
Article https://doi.org/10.1038/s41467-024-49225-w

Strain-induced long-range charge-density
wave order in the optimally doped
Bi2Sr2−xLaxCuO6 superconductor

Shinji Kawasaki 1 , Nao Tsukuda1, Chengtian Lin2 & Guo-qing Zheng 1

The mechanism of high-temperature superconductivity in copper oxides
(cuprate) remains elusive, with the pseudogap phase considered a potential
factor. Recent attentionhas focusedon a long-range symmetry-broken charge-
density wave (CDW) order in the underdoped regime, induced by strong
magnetic fields. Here by 63,65Cu-nuclear magnetic resonance, we report the
discovery of a long-range CDW order in the optimally doped Bi2Sr2−xLaxCuO6

superconductor, induced by in-plane strain exceeding ∣ε∣ = 0.15 %, which
deliberately breaks the crystal symmetry of the CuO2 plane. We find that
compressive/tensile strains reduce superconductivity but enhance CDW,
leaving superconductivity to coexist with CDW. The findings show that a long-
range CDW order is an underlying hidden order in the pseudogap state, not
limited to the underdoped regime, becoming apparent under strain.Our result
sheds light on the intertwining of various orders in the cuprates.

Strongly correlated electron systems exhibit symmetry-broken states,
such as spin and charge-ordered states1. Unconventional super-
conductivity arises inside or near these states, likely due to quantum
fluctuations of the orders2–4. Therefore, to understand the mechanism
of unconventional superconductivity, it is essential to reveal the nature
of the underlying symmetry-broken states5. There are two well-known
examples of background electronic states that are often discussed as
having broken symmetry.

The first one is the U-based 5f-electron heavy fermion super-
conductor URu2Si2

6,7, where a mysterious phase transition occurs at
THO= 17.5 K with a hidden order, followed by unconventional d-wave
superconductivity with transition temperature Tc= 1.5 K6,7. Despite
several decades of research from 1985, the order parameter has not
been determined yet8. Since superconductivity only appears in the
hidden ordered state, themechanismof superconductivity is currently
unknown8.

The second one is the pseudogap state9 in the copper oxide
(cuprate) high Tc superconductors10. The cuprates exhibit high Tc
superconductivity up to 134 K11 when holes/electrons are doped into
the CuO2 plane and antiferromagnetismof the parentMott insulator is
suppressed3. In the low-doped regime, the pseudogap opens up at the

Fermi surface near the Brillouin zone (0, π) and (π, 0) to reduce the
density of states (DOS) below a temperature T* above Tc12, leaving a
Fermi arc13. Superconductivity arises from this Fermi arc with uncon-
ventional d-wave spin singlet pairing14, which is believed to have ori-
ginated from Cu-3d based electron correlations2–4. The previous high-
field nuclear magnetic resonance (NMR) experiment shows that the
pseudogap and superconductivity coexist12,15. But the origin of the
pseudogap, including whether any symmetry is broken below T*,
remains a mystery despite several decades of research16–24.

The above-mentioned two systems are similar in that the origin of
their background electronic states has not been well understood. The
latter system is the focus of this paper. In the cuprates, anti-
ferromagnetism has long been well studied in the insulating phase2,3,
but recently, long-range charge orders that break the crystal symmetry
of the CuO2 plane in the underdoped regime have also been revealed,
whose intertwining with spin and unconventional superconductivity
has attracted much attention5.

Historically, a charge stripe order accompanied by spin order was
first found in La-based cuprates with the hole concentration p = 0.125
below T = 60K25. This was pinned by low-temperature tetragonal (LTT)
lattice deformation and suppressed superconductivity25. The
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orientation of the stripes changes by 90-degree between layers,
forming a three-dimensional spin-charge stripe order in the LTT
structure25. More recently, it has been found thatmagnetic field can be
used as a tuning parameter of the charge order in YBa2Cu3Oy

(YBCO)26–28 and Bi2Sr2−xLaxCuO6+δ (Bi2201)
29. In the latter compound,

when amagneticfield aboveH = 10 T is applied to the superconducting
phases over a wide doping range p = 0.114–0.149, an in-plane long-
range unidirectional-incommensurate charge density wave (CDW)
order appears below TCDW= 50 - 60K29. Such magnetic field-induced
long-range CDW order differs from the stripe order in that it does not
involve spin order and has a different doping dependence24. It is also
interesting that a positive correlation has been found between TCDW
and T*29. Resonant x-ray scattering (RXS)30–39 and scanning-tunneling
microscopy (STM) experiments32,40–42 suggest that the magnetic field-
induced long-range CDW order originated from either stripe-type
(QCDW, 0) [(0, QCDW)] or checkerboard-type short-range CDW order
(QCDW, QCDW), with QCDW=0.2 - 0.3 and correlation length ξCDW= 30 -
100 Å at H =0. In YBCO, quantum oscillation above H = 20 T suggests
that the Fermi arcs appear to be reconstructed into small electron
pockets when the long-range CDW order sets in43.

Looking more closely into Bi2201, one notices that spin, charge,
and superconductivity are intertwined. Figure 1a shows the hole con-
centration (p) vs. temperature (T) phase diagram of Bi2201, as deter-
mined by the previous NMR experiments at H∥c= 13 T44. Hatched
regions show short-range CDWorders observed by RXS/STM32,36,37,40,41.
Unlike YBCOwhere short-range CDWorder was detected by a few kHz
broadening in enriched 17O-NMR spectra45, Bi2201’s Cu-NMR lacks such
high resolution, hindering similar observations. Instead, charge fluc-
tuations can be obtained from the relaxation process of the 63,65Cu
nuclear spin-lattice relaxation rate (1/T1)44; charge fluctuations coexist
with spin fluctuations in the entire phase diagram44. The magnetic
field-induced symmetry-broken long-range CDW order appears above
Tc in the underdoped regime p = 0.114–0.149 below the optimal

doping level p =0.162. Figure 1a is reminiscent of the theoretical pro-
posals that quantum critical fluctuations of the long-range CDW order
can induce d-wave superconductivity46–48.

Charge orders are often seen in the vicinity of superconductivity,
not just in cuprates, but also in other strongly correlated 3d electron
systems, such as the layered transition metal dichalcogenides49 and
kagome vanadate CsV3Sb5 superconductor50–52. Hence, symmetry-
broken charge order, together with its quantum fluctuations, are key
players in the background electronic state of strongly correlated
electron systems. However, a systematic understanding of their nature
and their role in the occurrence of superconductivity remains elusive.

In this study, we aim to reveal the primary order that composes
the background electronic state and leads to high-Tc super-
conductivity in the pseudogap regime of the cuprates. We focused on
the effectiveness of uniaxial strain for symmetry-broken electronic
states. In the optimally doped Bi2201 superconductor, the long-range
CDWorder remains absent even after suppressingTc= 32 K completely
with an ultra-highmagnetic field ofH∥c= 45 T53. This suggested that the
long-range CDW order may only emerge near antiferromagnetism.
Here we report uniaxial strain effects on the optimally doped
Bi2201 superconductor (p =0.162) with a tetragonal structure under a
vertical field of H∥c= 13 T. The sample used in this experiment and
strain application are verified experimentally (see Fig. 1b, c, “Methods”
and Supplementary Figs. 1–4 and Note 1–4). We find that strain sym-
metrically suppresses superconductivity. With increasing strain, the
charge fluctuations become dominant, while the spin fluctuations are
driven away. For strain above ∣ε∣ =0.15 %, we find a strain-induced
phase transition from short-range CDW to long-range CDW as evi-
denced by a peak in the nuclear spin-lattice relaxation rate divided by
temperature 1/T1T above Tc(ε) and a pronounced increase in the line-
width of the 63Cu-NMR satellite line compared to the center line.
Concomitantly, the Knight shift, reflecting the DOS at the Fermi sur-
face, decreases upon the phase transition, indicating that the Fermi
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Fig. 1 | Phase diagram of Bi2Sr2−xLaxCuO6+δ (Bi2201) and verification of the
sample. a Doping dependence of pseudogap (PG), antiferromagnetism (AF),
magnetic field-induced long-range charge-density wave order (FICDW), and
superconductivity (SC) of Bi2201. Dotted and solid curves indicate pseudogap
temperature T* and Tc. AF (spin) and CDW [charge (CH)] orders [fluctuations
(FLUC)] are obtained by previous NMR measurements at H∥c= 13 T44. The hatches
indicate the regions where short-range CDW order was observed by resonant x-ray
scattering32,36,37. The checkerboard pattern indicates the region where the

checkerboard-like charge order on the surfacewasobserved by scanning-tunneling
microscopy experiments32,40–42. 63,65Cu-NMR spectrum at T = 10K (b) and 63Cu-
nuclear spin-lattice relaxation rate divided by temperature 63(1/T1T) below T = 50K
(solid circles) (c) for optimally doped Bi2201 (p =0.162) are measured with cell
[fixed on the cell (Vpiezo= 0)]. The others (open triangles) are obtained from the
bare sample [without the cell (zero strain)]. Inset of (c) is an enlargement of the low-
temperature region below T = 50K (Vpiezo= 0). Dotted and solid arrows indicate T*

and Tc, respectively.

Article https://doi.org/10.1038/s41467-024-49225-w

Nature Communications |         (2024) 15:5082 2



surface is reconstructed into a smaller one. The results suggest that a
symmetry-broken long-range charge order is latent in the pseudogap
regime of the cuprates as the background electronic state.

Results
Symmetric strain response of Tc

Figure 2 a, b show the temperature dependence of ac susceptibility
under compressive and tensile strain measured at H =0 and 13 T,
respectively. The crystal brokewhen the strain wasmore than ∣ε∣ = 0.25
%. The strain dependence of Tc is summarized in Fig. 2c. Under the
composite parameters of strain and high field H∥c= 13 T, Tc decreases
symmetrically with compression and tension, as anticipated. This
observation contrasts with the highly anisotropic response observed
in the underdoped YBCO superconductor with orthorhombic
structure54,55. Because Bi2201 is a single-square CuO2 plane cuprate
with a tetragonal structure56, this suggests that the present result is the

intrinsic strain response of superconductivity in cuprate. Notably, the
strain response (dTc/dε) becomes small above ∣ε∣ =0.1 %, and Tc does
not decrease appreciably. The NMRmeasurements were performed at
H∥c= 13 T below ∣ε∣ = 0.25 %.

Evidence for a phase transition under strains
Figure 3 a, b show the temperature dependence of 63Cu-NMR 1/T1T
under various strains. First, near T = 50K, 1/T1T shows no clear strain
response, suggesting that the pseudogap temperature T* is not
strongly affected by strain. On the other hand, 1/T1T decreases sharply
below Tc as obtained by ac susceptibility in Fig. 2.

As shown in Fig. 3a, above Tc, we found a peak at TCDW for large
strains beyond ε = −0.152 %, while such a peak is absent for ε = −0.104
%. The meaning of TCDW will become clear later. TCDW increases with
increasing strain, reaching TCDW= 28K at the maximum compression
of ε = −0.225 %. The peak height also increases with increasing strain.
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strain (ε =0).
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The situation is similar under tensile strain (Fig. 3b). In general, 1/T1T
shows a peak at a phase transition temperature. This occurs because
the NMR relaxation rate diverges as the order parameter’s fluctuation
slows down towards zero at the critical point. It is noteworthy that the
peak in 1/T1T shows a qualitatively samebehavior as themagnetic field-
induced long-range CDW order found in the underdoped Bi2201
superconductors, signaling a phase transition29,44. We summarized Tc
and the observed phase transition temperature under strain in Fig. 4a.

Strain dependence of the phase transition at T = 10 K
Complementary to the insights from the temperature dependence of
T1, we investigated the phase transition at a fixed temperature by
measuring the strain dependence of DOS and the full-width at half
maximum (FWHM) of the 63Cu-NMR center line. The spin part of the
Knight shift, Ks (see Methods) is a direct measure of the spin sus-
ceptibility at the Cu-site and, consequently, the DOS, which corre-
lates with the hole concentration p12. The FWHM, on the other hand,
provides information about the spatial distribution of the DOS and/
or p.

Figure 5 displays the strain dependence of the 63Cu-NMR center
line at T = 10K. Ks (Fig. 5b) and the FWHM (Fig. 5c) were obtained from
Gaussian fitting to the spectra (see “Methods”, Supplementary Fig. 4
and Note 4). Ks increases with strain up to ∣ε∣ = 0.1 %, towards a con-
stant, then decreases sharply beyond ∣ε∣ =0.15 % (see Fig. 5b). Note that
T = 10K is below Tc(ε) up to ∣ε∣ = 0.1 % (see Fig. 2c). Therefore, the
increase of Ks under strain reflects the recovery of the Bogoliubov
quasiparticle DOS with decreasing Tc up to ∣ε∣ =0.1 %. The estimated
relative DOS (see Methods) from Ks, which corresponds to the size of
the Fermi arc12,13, is also indicated with the secondary vertical axis of
Fig. 5b. The reduction of the relative DOS from0.5 to 0.3 also occurs at
∣ε∣ =0.15 %, indicating that a Fermi surface reconstruction to a smaller
size occurred. Here, the observation that the NMR spectrummaintains
its Gaussian shape while the Ks changes indicates that the strain-
induced changes in the electronic state occur uniformly throughout
the entire sample.

Figure 5 c shows a FWHM increase of 0.2 MHz across ∣εc∣ =0.15 %,
suggesting the emergenceof a distribution of theDOS, likely reflecting
a spatial variation in the carrier density within the CuO2 plane. Fur-
thermore, the FWHM was found to increase above ∣εc∣ following the
strain dependence of the mean-field model, (ε − εc)

0.5 with εc = −0.152
%. At T = 10K, the phase boundary is at ∣εc∣ =0.15 %, as can be seen in
Fig. 4a. Notably, themean-field growth of the order parameter has also
been observed in the magnetic field-induced long-range CDW
order26,29.

Therefore, the strain dependence of Ks and the FWHM suggest a
uniform growth of the order parameter [charge (hole) distribution
amplitude] across all Cu sites above the critical strain ∣εc∣, indicative of
a long-range order (second-order phase transition) at εc.

Figure 5 d shows the data for 1/T1T at T = 10K as a function of
strain, which were extracted from Fig. 3a, b. In contrast to the
reduction of Tc upon applying strain, 1/T1T increases under strain.
The observed behavior is qualitatively consistent with that of Ks(ε).
However, 1/T1T continues to increase even though Tc changes little
and Ks becomes constant above ∣ε∣ = 0.1 %, reaching a maximum at
the phase boundary ∣εc∣, and then decreases as Ks decreases (the
FWHM increases) with further strain. The peak in 1/T1T at ∣εc∣ further
supports the occurrence of a long-range order (second-order phase
transition).

In addition to the T1 for 63Cu, we measured the T1 for 65Cu at
T = 10K (Fig. 5d) to investigate the strain response of spin and charge
fluctuations that equally exist at ε =044. The strain dependence of the
ratio, 65(1/T1)/63(1/T1), is shown in Fig. 5e. When spin fluctuations are
dominant, 65(1/T1)/63(1/T1) = 1.15, while when charge fluctuations are
dominant, 65(1/T1)/63(1/T1) = 0.86. At ε = 0, spin and charge fluctuations
coexisted [65(1/T1)/63(1/T1) = 1]44, however, we found that the fraction of
the charge (spin) fluctuations increased (decreased) as the strain was
increased and superconductivity was suppressed, and the charge
fluctuations became dominant above ∣ε∣ =0.15 % [65(1/T1)/63(1/
T1) = 0.86]. Therefore, the strain-inducedphase transition ismost likely
due to a charge-originatedone. To confirm that the order parameter of

0 10 20 30 40 50
0

2

4

6

8

10

0 10 20 30 40 50
0

2

4

6

8

10a

1 
/ T

1T
 (s

-1
K-1

)

 � = 0
 +0.166%
 +0.195%

 � = 0
 -0.104%
 -0.152%
 -0.195%
 -0.225%

b

TCDW

Tc

T (K) T (K)

Tc

TCDW

Fig. 3 | Evidence for a phase transition in the pseudgap state under strains.
Temperature dependenceof the 63Cu-nuclear spin-lattice relaxation rate dividedby
temperature 63(1/T1T) in the optimally doped Bi2201 superconductor under

compressive (a) and tensile (b) strain atH∥c= 13 T. Solid and dashed arrows indicate
Tc and TCDW, respectively. Error bars represent the standard deviations of the fit
parameters.

Article https://doi.org/10.1038/s41467-024-49225-w

Nature Communications |         (2024) 15:5082 4



the phase transition is indeed of charge origin, we systematically
measure NMR spectra under strain.

Evidence for a long-range charge order
Figure 6 a–f shows the temperature dependence of the 63Cu-NMR
center line (Fig. 6a–c) and 63,65Cu satellite lines (Fig. 6d–f), measured
under the compressive strain ε = −0.225%, zero strain ε =0, and the
tensile strain ε = +0.195%, respectively. The signal ofCu-metal near the
center peak comes from the strain cell (see, Supplementary Fig. 4).

As shown in Fig. 6g, the FWHM did not show a temperature
dependence at ε = 0. However, the FWHMof the satellite line increased
significantly at ε = −0.225% and + 0.195%, while the FWHM of the cen-
ter line increased only slightly at low temperatures. The FWHM of the
satellite line increased by more than 2MHz, compared to the center
line FWHM of only 0.2MHz, as observed in the strain dependence
(Fig. 5c). In principle, the satellite line width is more affected by the
distribution of the quadrupole interaction. This is because, in this
experiment, the external magnetic field and the principal axis of the
electric field gradient (EFG) at the Cu site are in parallel. In this situa-
tion, the center peak originated from the Zeeman interaction, while
the satellite peaks are originated from both the Zeeman and the
quadrupole interactions (see “Methods”). Therefore, the fact that the
center peak only slightly broadens while the FWHM of the satellite
peaks increases significantly below TCDW is evidence that a static dis-
tribution of the quadrupole interaction, rather than the Zeeman
interaction, exists. Thus, Fig. 6g shows that a strain-induced long-range

CDW order occurs in the CuO2 plane below TCDW(ε). The observed
spectral changes, the satellite line being more prominently affected
than the center line, are consistentwith those found formagneticfield-
induced long-range CDW order in underdoped cuprates26,29,44. Fur-
thermore, the FWHM does not change or even increase below Tc(ε),
which indicates that the strain-induced long-range CDW order and
superconductivity are not mutually exclusive, and superconductivity
can occur even in the long-range CDW ordered state (see Supple-
mentary Fig. 5 and Note 5 for more detail).

As can be seen in Fig. 4a which shows the obtained phase diagram
of the optimally doped Bi2201 superconductor under strains at
H∥c= 13 T, unlike the underdoped YBCO superconductor54,55, we
observed that both superconductivity and CDW exhibit symmetric
strain responses. The present results also contrast with recent findings
that stress along [100] direction has essentially no effect on TCO in
underdoped La1.875Ba0.125CuO4

57. The present study demonstrates the
simultaneous observation of the two orders under strains in an opti-
mally doped cuprate.

Discussion
First, we discuss the origin of the strain-induced long-range CDW
order. In the optimally doped Bi2201 superconductor, recent high-
resolution resonant inelastic x-ray scattering measurement has con-
firmed the formation of a short-range unidirectional stripe CDW order
with equal populations of 90-degree rotated domains in the CuO2

plane58. The wave vector and correlation length of each domain were
determined, as QCDW= (0.23, 0) and (0, 0.23) with ξx,y= 19 Å and
ξy,x= 10 Å, respectively58. Here, x and y indicate orthogonal Cu-O bond
directions. NMR45 and RXS35,59 studies of underdoped YBCO super-
conductors have also suggested a unidirectional nature of the
CDW order.

In this study, we applied strain along the Cu-O bond direction,
which breaks the crystal symmetry of the CuO2 plane. This will align
the short-range CDWdomains, making the wave vector parallel to one
of the Cu-O bond directions. The situation is schematically illustrated
in Fig. 4b. The fact that the number of domains is equal in the x- and y-
directions at ε =058 means that they are isotropically distributed along
the Cu-O bond direction as long as the CuO2 plane remains square and
energetically degenerated. In other words, if strain-driven symmetry
breaking lifts the degeneracy of the orthogonal domains, either
domain aligns with one of the Cu-O bond directions. With increasing
strain, ξ increases due to the spatial overlap of the short-range CDW
order, resulting in the long-range ordering with QCDW. Hence, TCDW
increases with increasing strain.

We note that the strain-induced long-range CDW order is insuffi-
cient tomodify the NMR satellite spectrum shape in a way, such as the
peak splitting observed in the magnetic field-induced CDW order, due
to the lower TCDW29. But it is likely that the same incommensurate
stripe-typeCDWorder as themagneticfield-inducedone29,44 is realized
(see Fig. 4b). Assuming that the center and satellite spectra split into
two peaks due to the incommensurate CDW order, similar to the
magnetic field-induced long-range CDWorder29, we obtain spatial hole
concentration distribution δp = ± 3.5% (Supplementary Fig. 6 and
Note 6), which is about half that of the magnetic field-induced CDW
order. This is a reasonable value considering that the strain-induced
TCDW is 28 K, about half of 60K for the magnetic field-induced long-
range CDW order with δp = ± 6%29. This explanation is qualitatively
consistent with the results in Fig. 5d, e, which show that the peak in 1/
T1T (long-range CDW order) appears as the charge fluctuations gra-
dually become dominant over the spin fluctuations with increasing
strain. In addition, the symmetric response of the CDW under com-
pression and tension can be understood because the domains align
equally in either strain direction within the CuO2 plane, due to crystal
symmetry breaking. Comparison with the hydrostatic-pressure
responses of superconductivity and the magnetic field-induced long-
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range CDW order supports this hypothesis. In the underdoped YBCO
superconductor, although Tc slightly increases in the opposite trend to
the strain response in the plane, themagnetic field-induced long-range
CDW order is suppressed under high hydrostatic pressure up to
P = 2GPa, which preserves crystal symmetry60.

It is emphasized that the long-range CDW order is absent in the
optimally doped Bi2201 superconductor without strain even under an
ultra-high magnetic field of H∥c= 45 T53, while it appears in the under-
doped YBCO superconductor at high fields26 or under strain atH =054.
Therefore, it can be concluded that a crystal symmetry breaking in the

CuO2 plane is the most important factor for the short-range CDW to
develop into a long-range order, as observed in this study.

Next, we discuss the relationship between superconductivity and
the long-range CDW order. As summarized in Fig. 4a, Tc is reduced by
strain at H∥c= 13T. In addition, the doping (Fig. 1a) and strain (Fig. 4a)
phase diagram suggest that Tc decreases when the charge fluctuations
replace the spin fluctuations regardless of doping or strain, suggesting
that the charge fluctuations tend to be unfavorable for super-
conductivity. In fact, recent theories also suggest that CDW is a com-
petitor of superconductivity61. Upon the emergence of long-range CDW
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order above ∣ε∣ =0.15 %, where a reduction in the DOS suggests Fermi
surface reconstruction (Fig. 5b), Tc is reduced but retains a finite value.

The nature of superconductivity in the long-range CDW ordered
state has been debated5. As depicted in Fig. 3a, b, the temperature
dependence of 1/T1T below Tc remains largely unchanged under strain,
suggesting that the superconductivity may retain its d-wave nature in
the long-range CDW ordered state. Therefore, it is suggested that the
reconstructed Fermi surface is compatible with d-wave super-
conductivity (d-SC), or the superconducting order parameter adapts
to the spatial modulation of the charge density, which is why dTc/dε
becomes small after the long-range CDW order appears. Below, we
discuss two adapted formsof superconductivity. In thefirst place,d-SC
can coexist with unidirectional long-range CDW order as a form of a
striped superconducting state5. Second, in the underdoped region
without strain, a p - T phase diagram has been proposed in which
superconductivity exhibits as a form of a pair density wave (PDW)
within a long-range CDW ordered state62,63. A PDW state is a super-
conducting state with a spatially modulated electron-pair density and
energy gap with an average value of zero5,64. For example, a unidirec-
tional PDWordered state has a wave vector half that of the preexisting
long-range CDW ordered state, i.e., QPDW=QCDW/2

5.
A central challenge in this regard is to experimentally distinguish

between the ordinary long-range CDW order + d-SC coexisting state
and the long-range PDW state, as these states are energetically nearly
degenerate5. NMR could potentially capture the difference in spatial
modulation between these two states below Tc. However, no change in
the spectral shape indicative of a PDW state was observed below Tc
(see Fig. 6 and Supplementary Fig. 5). This is consistent with previous
NMR studies on YBCO that also did not find conclusive evidence for a
PDW state65.

Notably, a possible PDW state is currently being widely discussed
in strongly correlated electron superconductors64, including cuprate
superconductor Bi2Sr2CaCu2O8+x

66, kagome superconductor
CsV3Sb5

67, heavy fermion superconductor UTe2
68, and iron-based

superconductor EuRbFe4As4
69. However, experimental observations

have thus far been confined to surface-sensitive STM techniques.
Therefore, to demonstrate a PDW state in bulk, a different approach is
required. NMR experiments, such as the one presented here, are a
promising candidates. We anticipate that the strain experiment in this
investigation will pave the way for future research into the PDW state.

In conclusion, through the measurements of ac susceptibility,
63,65Cu-NMR T1, and spectra in the optimally doped
Bi2201 superconductor under uniaxial strain, we found that strain-
driven crystal symmetry breaking enhances CDW and suppresses
superconductivity in the pseudogap state even in the optimally doped
regime that is apart from the antiferromagnetically-ordered region or
themagnetic field-induced long-rangeCDWordered region. Under the
strain ∣ε∣ =0.15% along the Cu-O bond direction, charge fluctuations
become dominant over spin fluctuations followed by a suppression of
superconductivity. For higher strain above ∣ε∣ = 0.15%, we found a
strain-induced long-range CDW order with a reduction of the DOS
likelydue to Fermi surface shrinking. Thepresent results suggest that a
long-range CDW order is a latent order in the pseudogap phase, which
becomes visible by a slight crystal symmetry breaking. Super-
conductivity survives in the long-range CDW ordered state with pos-
sible reconstructed Fermi surface, suggesting the possibility of exotic
nature such as a pair density wave state. The present results highlight
the importance of the CuO2 plane symmetry in the cuprates and sug-
gest thatuniaxial strain couldbea valuable tool to further elucidate the
intertwined orders in strongly correlated electron superconductors.

Methods
Sample
Bi2Sr2−xLaxCuO6+δ crystallizes tetragonal structure (space group I4/
mmm) without a structural phase transition56. There is only one CuO2

plane per unit cell, and the interplanar spacing is the largest in cup-
rates. The single crystal of Bi2Sr1.6La0.4CuO6+δ (p =0.162, Tc= 32 K) was
grown by the traveling solvent floating zone method56. The hole con-
centration (p) was estimated previously70. The single crystal plates
used for the measurement were cut from the same ingot as the crystal
used in the previous NMR experiments12,15,29,44,53. Small and thin single-
crystal platelet, sized up to L0 ×W × th = 2.00 ×0.62 ×0.12mm3 where
L0 is the length of the strained part, W is the width, and th is the
thickness along the c axis was cleaved from the ingot. The strain was
applied along the Cu-O bond direction, which was determined by the
Laue picture. The 63,65Cu-NMR spectrum (Fig. 1b) and 63(1/T1T) below
T = 50K (Fig. 1c) measured at Vpiezo = 0 for reproducibility are con-
sistent with the results measured on the bare sample. T* ≈ 160 K and
Tc(H∥c = 13 T) = 17.5 K are consistent with the previous results12,15,29,44,53.

NMR
There is only one Cu site in the single CuO2 layer cuprate Bi2201. For
63,65Cu-NMR, the Hamiltonian is the sum of the Zeeman and nuclear

quadrupole interactions71 as H = Hz +HQ = �63,65γ_I �H0ð1 + 63,65KÞ+
h63,65

νQ
6 ½3Iz2 � IðI + 1Þ+ηðIx2 + Iy2Þ�, where gyromagnetic ratio 63γ

(65γ) = 11.285 (12.089) MHz/T, 63,65K is the Knight shift, and the

nuclear spin I = 3/2. 63,65νQ = 3eqVzz
2Ið2I�1Þh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 +η2=3
p

with 63Q (65Q) =

−0.220( −0.204) × 10−24cm2 72 and Vzz being the nuclear quadrupole
moment and the EFG tensor71. The principal axis of the EFG is along the
c axis, which is parallel to the external magnetic field H0. The asym-
metry parameter η are defined as η = (∣Vyy∣ − ∣Vxx∣)/∣Vzz∣, which is zero73

and the strain (up to 0.225 %) in this studywas not large enough η to be
clearly appeared in the measurement results. The 63,65Cu-NMR spectra
were taken by sweeping the rf frequency by using a phase-coherent
spectrometer. As shown in Fig. 1b, when H0 and the principal axis of
the EFG are in parallel, the center and the two satellite lines between
∣mi and ∣m� 1i, (m = 3/2, 1/2, -1/2), at the resonance frequency
fm↔m−1 =

63,65γH0(1 +
63,65K) − (63,65νQ)(m − 1/2) are obtained for 63Cu and

65Cu, respectively71.
63K(%) is obtained from thepeak frequency (fc) of the center line as

K(%) = 100 × f c�γH0
γH0

. The Knight shift is denoted by K = Ks + Korb, where

Ks and Korb are the spin and orbital contributions, respectively. Ks is
proportional to the spin susceptibility χs

71 and thus reflect the DOS.
Korb is known tobe 1.21 %12. Therefore, wecan estimate the relativeDOS

at T = 10 K as Nð10KÞ
N0

= Ksð10KÞ
KsðT ≥T *Þ =

½KðεÞ�1:21%�
0:3% , where N0 is the DOS above T*

and Ks(T≥T*) = 0.3 % was previously determined12.
In the long-range CDW ordered state, a spatial modulation δνQ(r)

[≫ δK(r)] appear to split or broaden the spectrum29,74,75. The 63Cu-NMR
high frequency satellite line ( − 1/2↔ − 3/2 transition, f ≈ 177 MHz) is
used to detect a long-range CDW order in the same way as in the
previous report of themagneticfield-induced long-rangeCDWorder29.

The 63,65Cu-NMR T1 were measured at the center peak ( + 1/2↔ − 1/
2 transition, f ≈ 148 and 158 MHz, respectively). To obtain T1, the time
dependence of the spin-echo intensity after the saturation of the
nuclear magnetizationM (recovery curve) was fitted by the theoretical
function76. Typical recovery curves used to determine T1 are shown in
Supplementary Fig. 7 and Note 7. In general, in strongly correlated
electron systems, T1 probes the spin fluctuation through the hyperfine
coupling constant Aq as 63,65 ð1=TM

1 Þ / 63,65 γkBT
P

q∣Aq∣
2χ 00?ðq,ω0Þ=ω0,

where ω0 is the NMR frequency and q is a wave vector for a spin
order77. On the other hand, in the case that T1 probes the EFG (charge)
fluctuation, then it is dominated by the quadrupole moment as
63,65 ð1=TQ

1 Þ / 3ð2I +3Þ(63,65Q2)/[10(2I − 1)I2]78. Therefore, the origin of
the nuclear spin lattice relaxation process for the cuprate can be
identified from the ratio, 65(1/T1)/63(1/T1)44. When spin fluctuations
dominate,65(1/T1)/63(1/T1) = (65γ/63γ)2 = γ2R = 1.15, while charge fluctua-
tions dominate, 65(1/T1)/63(1/T1) = (65Q/63Q)2 = Q2

R = 0.8644. In the
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superconducting state below Tc, 1/T1T reflects the temperature
dependence of the quasiparticle density of states, N(EF). The T1 mea-
surements under strain in this studywere performed in the pseudogap
state below T = 50 K. If a long-range CDW order occurs, 1/T1T shows a
peak at TCDW29.

Uniaxial strain
A homemade piezoelectric-driven strain cell is used to compress and/
or tensile single crystal plate. Following C.W. Hicks et al.79, as shown in
Supplementary Fig. 1, we have arranged three commercially available
piezoelectric actuators (PI, P-885.51) in a configuration of two outer
and one inner actuators, and connected them with a titanium cell to
allow compression and tension of the crystal plate in the center of the
cell. A sample plate was fixed to the cell using epoxy (STYCAST
2850FTJ). A power supply (Razorbill Instruments, RP100) was used to
drive the actuators. The actual displacement is determined by reading
the capacitance of a homemade parallel-plate capacitor placed next to
the sample with an LCR meter (Keysight, E4980AL). For NMR mea-
surement, to avoid temperature-dependent changes in strain, we
applied voltage to the actuators andmonitored the strain value at each
temperature.

In this paper, in line with previous strain experiments57,80,81, we
define strain (ε) using the displacement x as ε(%) = 100 × (x − x0) / L0,
whereL0 is theunstrained lengthof the crystal.Wehave verified that x0
(Vpiezo= 0) corresponds to the zero-strain (bare sample) within the
error of NMR experiments and Tc measurements, based on the results
of our investigation using Bi2201 (see Fig. 1c and Supplementary
Fig. 1-4 and Note 1-4). The results measured with the sample fixed with
the cell at zero volts (Vpiezo= 0) all agreewith the resultsmeasuredwith
the bare sample (zero strain). As shown in Supplementary Fig. 2,
Hooke’s law was confirmed within the strain range of the experiment,
indicating that the strain was uniformly distributed in the sample.

Our cell does not have a force sensor to directlymeasure pressure
alongside strain. Therefore, for reference, we estimated pressure
values using the elastic constants of Bi2Sr2CuO6 from prior first-
principles calculations82. These estimated values are shown on the
upper axis of Fig. 4a. Of note, our value is in good agreement with that
reported in strain experiments on the related cuprate
La1.875Ba0.125CuO4 superconductor

57.

Measurements
We measured ac susceptibility, 63,65Cu-NMR spectrum, and nuclear
spin-lattice relaxation time T1. A high-resolution superconducting
magnet (Oxford Instruments, AS600) is used to apply a constant
magnetic field of H = 12.951 T (H∥c= 13 T in this paper) along the c
direction to partially suppress superconductivity and to compare the
results with those at ε = 0 (Fig. 1a). The high field is also effective for
NMR experiments on a tiny single crystal, as it can improve the signal-
to-noise ratio. Tc(ε) was measured by recording the resonance fre-
quency of the NMR coil during both cooling and warming the sample
on the strain cell. To detect a long-range charge order, 63Cu-NMR T1,
the center, and the satellite spectraweremeasured systematically. The
strain dependence of Tc was obtained by using six single-crystal plates
and three homemade strain cells (#3, #4, and #5). This was done to
confirm the reproducibility of the results and to determine the strain
amount atwhichHooke’s lawholds. The results for all six sampleplates
were the same until the plate broke, so the results are shown without
distinction in Fig. 2. NMR experiments were performed on the sixth
plate. The photographs in Supplementary Fig. 1 show cell #5.

Data availability
All data supporting the findings of this work are presented in the
manuscript and its associated Supplementary Information. Additional
data are available from the corresponding author(s) upon request.
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