
temperature in ρ-T curve progressively lessens, indicating
that the material’s insulatorlike behavior is significantly sup-
pressed, which restrains charge order. This suppression is
further supported by the receding present temperature of
charge-order-related MR maximum and Hall anomalies with
pressure. Figures 3(c) and 3(d) show the MR and Hall results
at 0.2 GPa from 5–70 K. With a loading of only 0.2 GPa,
the temperature of the MR maximum at 9 T has fallen to
around 10 K. Additionally, the Hall resistivity loses its bend-
ing and sign reversion characteristics at ambient pressure,
the signal is reduced to an ordinary Hall signal and the Hall
coefficient remains negative, indicating that the carrier type
becomes electron. As shown in Fig. 3(e), as pressure rises
from 0.2 GPa, the MR maximum continuously diminishes

and disappears near 5 GPa. Around this critical pressure,
the charge-ordered insulatorlike behavior in the ρ-T curve
becomes practically indistinguishable, and the sample exhibits
a metallic scenario above the superconducting state. Mean-
while, TC rises marginally with increasing pressure, peaking
at 5.3 K at 24.1 GPa. The superconductivity survived to the
experimentally reached maximum pressure of 38 GPa, with no
appreciable drop in TC . Re3Ge7 distinguishes itself from other
pressure-induced dome-type superconductivity by maintain-
ing a virtually consistent TC across such a broad range. The
zero resistivity is achieved for pressures higher than 6.2 GPa.
Ultimately, during decompression process, TC shares the simi-
lar trends with compression, suggesting the reversibility of the
pressure tuning the superconducting order in Re3Ge7.

Phonon-mediated superconductivity. Resistivity measure-
ments are conducted in the vicinity of TC with the application
of magnetic fields perpendicular to the electric current, which
provides additional evidence for the superconductivity in
pressurized Re3Ge7. Figure 4(a) displays the temperature-
dependent resistivity from 0–1.7 T at 17 GPa. With the
increase of magnetic field, TC monotonously shifts to lower
temperature, which is typical for a bulk superconducting or-
der. The superconducting phase is fully suppressed to below
1.8 K with a magnetic field of approximately 1.7 T. The
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FIG. 4. The upper critical field determination of pressure-
induced superconductivity in Re3Ge7. (a) Electrical resistivity as a
function of temperature at 17 GPa under various magnetic fields
from 0–1.7 T. (b) Temperature dependence of the upper critical field
μ0HC2 for Re3Ge7 at 9 GPa, 17 GPa, and 26.6 GPa. The dashed
curves represent the fitting results from Ginzburg-Landau equation.

upper critical fields μ0HC2 as a function of critical temperature
at selected 9 GPa, 17 GPa, and 26.6 GPa are presented in
Fig. 4(b). The experimental data can be well fitted via the
Ginzburg-Landau equation [42]:

μ0HC2(T ) = μ0HC2(0)
1 − (T/Tc)2

1 + (T/Tc)2
(3)

The fitting results, shown as dashed curves in Fig. 4(b),
yield zero-temperature μ0HC2(0) of 1.73 T, 2.18 T, and 1.96 T
at 9 GPa, 17 GPa, and 26.6 GPa, respectively. It is apparent
that μ0HC2(0) essentially follows similar trend to that of TC

varying with pressure. Furthermore, the coherence length ξ (0)
can be derived from the equation as follows:

ξ (0)2 = �0

2πμ0HC2(0)
(4)

where �0 = h/2e represents the magnetic flux quantum.
As the pressure rises, the calculated ξ (0) are 137.9, 122.9,
and 129.6 Å for the pressures of 9, 17, and 26.6 GPa, re-
spectively. The μ0HC2(0) values are clearly lower than the
Pauli-paramagnetic limit of μ0HP = 1.84 × TC = 8 ∼ 9 T,

FIG. 5. High-pressure synchrotron XRD analysis of Re3Ge7.
(a) XRD patterns of Re3Ge7 from ambient pressure up to 31 GPa.
(b) Pressure dependence of lattice constants.

which describes the Zeeman effect destroying the Cooper pair
in a weak-coupling Bardeen-Cooper-Schrieffer superconduc-
tor [43,44]. The quasilinear feature of temperature-dependent
μ0HC2 highlights the substantial spin-orbital coupling par-
ticipation to the superconductivity state, which might boost
the Pauli-paramagnetic pair-breaking process [45]. In addi-
tion, the effectiveness of the Pauli-paramagneitc pair-breaking
effect confirms phonon-mediated superconductivity Cooper-
pair formation.

Pressure-temperature phase diagram. The typical syn-
chrotron angle-dispersive XRD patterns of Re3Ge7 at different
pressures are shown in Fig. 5(a). All diffraction peaks can be
well indexed with the orthorhombic structure. With increased
pressure, the peaks gradually shift to higher angles, imply-
ing lattice contraction under compression. The broadening of
diffraction peaks due to the pressure gradient lead to some
overlapping at high pressures, however, no new peaks appear
up to 31 GPa. The orthorhombic structure is evidently well
preserved within the pressure range, indicating outstanding
structural stability. Figure 5(b) depicts the extracted lattice
constants. A noticeable characteristics is the sharp decline of
a, b, and c between 10 GPa and 20 GPa, which may indicate
a rapid collapse of the lattice in this pressure range.

The competition between charge-ordered phase and super-
conductivity is demonstrated as a pressure-temperature (P-T )
phase diagram in Fig. 6, which is summarized according
to the aforementioned findings in two runs of high-pressure
transport experiments. Orthorhombic Re3Ge7 does not un-
dergo structure transitions under high pressure according to
the synchrotron XRD patterns. The critical temperature of
the charge-ordered state steadily falls as pressure increases.
A relatively low pressure of 0.2 GPa allows for the emer-
gence of bulk superconductivity, coexist with charge order
up to around 5 GPa. The superconductivity exists in an un-
usual platform-shaped range up to experimentally achieved
38 GPa with no sign of abating, while the charge-ordered
state collapses rapidly below ∼5 GPa. In general, the pres-
sure typically triggers the phonon stiffening. Therefore in the
scenario of phonon-mediated superconductivity, the unusual
pressure-independent value of TC would inevitably necessitate
a delicate balance of parameters and unconventional elec-
tronic participation.

There is a connection between the charge-ordered state
and superconductivity in the P-T phase diagram. This re-
lationship is similar to the competitive relationship between
the CDW/spin density wave (SDW) or antiferromagnetism
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FIG. 6. Pressure-temperature electronic phase diagram of
Re3Ge7. The dashed azure curve guides the boundary between the
charge-ordered state and metallic state. The solid circle symbols
represent the superconducting TC in two runs. Note that the TC data
are multiplied by a factor of 4 for clarity.

(AFM) and superconductivity in high-temperature supercon-
ductors [1–3,9]. Potential origins of such low-temperature
insulating state include the structure transition, CDW, Kondo
effect, etc. [46–48]. The structure transition and Kondo ef-
fect are ruled out because the metal-insulator-like transition
is second order and Re3Ge7 exhibits diamagnetism in the
absence of magnetic impurities. In addition, the CDW signal
was not detected in the low-temperature XRD patterns [49].
We also note that the previously speculated existence of the
phonon-drag effect should not be the origin of the charge or-
der, since the phonon-drag effect tends to reduce the electrical
resistivity [29,50]. Verchenko et al. calculated the electronic
structure of Re3Ge7 by density functional theory (DFT) [29],
and stated that the transition to the semiconducting/metal state
is accompanied by the opening of a band gap at the Fermi level
right above the narrow pocket of hybridized states. However,
in our ARPES measurement, the opening of a band gap at
the Fermi level proposed in the calculation was not observed.
Finally, after eliminating other possible origins, we note that
all the experimental evidence points to an unconventional
charge-driven state, possibly related to the electron correlation
behavior. However, we note that some unconventional CDW
orders in correlated materials cannot be directly probed by
XRD or ARPES [51–53], whether the possible charge-driven
state in Re3Ge7 belongs to such a category remains to be
explored.

III. CONCLUSIONS

In summary, we present an ARPES and high-pressure
transport investigation on Re3Ge7 single crystals with an
unapprehended correlated charge-ordered ground state. The
band structure of Re3Ge7 shows no obvious change after the
metal-insulator-like transition. The high-pressure electrical
resistivity measurement unveils that a robust superconducting
state survives up to 38 GPa, with no apparent decrease in
TC . More importantly, the charge-ordered state is rapidly sup-

pressed with increasing pressure, whereas the superconduct-
ing TC is slightly enhanced simultaneously. Our work reveals
the competing relationship between newly discovered un-
conventional charge order and superconductivity in Re3Ge7,
with potential reference significance for understanding the
electronic driven state and superconductivity in representative
unconventional superconductors, which is certainly worthy of
subsequent theoretical and experimental explorations.

IV. MATERIALS AND METHODS

Polycrystalline Re3Ge7 samples used for high-pressure
synchrotron XRD experiments were prepared by the solid-
state reaction method. High-purity Re (99.99%) and Ge
(99.99%) powders were sealed in evacuated silica tubes and
heated at 1123 K for 48 h. Single crystals of Re3Ge7 were
grown via a Ge-rich self-flux method. Re and Ge were
weighed in a molar ratio of 3:97 with a total mass of 2 g,
placed in an alumina crucible and sealed in an evacuated
quartz tube. The mixture was heated in a furnace to 1498 K
and held at this temperature for 10 h. Finally, the furnace
was cooled to 1173 K at a rate of 2.5 K/h. The crystals
were separated from the flux by centrifuging. The structure of
the crystals was determined by single-crystal x-ray diffraction
with Mo Kα (λ = 0.71073 Å) radiation at room temperature
using a Rigaku AtlasS2 diffractometer. The crystal was kept
at 293(2) K during data collection. Using Olex2 [54], the
structure was solved with the SHELXS structure solution pro-
gram [55] using direct methods and refined with the SHELXL

refinement package [56] using least-squares minimization.
The high-pressure electrical transport properties were mea-

sured by packing the sample in a screw-pressure-type made of
nonmagnetic Be-Cu alloy. Pressure was calibrated by using
the ruby fluorescence shift at room temperature. Platinum
foils with a thickness of 10 µm were used for the stan-
dard five-probe method electrodes. High-pressure synchrotron
XRD measurements were performed at beam line 15U1 (λ =
0.6199 Å) of the Shanghai Synchrotron Radiation Facility
(SSRF, Shanghai).

Angle-resolved photoemission spectroscopy measure-
ments were carried out on a laboratory system equipped with
a Scienta R8000 analyzer. We use a helium discharge energy
lamp as the light source that can provide photon of hν =
21.218 eV (He I). The Fermi level is referenced by measuring
on a clean polycrystalline gold that is electrically connected
to the sample. The crystals were cleaved in situ at 70 K with a
base pressure of better than 8 × 10−11 Torr.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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