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Magnetic field-induced pair density
wave state in the cuprate vortex halo

S. D. Edkins">2, A. Kostin', K. Fujita*, A. P. Mackenzie>®, H. Eisaki®,
S. Uchida’, Subir Sachdev®, Michael J. Lawler"?, E.-A. Kim’,
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High magnetic fields suppress cuprate superconductivity to reveal an unusual density wave
(DW) state coexisting with unexplained quantum oscillations. Although routinely labeled
a charge density wave (CDW), this DW state could actually be an electron-pair density wave
(PDW). To search for evidence of a field-induced PDW, we visualized modulations in the
density of electronic states N(r) within the halo surrounding Bi,Sr,CaCu,0g vortex cores.
We detected numerous phenomena predicted for a field-induced PDW, including two

sets of particle-hole symmetric N(r) modulations with wave vectors Qp and 2Qp, with the
latter decaying twice as rapidly from the core as the former. These data imply that the
primary field-induced state in underdoped superconducting cuprates is a PDW, with
approximately eight CuO, unit-cell periodicity and coexisting with its secondary CDWs.

heory predicts that Cooper pairs with fi-

nite center-of-mass momentum p = 7Qp

(where 7 is PlancK’s constant A divided by

2m) should form a state in which the density

of pairs modulates spatially at wave vector
Qp (1, 2). In the phase diagram of underdoped
cuprates, such a “pair density wave” (PDW) state
(3-5), generated by strong local electron-electron
interactions (6-11), is anticipated to be another
principal state, along with uniform supercon-
ductivity. Numerous experimental observations
may be understood in that context. For example,
although intraplanar superconductivity appears
in La,,Ba,CuO, at relatively high temperatures,
interplanar superconductivity is strongly frus-
trated (12), which is consistent with the exis-
tence of orthogonal unidirectional PDW states
in each sequential CuO, plane (3, 13, 14). More-
over, the measured momentum-space electronic
structure of the cuprate pseudogap phase is con-
sistent with predictions that are based on a
biaxial PDW (4). Reported breaking of time-
reversal symmetry could be caused by a PDW
with inversion breaking (75-18). The field-induced
momentum-space reconstruction and quantum
oscillation phenomenology are potentially the
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consequences of a PDW state (19-21), although
this view is not universal (22). At the highest
fields, strong diamagnetism in torque magne-
tometry (23) and supercurrents in dc transport
might also be understood as being due to a
field-induced PDW state. Most recently, scanned
Josephson tunneling microscopy allows direct
visualization of cuprate pair density modulations
(24). Taken together, these studies indicate that
a fundamental PDW state may exist in under-
doped cuprates, with the most common model
invoked being an eight unit-cell (8a,) periodic
modulation of the electron-pair condensate.

Such a PDW state clearly does not predomi-
nate at low temperature in zero magnetic field,
where global d-wave superconductivity is robust.
However, suppression of the superconductivity
by high magnetic fields generates a peculiar DW
state (25-32) along with exotic quantum oscil-
lation phenomenology (33, 34). For type II super-
conductors in general, application of a magnetic
field generates quantized vortices. At the vortices
of a conventional d-wave superconductor, the
four zeros in the energy gap should generate a
slowly decaying, star-shaped, zero-energy reso-
nance oriented along the nodal (+1, +1) direc-
tions. For cuprates, however, strong N(7, E)
modulations oriented along (1, 0); (0, 1) direc-
tions have long been observed in the “halo” re-
gion that surrounds the cuprate vortex core
(35-38). Many theories hypothesize that this
phenomenon is a field-induced DW (5, 39-43),
and some hypothesize that it is not a conven-
tional CDW but a PDW (4, 5, 22, 43). This is a fun-
damental distinction because the PDW and CDW
are extremely different states in terms of their
broken symmetries and many-body wave func-
tions. Thus, to determine whether the primary
DW state induced by magnetic field in super-
conducting cuprates is a PDW has recently be-
come an urgent research challenge.

To search for evidence of such a state, we
studied the field-induced modulations of the

density of electronic states N(7, E) within the
halo surrounding quantized vortex cores (35-38).
Any periodic modulations of electronic structure
can be described by A(r") = AF(8)cos(Q - 7 + &),
where A(7) represents the modulating electronic
degree of freedom with amplitude 4, @ is the
wave vector, and F(0) is the modulation form
factor defined in terms of the angle 6 from the
(1, 0) axis. An s-symmetry form factor Fg(0) is
even under 90° rotations, whereas a d-wave
form factor is F4(0) is odd. Following (5), the
order parameters we considered are those of
homogenous d-wave superconductivity A(7) =
FscAsc, with Fgc = Fg, and that of a PDW
App(7) = FpAS (6™ 7 4 ¢~ 7 with wave vec-
tor @p and either an F or F,; type of form factor
[(44), section 1]. A field-induced PDW may be
identified from Ginzburg-Landau (GL) analysis
(5, 22, 43) of the interactions between these two
order parameters within vortex halos—regions
of suppressed but nonzero superconductivity that
surround vortex cores (Fig. 1A). Given a generic
GL free-energy density of the form

Fa-sc = F(Asc) + F(An) + w|Aa*Asc” (1)

where F(Asc) and F(A,) are the free-energy
densities of a superconductor and of an alter-
native repulsively coupled (u; > 0) state A4, the
observation of coexistence of A, with Agc within
the vortex halo [ (44), section 2] means that the
two ordered states are almost energetically de-
generate (39). Such a near degeneracy occurs
naturally between a superconductor Agc and a
PDW AY that are made up of the same electron
pairs. In this case, allowed N(7) modulations
generated by interactions between Agc and Ay
can be found from products of these order pa-
rameters that transform as density-like quan-
tities. For example, the product of PDW and
uniform SC order parameters

Agy A% As > N(r)occos(Qp - 1) (2)

results in N(7) modulations at the PDW wave
vector @p . The product of a robust PDW with itself

Asgy CASAY > N(r)occos(2Qp - 7)) (3)

produces N(7) modulations occurring at 2@p.
Thus, a key signature of a field-induced PDW
with wave vector @p in cuprate vortex halos
(Fig. 1A) would be coexistence of two sets of N(7)
modulations at N(r) and at 2@p within each
halo (Fig. 1B) (5, 22, 43).

Within GL theory, substantial further infor-
mation can be extracted from measured rates
of decay of the induced N(#) modulations away
from the vortex center and from the form fac-
tors of these modulations within the vortex halo.
For a field-induced PDW, the N(7, E) modula-
tions at 2@Qp should decay with distance from the
core at twice the rate as those at @p. This is be-
cause if AY = AF(|r| = 0)e /5, then AFALY
decays with |r| at twice the rate of A?A;C (Fig.
1B). Current theory (22, 43) indicates that if the
N(7, E) modulations at @p caused by A?A’gc
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Fig. 1. Schematic of field-induced uni-
directional 8ap PDW. (A) Diagram of the halo
region (gray) surrounding the vortex core (black)
of a cuprate superconductor (SC). The CuO,
plane orientation and Cu—Cu periodicity are
indicated by using a dot for each Cu site. Within
the halo, a unidirectional PDW modulation along
the x axis with periodicity 8ap, characterized by
an order parameter Ag(r) shown as red curve in
the top graph, is indicated schematically with
red shading. (B) Solid curve indicates envelope
containing nonzero amplitude AgA’gc of the N(r)
modulations caused by the interaction between
the SC and PDW order parameters, plotted
along the fine horizontal line in (A) through the
vortex core. Dashed curve indicates the enve-
lope containing nonzero amplitude ASA;O* of the
N(r) modulations caused by PDW itself, plotted
along the same fine line. For clarity, we ignore
the small region (less than 1 nm) at the core
where AgAgc must rise from zero as Asc does.
(C) Within a GL model, if the field-induced PDW
has a pure d-symmetry form factor, Fp = Fy4, then
two sets of N(r) modulations should appear
together. The first is N(r) e cos(Qp - r) caused
by ASA*S and indicated in N(q) [the Fourier
transform of N(r)] with a solid red curve. The
second N(r) o< cos(2Qp - r) caused by ASA;O* is
indicated in N(q) with a dashed red curve. The
decay length for the 2Qp modulation should be
half that of the Qp modulation, meaning that
the linewidth §(2Q)p of the 2Qp modulation
(dashed red) should be twice that of the Qp
modulation, 8Qp (solid red). If the PDW has a
pure s-symmetry form factor, Fp = Fg, then a
different pair of N(r) modulations should appear
together. First is N(r) o« cos[(Qg — Qp) - r],
caused by AgAg (solid blue line), and second
N(r) o= cos(2Qp - r), caused by AZA;9" (dashed
blue line). Here, Qg is the Bragg wave vector

of the CuO, unit cell.

exhibit s-symmetry form factor (), this implies
that the PDW order parameter A contains com-
ponents with d-symmetry form factor (F;), and
vice versa [ (44), section 2]. These studies (22, 43)
sustain the original GL approach (5) by showing
that an 8a, PDW stabilized in the halo of a d-wave
vortex core does indeed generate both an 8a, and
a4a, periodic charge modulation therein. Overall,
because a d-symmetry form factor PDW is typ-
ically predicted for cuprates (6-11), its signature
within a vortex halo should be two sets of N(r)
modulations occurring at Qp and 2Qp, both with
s-symmetry form factor components and with
the amplitude of the 2@p modulation decaying
twice as rapidly as that at Qp.

To explore these predictions, we imaged scan-
ning tunneling microscope (STM) tip-sample
differential tunneling conductance dI/dV (r, V)=
g(r, E) versus bias voltage V' = E/e and location
7 with sub-unit-cell spatial resolution; no scanned
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Josephson tunneling microscopy (24) was involved.
We measured slightly underdoped Bi,Sr,CaCuyOg
samples [superconducting transition temperature
T. ~ 88K; hole doping p ~ 17%] at temperature 7' =
2 K. We first measured the N(r, E) at zero field and
then at magnetic field B = 8.25 T, in the identical
field of view (FOV), using an identical STM tip
(35). The former was subtracted from the latter to
yield the field-induced changes 8g(r, E, B) = &
(r, E, B) - g(r, E, 0), which are related to the
field-induced perturbation to the density of states
as ON(r, E, B) o< §g(r, E, B). This step ensures
that the phenomena studied thereafter were
only those induced by the magnetic field, with
all signatures of the ubiquitous d-symmetry form
factor DW observed at B = 0 (45) having been
subtracted. Compared with our prior vortex halo
studies (35), we enhanced the 7-space resolution
using smaller pixels and the g-space resolution
by using larger FOV (58 by 58 nm), increased the
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Fig. 2. Four-unit-cell quasiparticle modula-
tions at vortex halos in Bi,Sr,CaCu,0g.

(A) Topographic image T(r) of BiO termination
layer of our Bi,Sr,CaCu,0g sample. The
displacement of every specific atomic site in
this field of view between zero field and B =
8.25 T was constrained by post processing of all
low- and high-field data sets to be less than

10 pm [(45), section 3]. (B) Measured differential
tunnel conductance spectrum g(r, E = eV) =
dl/dV(r, V) showing how to identify the symmetry
point of a vortex core (dashed line). The full line
shows measured g(r, E = eV) at the identical
location in zero field. Yellow-shaded region indi-
cates low-energy Bogoliubov quasiparticle states
generated by the vortex. (C) Measured
dg(r,12meV)=g(r,12meV,B=825T) -

g(r, 12 meV, B = 0) showing typical examples of
the low-energy Bogoliubov quasiparticle modula-
tions (35-38) within halo regions surrounding
four vortex cores in Bi>Sr,CaCu,0g.
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number of vortices per image, used distortion-
corrected sublattice-phase-resolved imaging (45),
and measured in a far wider energy range 0 <
|E| < 80 meV [ (44), section 3].

We next identified the location of every
vortex halo in dg(r, E, B) images using two
well-known phenomena: (i) suppression of the
superconducting coherence peaks at the vortex
symmetry point (Fig. 2B) and (ii) appearance
of low-energy periodic conductance modula-
tions (35-38) surrounding this point. A typical
symmetry-point spectrum of the superconduct-
ing vortex where maximum suppression of the
single-particle coherence peaks occurs is shown
in Fig. 2B; these peaks recover very rapidly as a
function of radius, so that robust d-wave super-
conductivity signified by full coherence peaks
has recovered within a radius of ~1 nm [(44),
section 4]. At E = 12 meV, the typical halo of
conductance modulations we detected sur-
rounding each vortex symmetry point (Fig. 2C)
was in excellent agreement with previous studies
of modulations of low-energy quasiparticles,
with g = (x1/4, 0); (0, +1/4)2n/a, within the
Bi,Sr,CaCu,0g  vortex halo (35-38). We fo-

Fig. 3. Field-induced s-symmetry form factor modulations

within vortex halos. (A) Measured field-induced modulations

dg(r, 30 meV) =g(r, 30 meV, B=825T) —g(r, 30 meV, B =0)

in a 58 by 58 nm FOV. The simultaneously measured

topographs T(r) at B = 8.25 Tand O T are shown in fig. S2

and (44), section 3, and demonstrate by the absence

of local maxima at g = [(£1/8, 0); (0, £1/8)]2n/ao in their Fourier
transforms that the setup effect is not influencing observations

of 8g(r, E) modulations at these wave vectors [(44), section 5].

(B) Amplitude Fourier transform |5g(g, 30 meV)| (square root

of power spectral density) of 8g(r, 30 meV) data in (A).

The q = (£1/4, 0); (0, £1/4)2r/aq points are indicated with black
crosses. Four sharp maxima, indicated by Qp occur at

q = (*1/8, 0); (0, £1/8)2n/ao, whereas four broader maxima,
indicated by 2Qp occur at g = (£1/4, 0); (0, £1/4)2r/ao.

(C) Measured amplitude envelope of the modulations

in 8g(r, 30 meV) at Qp showing that they only occur

within the vortex halo regions. (D) Measured amplitude

envelope of the modulations in 8g(r, 30 meV) at 2Qp showing

that they also only occur within the vortex halo regions. (E) Measured
|8g(g,30 meV)| along (0,0)-(1/2,0) [(B), dashed line], showing the
two maxima in the field-induced N(r) modulations, occurring at

by Qp = 0.117 £ 0.01 and 2Qp = 0.231 + 0.01 (Fig. 4, A to D)

(F) Amplitude Fourier transform of the d-symmetry form factor

,30 meV)|, derived from measured

8g(r, 30 meV) data in (A). Again, g = (¥1/4, 0); (O, £1/4)2r/aq points
are indicated with black crosses. Two maxima, labeled as

Qp occur at g = (£1/8, 0); (0, £1/8)2rn/ao, whereas two broader
maxima, indicated by 2Qp occur at g = (¥1/4, 0); (0, *1/4)2n/aq, with
both sets oriented along the y axis. (G) Measured \Dsg(q, 30 meV)|
along (0,0)-(1/2,0) [(F), dashed line], showing the maxima in the field
induced N(r) modulations occurring at Qp and 2Qp. A unidirectional
d-symmetry form factor change density modulation, as observed ]
extensively in zero field (46), would have such characteristics,

as would contributions from an s-symmetry form factor PDW. These
modulations do not appear in Fig. 3 because, in that unprocessed + q.
dg(r, E) data, they occur at Q = (0, £7/8)2rn/ag and Q = (0, £3/4)2rn/ag s \/
owing to their d-symmetry form factor (Fig. 4, A to D).

modulations in N(r), \D (
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cused on a different energy range 25 < |E| <
50 meV because analysis of our 8g(r, E) data
revealed major changes in this range. In Fig. 3A,
we show measured §g(#, 30 meV) containing the
modulations detected in the halo of each vortex
core. Fourier analysis of this 8g(7, 30 meV) yields
|5 (g, 30 meV)| and reveals a set of sharp peaks at
a = (@3 QY)=[(+1/8,0)(0, %1/8)|2n/ao, which
we label Qp for reasons explained below (Fig. 3B).
Similarly, there is a second set of weaker mod-
ulations in 5g(g, 30 meV) at g = [(x1/4, 0); (O,
+1/49]2nt/ay, which we label 2Qp. The 7-space am-
plitude envelopes of the @p and 2@Qp modulations
(Fig. 3, C and D) reveal how these field-induced
phenomena are confined to the vortex halo
regions only. Averaged over all vortices, the
measured amplitude |5g(q,30 meV)| plotted
along (1, 0) in Fig. 3E discernibly discriminates
the Qp from the 2Qp modulation peaks. Thus,
we discovered strong, field-induced modula-
tions of N(r, E), with period approximately 8a,
coexisting with weaker modulations of period
approximately 4a,, along both the (1, 0); (O,
1) directions within every vortex halo. These
particle-hole symmetric phenomena exist with-

in the energy range 25 < |E| < 45 meV [(44),
section 5].

To evaluate form factor symmetry for these
field-induced modulations [ (44), section 6], we
separated each such dg(r, E) image into three
sublattice images (4.6): Cu(r, E), containing only
the measured values of dg(7, E) at copper sites,
and O,(r, E) and O,(r, E), containing only those
at the a/y axis oxygen sites. All of the form
factors discussed here refer to modulations
in 8g(r, E, B) and are not necessarily those of
the order parameter of the field-induced state
that generates them. Complex-valued Fourier
transforms of the O,(r, E) and O,(r, E) sublattice
images yield O.(g, E); O,(g, E). Then, modu-
lations at any @ having d- sgfmmetry form factor
F, generate a peak in D (q,E) 0.(q,E) —

0 (@, E) at @, whereas those with s-symmetry
form factor F, generate a peak in S%(q,E)=
[0.(q,E) + O,(q,E)] + Cu(q, E) at  When we

analyzed the data in glg 3, A and B, in this way
using measured S g(q,30 meV), the field-
induced dg(r, E)-modulations occurring at g =
(=Qp, 0); (0, +Qp) and g = (£2Qp, 0); (0, +2Qp) all
exhibited s-symmetry form factors (Fig. 3E).

- ——
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However, the measured Dag(q, 30 meV) in Fig. 3,
F and G, also revealed that weaker d-symmetry
8g(r, E)-modulations occur at g = (0, +Qp) and
q ~ (0, £2Qp). They too are confined to the vortex
halo because the 7-space agnplitude—envelope of
the 2Qp-modulations in D g(q., 30 meV) is con-
centrated there.

The overall measured amplitudes of |5g(q,
30 meV)| derived from 8g(r, 30 meV) in Fig. 3A
are shown in Fig. 4, A and B, plotted along the
(1,0) and (0,1) directions of the CuO, plane.
Equivalent cuts of |5g(g, —30 meV)| derived from
dg(r, -30 meV) data are shown in Fig. 4, C and
D. The four maxima at |g| = 1/8, |q| = 1/4; |q| =

3/4, and |g| = 7/8 associated with field-induced
modulations occur in Fig. 4, A to D. The measured
form factor of each set of modulations is identified
by color code, red indicating s-symmetry and blue
indicating d-symmetry. Although modulations at
|g| =~7/8 and |g| = 3/4 (Fig. 4, A to D, blue) ap-
pear subdominant, they do merit comment. First,
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Fig. 4. Field-induced N(r) modulations indicative of a PDW state in
the vortex halo. (A and B) Amplitude Fourier transform |5g(q,30 meV)|
derived from 8g(r, 30 meV) data are plotted along two orthogonal axes
from (0,0)-(0,1) and (0,0)-(1,0), to reach both Bragg points. All four

local maxima, at Qp and 2Qp from the s-symmetry field-induced N(r)
modulations, plus at 1 - Qp and 1 — 2Qp from the d-symmetry field-induced
N(r) modulations, may be seen. Measurement from these fits of the
g-magnitude and width &g of the s-symmetry peaks at Qp and

2Qp yields Qf = 0.117, Q% = 0.129; 2Q} = 0.231,2Q¢ = 0.237;

305 = 0.020,80% = 0.020; and 52Q% = 0.034,520Q% = 0.035. (Inset)
|6g(g,30 meV)|. (C and D) As in (A) and (B) but at £ = =30 meV.
Measurement yields are Q% = 0.115, Q% = 0.128; 2Q% = 0.239,20% = 0.235;
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305 = 0.020,5Q% = 0.020; and §2Q5 = 0.039,82Q% = 0.045. (Inset)

|6 (g, —30 meV)|. The s-symmetry field-induced N(r) modulations at Qp
and 2Qp are almost perfectly particle-hole symmetric [(B) and (D), insets] in the
sense that N(r, E > 25 meV) = N(r, E < =25 meV) for these two wave vectors.
(E) Fourier transform amplitude, \5g(q)\, of measured 3A(r) = A(r, 825 T) —
A(r, 0) [(44), section 7]. The observed peaks revealing field-induced gap
modulation occur at points indistinguishable from Qp The peak along the
(1, 1) direction occurs at the wave vector of the crystal supermodulation,
where a modulation-induced PDW has long been identified. (F) Schematic
representation of a bidirectional PDW with a d-symmetry form factor
induced within a vortex halo that is consonant with the data in this work
when considered in the context of vortex halo theory (5, 22, 43).
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they are not inconsistent with an admixture of
s-symmetry and d-symmetry components in the
PDW order parameter. However, these modu-
lations may also represent a field-induced ver-
sion of the unidirectional d-symmetry form factor
N(r, E) modulation observed in zero field (45).

But the predominant phenomena detected
are the two sets of s-symmetry form factor
modulations at |@p| = 1/8 and |2Qp| ~ 1/4 (Fig.
4, A to D, red). Moreover, after subtraction of a
smooth background, the widths 8¢ of all |Qp| ~
1/8 peaks are close to half of the |2Qp| = 1/4 peaks,
as determined quantitatively by fitting as shown
in Fig. 4, A to D. Averaged over the two direc-
tions (1, 0) and (0, 1) and energies E = +30 meV,
we found that §(2Qp) = (1.8 + 0.2)5(Qp) as ex-
pected for a field-induced PDW (Fig. 1) (5, 22, 43).
As additional evidence of a PDW, we searched
for energy gap modulations in measured A(r) =
Asc + Apcos(@p - 7). Generally, in supercon-
ductivity studies, the empirical A(z) is defined
as half the energy separation of the coherence
peaks in N(#, E) (Fig. 2B, horizontal arrow), so
that field-induced changes to A(7) would here
be defined as 5A(r) = A(r, 8.25 T) - A(r, 0) [(44),
section 7]. When measured, this 5A(#) yields
a Fourier transform SA(q), as shown in Fig.
4E. This exhibits evidence for a field-induced
energy-gap modulation at @p and not at 2Qp,
as would be expected specifically for a primary
field-induced PDW at Qp.

Taken together, the results shown in Figs. 3
and 4 indicate that in Bi,Sr,CaCu,Os, a field-
induced PDW state emerges within the halo
region surrounding each quantized vortex core.
The principal experimental signatures are two
sets of N(r) modulations occurring at @p and
2Q@p, both being particle-hole symmetric, both
exhibiting principal amplitude with s-symmetry
form factor, with the amplitude of 2@Qp modu-
lations decaying twice as rapidly as that of Qp
and with an apparently bidirectional structure,
as shown schematically in Fig. 4F [(44), section
8]. These phenomena occur in an energy range
25 < |E| < 45 meV, as might be expected the-
oretically for an 8a, periodic PDW with energy
gap magnitude Al? occurring within that range.
Several major implications stem from these ob-
servations. First and foremost, the primary state
induced by high magnetic fields in the super-
conducting phase of cuprates is inferred to be
a PDW with wave vector @p, accompanied by
secondary charge modulations at Qp and 2Qp.
Second, the 8a, periodicity points toward a
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strong correlation-driven microscopic mech-
anism for the PDW (6-1I), in which case the
form factor is generally predicted to have a
d-symmetry (Fig. 4F). Third, because the PDW
is generated by increasing magnetic field, our
data imply that the high-field state of cuprates
might itself be a PDW state (4), and if so, it is
likely phase fluctuating and intertwined with
additional CDW components. Last, putting all
such conjectures aside, we emphasize that the
experimental observations reported in Figs. 3
and 4 are in good, detailed, and quantitative agree-
ment with theoretical models (5, 22, 43, 44) for
a primary PDW with wave vector @p induced
within the cuprate vortex halo, which generates
secondary CDWs at @p and 2Qp.
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Decoding the halo pattern

Magnetic fields can cause the formation of vortices in a superconductor. In cuprate superconductors, the vortex
cores are surrounded by "halos," where the density of electronic states exhibits a checkerboard pattern. Edkins et al.
used scanning tunneling spectroscopy to take a closer look into the halos. The results revealed that the patterns
correspond to an exotic state called the pair density wave, in which the density of finite momentum Cooper pairs is
spatially modulated.
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