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Controlling collective electronic states through clean and reversible external stimuli is crucial for realizing
functional quantum materials. Here, we report a study on temperature (T) and pressure (P)-tuned charge-density-
wave (CDW) orders in the quasi-one-dimensional system of NbSe3, through single-crystal x-ray diffraction, and
electric and magnetotransport measurements. A refined and extended phase diagram is presented, prompting a
reevaluation of earlier claims regarding the coexistence of CDW and superconductivity (SC). Here, SC is found
to emerge only once all long-range CDWs are suppressed. Notably, the anomalous Hall and magnetoresistance
(MR) effects observed at low pressure (LP ∼ 0.8 GPa) may arise from distinct carrier types associated with the
two competing CDWs, CDW1 and CDW2. These two coexisting CDWs, characterized by distinct modulation
vectors, q1 and q2, show pressure-induced opposing shifts in their b∗ axis projections (denoted as qb∗

1 and qb∗
2 ),

while preserving a phase-coupling relationship 2(q1 + q2) ∼ [111]. Upon gradual suppression of the long range
order CDW2 order, qb∗

1 of CDW1 stabilizes and enters a decoupled regime within ∼0.8−1.3 GPa, followed by
a pronounced change in its periodicity between ∼1.3 and 2.9 GPa. Above 2.9 GPa, all long-range CDW orders
vanish, giving way to emergent superconductivity (SC).

DOI: 10.1103/s48z-19pt

I. INTRODUCTION

Quasi-one-dimensional (q1D) systems [1,2] exhibit dis-
tinctive magnetotransport behavior compared to two- or
three-dimensional (2D or 3D) counterparts, largely due to
their tendency to stabilize charge-density-wave (CDW), or
spin-density-wave (SDW) states. Superconductivity (SC),
when observed in a truly one-dimensional electronic band,
is necessarily nonconventional in character. Despite intensive
study over half a century, a comprehensive understanding
and generalization of these systems remain elusive. Strong
electronic correlations give rise to complex phenomena that
are still underexplored.

NbSe3 stands out as an archetypical linear-chain com-
pound, notable for hosting two distinct CDWs [3,4]. It serves
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as a model system for exploring unconventional physics of the
pseudo-1D metals. The two incommensurate CDWs emerge
with modulation wave vectors q1 =(0, 0.241, 0) at TCDW1 =
145 K and q2 =(0.5, 0.259, 0.5) at TCDW2 = 59 K [1,5–7].
Both vectors are remarkably noncollinear [8] and display
complex spatial distributions [9,10]. First-order, second-order,
and third-order CDW satellite peaks have been observed in
Fourier transform of scanning tunneling microscopy (STM)
images [9]. Furthermore, additional weaker satellite peaks
have been reported (type m · c∗ + n · q1 + p · q2), suggesting
that some electronic states are simultaneously modulated by
both CDWs [9,11].

Adding further complexity, recent angle-resolved photoe-
mission spectroscopy (ARPES) studies suggest that the two
CDW orders in NbSe3 at low temperature arise from self-
organization inside orbitally distinct electronic systems [12],
along with higher-dimensional interactions that help stabilize
the CDW states in this quasi-1D (q1D) material [13]. These
q1D systems are known to be highly sensitive to external
stimuli, such as electric field [14–19], strain [20–22], and
pressure (P) [23–28]. In NbSe3, the electronic field-induced
CDWs periodicity change (q wave-vector shift) [15,18,29],
suggests the possibility of joint commensurability between the
two CDWs: a phase-coupling relationship 2(q1 + q2) ∼ [111]
[16,30]. Such variations of the CDW periodicity [15,18,29]
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FIG. 1. (a) Unit cell of NbSe3 with the three pairs of inequivalent triangular prism chains. The pair of chains III and III’ forms a “double
unit” while the two pairs of chains, II and II’, and I and I’, form a “quadruple” unit. Quadruple and double units are separated by a blue-black
dashed line. Two pairs of chains III and III’ (I and I’) form the dipole CDW. Details are given in the text. (b) View of the three inequivalent
chains running along the b axis. Individual atoms forming the unit cell, as well as their atomic coordinate y, are indicated. (c) Resistivity ρ(T)
measurements of NbSe3 between ∼0.5 and 2.9 GPa for T ∼ 2−160 K; the left inset shows the ambient pressure resistance R(T) (in red) and its
derivative dR/dT (in blue); the right inset shows the full resistivity ρ(T) curve for T ∼ 2−300 K. The current (I = 500 µA) was applied along
the b axis. (d) ρ(T) between ∼2.9 and 11.2 GPa. Inset: magnified view of the low-T range (T < 5 K). The pumpkin patch colors are stretching
with increasing P. (e) The P dependence of α1 parameter. The inset shows the definition of ρCDW, ρN, and α1 in the case of CDW1 formation
at P = 0.5 GPa.

are often observed alongside CDW sliding phenomena, as
extensively reported in Refs. [14–19]. Numerous transport
studies [25,31–35] on NbSe3, under elevated pressures, have
shown that both CDWs are progressively suppressed with
increasing pressure, but at distinct critical pressure values.
Previous reports also suggest the emergence of two separate
SC phases, with one phase potentially coexisting with CDW1
[31]. While x-ray diffraction offers direct insight into the spa-
tial distribution and evolution of CDWs under pressure, to the
best of our knowledge, no high-P single-crystal x-ray diffrac-
tion measurements of NbSe3 have been previously reported.

In this work, we revisit the low T and high P phase diagram
of NbSe3 using high-resolution single-crystal x-ray diffrac-
tion, complemented by transport measurements performed on
the same single-crystal specimen. This combined approach
allows for a more comprehensive understanding of the (T,
P) phase diagram, particularly regarding the suppression of
long-range CDW1 and CDW2, and the appearance of the SC
dome. Among our key findings, we report a P-induced change
in CDW periodicity and provide evidence of phase coupling

between CDW1 and CDW2 in their coexistence regime. These
effects are reflected in the evolution of their reciprocal space
features, which we discuss in detail below.

NbSe3 crystallizes into a monoclinic structure with space
group P21/m (No.11). The unit cell of NbSe3 contains three
pairs of inequivalent metallic chains, as shown in Fig. 1(a):
type I, II, and III, formed by NbSe3 triangular prisms stacked
in the ac plane. CDW1 associated with wave vector q1 primar-
ily resides on Nb atoms in type III chains and CDW2 related
with q2 mainly on type I chains [13]. These chains run along
the monoclinic b direction, with type I and III chains featuring
very short Se-Se triangular sides (isosceleslike), while the
type II chains are much longer (closer to equilateral).

Following the convention in Ref. [36], each NbSe3 layer
can be divided into a six-chain system comprising a four-chain
“quadruple” unit (two type I chains flanked by two type II
chains, denoted I’ and II’) and a two-chain “double” unit (a
pair of type III chains, denoted III’). These structural blocks
are illustrated in Fig. 1(a), separated by a dark blue dashed
line. Along the b direction, two adjacent chains are displaced
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by half a unit cell vector, with Nb atomic positions located at
fractional y coordinate of 1/4 and 3/4 as indicated in Fig. 1(b).
Each Nb atom is coordinated with six Se atoms from its
own chain and two additional Se atoms from the neighboring
chains, forming eight-coordinate NbSe3 layers in the bc plane.
Importantly, both type I/I’ and type III/III’ form dipolelike
CDWs through interchain coupling, resulting in paired-chain
configuration [13,37]. This dipole nature of CDWs may in-
fluence charge transport by modulating the electron density
distribution, potentially reducing sensitivity to point defects
such as cation vacancies [5,38].

Single-crystal diffraction data at ambient pressure and
room temperature are shown in Fig. S1 of Supplemental Ma-
terial [39], while structural refinements at ambient P (T =
293 K) and high P (T = 32 K) are presented in Tables S1
and S2 of Supplemental Material [39]. These crystallographic
results are consistent with prior studies [6,36–38], and ad-
ditional experimental details are provided in Supplemental
Material [39]. It is important to note that, at low temperature,
the presence of one or even two additional incommensurate
modulation wavevectors (q1 and q2) to properly index the
diffraction pattern is a characteristic feature of an aperiodic
crystal. A comprehensive description of these types of struc-
tures requires the superspace formalism, which is complex
and outside the scope of this study. Therefore, the structural
analyses performed in this work have been restrained to the
set of reflections that can be indexed rationally using the three
reciprocal vectors a∗, b∗, and c∗. An exhaustive and accurate
structural determination of these two incommensurately mod-
ulated phases could be addressed in an additional study. The
corresponding findings, as determined from our data structural
and transport measurements, are presented in the “Results”
and “Discussion” sections below.

II. RESULTS

The crystalline quality of the NbSe3 samples was assessed
through the sharpness of the CDW-related resistive anomalies
and the residual resistivity ratio (RRR = R300 K/R4.2 K). Our
ambient pressure transport measurements are shown in the
inset of Fig. 1(c). Two clear and well-defined anomalies as-
sociated with the CDW transitions are observed at TCDW1 =
145 K and TCDW2 = 59 K [8,34], with a residual resistivity
ratio (RRR) of ∼16, comparable to previous reports [40–42].
The T dependence of resistivity R(T), along with its derivative
dR/dT [insert of Fig. 1(c)], reveals two distinct anomalies cor-
responding to the onset of the CDW transitions. As expected,
applying external pressure alters the electronic structure and
phase stability of NbSe3. This is reflected in the P-dependent
resistivity behavior, as illustrated in Figs. 1(c) and 1(d), where
clear P-induced modification in ρ(T) are observed.

The data presented in Fig. 1(c) capture the evolution of the
resistivity under pressure up to ∼2.9 GPa over the temperature
range of 2–160 K, while Fig. 1(d) extends this view to higher
pressures, reaching ∼11.2 GPa, and spans the full tempera-
ture range of 2–300 K. At 0.5 GPa, the residual resistivity
ratio RRR is approximately 47. This value is comparable in
magnitude to the RRR values typically reported for NbSe3

single crystals at ambient pressure prior to high-pressure ex-
periments (∼50−60) [31,32].

The resistive increments at TCDW1 and TCDW2 result from
the opening of a gap at the Fermi level EF due to the CDW
formation. The size of the resistive increment is usually
defined as

α = (ρCDW − ρN)/ρCDW = �N/N0.

Here, ρCDW is the resistivity in the CDW state, and ρN is
the resistivity that would be expected in the absence of the
CDW formation [31,33]. N0 represents the density of state at
EF in the normal (non-CDW) state, and �N denotes reduction
of N0 due to the CDW1 formation. The parameter α thus
provides information about the size of the nesting area at the
Fermi surface. As shown in Fig. 1(e) for CDW1, α1 shows a
sharp increase at ∼0.8 GPa and then gradually decreases up
to ∼2.3 GPa. The inset of Fig. 1(e) schematically illustrates
how ρCDW and ρN are defined. The ρN is estimated by linearly
extrapolating the resistivity from above TCDW1 down to lower
T. However, as the CDW2 is extremely sensitive to P, α2 is
hard to be determined with P.

With increasing pressure, TCDW1 exhibits a gradual sup-
pression to ∼2.9 GPa, while TCDW2 is rapidly quenched and
becomes undetectable above ∼0.5 GPa. The inset of Fig. 1(d),
highlights the low-temperature region, where a distinct drop
in ρ(T) indicates the formation of a superconducting state in
NbSe3. The onset temperature of the superconductivity, Tc, is
highly pressure dependent and a zero-resistance state is real-
ized at P = 4.6 GPa. The maximum Tc in our study reaches
∼4.5 K at this pressure. We identify a SC dome spanning the
pressure range from ∼2.9 to 11.2 GPa. The corresponding (T,
P) phase diagram is summarized in Fig. 2.

The magnetic field dependence of the Hall resistance
Rxy(B) and magnetoresistance (MR), derived from the
longitudinal resistance Rxx(B), at selected temperatures and
pressures, are presented in Figs. 3(a)–3(d) and Figs. 3(e) and
3(f), respectively. The experimental geometry for
current and magnetic field orientation is carefully considered
and detailed in Supplemental Material [39]. The sign of the
derivative of Rxy(B) (slope) is used to identify the dominant
carrier type, where a positive slope corresponds to holelike
(p-type) carriers and a negative slope to electronlike (n-type)
carriers.

At a representative pressure of ∼0.5 GPa
[Figs. 3(a) and 3(b)], a nonlinear behavior in Rxy(B) emerges
at around B ∼ 4 T at both T = 2 and 10 K, indicative
of a competition between n-type and p-type carriers. This
behavior is consistent with prior observations at ambient
pressure [43,44], where multiband or mixed-carrier effects
produce similar crossover features. As the pressure increases
beyond ∼0.8 GPa, Rxy(B) becomes entirely negative over the
full magnetic field range [Figs. 3(c) and 3(d)], indicating the
dominance of n-type carriers up to the maximum pressure
investigated (7.9 GPa).

In the low-field regime, B < 2 T, Rxy(B) displays a linear
dependence on B, enabling the extraction of the Hall coeffi-
cient per unit thickness, RH/d , via

RH = d × Rxy(B)/B = 1/Nee,

where d is the sample thickness and Ne is the carrier den-
sity. The evolution of RH/d with P is shown in Fig. 3(g),
revealing a pronounced minimum between ∼0.8 and 1.2 GPa,
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FIG. 2. Phase diagram of NbSe3 determined from our study. The CDW q1 vector persists up to ∼2.9 GPa, while q2 is suppressed at
∼0.5 GPa, as revealed by our diffraction measurements. The phase boundary, derived from transport measurements, aligns with our diffraction
results.

corresponding to a local maximum in Ne, which signals a
reconstruction of the Fermi surface. This pressure range co-
incides with the suppression of the long-range CDW2 states,
suggesting a strong coupling between the CDW2 order and
the electronic structure near the Fermi level. While this min-
imum becomes less prominent at elevated temperature due to

thermal broadening or suppression of the long-range CDW2
order, it remains clearly discernible even at 120 K.

The MR data sets [Figs. 3(e) and 3(f)] show further
evidence for this carrier-type crossover. A positive MR is
observed at P = 0.5 GPa (T = 2, 10, and 120 K), typ-
ically associated with p-type or multiband transport. At

FIG. 3. (a)–(d) Hall resistance (Rxy) as a function of the magnetic field up to 9 T recorded at different pressures and temperatures: (a) 2 K
and 0.5 GPa; (b) 10 K and 0.5 GPa; (c) 2 K and ∼0.5–7.9 GPa; (d) 120 K and ∼0.5–7.9 GPa. (e),(f) Longitudinal magnetoresistance (MR) as
a function of the magnetic field in the range 0–9 T (e) T = 2 K and ∼0.5–7.9 GPa; (f) 120 K and ∼0.5–7.9 GPa. (g) RH/d (B < 2 T; see text)
as a function of P at different T. Error bars are shown, if not visible, they are smaller than or equal to the symbols size. In (h), we show the
fitting parameters of MR/B2, obtained by applying a quadratic polynomial model to the MR data in the low magnetic field range at different
T. Error bars are also indicated.

195130-4



PRESSURE-MODULATED COMPETITION BETWEEN DUAL … PHYSICAL REVIEW B 113, 195130 (2026)

FIG. 4. (a) T-dependent intensity of satellite reflections q1 and q2 at ambient pressure for the first beamtime (BT #1) for low T and ambient
pressure collected at the P09, PETRA III using a point detector. Data were collected for two cycles corresponding to warming up from low
T = 5 K to the highest T = 151 K. The black arrows indicate the suppression of the long-range CDW1 (TCDW1 = 145 K) and CDW2 (TCDW2 =
59 K) order associated with q1 and q2 vectors, respectively. (b) k scan (BT #3) through the satellite reflection (0, 3, 0) + q1 at T = 5.8 K (red)
and T = 30 K (black) with selected pressure to highest ∼1.05 GPa. For the sake of completeness, we note that the data collection at ∼0.89 GPa
followed the data collection at ∼1.05 GPa. (c) k-scan third beamtime (BT #3) through the satellite reflection (0, 5, 0) + q2 at T = 5.8 K and
T = 30 K with P = 0.15 and 0.3 GPa, respectively. (d) Integrated intensity of satellite reflections (BT #3) at q1 and q2 at T = 5.8 and 30 K
as a function of pressure. (e) Integration along b∗ of a region of the reconstructed reciprocal space with Miller indices (h, 4.25, l) (P02.2, BT
#0, P = 0.1 GPa). The integration covers a range in k from 4.23 to 4.27 to visualize simultaneously the two sets of reflections present when
CDW1 and CDW2 coexist. The reflections associated with modulation wave vectors q1 and q2 are highlighted inside green circles and yellow
rectangles, respectively.

P ∼ 0.8 GPa, the MR becomes consistently negative, suggest-
ing an enhanced scattering or mobility suppression. Notably,
a reappearance of positive MR is detected around ∼1.7 GPa
at T = 2 and 10 K, indicating a nonmonotonic pressure evo-
lution of the band structure or carrier dynamic.

These results are consistent with previous reports [17],
which describe a quadratic B2 dependence of MR under
n-type conduction (negative Hall voltage) at low magnetic
fields, and a linear B behavior under p-type conduction (pos-
itive Hall voltage) at higher fields. To quantify the field
dependence, we fitted the low-field MR data using the form:

MR = κ × B2,

at T = 2, 10, and 120 K. The extracted fitting parameters,
MR/B2, are presented in Fig. 3(h). While the observed ex-
trema at ∼0.5 , 0.8, and 1.7 GPa do not correspond to any clear
phase boundaries in the phase diagram of Fig. 2, they seem to
match with the inflection points in RH/d in Fig. 3(g). This cor-
relation strongly supports the interpretation that the observed
MR behavior originates from a carrier-type crossover and an
associated reorganization of the electronic band structure.

Multiple crystals from the same growth batch as those
used for the electrical transport measurements were screened
for the single-crystal x-ray diffraction experiments, finding
that many of them were twinned (see Supplemental Material
[39] for details). We note that twinning in NbSe3 has been
previously observed and reported [3]. Suitable crystals for per-
forming diffraction studies at both ambient and high pressure

were selected. The high-pressure x-ray diffraction results are
presented in Figs. 4 and 5. Our single-crystal data confirm the
stability of the monoclinic phase throughout the full pressure
range of our study (see Table S2 and Fig. S2 in Supplemental
Material [39] for additional details). This provides an indica-
tion that the P-induced evolution of the long-range CDW wave
vectors, q1 and q2, likely reflects changes mainly affecting the
electronic structure [26], which we briefly discuss below.

At ambient pressure, reflections associated with the q1 and
q2 wave vectors disappear above their respective transition
temperatures, TCDW1 = 145 K and TCDW2 = 59 K, as shown in
Fig. 4(a). This disappearance aligns with the phase boundary
derived from the transport measurements (see Fig. 2).

CDW1 reflections remain detectable up to ∼2.7 GPa, as
confirmed in two independent beamtimes (BT #0 and #2).
The integrated intensities of reflections associated with q1 and
q2, plotted in Fig. 4(d), reveal the suppression of the long-
range CDW2 order near ∼0.45 GPa. Notably, the intensities
of CDW2 satellites are roughly five times weaker than those
of CDW1, potentially explaining their reduced visibility at
higher incident beam energies and in data obtained in the area-
detector run (BT #0). Nevertheless, several q2 reflections were
observed at P = 0.1 and 0.3 GPa in the reconstructed recipro-
cal space layers, as shown in Fig. 4(e) (BT #0, P = 0.1 GPa).
This intensity map was obtained by integrating a region of
the reconstructed reciprocal space (along b∗) over a narrow k
window (from k = 4.23 to 4.27) centered at k = 4.25. This
figure allows the simultaneous visualization of reflections
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FIG. 5. (a) P-dependent reciprocal lattice components qb∗
1 and qb∗

2 of the long-range CDW modulation vector q1 and q2 measured for BT
#2–3 and BT #0 of PETRA III. The inset shows the sum of qb∗

1 + qb∗
2 in relation to the value of 0.5 as a function of P. Here and below, we

indicate data collected at BT #0 and BT #2–3 using blue and green/orange symbols, respectively. (b) P-dependent refined and normalized
lattice parameters. The red lines represent linear fits as visual guides, with the extracted slopes indicated. The low-pressure range (LP, 0 <

P < 0.8 GPa) and the high-pressure range (HP, 1.3 � P � 3.3 GPa) are labeled accordingly. The inset compares the data on the monoclinic β

angle measured at BT #0 and BT #2.

associated with the modulation vectors q1 and q2, and ex-
cludes any main Bragg reflection at k = 4 or 5. At ∼0.8 GPa,
the q2 modulation features have completely vanished as ob-
served in BT #3 and BT #0.

The P dependence of the long-range CDW wave vec-
tors q projected along the b direction is summarized in
Fig. 5(a). Throughout this work, we refer to the b∗ axis
projection of these vectors as qb∗

1 and qb∗
2 , respectively. Both

qb∗
1 and qb∗

2 exhibit clear shifts with increasing P, indicating
a pressure-induced change in the periodicity of the CDW
modulations. The shifts of these two low-temperature CDW
wave vectors have opposite signs in the b∗ component. We
note that at the lowest P values, qb∗

1 = 0.241 and qb∗
2 = 0.259

slightly differ from the ambient pressure values of qb∗
1 =

0.24 and qb∗
2 = 0.26 at T = 30 K (Ref. [14]). But the over-

all trends are consistent. An increase in qb∗
2 is observed in

the narrow range prior to the complete disappears of the
long-range CDW2 at ∼0.5 GPa. qb∗

1 decreases with P until
∼0.8 GPa, then plateaus (or inflects) before decreasing again
from ∼1.3 GPa to ∼2.9 GPa, with complete suppression of
the long-range CDW1 order signal at higher pressure. Unlike
qb∗

1 , the value of qb∗
2 increases with P. Interestingly, the sum

of qb∗
1 + qb∗

2 remains approximately constant at ∼0.5 over the
entire pressure range, as shown in the inset of Fig. 5(a). This
observation, within error margins, likely reflects a persistent
phase-coupling relationship between the two CDWs within
their coexistence regime [16,30].

The position of q1 (associated with CDW1 distortion)
exhibits complex and P-sensitive behavior. In contrast, the
main crystal lattice displays no significant anomalies, espe-
cially for the lattice parameters as seen in Fig. 5(b). We only
note that below ∼0.89 GPa, the lattice exhibits a stronger
anisotropy in its compressibility: ∼1% for a, ∼0.4% for b,

∼0.4% for c. This anisotropy suggests that at low P, the
structure compresses preferentially along the a axis, indicat-
ing a tendency to reduce the voids between two-dimensional
structural slabs that extend infinitely along the b and c axes
[see Fig. 1(a)]. These slabs behave like rigid elements with
similar compressibility along b and c, confirming the atomic
connectivity scheme proposed for this compound (see Fig. 1).
Above ∼0.89 GPa, the anisotropy is effectively suppressed,
marking a more isotropic lattice response to pressure. Note
that all data included in Fig. 5(b) are experimental data based
on diffraction datasets collected in this study. More details
about these analyses are given in Supplemental Material [39].

III. DISCUSSION

Considering the NbSe3 phase diagram, our electronical
transport data show good agreement with the single-crystal
x-ray diffraction results. The coexistence of q1 and q2 CDW
wave vectors persists below ∼0.8 GPa, consistent with a
prior study [31]. Above ∼2.9 GPa, the satellite reflections
associated with both long-range CDW orders disappear, and
superconductivity emerges. We emphasize that the disappear-
ing of the CDW satellite reflections signifies the suppression
of long-range CDW orders. Nevertheless, short-range or fluc-
tuating CDW correlations might still persist beyond this
pressure and could influence the transport properties. At
this point, our results contrast to previous reports (e.g.,
Refs. [31,33,34]), which suggest a broad coexistence region
between the long-range CDW and SC phases. In our study,
the phase boundary is well defined and abrupt, as evidenced
by the disappearance of the reflections associated with long-
range q1 and q2 wave vectors and the suppression of the
transport anomaly associated with the CDWs. These features
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occur specifically at ∼2.9 GPa, coinciding with the onset of
SC. Such a sharply defined transition highlights a competitive
interplay between the long-range CDW and SC phases and
aligns with observations in other quasi-1D systems, such as
ZrTe3 [27] and Ta2Se8I [45], where SC emerges only after
the long-range order is completely suppressed.

The primary structural distortion associated with both
long-range CDWs in NbSe3 involves selective displacements
of Nb atoms: Nb(III) in the case of the q1-type modula-
tion and Nb(I) for the q2-type modulation [6,36,38]. These
distortions are accompanied by significant displacements of
the surrounding Se atoms that coordinate Nb(III) and Nb(I),
including those located on type II chains, whereas Nb(II)
remains largely unaffected. These atomic displacements are
attributed to the elastic intra- and interchain responses de-
signed to minimize the Coulomb repulsion between individual
CDWs.

At ambient pressure, the long-range CDW modulations on
each pair of type III or type I chains are arranged out of
phase, as reported in Refs. [36,37]. The type III chains (dou-
ble chains) interact indirectly through intervening quadruple
chains along the c direction. Within these quadruple chains,
type I chains are wrapped by type II chains. Type II chains
are believed to act as a polarizing medium for Coulomb
interactions between the CDWs on the type I and type III
chains [36]. These chains contribute to a closed Fermi surface
(FS) via a less conductive, less 1D electronic band [7,46],
in contrast to the open and flat FS, at ambient pressure,
that originated from two highly conductive 1D d bands on
the type III and type I chains which become gapped below
TCDW1 and TCDW2, respectively. Although the type II chains are
not directly involved in the CDW formation, their electronic
bands are influenced by CDW-induced charge redistribution.
As pressure increases, the warping and hybridization [7,47]
of the different FS sheets may become more pronounced,
leading to degradation of the nesting. As seen in Fig. 1(e)
for CDW1, the P-tuned α1 sharply increases up to ∼0.8 GPa
then decreases, which indicates the maximum reduction of
density state at EF for this P [48]. The α1 decrease (with
P) and increase (with impurity) phenomenon are both ob-
served in previous works [31,48], with one report of constant
α1 [33]. This FS evolution in NbSe3 contributes to the pro-
gressive suppression of the long-range CDW2 and CDW1
orders [31,46], which vanish at ∼0.8 GPa and ∼2.9 GPa,
respectively.

The emergence of SC may relate to the closed FS pocket
associated with the type II chain, the volume of which expands
rapidly with P [38]. This FS pocket is not considered to be
responsible for the CDW formation, but it relates to a Van
Hove singularity in k space, where FSs of the differing di-
mensionality (1D band and 3D band) overlap. Such a scenario
is again similar to the case of ZrTe3 [27]. The increase of Tc in
NbSe3 with P, reaching a maximum of ∼4.5 K at ∼4.6 GPa,
may be associated with the recovery of the density of state
at the FS [46], as the system moves further away from the
CDW-driven instability.

At pressure, below ∼0.8 GPa (LP) and temperatures of
T = 2 and 10 K, n-type carriers dominate at low B values,
but a crossover to p type occurs at higher B values. This
field-induced carrier crossover suggests a strong connection

between hole formation and the characteristics of the CDW2
state. For additional information, please see the discussion of
Refs. [44,49], which propose that the emergence of p-type
carriers at higher B may arise from quasiparticle excitations
across a shrinking CDW gap on the hole surface. Additionally,
the applied magnetic field B may further destabilize certain
electronic states, enhancing hole contributions [50], as elec-
trons condensed into the CDW ground state (charge transfer
between normal carriers and the CDW condensate) [17]. For
a given pressure above ambient and at higher temperatures,
where the long-range CDW2 is fully suppressed, e.g., T =
120 and 200 K, the system exhibits predominantly n-type
conduction.

Above ∼0.8 GPa, the holelike CDW2 state is fully sup-
pressed, and we find that n-type carriers become dominant
across the entire range of applied magnetic fields and pressure.
Notably, both the minima in RH/d [Fig. 3(g)] and MR/B2

[Fig. 3(h)] exhibit anomalies in the ∼0.8−1.3 GPa range,
suggesting a correlation with the carrier-type crossover. Anal-
ysis of these transport signatures supports our observations,
complete the overall picture, and indicate the coexistence,
coupling, and competition of the long-range CDWs as a func-
tion of P and B.

We now turn to the discussion of the opposing shifts
of qb∗

1 and qb∗
2 in the low-P CDW1 and CDW2 coex-

istence region. As shown in the inset of Fig. 5(a), the
shifts preserve the relation 2(q1 + q2) ∼[111], which indi-
cates the possibility of coupled CDW phases. The sharp
increase of qb∗

2 and decrease of qb∗
1 is reminiscent of the

shifts of qb∗
1 and qb∗

2 that are observed in samples carry-
ing an electrical current in sliding CDWs [14–19,29], which
was successfully reproduced by a model of charge trans-
fer [16]. However, this extrapolated charge transfer model
requires both CDWs to be depinned and decoupled, while
there is no evidence in the present work that the two co-
existing charge density waves (CDWs) are depinned below
∼0.8 GPa. In fact, although significant carrier redistribution
occurs around ∼0.8 GPa, no corresponding increase in the
resistivity anomaly associated with long-range CDW1 is ob-
served. This suggests that phase coupling between the two
CDWs remains robust under these conditions and is likely a
key feature of their coexistence in NbSe3. Still, the observed
pressure dependence of the long-range CDW wave vectors
raises further questions and calls for additional diffraction
studies under uniaxial pressure to investigate how the joint
commensurability of the CDWs evolves under both compres-
sive and tensile strain applied along different crystallographic
axes.

Suppression of CDWs under pressure is associated with
a loss of long-range phase coherence, indicating that CDW
ordering in NbSe3 is closely tied to interchain phase relation-
ships. These findings support the view that pressure not only
modifies the lattice and electronic structure but also disrupts
the collective CDW ground state through both structural and
electronic pathways. Beyond 2.9 GPa, short-range or fluctu-
ating CDW effect, without long-range order, may persist, as
evidenced by rising TC of SC, but it is not observed, neither as
a CDW transport anomaly, nor as a diffraction reflection. The
emergence of superconductivity in this regime highlights that
long-range CDW order has been fully suppressed, while any
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residual short-range correlations do not prevent the formation
of the superconducting state.

IV. CONCLUSIONS

Our results on x-ray diffraction, and transport properties
measurements refine and extend our understanding of NbSe3

and its phase diagram. The hypothesis of CDW and SC coex-
istence reported previously [31] (with phase labeled by l + SC
and μ-SC) should be reconsidered. By analyzing the stability
of CDW1 and CDW2, our data enable a detailed investigation
of the dominant charge carrier types across a broad range of P,
T, and B conditions. Importantly, we apply two complemen-
tary experimental techniques to NbSe3 crystal sourced from
the same synthesis batch, allowing for a more precise iden-
tification of sharp phase boundaries. X-ray diffraction data
reveal subtle yet critical P-dependent changes in the satellite
q vectors over a wide temperature range. These observations
deepen our understanding of the long-range CDW-related
phase transitions and provide insight into pressure-induced
CDW periodicity changes.

From our observation, we propose the following scenario:
(1) In the LP region (below ∼0.8 GPa), the CDW1 and CDW2
coexist and joint commensurability is preserved [16]. (2)
In the intermediate region (∼0.8−1.3 GPa), the long-range
CDW2 is suppressed and CDW1 is stabilized (anomaly of
qb∗

1 ). (3) In the HP region (∼1.3−2.9 GPa), the long-range
CDW1 periodicity change becomes more pronounced. (4)
Beyond ∼2.9 GPa, SC emerges upon complete suppression
of the long-range CDW1.

All these changes in the long-range CDWs appear to
leave the main crystal lattice largely unaffected, as evidenced
by the smooth evolution of lattice parameters. This suggests
that the driving force originates primarily within the electronic
system, or its coupling to lattice vibrations, manifesting in
the atomic structure solely as distortions with their own pe-
riodicity. The observed interplay between structure, charge
dynamics, and emergent phases calls for further studies to

be performed using other probes such as inelastic x-ray scat-
tering (IXS), but also to be performed using other stimuli,
such as uniaxial pressure, where the strain cells here might
be more favorable to carry out angle-resolved photoemission
spectroscopy (ARPES).
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