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Using sound velocity and attenuation measurements in high magnetic fields, we identify a new transition
in the vortex lattice state of La2−xSrxCuO4. The transition, observed in magnetic fields exceeding 35 T and
temperatures far below zero field Tc, is detected in the compression modulus of the vortex lattice, at a
doping level of x ¼ p ¼ 0.17. Our theoretical analysis based on Eilenberger’s theory of the vortex lattice
shows that the transition corresponds to the long-sought 45° rotation of the square vortex lattice, predicted
to occur in d-wave superconductors near a van Hove singularity.
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The band structure of 2D metals hosts special points,
known as van Hove singularities (vHS), where the density
of states diverges. When the Fermi level is tuned toward a
vHS, electronic correlations are amplified. This is exem-
plified in twisted bilayer graphene, where proximity to a
vHS at certain “magic angles” [1] can stabilize unconven-
tional superconductivity [2] and correlated insulating states
[3]. In Sr2RuO4 a vHS can be tuned to the Fermi level with
chemical substitution or strain, yielding a dramatic increase
of superconducting Tc [4], and non-Fermi liquid behavior
[5,6]. Finally, in high-Tc cuprate superconductors, the
closing of the notorious pseudogap has been associated
with doping through a vHS [7].
In 2D type-II superconductors with d-wave gap sym-

metry, the proximity to a vHS results in unique behavior of
the vortex lattice (VL). Generally, at low enough fields, a
triangular vortex lattice minimizes the dominant electro-
magnetic interactions [8]. With increasing field, the inter-
vortex distance decreases and anisotropies in the electronic
structure and/or superconducting gap become relevant.
They produce anisotropic screening currents and field
distributions around vortices that lead to solid-solid tran-
sitions where the symmetry and orientation of the VL with
respect to the crystallographic axes are modified. Such
solid-solid transitions are of central interest in a wide
variety of fields beyond superconductivity, such as metal-
lurgy and crystallography [9].
In YBa2Cu3Oy, the d-wave gap anisotropy is dominant.

Consequently, a square VL with nearest neighbors along
the nodal direction is expected [10], as observed with small
angle neutron scattering (SANS) [11,12]. On the other

hand, in La2−xSrxCuO4 (LSCO) close to optimal doping,
proximity to a vHS induces a significant Fermi velocity
(vF) anisotropy that in turn stabilizes a square VL with
nearest-neighbor direction oriented along the Cu─O bond
at low field [13,14].
The presence of a d-wave gap and fourfold Fermi

velocity anisotropy are the ingredients of a long-standing
theoretical prediction. Using the Eilenberger theory of the
VL [15], Nakai et al. predicted that in a sufficiently large
magnetic field, the vortex lattice will rotate 45°, through a
first order phase transition, changing the nearest-neighbor
vortex alignment from along the minima in vF to the
minima in the superconducting gap Δ. It is thus predicted
that eventually, as the upper critical field is approached, the
superconducting gap anisotropy dictates the square lattice
coordination [16].
The d-wave superconductor LSCO near its doping-

induced Lifshifz transition is a promising candidate
material to display such physics. However, the unconven-
tional electronic properties that typify high-Tc cuprates call
into question the applicability of conventional theories for
vortex physics. The prediction of a field-induced square-
square vortex lattice rotation thus stands as an important
test of such theories. Experimentally, however, this is a
challenging task. Scanning tunneling microscopy, tradi-
tionally used to image the VL [17], is not applicable to
LSCO as high quality surfaces have not been established.
The weak neutron-matter interaction requires SANS
experiments to be carried out using dc magnets to obtain
sufficient counting statistics. This fact has prevented SANS
from accessing field strengths of interest. Ultrasound offers
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a solution to all those challenges: it is sensitive to the
elasticity of the VL and can be measured in pulsed
magnetic fields, which cover a larger field range.
Here we present an ultrasound study of the VL of LSCO

up to 65 T and down to 1.5 K. We find a new elastic
anomaly, marked by a sudden jump in the sound velocity at
low temperatures. Measuring doping levels from p ¼ 0.10
to p ¼ 0.215, we see it only at p ¼ 0.17 (Tc ¼ 38 K).
Moreover, the transition is only observed in the in-plane
compression mode, leaving other modes unaffected. Given
the absence of any sharp electronic phase transition in this
temperature-field range, and the fact that the transition is
only seen within the VL state, we conclude that the feature
can only come from a change in the VL structure. Using
Eilenberger equations along with a realistic tight-binding
model of the electronic structure of LSCO p ¼ 0.17, we
show that a square-square first order transition is expected
in the field and temperature range where the ultrasound
anomalies are observed. We hence conclude that the
transition detected in ultrasound in LSCO p ¼ 0.17 is
the long-sought square-square VL transformation.
The elastic tensor of a triangular VL is made up of three

independent elastic moduli (assuming a field along the c
axis): a compression modulus cvL ¼ cv11 − cv66, a tilt modu-
lus cv44, and a shear modulus cv66 (Voigt notation used; see
Refs. [18,19] for reviews). In the field range considered
here, and for extreme type-II superconductors such as
LSCO (κ ≈ 100), we have cv66 ≪ cv11 ¼ cv44 ≈ B2=4π
[18]. In the following we discuss the VL properties of
LSCO p ¼ 0.17 which has square coordination for
B > 0.4 T [13,14]. In contrast to the triangular VL, the
square VL has four independent moduli, and the compres-
sion modulus is cvL ¼ ðcv11 þ cv12Þ=2.
Pinning of the flux lines is responsible for the coupling

between the crystal lattice and the VL. When the VL is
pinned, the sound velocity vs has an additional contribution
Δcvij from the VL: ρv2s ¼ ccij þ Δcvij, with ρ the mass
density and ccij the crystal lattice elastic modulus. In the
early 90s, Pankert et al. developed a phenomenological
model based on thermally assisted flux flow (TAFF) to
describe the influence of the VL on the ultrasound proper-
ties in cuprate superconductors [20]. The model has been
successfully applied to several cuprates, including LSCO
[21–23]. Within this model, Δcvij is given by the VL elastic
moduli cvij, renormalized by the VL dynamics associated
with the TAFF model.
Data in the c11 mode of LSCO p ¼ 0.17 at 2.2 K (Fig. 1)

illustrate the expected behavior as a function of the
magnetic field (see the Supplemental Material [24] for
measurement setup and sample characterization). With the
field along the c axis, this mode probes the compression
modulus of the VL (Table SII in the Supplemental Material
[24]). At low fields, the VL is pinned, and the sound
velocity follows the B2 increase of the VL compression

modulus. At 40 T or so, a steplike decrease is observed in
the sound velocity. It corresponds to the depinning of the
VL which results in the loss of the VL contribution
to the sound velocity. The ultrasound attenuation ΔαðBÞ
[Fig. S1(a) in the Supplemental Material [24] ] shows a
broad peak at this depinning field, as also expected within
the TAFF model.
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FIG. 1. (a) The change in sound velocity of the in-plane
longitudinal mode (called c11) of a LSCO p ¼ 0.17 crystal at
different temperatures, as a function of field applied along the c
axis. All data are from pulsed field downsweeps, except the
lowest temperature curve which is an upsweep in a DC field
magnet. This curve shows a series of spikes above 5 T or so,
associated with flux jumps. Curves have been offset vertically
(though not by a constant amount). The arrows mark the field of
the anomaly, Banom, which is visible but more subtle up to 1.90 K
in the sound velocity, and the depinning field Bdp. Measurements
were taken at frequencies of 155 MHz in pulsed field and
127 MHz in DC field. (b) Sound velocity of the c11 mode at
1.5 K. The upsweep (downsweep) is shown in red (blue). For
increasing fields, the VL transition is found at 41 T while it
appears at 37 T or so for decreasing fields, as indicated by the
black arrows. The fact that above the irreversibility field the two
curves overlap and that the depinning field is identical for both
upsweeps and downsweeps shows isothermal conditions during
the magnetic field pulse. (c) Temperature-magnetic field phase
diagram, showing the area covered by ultrasound measurements
in different magnet systems and the location of the anomaly
during downsweeps (blue) and vortex melting (red). Dashed lines
are guides to the eye.
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Below 2 K we see another elastic anomaly emerge, in the
form of a smaller but more sudden dip at 1.5 K just below
40 T, and a more subtle change in the signal through 1.9 K
[see derivative of Δv=v with respect to B in Fig. S1(b) of
the Supplemental Material [24] where the anomaly is more
visible throughout the temperature range]. The field at
which this feature appears also slightly increases, up to
about 43 T. There is a small uptick in the attenuation at the
same field [24]. The new elastic anomaly shows hysteretic
behavior between the upsweep and downsweep of the field
pulse [Fig. 1(b)]. The phase diagram in Fig. 1(c) shows the
field of this feature [Banom, defined as the dip in the
derivative shown in Fig. S1(b) in the Supplemental
Material [24] ], as well as the vortex depinning line
[Bdp, defined as the peak in ΔαðBÞ Fig. S1(a) in the
Supplemental Material [24] ]. Though the trend line would
make it seem as if the anomaly should be observed at a
lower field and lower temperature, no similar behavior was
seen down to 0.37 K in DC field measurements up to 36 T
on the same sample. This surprising observation has a
natural explanation that will be given later.
Although we investigated other elastic modes for a

similar anomaly, it is only present in c11. Figure 2(a)
shows a comparison of c11 to two other configurations at
1.5 K, neither of which shows an anomaly. We have also
measured the c11 mode of other dopings of LSCO (Fig. S4
in the Supplemental Material [24]). All are qualitatively

similar, with an increase in the mixed state and dropoff at
their corresponding Bdp. However, the only one with an
anomaly before the depinning field is p ¼ 0.17, establish-
ing the uniqueness of this doping.
In LSCO p ¼ 0.17, a spin glass is present in high

magnetic fields; it is characterized by a gradual slowing
down of spin fluctuations that produces the smooth soft-
ening of the T110 mode (Fig. 2) [31,32]. The new sharp
feature observed in the c11 mode is consequently unlikely
to be related to this gradual magnetic freezing. Moreover,
the transition is only observed in the in plane compression
mode c11, suggesting it is not a structural transition of the
crystal lattice. Instead, it is what we expect for a transition
in the vortex lattice, as c11 is the most sensitive mode to the
VL elasticity. It measures the compression modulus of the
VL, whereas the c44 mode does not couple to the VL, and
T110 probes the VL shear modulus cv66 (see Table SII in the
Supplemental Material [24]), the value of which is well
below our resolution. All these observations, along with the
fact that the new feature only exists within the pinned
vortex solid phase bounded by the red points in Fig. 1(b),
suggest that the new anomaly has its origin in VL physics.
Since the vortex depinning field is unchanged with the

appearance of the feature, an ordered and pinned VL is
presumably still present above Banom, with only its elas-
ticity or coupling to the crystal lattice being modified. The
transition is remarkably sharp, with indication of hysteresis
as shown in Fig. 1(b), pointing to a first order phase
transition. The most likely explanation is a structural
transformation of the VL. Ultrasound should be sensitive
to such transitions, which are expected to involve either a
change in elasticity or pinning strength. Indeed, ultrasound
has been used to observe such VL transitions in YNi2B2C
[33]. As discussed above, the interplay between a super-
conducting gap and vF taking place in LSCO results in a
square VL configuration with nearest-neighbor direction
aligned along the Cu─O directions at low fields [13,14,34].
Earlier calculations based on Eilenberger’s theory predicted
that, at higher fields, this interplay leads to further trans-
formation: the □v can either transition to a hexagonal
lattice, or to a gap-centered square lattice □g—the latter
being, in essence, a 45° rotation [16].
To identify the nature of the VL transition and since the

work of Ref. [16] was based on parameters found in
borocarbides, we have performed our own calculation
using 2D tight-binding model parameters specific to
LSCO p ¼ 0.17 obtained via angle-resolved photoemis-
sion spectroscopy [24,35]. We evaluate the free energy for a
given VL shape, after calculating the vortex state with
Eilenberger’s theory [24]. From the condition that the free
energy increases with a small deformation of the square
VL, we can determine the regions [denoted A–D in
Fig. 3(b)] where the □v and □g VL are stable. At low
temperature and field (regions C and D) the □v VL is
favored, as observed in prior experiment [13]. At higher
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FIG. 2. A comparison of the field dependence of three different
ultrasound modes in LSCO p ¼ 0.17, taken at 1.5 K, from
downsweeps in pulsed field measurements. The table shows the
propagation k and polarization u directions for different modes.
The different elastic constants of the square and hexagonal VL
probed for different propagation and polarization directions used
here are listed in Table SII in the Supplemental Material [24]. We
have also probed the L110 mode of LSCO p ¼ 0.17, but the
signal in this configuration is strongly attenuated below the
high temperature tetragonal-low temperature orthorhombic
(HTT-LTO) structural transition, resulting in a poor signal-to-
noise ratio and preventing us from detecting an anomaly (Fig. S2
in the Supplemental Material [24]).
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fields (regions A and B), the contribution of the Fermi
surface anisotropy becomes weaker, and the influence of
the gap structure favors a □g VL orientation [16]. Because
the reorientation is a first order transition, VL configura-
tions can have a wide range of metastability within which
they can resist temperature or field fluctuations before
transitioning to the more energetically favorable configu-
ration [36]. Consequently, in regions B (C) the unfavored
□v (□g) VL can exist in a metastable state. This means that
for downsweeps of pulsed field measurements such as
shown in Fig. 1, the□g VL configuration survives in region
C until it undergoes a first order transition to the □v VL at
the C-D boundary (orange circles in Fig. 3). In contrast, in
static field measurements, where magnetic field is swept

more slowly, the transition is expected at a higher field, at
the B-C boundary (brown circles).
The theory qualitatively explains the absence of any

transition in the dc field measurements. It should only be
found at fields above Banom obtained from pulsed field
downsweeps. In contrast with Ref. [16] which found a re-
entrant hexagonal phase at low T between the two square
VL configurations, our calculation yields a single, first
order transition in LSCO p ¼ 0.17 at low T, as observed
experimentally. As noted, a comparison of the upsweeps
and downsweeps of the field pulse shows evidence for
hysteresis [Fig. 1(b)], indicating the first order character of
the transition. The C-D boundary increases in field with T,
as does Banom. The overall qualitative agreement between
theory and experiment is remarkable, and we hence
conclude that the ultrasound anomaly at Banom in LSCO
p ¼ 0.17 corresponds to a square-square VL transition.
There is, however, some discrepancy between the transition
field predicted by theory (C-D boundary at B=Bc2 ≈ 0.4 at
low T) and the measured Banom=Bc2 ≈ 0.7 at 1.5 K, with
Bc2 ¼ 55 T [31]. This difference can be explained by at
least two factors. First, the theoretical curve of Bc2 may be
suppressed at low temperatures if paramagnetic pair break-
ing and competing electronic orders are considered.
Second, including the c-axis dispersion in the tight-binding
model for LSCO may quantitatively shift the C-D boun-
dary [38]. Further theoretical work could resolve this
discrepancy, and novel theoretical methods such as mole-
cular dynamics models could provide new insights into this
square-square transition [39,40].
Our data show that the sound velocity in the □g VL is

smaller than in the□v VL. This difference can either be due
to a smaller rigidity of the □g VL or enhanced pinning of
the □v VL. Note that we do not observe the hexagonal-to-
□v transition previously reported for p > 0.145 using
SANS. For p ¼ 0.17 this transition occurs at B ≈ 0.4 T
[14], where the vortex contribution to sound velocity
change is small and any anomaly associated with a
transition is thus below the measurement resolution
Δv=v ∼ 10−6. Our extensive doping dependence (Fig. S4
in the Supplemental Material [24]) shows that the □v-□g

transition only exists within a limited doping range around
p ¼ 0.17. One of the prerequisites for the VL transition to
occur is the existence of a sufficiently ordered VL in high
fields. It is plausible that this condition is only found
around p ¼ 0.17. A disordered VL has been found for
doping levels p ≤ 0.145 where the spin glass phase
stabilized at low fields acts as a source of disorder for
the VL [14]. Furthermore, in LSCO p ¼ 0.215, our ultra-
sound data show signatures of a fishtail effect, suggesting
the presence of a disordered VL at this doping level. As
discussed in more detail in the Supplemental Material [24],
the field dependence of the sound velocity at p ¼ 0.215 in
a dc magnetic field shows a broad maximum for B < Bdp,
which is reminiscent of the second magnetization peak

(a)

(b)

FIG. 3. (a) Left: the Cu─O plane [37] of LSCO, with the c axis
out of the page. Right: illustrations of the hexagonal, vF-centered
square and superconducting gap-centered square vortex lattices,
respectively, relative to the crystal lattice, with vortices portrayed
as black circles. Dashed lines mark the Cu─O─Cu bond
directions, also the [100] axes of the high temperature tetragonal
phase. (b) A phase diagram for p ¼ 0.17 showing the calculated
VL configurations as a function of T and B. The hexagonal phase
is stable in the green-colored region at high T, low B. In regions A
and D (orange and blue), one of the two square lattices is stable.
The brown line (B-C boundary) marks the transition between the
two square VL arrangements in slowly varying magnetic field.
Metastable regions B and C emerging in pulsed fields are shown
with slashed lines. The vortex solid is unobservable with ultra-
sound for B > Bdp. Solid circles are results of the calculation, and
lines connecting them are guides to the eye. The depinning
transition was not taken into account for the calculations.
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[41]. We note that this feature is absent in LSCO p ¼ 0.17
as can be seen in Fig. 1(a), showing that (i) our LSCO
p ¼ 0.17 sample does not harbor the order-disorder tran-
sition presumably underpinning the fishtail effect and (ii) an
ordered VL exists up to Bdp in our LSCO p ¼ 0.17 sample.
In summary, we have conducted an ultrasound study of

LSCO at several hole concentrations, measuring different
elastic modes at low temperature in both pulsed and dc
magnetic fields. For p ¼ 0.17, we observe a novel feature
in the c11 mode deep within the mixed phase. Motivated by
theoretical calculations based on Eilenberger equations, we
interpret this ultrasound elastic anomaly in terms of a 45°
square VL rotation. Requiring a unique combination of
d-wave superconductivity and proximity to a van Hove
singularity, this square-square transition is not as wide-
spread as the lower field rhombic-square transition [11–
14,17,33]. Even in LSCO, a material that meets both these
requirements, the VL transition only exists in a restricted
range of doping. That being said, our results provide
experimental evidence of the long-standing Eilenberger
theory prediction of a magnetic-field-induced square-
square VL transition.
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