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3Université de Sherbrooke–CNRS and IRL Frontières Quantiques,
Sherbrooke, Québec, Canada.
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The mechanism of doping in the composite PrxY1−xBa2Cu3O7−δ (Pr-YBCO) system is distinct
from that of pure YBCO, offering a means to explore the requirements for the numerous electronic
orders appearing in the phase diagram. One such example is the ubiquitous 2D charge order and
concomitant Fermi surface reconstruction in underdoped YBCO. Here, using Hall effect measure-
ments, we find signatures of a Fermi surface reconstruction similar to that in pure YBCO indicating
the presence of 2D charge order in Pr-YBCO. Additionally, we find that the phase diagrams of Pr-
YBCO and YBCO are symmetric despite the additional disorder in the former and the distinction
between hole depletion through Pr substitution and through O reduction. This indicates that while
the mechanism of doping differs, the amount of charge carriers in the planes is the most important
factor governing the electronic orders in these systems.

I. INTRODUCTION

The discovery of YBa2Cu3O7−δ (YBCO) marked a
paradigm shift in the field of high-Tc superconductivity.
Its high maximum Tc at optimal doping (90 K), clean-
liness, and ease of synthesis have made it a key system
for studies on high-Tc cuprates. The complete chemical
substitution of Y for any rare-earth element (such as Nd,
Er, and Gd) has no impact on Tc with a few exceptions:
Ce and Tb which do not readily form the orthorhombic
crystal structure of YBCO, Pm which is radioactively un-
stable, and Pr which forms a stable, isostructural system
with the caveat of being an insulator [1]. The composite
system PrxY1−xBa2Cu3O7−δ (Pr-YBCO), whose phase
diagram is presented in Fig. 1, demarcates the super-
conducting and insulating states, offering a unique in-
sight into the role of doping, disorder, and oxygen in the
YBCO system. Superconductivity is continually tuned
through Pr cation substitution while retaining the oxy-
gen stoichiometry, with the suppression of superconduc-
tivity at x > 0.55 and a metal-insulator crossover leading
to a fully insulating phase when x = 1 [1–4].

The effects of Pr substitution are multifaceted. The
conduction electrons of Pr originate from 4f orbitals and
in its trivalent form (the dominant form in Pr-YBCO
[3, 4]) the ionic radius of Pr is larger than that of Y.
This directly disturbs the adjacent CuO2 planes, essen-
tial for superconductivity. Rather than altering the chain
stoichiometry by a reduction of oxygen, the chains in Pr-

YBCO are largely unaffected by Pr doping [5]. Instead,
hole doping in the planes is varied through two distinct
mechanisms: orbital hybridization between the Pr4f and
O2p orbitals in the CuO2 plane leading to hole localiza-
tion [6], and pair breaking due to the enhanced disorder
in particular via a spin exchange interaction between the
holes and the magnetic moment of Pr ions [2]. Recent
ARPES measurements in Pr-YBCO challenge this point
of view and suggest that the reduction of Tc is due to the
donation of electrons to the CuO2 planes [7].
Considering these dissimilarities between the structure

and doping of YBCO and Pr-YBCO, it is perhaps unex-
pected that the phase diagram of Pr-YBCO in Fig. 1
resembles closely that of pure YBCO [8] comprising anti-
ferromagnetic and superconducting domes with similar
dependencies on their respective doping. Muon spin-
relaxation and NMR have tracked the termination of
AFM order from the Pr spins to x = 0.4 [9, 10] which
lies within the superconducting dome. Similarly, AFM
order within the SC dome has been detected by neutron
spectroscopy in YBCO [11].
One crucial observation that has recently been re-

ported in Pr-YBCO [12, 13] is the existence of short-
range charge order which appears universal in the phase
diagram of underdoped cuprates and intertwines strongly
with SC and magnetic order [14–23]. In YBCO, charge
order manifests as a plateau in the superconducting dome
centred around a doping of 1

8 [24–27]. Near this dop-
ing level there is a depression of the upper critical field
Hc2 [28] and an enhancement of Tc under the applica-
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FIG. 1. The phase diagram of Pr-YBCO. The yellow region
marks the antiferromagnetic (AFM) region bounded by TN .
Muon spin-relaxation measurements reveal two types of mag-
netic order: the suppression of the Mott state, and magnetic
order from the Pr spin. Black circles are Tc versus nomi-
nal Pr content x from ref. [5]. The superconducting dome is
marked in blue. The star (diamond) symbols correspond to
Tc measured by squid (resistivity) in the four Pr-YBCO sam-
ples presented in this study.

tion of hydrostatic pressure [29] providing clear evidence
for competition between SC and charge order. In under-
doped YBCO and Hg-based cuprates, the change of the
dominant carrier type is demarcated by a sign reversal
in the low-T Hall effect [8, 20, 30, 31] and in the Seebeck
coefficient [32, 33]. The negative sign of both quantities
observed at low doping levels is consistent with a Fermi
surface containing at least a mobile electron pocket. The
doping range over which this sign change appears [8, 30]
is roughly consistent with the regime in which NMR and
x-ray measurements find a high-T biaxial charge order
in the CuO2 planes, although it has been noted recently
that the endpoint of CDW order as a function of hole
is not easy to define [34]. Quantum oscillation mea-
surements in underdoped YBCO [35–37] and Hg-based
cuprates [20, 38, 39] have shown a low frequency oscilla-
tion alluding to a Fermi surface comprising small pock-
ets. This is in stark contrast to overdoped Tl2201 which
hosts a large hole-like Fermi surface [40], as predicted
by band structure calculations. Supporting theoretical
investigations have found that the reconstruction of the
large Fermi surface into small electron-like pockets is con-
sistent with a Fermi surface reconstruction (FSR) by bi-
axial charge order [20, 41]. This biaxial charge order is
short ranged with a correlation length up to 60 Å and has
half integer out of plane modulation. The wavevectors
characterizing charge ordering in YBCO are incommen-
surate and slightly different along the a- and b-axes.

Under the application of high magnetic fields [42, 43],
uniaxial strain [44] and in thin film form [45], YBCO
forms coherent 3D charge order which coexists with, and
has the same incommensurate ordering vector and doping
dependence as the 2D charge order. It has integer out of
plane modulation. Measurements on detwinned crystals
have shown that the 3D charge order modulations are
uniaxial along the b-axis. The maximum achieved in-
plane correlation length is about 200 Å at B = 28 T [46].

In Pr-YBCO, signatures of 3D charge order were found
using resonant x-ray scattering (REXS) at x = 0.3
(Tc = 50 K) [47]. These signatures were only observed
at integer out of plane (L) modulation with a correlation
length exceeding 360 Å and no indication of the biaxial
2D charge order at half-integer values of L. The inten-
sity of the peak associated with the 3D charge order was
detectable at room temperature and grew with tempera-
ture, reaching a maximum at Tc, similar to pure YBCO
[48]. This was interpreted as a strong indication that 3D
charge order in Pr-YBCO was stabilized by the extended
dimensionality of the Pr4f orbitals. A subsequent study
[12] using soft REXS on thin films of Pr-YBCO across
the entire doping series found two charge order peaks at
half-integer L suggesting 2D charge order similar to pure
YBCO, but not at integer L e.g. without the stabilized
3D charge order. More recently, a study combining graz-
ing incidence x-ray diffraction and REXS measurements
on thin films of Pr-YBCO at x = 0.3 found two distinct
charge orders with similar in-plane periodicity but with
different value of L [13]. The peak at L=1 (attributed
to 3D charge order in ref. [47]) was interpreted as a Pr-
related super-lattice structure, while the peak at L=0.5
was interpreted as evidence of biaxial 2D charge order.
The 2D charge correlations were found at high temper-
atures with a short correlation length of 25 − 30 Å – 3
times smaller than that of pure YBCO [49]. Despite the
discrepancies reported by different groups in Pr-YBCO,
there is clear evidence of charge modulations in this sys-
tem.

It is not obvious whether these short-range correla-
tions would suffice to reconstruct the Fermi surface in
Pr-YBCO. To probe this, we have performed Hall effect
measurements on twinned Pr-YBCO crystals spanning
the doping range x = 0.2− 0.45 and Tc = 42− 65 K. We
find a T -dependent sign-change in RH which disappears
with increasing Pr content (decreasing Tc) and is rem-
iniscent of that in YBCO, indicating the presence of a
density wave order and a concomitant Fermi surface re-
construction. We propose that this density wave order
stems from charge correlations and that the apparent
lack of competition with superconductivity is a conse-
quence of the short correlation length [12] in addition to
high disorder levels. The doping level at which the re-
construction terminates coincides with the onset of the
metal-insulator crossover from Pr spin at x = 0.4 [9],
highlighting the complex relationship between magnetic
and charge order. Overall, we find stark similarities be-
tween the phase diagrams of Pr-YBCO and YBCO, and



3

discuss the results in the context of disorder and the dis-
parate mechanisms of doping holes into the CuO2 planes.

II. EXPERIMENTAL METHODS

Crystals of Pr-YBCO were synthesised in UC San
Diego according to the method described in ref. [50] us-
ing a solid-state reaction to generate the precursor ma-
terial which was added to a flux, composed of BaCO3

and CuO. Precursor and flux were slowly brought up to
a temperature of 900 ◦C and held for 1 hour. Then, the
temperature was decreased to 880 ◦C to allow crystals
to form, before the temperature was reduced slowly to
room temperature. The crystals were then annealed in
gold coated quartz trays at 400 ◦C for 5 days in oxy-
gen and allowed to cool naturally to room temperature.
The crystals were then characterised using SQUID mag-
netometry. Gold contacts were sputtered onto both faces
of polished crystals and annealed at 400◦C for two hours
in flowing oxygen to allow the gold to diffuse. Electrical
contacts were made using DuPont 4929N. The typical
sample dimensions were on the order of ∼ 200− 600 µm
in length and breadth, and 30 − 100 µm in thickness.
Pulsed magnetic field measurements up to 65 T were car-
ried out at He-4 temperatures at the LNCMI-EMFL in
Toulouse with two field polarities at each temperature to
allow for a standard symmetrization and antisymmetriza-
tion of the magnetoresistance and Hall resistance, respec-
tively. Note that c-axis contamination was observed in
the resistivity ρxx measurements but does not alter the
Hall measurements due to the antisymmetrization. The
six crystals, their nominal Pr content, and their Tc from
SQUID (defined at the onset, see Appendix A) and dc
resistivity (defined where R = 0, see Appendix A) are
shown in Table I; the discrepancies between the two val-
ues are discussed below. The dimensions of the samples
are shown in Appendix B. To isolate the effect of Pr only,
the chains were fully loaded with oxygen (y = 7). Small
deviations from optimal oxygen doping are possible, but
are not responsible for the results reported herein. Due
to the complex relation between Pr- and hole-doping and
our inability to determine both the precise oxygen con-
tent and precise Pr content, it is not possible to label
our samples with a specific hole doping p. We therefore
use Tc as a measure of sample doping and to facilitate
comparison with YBCO.

III. RESULTS

The Hall coefficient RH(T ) measured at the maximum
field strength of four representative samples of Pr-YBCO
is shown as a function of temperature in Fig. 2. The raw
data RH versus magnetic field for the four samples are
shown in Appendix C. The duplicates of x = 0.35 and
x = 0.45 gave the same results as those shown (see Ap-
pendix D) and are not included in the figures for clarity.

Sample Nominal Pr x T SQUID
c (K) T res

c (K)
0.2 0.2 60 70

0.35a 0.35 64 61
0.35b 0.35 65 57
0.4 0.4 43 37

0.45a 0.45 38 32
0.45b 0.45 42 35

TABLE I. Samples measured in this work with their nominal
Pr content and transition temperature measured by SQUID
and by resistivity. The discrepancy between the Tc values is a
possible consequence of inherent disorder and inhomogeneity
in the system.
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FIG. 2. RH(T ) for four samples showing a change of sign
at higher Tc. The temperature at which this occurs (T0) de-
creases in parallel with Tc, eventually remaining positive for
the low-Tc crystals. The same behaviour is observed in the
two samples which are not shown.

At high temperature where the Hall effect is perfectly lin-
ear in-field, we perform measurements up to 30 T and a
linear extrapolation of RH up to 65 T is used. In all sam-
ples, RH(T ) grows with decreasing T ; below T = 100 K,
the different doping levels exhibit distinct behaviour. In
the samples with the higher Pr content (lower Tc) RH

grows with temperature and shows an upturn at low
temperatures. In contrast, the samples with a lower Pr
content (higher Tc) reach a maximum in RH(T ) before
sharply falling and changing sign, hence suggesting a FSR
occurring in the doping phase diagram of Pr-YBCO out-
with the region where the metal-insulator crossover oc-
curs. T0, the temperature at which RH = 0, decreases
with increased Pr doping (decreasing Tc). This is our
first main finding: the Hall coefficient of Pr-YBCO with
varying xmirrors the behaviour of pure YBCO with vary-
ing p.



4

IV. COMPARISON WITH YBCO

To emphasize this point, in Fig. 3, we plot RH ver-
sus magnetic field at T=10 K for (a) Pr-YBCO and (b)
YBCO (from ref. [30]). The same general trends are
evident in the two materials - at higher Tc, RH is nega-
tive whereas closer to the Mott state it is positive. As a
reminder, in YBCO, the positive Hall effect at low dop-
ing (p < 0.08) has been interpreted as a consequence of
a FSR by an antiferromagnetic order. In this scenario,
the FS consists of two hole pockets in the first Brillouin
zone. This is in agreement with ARPES and QO studies
showing the metallic character of the AFM phase at low
doping in the IPs of a 5-layer cuprate [51]. At higher
doping (0.08 < p < 0.16), the FS is reconstructed by
charge order, presumably biaxial, which gives rise to an
electron pocket and a negative Hall effect. In Pr-YBCO,
the same phenomenology applies since for lower Tc, the
Hall effect remains positive at T = 10 K. This is justi-
fied by evidence for antiferromagnetic ordering of the Pr
moments and the Cu moments within the Cu-O planes
for x > 0.4 by µSR and NMR measurements [9, 10]. For
the higher Tc samples, the Hall effect changes sign at low
temperature.

In Fig. 4, we compare the temperature dependence of
RH normalized by its value at T = 100 K and measured
at high fields for several dopings of (a) Pr-YBCO and (b)
YBCO (from ref. [30]). Again, the similarity is striking.
In YBCO, RH(T ) goes from positive at T = 100 K to
negative as T → 0, except for p = 0.078, where RH(T )
never changes sign and increases monotonically with de-
creasing temperature. In Pr-YBCO, RH(T ) goes from
positive at T = 100 K to negative as T → 0 for x = 0.2
and x = 0.35, but never changes sign for x = 0.4 and
x = 0.45. The sign reversal of the Hall effect is a signa-
ture of the presence of charge order and of an electron
pocket in the reconstructed FS.

One notable dissimilarity between the two materials is
the doping-dependence of the upper critical field, Hc2,
defined as the irreversibility field at T = 0, Hirr(T → 0).
This is shown in Fig. 5 and the determination of Hc2 for
Pr-YBCO is discussed in Appendix E. In the Pr-YBCO
system, an increase of Pr leads to a monotonic quench-
ing of Hirr. The situation is more complicated in YBCO
where Hirr shows a clear suppression with increased hole
doping, reaching a minimum near p = 0.125 before in-
creasing again towards p∗ [28, 30]. The apparent lack of
competition in Pr-YBCO in the zero-field resistivity [1, 5]
and the critical field [52], shown in Fig. 5, poses a chal-
lenge to the reconstruction of the FS due to 2D charge
order - if charge correlations do not compete measurably
with superconductivity, are they able to cause a FSR?
This hence leads to our second finding: the competition
between superconductivity and 2D charge order in Pr-
YBCO appears less pronounced than in YBCO.
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FIG. 3. (a) RH as a function of magnetic field at T = 10
K showing quite clearly the sign change that occurs and its
doping dependence in Pr-YBCO. (b) The same plot but for
pure YBCO at several doping levels (from ref. [30]).

V. DISCUSSION

1. Doping mechanism

The substitution of Pr for Y is accompanied by sub-
tle changes to the unit cell and a hybridisation between
Pr4f orbitals and O2p orbitals, both of which affect the
electronic character of Pr-YBCO. The larger ionic radius
of Pr and its magnetic moment act as a source of disor-
der provoking a direct effect of Pr on the CuO2 planes,
hence on superconductivity and charge order.
Superconductivity in the cuprates is governed by the
charge carriers in the CuO2 planes. In pure YBCO the
hole doping within the planes is governed by the oxy-
gen stoichiometry of the CuO chains which act as charge
reservoirs. In Pr-YBCO, the dominant Pr ion (Pr3+) lo-
calizes carriers in the CuO2 planes as a consequence of
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FIG. 4. RH(T ) normalized by its value at T = 100 K for
(a) Pr-YBCO (this work) and (b) YBCO (from ref. [30]).
Both show a systematic variation of T0 with doping while the
doping levels closest to the antiferromagnetic phase does not
exhibit a sign change.

orbital hybridization [6], but this interpretation has been
challenged recently [7]. In the case of the former, the
localized holes no longer contribute to the transport or
superconducting properties and thus Tc gradually falls
with increased Pr content in the same way as Tc falls
as the CuO chains are diminished of oxygen. The de-
pletion of superconductivity is further supplemented by
pair-breaking effects due to disorder from the Pr. Note
that none of the mechanisms which suppress supercon-
ductivity involve a change of the oxygen ordering in the
CuO chains, and hence are entirely distinct from doping
in YBCO. Nonetheless, in both YBCO and Pr-YBCO,
the in-plane hole concentration is dictated by an out-
of-plane influence and hence it is not unusual that the
electronic behaviour associated with the planes be near
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FIG. 5. Hc2 for YBCO [28] (blue squares) and Pr-YBCO (red
stars) as a function of Tc. The clear depression seen in YBCO
is not observed in Pr-YBCO representing the weaker competi-
tion between charge correlations and superconductivity in the
latter. A monotonic dependence of Hc2 in Pr-YBCO has also
been observed in a more extensive doping range in ref. [52]
(see Appendix E for a discusssion)

analogous in the two systems.

2. Fermi surface reconstruction

On a similar vein, it is not unexpected that 2D charge
order and a FSR are both present in Pr-YBCO, in par-
ticular, considering their universality in the cuprates
[8, 20, 32, 39]. Grazing incidence x-ray diffraction and
REXS measurements on thin films of Pr-YBCO found
charge order peaks at half-integer L which have been
interpreted as signatures of 2D charge order similar to
YBCO [12, 13]. Furthermore, it is natural to conclude by
comparison that the FSR reported here is a consequence
of such 2D charge order. Although the correlation length
is 3 times smaller than that of YBCO, we cannot exclude
that it increases under a strong magnetic field, as it is the
case in YBCO [42, 46].
Unique to YBCO are uniaxial 3D charge correlations

along the b-axis which appear under external influences
such as stress [44, 48], in thin films [45], and in mag-
netic fields exceeding 15 T [42, 43, 53]. The 3D charge
order is superimposed on the 2D charge order, sharing
the same incommensurate wave vector. The out-of-plane
coherence is mediated by phase-locking of the CuO2 bi-
layers. The in-plane correlation length can be as high as
200 Å at B = 30 T, compared to 80-100 Å for the 2D
charge order.
The exact mechanism of the FSR in YBCO by the CDW
is still debated. Biaxial charge order with wavevectors
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(Qx, 0) and (0, Qy) creates a small electron-like pocket
located at the nodes. This is the most natural scenario
for the FSR, although it has been argued that the value
of the coherence length of YBa2Cu3O6.59 is too short to
be at the origin of quantum oscillations at this doping
level [54]. The 3D charge order has a longer coherence
length but is uniaxial. Unidirectional charge order can
create an electron-like pocket but only in the presence of
nematic order and it would be located at the antinodes,
where the pseudogap removes the density of states [55].
There are other arguments against the scenario of FSR
by 3D charge order. Since the incommensurate wave vec-
tor is identical to the one of the 2D charge order, it does
not introduce a new periodicity. Although the onset of
the 3D charge order is closer to the temperature at which
RH changes sign, T0, it was pointed out that for p > 0.12,
T0 is larger than the onset of 3D charge order hence it
is largely inert with respect to the FSR [53]. This con-
clusion was also inferred from a transport study under
uniaxial strain where the impact of 3D charge order was
argued to be too weak to explain the sign reversal of the
Hall coefficient as a function of temperature [56]. A re-
cent REXS study on YBCO has shown that the stress
induced 3D charge order is observed only in y = 6.5 and
y = 6.67, while the sign reversal of the Hall effect occurs
at least in the doping range between y = 6.48 and y =
6.86.

It is not clear that Pr-YBCO hosts 3D charge order.
The observation of signatures in REXS was supported
by the argument that the 3D character of the hybridized
Pr4f -O2p orbital could facilitate long-range, out-of-plane
charge order [47]. However, a more recent study argued
that the signature detected at x = 0.3 is due to a super-
lattice structure given by the 1/3 partial substitution of
Pr [13]. More work is needed to elucidate the nature of
the 3D charge order in Pr-YBCO, in particular it would
be interesting to perform x-ray scattering under magnetic
field or uniaxial stress.

3. Effect of disorder

In archetypal CDW systems, the effect of disorder is to
suppress and to smear the CDW transition. From a the-
oretical point of view, weak disorder prevents long-range
incommensurate CDW order [57]. But the signature of
the ideal CDW may still appear in the presence of dis-
order. This has been demonstrated in Pd-intercalated
ErTe3, where two incommensurate CDW phases are pro-
gressively suppressed, as the amount of Pd increases [58].

By analogy, we can understand why, for the same Tc,
the sign reversal of the Hall effect occurs at lower tem-
perature in Pr-YBCO compared to pure YBCO. This is
shown in Fig. 6 where the temperature of the sign reversal
of the Hall effect of YBCO (open diamonds) is compared
to Pr-YBCO (red stars). Moreover, it is clear that the
substitution of Pr results in a threefold decrease of the
charge order correlation length [12, 45, 49]. This is also

0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 00

5 0

1 0 0

1 5 0

2 0 0  T x r a y  Y B C O
 T 0  Y B C O
 T 0  P r - Y B C O
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2 D  C D W
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FIG. 6. Comparison of the temperature of the sign rever-
sal of the Hall effect, T0 of YBCO (open diamonds) and of
Pr-YBCO (red stars). The green region marks the 2D charge
order detected by x-ray measurements in YBCO (green trian-
gles from refs. [49, 61]). The superconducting dome is marked
in gray. The solid black line and its extrapolation (dashed
line) represent the pseudogap temperature in YBCO.

the case in Zn-doped YBCO, where Cu in the planes
is substituted for Zn impurities, introducing point-like
disorder. Similar to Pr-YBCO, Tc is suppressed, with
greater suppression at higher Zn percentages; but unlike
Pr-YBCO, the decrease of Tc is a direct consequence of
pair-breaking and the doping is not modified by Zn sub-
stitution. Zn-YBCO hosts definitive charge correlations
[59] and measurements (at B = 14 T for Zn-YBCO) re-
veal a sign reversal of the Hall effect at a temperature T0

which is lower than pure YBCO, depending on the im-
purity level [60]. Zn doping does not modify the charge
order wavevector, but has a drastic effect on the correla-
tion length and intensity; this was argued to be a conse-
quence of suppressed charge correlations around the Zn
impurities [59].

4. Competition between CO and SC

A direct comparison with YBCO combined with the
arguments presented above for Zn-YBCO suggests that
2D charge order in Pr-YBCO causes the FSR seen in Hall
measurements. However, there is a lack of evidence in
the data for the canonical competition between supercon-
ductivity and charge order, traditionally seen as a sup-
pression of Tc and Hc2 in transport measurements near
p ∼ 0.125. The same effect is observed in Zn-substituted
YBCO, where the dip in Tc near p ≈ 0.12 seems to van-
ish as the Zn content increases [62]. It is pertinent to
note that the reduced correlation length in Pr-YBCO
alone cannot account for the lack of competition between
charge order and superconductivity. Indeed, in the clean
single layer cuprate Hg1201, charge order has been re-
ported with a similar correlation length as Pr-YBCO (7-8
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lattice spacings) [19] and yet a clear depression of Tc re-
mains manifest [63]. Additionally, quantum oscillations
find a single reconstructed pocket in Hg1201, signalling
that the correlation length grows at high magnetic field
and suffices to reconstruct the FS [38, 39].

If we assume that the correlation length grows at high
magnetic field in order to reconstruct the FS, the con-
cealed competition in Pr-YBCO is then also an effect of
disorder. The disparate Tc values of our samples raise
the question of doping and/or Pr-substitution inhomo-
geneity. The suppression of the charge order and of
SC in Pr-YBCO may not have comparable linear effects.
Early pressure studies of the resistivity of Pr-YBCO up
to 20 kbar do reveal an enhancement of dTc/dP in the
doping region where we observe a sign change in RH [64].
Similar results up to 2.5 GPa in YBCO have been inter-
preted as evidence for the enhancement of superconduc-
tivity once the charge order is suppressed by pressure
[29]. The enhancement in Pr-YBCO is a factor of ∼ 2
smaller than in YBCO at the doping level where charge
correlations are expected to be maximal. Additionally,
above P = 6 kbar, dTc/dP decreases at x = 0.3 hinting
that Pr hybridization has a complex effect on competing
orders [64].

VI. SUMMARY

Measurements of the Hall coefficient in Pr-YBCO at
magnetic fields up to 65 T find that RH becomes neg-
ative in certain doping levels at low temperatures with
the temperature at which the sign change occurs, T0, di-
minishing with increased Pr doping (decreased Tc). RH

remains positive at all temperatures at high x where the
normal state resistivity shows a metal-insulator crossover
once superconductivity is suppressed. By analogy with
other underdoped cuprates, we attribute the sign change
of the Hall effect to a FSR from a large FS to small elec-
tron pockets due to 2D charge order.

Despite the differences in disorder and means of dop-
ing, the phase diagram of Pr-YBCO is qualitatively simi-
lar to pure YBCO. We speculate that this stems from the
fact that the charge carriers within the planes are con-
trolled by an out-of-plane influence in both systems: the
CuO chain charge reservoirs in YBCO, and hole local-
isation in Pr-YBCO. The weakened competition of the
2D charge order with superconductivity, as evinced by
the lack of plateau in Tc and Hc2, is a consequence of
disorder and inhomogeneity, which effectively smear out
well defined transitions. Our measurements cannot dis-
cern whether Pr-YBCO hosts 3D charge order similar to
YBCO, yet this is an interesting question for future work
to disentangle its origin, if present, and its connection to
crystal structure, 2D charge order and superconductivity.
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Appendix A: Determination of Tc
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FIG. 7. Resistance versus temperature for four samples at
nominal Pr content x=0.2, x=0.35, x=0.4, and x=0.45. Tc is
defined as the temperature at which the transition extrapo-
lates to R = 0. The exception is x=0.2 which shows a double
transition in the resistivity. For this sample, we extrapolate
the higher temperature transition to R = 0
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FIG. 8. Magnetization versus temperature for four samples
at nominal Pr content x=0.2, x=0.35, x=0.4, and x=0.45. Tc

is defined as the temperature at which magnetization start to
decrease.

Appendix B: Sample dimensions

Sample Nominal Pr x Length (µm) Width (µm) Thickness (µm)
0.2 0.2 170 320 70

0.35a 0.35 290 590 100
0.35b 0.35 10 30 30
0.4 0.4 300 450 30

0.45a 0.45 220 190 50
0.45b 0.45 290 520 50

TABLE II. Dimensions of the samples measured in this work
with their nominal Pr content.

Appendix C: Raw data
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FIG. 9. RH as a function of B at different temperatures for Pr-YBCO a) x=0.2, b) x=0.35, c) x=0.4, and d) x=0.45.



10

Appendix D: Reproductibility
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FIG. 10. RH(T ) for two samples at nominal Pr content
x=0.35 and two samples at x=0.45. Both samples at x=0.35
show a sign change of the Hall effect at low temperature, while
RH(T ) for both samples at x=0.45 remains positive down to
low temperatures.

Appendix E: Determination of Hc2

In a strongly type-II superconductor with a high Tc

the vortex lattice can melt at field values Bm well below
Hc2 for intermediate temperatures and assuming that the
melting field Bm and µ0Hc2 are equal at zero tempera-
ture, the melting transition field Bm is given by [65]

√
bm(t)

1− bm(t)

t√
1− t

[
4(
√
2− 1)√

1− bm(t)
+ 1

]
=

2πc2L√
Gi

(E1)

The reduced field variable is bm = Bm/µ0Hc2, and
t = T/Tc is the reduced temperature. Gi is the Ginzburg
number and cL is the Lindemann number. Fig. 11 shows
the vortex lattice melting transition for several Pr con-
tent. The dashed line are fit to Eq. E1 using cL=0.2-0.3
and Gi=50.10−3 that give µ0Hc2 displayed in Fig. 5.

0 20 40 60
T (K)

0

10

20
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60

B m
(T

) 

x=0.45
x=0.4
x=0.35
x=0.2

FIG. 11. Melting field Bm versus temperature for four
samples at nominal Pr content x=0.2, x=0.35, x=0.4, and
x=0.45. The dashed lines correspond to fit to Eq. E1.

Note that in ref. [52], the authors used a linear
extrapolation from measurements up to 5 T over a
temperature range of about 10 K near Tc for each
doping level. Within this small temperature range, they
remarked that the change in Hc2, namely d(Hc2)/dT ,
is approximately linear and this linear extrapolation
to T = 0 gives Hc2(0). Therefore, the trend of the
extrapolated Hc2(0) versus doping can be trusted but
the absolute values of Hc2(0) have large error bars.
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