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Probing superconducting order in overdoped CaxY1−xBa2Cu3O7 by neutron diffraction
measurements of the vortex lattice
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We present small-angle neutron scattering studies of the magnetic vortex lattice (VL) in Ca0.04Y0.96Ba2Cu3O7

up to a field of 16.7 T and Ca0.15Y0.85Ba2Cu3O7 up to 25 T to investigate the general behavior of the supercon-
ducting gap in YBCO-based compounds at high magnetic field. We find in these overdoped compounds that the
series of VL structure transitions have shifted down in field relative to those reported for the undoped compound.
The hole doping by calcium is expected to alter the Fermi velocity and it reduces the upper critical field of the
system. However, we attribute the VL changes mainly to the weakening of the 1D superconductivity in the Cu-O
chains by the disorder introduced by doping. The high-field structure of the VL is similar to recent measurements
on the parent compound in even higher fields of 25 T, which indicates that the fundamental d-wave nature of the
superconducting gap is unchanged by calcium doping. This is corroborated by the temperature dependence of
the VL form factor, which also shows the same d-wave behavior as observed in other cuprates. We also argue
that they might be the explanation of Pauli paramagnetic effects in the field dependence of the VL form factor.

DOI: 10.1103/PhysRevB.108.144511

I. INTRODUCTION

We report on small angle neutron scattering (SANS) stud-
ies of the magnetic vortex lattice (VL) in CaxY1−xBa2Cu3O7

(Ca-YBCO), with x = 0.04 and 0.15. The parent compound
of Ca-YBCO is YBa2Cu3O7 (YBCO7), the fully oxygen
doped member of the YBa2Cu3O7−δ (YBCO) family. YBCO
was the first high Tc superconductor where the mixed state was
studied by SANS [1], and since then, VL studies using SANS
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have continued to provide a wealth of information about its
superconducting state [1–16].

Our main interest in this paper is to change the doping
of YBCO-based materials to establish the general behavior
of the superconducting gap under high fields. Typically, hole
doping in YBCO is performed by varying oxygen content on
the Cu-O chains. The fully oxygenated compound with δ = 0
is very slightly overdoped but has low pinning due to the
absence of oxygen vacancies. To increase the hole concen-
tration further, the system can be doped with calcium, which
has one less electron in its outer orbital structure than yttrium.
Hole doping in this manner, unlike oxygen doping, does not
modify the structure of the copper oxide chains, allowing us
to maintain fully occupied chains, while altering hole doping
in the planes. However, the Ca dopants may cause extra vortex
pinning or tend to disrupt the 1D chain superconductivity. The
hole contribution of the Cu-O chains is not trivially related
to the oxygen content, being strongly affected by disorder in
the chains [17]. Using a phenomenological relation between
the critical temperature in YBCO and the hole doping p
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FIG. 1. Diffraction patterns from both the 4% calcium doped sample (a)–(d) and the 15% calcium doped sample (e)–(g), in applied fields
of (a) 3 T, (b) 4.5 T, (c) 7 T, (d) 16.4 T, (e) 2 T, (f) 16 T, and (g) 20 T. In (e) and (f), the sample was slightly rotated around the c axis as
compared to the other panels, so the spots are not exactly centered on 45◦ to the horizontal axis. In (g), measurements were done only for
the Bragg condition on the −qx side. The opening angle of the VL is defined as ρ for the hexagonal lattice and ν for the rhombic lattice, and
diffraction patterns are plotted on a normalized intensity scale.

[18], we can estimate that the sample with x = 0.04 (Tc =
79 K [19]) has p = 0.20, while the x = 0.15 sample (Tc =
57 K [19]) has p = 0.23. It is also suspected that the chains
themselves become superconducting through the proximity
effect, potentially adding an s-wave admixture to the order
parameter of the system [20]. Furthermore, the contribution
to the superconducting order parameter from the Cu-O chains
behaves differently in YBCO to that in the double-chained
YBa2Cu4O8 system [12–15,21]. Doping is expected to influ-
ence the order parameter in the cuprates [22,23], and doing
so with calcium while keeping the chains fully oxygenated
provides the opportunity to investigate this without directly
introducing disorder in the Cu-O chains. Since the VL is sen-
sitive to the structure of the superconducting order parameter,
it is an excellent probe to investigate these matters.

II. EXPERIMENTAL DETAILS

The samples were a mosaic of 12 lightly twinned single
crystals of Ca-YBCO with 4% calcium doping, which had
been oxygenated to O7 under high pressure so the Cu-O chains
were complete, and a mosaic of three more-heavily twinned
single crystals of Ca-YBCO with 15% calcium doping, which
had similarly been oxygenated to O7. Pictures of the samples,
characterization of them by magnetization measurements, and
polarized-light microscopy are included in the Appendix. The
crystals were mounted on plates of high-purity aluminum,
coaligned so the a and b axes were horizontal or vertical and
the c axis of the crystals were perpendicular to the sample

plate. Measurements were taken with the c axis of the crystals
at 10◦ to the applied field to reduce the pinning of the flux
lines to twin planes [9]. This value of angle was chosen to
noticeably reduce vortex pinning, while the effect of the tilted
field on the superconducting properties experienced by the
VL was small (the superconducting properties are expected to
vary as the cosine of the angle between the c axis and applied
magnetic field [24]). These measurements were performed
on the D33 instrument [25] at the Institut Laue-Langevin
(ILL) in Grenoble, France [26,27], using the Birmingham
17 T cryomagnet [28], the SANS-I instrument at the Paul
Scherrer Institut (PSI) Villigen, Switzerland, using the 11 T
cryomagnet, and at the HFM/EXED beamline at HZB, Berlin
[29–31].

The data from ILL and PSI were collected in monochro-
matic mode. The VL was prepared using the oscillation-field-
cool method, whereby a small oscillation, on the order of
1%, was made in the magnitude of the applied field as the
sample was cooling to base temperature. The resulting data
were analyzed using the GRASP analysis package [32] and
the diffraction patterns, such as those in Figs. 1(a)–1(f), were
treated with a Bayesian method for analysis [33]. After cool-
ing, the field was held fixed during the measurements, and
for the scans as a function of temperature, data were taken on
warming. Measurements were performed by rotating the sam-
ple and applied field together through the Bragg conditions
for the VL diffraction spots, with background measurements
taken above Tc and subtracted from the low-temperature data
to leave only the signal from the VL.
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For measurements performed on the HFM/EXED instru-
ment, we relied on the small ripple from the hybrid magnet to
provide the oscillation during cooling in field, rather than di-
rect control. This instrument operated using the time-of-flight
technique [15,16], which requires one or two fixed magnet
rotation angles for the foreground and similarly for the back-
ground. These data were analyzed using the MANTID [16,34]
software package.

III. RESULTS AND DISCUSSION

A. Field dependence of the vortex lattice structure

Typical VL diffraction patterns from both 4% and 15%
doped samples are presented in Fig. 1, illustrating the various
VL structures observed as a function of field. From the
4% doped sample, in Fig. 1(a) at 3.5 T we see 12 spots,
corresponding to two distorted hexagonal VLs which form
in the two domains of the twinned crystals. By comparison
with the data from YBCO7 at 5 T, presented in Ref. [13], we
can identify the present VL structure with that seen between
2.5 and 6.5 T in the parent compound, which showed weak
diffraction spots along the b* axis and four stronger off-axis
spots. Hence the VL spots bound by the angle ρ in Fig. 1(a)
correspond to the crystal domain with b* horizontal, along
which direction are the two weaker spots from this VL. For
a regular hexagonal VL, the diffraction spots lie on a circle,
while for a distorted VL they lie on an ellipse, with the
amount of distortion characterized by the axial ratio. As in
YBCO7, the distortion is consistent with a larger superfluid
density along the b axis, giving anisotropy in the London
penetration depth, arising from superconductivity of the
carriers in the chains [13]. We find that the anisotropy is more
strongly suppressed by field than in YBCO7 [13] and is nearly
absent by 4 T (see inset in Fig. 2). At 4.5 T [Fig. 1(b)], the VL
appears somewhat disordered, and mixed phase. We believe
this indicates that the VL structure undergoes a first-order
transition from the low-field hexagonal lattice [Fig. 1(a)] to
a high field rhombic lattice at 4.5 T [Figs. 1(b)–1(d)]. Again,
by comparison with the results of Ref. [13], we can identify
this with the rhombic structure which appears at 6.5 T and
above in YBCO7. In our twinned sample, we would expect
two domains to be present. If so, the spots are too close to be
clearly resolved when the phase first appears. Alternatively,
in this field region, the VL structure may be pinned to the
twin planes, which would give spots at 45◦ to the crystal axes.
At first glance, it appears that between 4.5 T and 8 T there
is a square phase, shown in Fig. 1(c), which then undergoes
a transition to the rhombic phase, which is clearly present
in Fig. 1(d). However, upon closer inspection, it is seen
that the VL diffraction spots in the “square” phase elongate
tangentially with increasing field before separating. This
indicates that the higher field region is a single rhombic phase,
with a lattice close to square at fields just above the transition,
and continuous evolution of its structure with field causing the
diffraction spots from the two different domains to separate
at higher fields. In the 15% doped sample, in Figs 1(e)–1(g),
it appears that only the rhombic high-field phase is present.

The VL structures as expressed by the opening angles ρ

and ν, defined in Fig. 1, are shown in Fig. 2. For the 4%

FIG. 2. Opening angle of the VL as a function of applied mag-
netic field. Dashed lines indicate the opening angle for a hexagonal
and square lattice, with the respective angles for the measured
VL, ρ and ν, defined in Fig. 1. x refers to the Ca-doping level
in CaxY1−xBa2Cu3O7. Dark blue � and � symbols correspond to
the data obtained at ILL for Ca0.04Y0.96Ba2Cu3O7. The dark blue ◦
symbols (inset) correspond to the anisotropy of the VL (defined in the
main text). Red points correspond to data from Ca0.15Y0.85Ba2Cu3O7;
◦ data were obtained at PSI, the � symbols correspond to data
measured at ILL, and the red � symbols are from HFM/EXED.

sample, the low field hexagonal phase is slightly distorted,
with an opening angle ρ of less than 60◦. The first-order
transition to the rhombic phase is seen at 4.5 T, after which
the lattice structure evolves smoothly with increasing field
until around 13 T. From here we see that the structure re-
mains constant to the highest applied field of 16.7 T, with an
opening angle ν of around 100◦. From comparison of the field
dependence of ν with that seen in the undoped compound, we
expect that the rhombic spots labeled by ν in Fig. 1(d) arise
from the VL in the crystal domains that have b* horizontal,
and the spots closer to the horizontal arise from the VL in the
crystal domains that have b* vertical. A low-field hexagonal
to a high-field rhombic VL transition is characteristic of the
cuprates, and is taken to be an indication of the predominantly
d-wave order parameter. In comparison with the parent com-
pound, however, we only observe two of the three structure
phases found in YBCO7 [12,13], which exhibits two hexago-
nal (low field and midfield) and one rhombic (high-field) VL
structure phases (see Fig. 3). The single hexagonal phase we
have observed in 4% Ca-YBCO is analogous to the midfield
hexagonal phase of YBCO7. However, we cannot rule out the
presence of the low-field phase in 4% Ca-YBCO because the
VL diffraction pattern is too disordered below an applied field
of 2 T to determine the VL coordination and orientation pre-
cisely. Returning to the midfield hexagonal to rhombic transi-
tion in 4% Ca-YBCO, this takes place at a lower field than the
same transition in YBCO7 and a field-independent value of ν

above ∼13 T seen here is not observed within the same field
range in the parent compound. Rather, the rhombic phase in
YBCO7 appears to be evolving towards a field-independent ν

at around 23–25 T [15]. These observations indicate that the

144511-3



A. S. CAMERON et al. PHYSICAL REVIEW B 108, 144511 (2023)

FIG. 3. Opening angle of the VL as a function of applied mag-
netic field for YBa2Cu3O7 and CaxY1−xBa2Cu3O7. Dashed lines
indicate the opening angle for a hexagonal and square lattice. Mean-
while, YBa2Cu3O7 passes through a low field structure (LFS), an
intermediate field structure (IFS), and stabilizes in a high field struc-
ture (HFS). Ca0.04Y0.96Ba2Cu3O7 goes through the IFS and also
stabilizes in the HFS, and Ca0.15Y0.85Ba2Cu3O7 remains at the HFS
for the entire field range.

VL in 4% Ca-YBCO possesses a similar phase diagram to its
parent compound, but shifted down in field by approximately
a factor of 2. For the 15% sample, the opening angle appears
in Fig. 2 to remain at 90◦, but the spots in Figs. 1(e)–1(g) are
elongated tangentially, like those in Fig. 1(c). We take this to
indicate that in this sample too, the true value of ν would be
>90◦, but this is obscured by the stronger effects of twin-plane
pinning in the 15% Ca-doped sample.

The VL structure transitions observed here, and in other
systems, can be attributed to anisotropies in both the elec-
tronic structure and the superconducting gap. In general, VL
structure theories attempt to model this either by considering
an anisotropic Fermi velocity in the presence of an isotropic
superconducting gap or vice versa [35–44]. We find several
problems when drawing comparisons between these models
and our results. First, these theories tend to discuss tetrag-
onal systems, whereas ours is orthorhombic. Consequently,
they predict a high-field square VL structure rather than the
rhombic lattice we find here. Second, as was noted in work
on YBCO7 [12,13], they predict a single 45◦ rotational tran-
sition between two distorted hexagonal phases rather than the
90◦ transitions observed in the YBCO compounds discussed
here. However, beyond this we are able to draw qualitative
comparisons between the theory and our results. In both the
β model of Suzuki et al. [42] and the model of Affleck
et al. [39], which, respectively, consider anisotropy in Fermi
velocity and the superconducting gap, the transition to the
high-field structure moves to lower fields as the anisotropy

in either the Fermi velocity or the gap is increased. This sug-
gests these anisotropies are more pronounced in Ca-YBCO.
There are also first-principles calculations using Eilenberger
theory, which have predicted that at high field the vortex
nearest-neighbor directions align along the nodes of the order
parameter [41]. Our observation that—in the high-field limit
of our experiments—the VL nearest-neighbor directions are
essentially the same in 4% Ca-YBCO, and YBCO7 indicates
that calcium doping leaves the superconducting gap node
directions little changed in this region. However, increased
hole doping does cause the upper critical field to fall [45],
so it seems likely that the addition of calcium is reducing
the field scale by this means. We note that there is contra-
dictory evidence in the literature regarding the influence of
calcium doping on the hole content of the CuO2 planes. Ra-
man spectroscopy measurements suggest that Ca atoms form
independent nanophases in the material, which would mean
that additional carriers from the calcium do not contribute to
doping [46], whereas scanning tunneling spectroscopy mea-
surements have indicated that calcium doping does contribute
additional holes to the system [22]. Our measurements, show-
ing clear differences in the field scale of VL transitions in
YBCO7 and Ca-YBCO, support the latter scenario. However,
characteristic fields can be identified for both YBCO7 and
Ca-YBCO, in particular, the field at which the opening angle
stops changing and the point at which the opening angle goes
through 90◦. The fields for the 4% doping are approximately
a factor of two smaller than in YBCO7. This is larger than
expected given the different Tc values and the effect of hole
doping on the critical field [45]. Indeed, Grissonnanche et al.
[45] found that a 5% doped sample has an upper critical field
that is two-thirds that of YBCO7, and so we suspect that
disorder from the calcium doping may be weakening the 1-D
superconductivity in the Cu-O chains. We note that thermal
fluctuations in high-Tc materials smear phase transitions in
high magnetic fields, so the term “upper critical field” rep-
resents the place on a phase diagram near zero temperature
where there is a rapid crossover of macroscopic properties.

B. Field dependence of VL form factor

The spatial variation of magnetic field within the VL, ex-
pressed by the VL form factor, is shown in Fig. 4 for the
diffraction spots seen in Fig. 1. The form factor is a Fourier
component of the field variation at the scattering vector q,
and is related to the integrated intensity, I (q), as measured
by SANS, through the relation [47]

I (q) = 2πV φ

(
γ

4

)2
λ2

n


2
0q

|F (q)|2. (1)

Here V is the sample volume, φ is the flux of incident
neutrons, γ is the magnetic moment of the neutron in nu-
clear magnetons (1.91), λn is the wavelength of the incident
neutrons, and 
0 is the flux quantum, h/2e. The spatial vari-
ation of field within the mixed state is determined both by
the London penetration depth λ and the coherence length of
the Cooper pairs ξ . For an orthorhombic superconductor with
the field applied parallel to the c axis of the material, the form
factor can be expressed by the anisotropic extended London
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FIG. 4. Vortex lattice form factor as a function of applied mag-
netic field. x refers to the Ca-doping level in CaxY1−xBa2Cu3O7. The
shaded grey area defines the phase transition between low- and high-
field phases for the 4% sample, which is observed in Fig. 1(b), where
both phases are present. The solid line is a fit of the 4% high field data
to the model of Eq. (2) and the lower dashed line is a fit to the 15%
data using the extended London model. Dark blue � and � symbols
correspond to data obtained at ILL for Ca0.04Y0.96Ba2Cu3O7. Red
points correspond to data from Ca0.15Y0.85Ba2Cu3O7; the ◦ data were
obtained at ILL, the (�) symbols correspond to data measured at ILL
and the � symbols are from data obtained at HFM/EXED.

model [48–50],

F (q) = 〈B〉 exp
(−c

(
q2

xξ
2
b + q2

yξ
2
a

))
q2

xλ
2
a + q2

yλ
2
b

, (2)

where 〈B〉 is the average internal induction, ξi is the coherence
length along axis i, λi is the penetration depth arising from
supercurrents flowing in direction i, and qx, qy are in-plane
Cartesian components of the scattering vector, with qx parallel
to b∗. The parameter c accounts for the finite size of the vortex
cores, and a suitable value for c in our field and temperature
range is 0.44 [15]. For fields close to Bc1, the denominator
needs an additional +1, but for the fields employed here, this
addition is negligible. We can use the basal plane values of the
characteristic lengths when the field is applied at 10◦ to the c
axis, because their angle-dependence is slower than the cosine
of the tilt angle, and cos(10◦) = 0.985, which is very close to
unity.

We find, however, no values of λ and ξ for which Eq. (2)
is able to fit the full range of 4% data in Fig. 4. The fit
presented in this figure is for the high-field phase only. We
use a modified anisotropic London model as in Ref. [15], with
the basal-plane penetration depths linked as follows:

λ2
b(B) = λ2

a{1 + 0.4 · tanh [(B − 5 T)/7 T]}. (3)

This equation differs from that used in Ref. [15]; the crossover
field of 5 T is half that used for YBCO7.

This fit returns a value for λa = 168(3) nm. The value for
the London penetration depth seems quite reasonable, being
slightly higher than for the parent compound YBCO7. The

FIG. 5. Form factor of the VL as a function of applied magnetic
field for YBa2Cu3O7 and CaxY1−xBa2Cu3O7.

fitted coherence length would be the average of that in the
a and b directions (because the Bragg reflections are close to
{110} directions), but it is unphysically small (0.14 Å). On the
other hand, assuming that the field scale has been suppressed
still further, the 15% Ca-doped form factor was fitted with
a constant penetration depth to the extended London model,
giving reasonable ab-average values of λ = 179(3) nm and
ξ = 2.64(8) nm [Bc2 = 47(3) T].

This deviation of the form factor from the extended London
model was also observed within previous SANS studies on the
parent compound [13–15], although this began at the much
higher field of ∼12 T, and continued through to the highest
measured field of 25 T (shown in Fig. 5). In the original
study where the deviation of the form factor from the model
was reported, it was suspected that disorder in the VL was
contributing to a static Debye-Waller effect, which reduced
scattering from the VL at lower fields [14]. With increasing
field, the corresponding increase in the intervortex interaction
was proposed to overcome the pinning of the flux lines to
defects in the crystal lattice, reducing the static Debye-Waller
effect and leading to the apparent increase in the VL form
factor which rendered the London model unable to fit the
data. Corroborating evidence for this was seen in the temper-
ature dependence of the VL form factor, where indications
of an irreversibility temperature suggesting the crossing of a
glass-solid transition were seen. However, in the temperature-
dependent data presented in Fig. 6, which will be discussed
in detail later, we see no indication of such an irreversibility
temperature.

We therefore turn to the possibility of the Pauli paramag-
netic effect, whereby the Fermi surface splitting of spin-up
and spin-down electrons by the Zeeman effect leads to the
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FIG. 6. Vortex lattice form factor as a function of temperature in
an applied field of (a) 1 T, (b) 4 T, and (c) 16.4 T. The solid line
in (a) is a fit to the anisotropic London model using a d-wave gap
described in the text. (d) Variation of the rocking curve FWHM as a
function of temperature for the data presented in (a)–(c).

paramagnetic breaking of Cooper pairs. Pauli paramagnetic
pair breaking is one of two possible mechanisms by which
superconductivity is destroyed at Hc2, so at such low fields it
is not expected to be relevant in the bulk. However, within the
vortex core region, the Cooper pairs are much less strongly
bound, and so this can lead to the formation of a paramag-
netic moment and the corresponding alteration of the vortex
core structure [51,52]. This would increase the field contrast
between the cores and the bulk which is observed as a cor-
responding increase in the VL form factor. This has also
been observed in heavy-fermion superconductors [52–54], a
borocarbide [55], and an iron-based superconductor [56]. We
have speculated that in YBa2Cu3O7 the continued deviation of
the VL form factor in the parent compound at the highest mea-
sured fields [15] could have a similar origin. While the models
constructed to describe the behavior of the heavy fermion
system, CeCoIn5 [57,58], are not quantitatively appropriate
for our results, we can draw several qualitative conclusions
from them, and from more recent work [52]. First, since we
are at relatively small fractions of H/Hc2, we expect the Pauli
contribution to be small compared to the orbital component,
leading to a deviation from the London model as we see here
rather than the dominance of Pauli effects. Second, we expect
the effect of Pauli paramagnetism to be larger in Ca-YBCO
than the parent compound, since the effect is proportional to
the effective mass which has been seen to be increasing with
doping in this region of the cuprate phase diagram [59,60].
This correlates with our observation here that the form factor
in Ca-YBCO deviates from the London model at fields as low
as 5 T, while in the parent compound, it remained London-like
until around 12 T, and further supports our earlier conclusion
that calcium doping contributes holes to the system.

C. Vortex lattice at higher temperatures

We have measured the temperature dependence of the VL
signal in 4% Ca-YBCO. The angle between the VL vectors

was found to be temperature independent in these measure-
ments, and the rocking curve width, shown in Fig. 6(d),
remains reasonably constant with increasing temperature ex-
cept at the lowest measured field of 1 T. This is in contrast
to YBCO7 at high field, which had a temperature dependence
to the VL structure above an identifiable irreversibility tem-
perature, which was visible both as a change in the angle
between the VL vectors and the FWHM of the rocking curves
[14]. Passing above the irreversibility temperature was seen to
reduce the static Debye-Waller factor, leading to a correspond-
ing increase in the integrated intensity of the rocking curves.
This rendered the temperature dependence of the VL form
factor at high field unsuitable for fitting to models which had
proved successful at lower fields and in other superconductors.
The absence of both a strong temperature-dependent rock-
ing curve width and an identifiable irreversibility temperature
suggests that the VL is strongly pinned by the effects of the
Ca dopants. Therefore, we expect that the variation of the VL
form factor with temperature, which is shown in Figs. 6(a)–
6(c), is not affected by changes in the perfection of the VL,
allowing us to investigate the gap structure in this material.

To fit the temperature dependence of the normalized VL
form factor, we used Eq. (2) with temperature-dependent
penetration depths. λ2

a and λ2
b are, respectively, inversely

proportional to the in-plane components ρaa and ρbb of the
superfluid density. To obtain the temperature dependence,
we followed the method that has been used to model the
VL form factor in both cuprate and pnictide superconductors
[13–15,61,62],

(ρaa(T ), ρbb(T ))

= 1 − 1

2πkBT

∫ 2π

0
(cos2(φ), sin2(φ))

×
∫ ∞

0
cosh−2

(√
ε2 + 2

k(T, φ)

2kBT

)
dφdε, (4)

where ρaa(T ) and ρbb(T ) are normalized to their values
at temperature T = 0, φ is the azimuthal angle about the

Fermi surface, and
√

ε2 + 2
k(T, φ) gives the excitation

energy spectrum. The gap function was assumed to be sep-
arable into temperature and momentum-dependent factors
such that k(T, φ) = gk(φ)0(T ), where gk(φ) describes
the momentum-dependent gap as a function of angle around
the Fermi surface. The temperature dependence of the gap,
0(T ), can be approximated by

0(T ) = 0(0) tanh

(
π

α

√
a

(
Tc

T
− 1

))
, (5)

where 0 is the magnitude of the gap at zero temperature
and α and a are parameters related to the pairing state [63].
BCS d-wave pairing is represented by α = 2.14 and a = 4/3.
For larger values of the gap expected in high-Tc materials, we
retain the BCS temperature dependence of the gap (values of
α and a) but expect 0(0) to be of the order of 3 Tc [64]. For
the angle dependence of the gap in the high-field limit, we
take [15,63]

gk(φ) = cos(2φ) + δ, (6)
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where δ = 0.17 represents the shift of the nodes in the energy
gap away from 45◦ to the crystal axes.

It has been previously noted in the cuprates that nonlocal
effects can become increasingly important with field, which
leads to a flattening of the temperature dependence of the
superfluid density at low temperature. Work by Amin et al.
[40,43] showed that in the nonlocal regime, below a char-
acteristic temperature T ∗, the linear temperature dependence
flattens out to a T 3 dependence. This behavior can be repre-
sented by the relation [13]

ns(T ) = 1 − (1 − ns(T ))

(
Tc + T ∗

Tc

)(
T 2

T 2 + (T ∗)2

)
, (7)

where ns is the superfluid density, as calculated above in
the local limit. T ∗ is field-dependent parameter given by
T ∗ ∼ 0(ξ0/d ) ∝ √

H .
We employed the Ginzburg-Landau relation for the field

dependence of the gap, (B)/(0) = (1 − (B/Bc2)2)1/2, and
a phenomenological relation for the critical temperature,
Tc(B) = Tc(0)(1 − B/Bc2)1/2 [65]. The fits used Bc2 = 100 T,
which is a reasonable estimation for the upper critical field
[45], and a critical temperature Tc = 76 K, which is slightly
lower than other reported values, but was consistent with all
three sets of data we fitted.

We present the fits of the d-wave model with nonlocal
corrections to the temperature dependence of the form fac-
tor in Fig. 6(a). Starting with the 1 T data in Fig. 6(a), we
expect a T ∗ of around 6 K from the BCS gap of 2.14 Tc,
using the value of the critical field to estimate ξ0. Leaving the
magnitude of 0 as the free parameter of the fit, such that
T ∗ is determined by 0, we find that it returns a value of
0 = (3.21 ± 0.09) Tc, which corresponds to a T ∗ = 9.7 K.
While this gap value is ∼50 % larger than the weak-coupling
BCS value, we note that large gap values in cuprates are
not unusual [66], so this is a reasonable value. The fit is
clearly a good description of the data, and possesses the finite
low-temperature slope characteristic to nodal gap structures,
indicating that this material is d wave in nature, and that as
expected the nonlocal effects do not contribute strongly at low
field.

For the fits at 4 T and 16.4 T, if we follow the Ginzburg-
Landau relation for the field dependence of the gap, we would
expect the gap value at 4 T to be 3.20 Tc with T ∗ ∼ 20 K,
and at 16.4 T the gap to be 3.12 Tc with T ∗ ∼ 40 K. However,
we find that these parameters are not able to fit the data.
Indeed, following the predicted

√
H dependence for T ∗ does

not allow for the fitting of the data for any value of the gap. We
have therefore kept the Ginzburg-Landau relation for the gap,
which gives the values described above, but left T ∗ as a vari-
able parameter in these fits. This gives T ∗ = 59 ± 3 K at 4 T
and T ∗ = 70 ± 3 K at 16.4 T. This is higher than expected,
with T ∗ ≈ Tc at the highest measured fields. This suggests
that the onset of nonlocal effects is both more rapid and
stronger with increasing field than the current models would
predict.

IV. CONCLUSIONS

We have investigated the VL structure of calcium-doped
YBCO and have compared the behavior of the VL in these

overdoped materials with that of pure YBCO7. The results
from the 15% doped sample are dominated by pinning to
the large density of twin planes, but the 4% doping shows
similar behavior to YBCO7, but with a lower field scale. In the
limit of high fields, both systems show the same VL structure.
Therefore, we conclude that the underlying gap structure is
unaffected by the change in doping and is the same in both
the calcium-doped systems and the parent compound. We at-
tribute the different field scales in the VL structural transitions
mainly to the weakening of the 1D superconductivity in the
Cu-O chains by the disorder introduced by doping, although
the upper critical field will also be reduced by overdoping.
Furthermore, in the 4% Ca-doped sample, the field depen-
dence of the form factor can only be fit to the anisotropic
London model with unphysically small coherence lengths.
This compares with the reported behavior in YBCO7 where
the anisotropic London model cannot be fit at high fields with
any reasonable coherence length. We speculate that this is due
to the onset of a significant Pauli paramagnetic contribution
inside the vortex cores as a function of field.
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APPENDIX

We include a brief summary of the characterization of the
samples used during the neutron scattering measurements. In
Figs. 7(a) and 7(b), we show pictures of the mosaic samples
used for the neutron experiments mentioned above. To reveal
the twinning present in both samples, we have also taken
polarized-light pictures of the 4% Ca-doped YBCO sample
[Fig. 7(c)] and of the 15% [Fig. 7(d)]. We can observe in
both samples the different domains, revealed as dark and light
regions, which have crystal a axes along one or another of the
directions at 45◦ to the domain boundaries. It can be clearly
observed in the 15% Ca-doped YBCO sample that the widths
of the domains are much narrower than in the 4% Ca-doped
YBCO sample. Thus, the 15% Ca-doped YBCO sample is
more highly twinned and this explains the strong pinning
effects present in this sample.

We have also performed several magnetization measure-
ments using a vibrating sample magnetometer from 0 to 16 T

144511-7



A. S. CAMERON et al. PHYSICAL REVIEW B 108, 144511 (2023)

(a) (b)

(c)

(d)

FIG. 7. (a) Photograph of the 4% doped sample. (b) Photograph
of the 15% doped sample. Polarized-light pictures of the (c) 4% and
(d) 15% Ca-doped YBCO samples where the widths of the domains
are not greater than 2.2 and 0.4μm, respectively.

on both samples. However, during measurements of a hystere-
sis loop, the 15% Ca-doped YBCO sample broke, limiting

FIG. 8. Magnetization curves of the 4% Ca-doped YBCO sample
measured at low temperatures (top) and at Tc/2 (bottom) where the
critical current is around Jc ≈ 6 · 106 A/m2. The PPMS was unable
to reach lower temperatures than 8 K during the low-temperature
measurements at 10◦. The dashed line in the bottom panel represents
a region where the VSM was not measuring.

measurements on this sample. This was due to the torque
created by the VL pinning at high magnetic fields applied at
10◦ to the c axis. In Fig. 8, we show the magnetization curves
measured on the 4% Ca-doped YBCO sample measured at
low temperatures (4.5 K and 8.5 K) applying the magnetic
field parallel to the c axis and also tilted 10◦ as in the neutron
scattering experiments (Fig. 8, top). The same magnetization
curves were repeated at ∼Tc/2 (Fig. 8, bottom). The hysteresis
in the magnetization curves reveals the strength of the pinning
(corresponding to the critical current density Jc � 106 A/m2

at 45 K). We see that tilting the field by 10◦ reduces the
pinning by a small fraction, and so conclude that the main
cause of the pinning is due to the Ca doping. However, the
twin boundaries are still mainly responsible for the flux-lattice
orientation in the 15% sample.
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