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The phase diagram of underdoped cuprates in a magnetic field (H)
is the key ingredient in understanding the anomalous normal state of
these high-temperature superconductors. However, the upper crit-
ical field (H.2) or the extent of superconducting (SC) phase with
vortices, a type of topological excitations, and the role of charge or-
ders that are present at high H, remain under debate. We address
these questions by studying stripe-ordered La-214, i.e. cuprates in
which charge orders are most pronounced and zero-field SC tran-

sition temperatures TP are lowest; the latter opens a much larger



energy scale window to explore the vortex phases compared to previ-
ous studies. By combining linear and nonlinear transport techniques
sensitive to vortex matter, we determine the T—H phase diagram,
directly detect H.;, and reveal novel properties of the high-field
ground state. Our results demonstrate that, while the vortex phase
diagram of underdoped cuprates is not very sensitive to the details
of the charge orders, quantum fluctuations and disorder play a key
role as T' — 0. The presence of stripes, on the other hand, seems
to alter the nature of the anomalous normal state, such that the

high-field ground state is a metal, as opposed to an insulator.

Introduction

Cuprates are type-11 superconductors (1): above the lower critical field H.;, an external
perpendicular magnetic field penetrates the material in the form of a solid lattice of
vortices or quantized magnetic flux lines. Since this vortex lattice is set in motion by the
application of a current, the pinning of vortices by disorder ensures the zero-resistivity
property of a superconductor below T.(H). The disorder also turns the vortex lattice
into a Bragg glass (1), i.e. a state that “looks” nearly as ordered as a perfect solid, but
with many metastable states and the dynamics of a glass. This phase melts into a vortex
liquid (VL) when the temperature is high enough, or into an amorphous vortex glass
(VG) for strong enough disorder. The latter transition, in particular, can occur at low
T as a function of H, which increases the density of vortices and the relative importance
of disorder (). In two-dimensional (2D) systems, the VG freezes at T, = 0, and thus
the VG has zero resistivity only at 7. = 0; signatures of a glassy, viscous VL, however,
can be observed at low enough 7', i.e. above Tj. In general, the VL persists up to the

crossover line H.(T), i.e. up to the upper critical field H.y = Heo(T = 0) where the

2



superconducting gap closes. Hence, the disorder suppresses the quantum melting field of
the vortex lattice to be lower than H.,. Since the presence of disorder plays a crucial role
in the vortex physics and leads to glassy dynamics, a method of choice for probing the
energy landscape of such systems is the response to a small external force. In particular,
the key signatures of a Bragg glass and a glassy VL are nonlinear voltage-current (V1)
characteristics at low excitation currents: for 7" < T.(H), a vortex lattice or a Bragg
glass has zero resistivity in the I — 0 limit and a finite critical current; in contrast,
the I — 0 (i.e. linear) resistivity of a glassy VL is non-zero at all T > 0, but its V-1
remains non-Ohmic for I # 0. At high enough 7', the effects of disorder are no longer
important and the V-1 of a (non-glassy) VL becomes Ohmic. Although the vortex matter
in cuprates has been studied extensively (1), the regime of high H and low 7', in which
disorder and quantum effects are expected to dominate, has remained largely unexplored;
in particular, there have been no V-1 measurements. However, it is precisely this regime
that is relevant for the determination of H,.

In cuprates, which have a quasi-2D nature, the value of H. continues to be of great
interest, because the strength of pairing correlations is an essential ingredient in under-
standing what controls the value of T2, the nature of the pairing mechanism, and the
pseudogap regime (2). However, the interpretation of experimental data has been contro-
versial and contradictory | (3-6) and refs. therein]. At least a part of the controversy lies
in a disagreement on whether the VL regime vanishes () or persists (4) at 7' = 0, although
it has been shown that the VL may survive up to surprisingly high fields (4,7) at T < T7.
For example, in highly underdoped Las_,Sr,CuO, (LSCO), in which charge order is at
best very weak (8), the vortex phase diagram was proposed based on the evidence (7)
for quantum criticality of the linear resistivity associated with 7" = 0 transitions from

the vortex lattice to VG, and then from the VG to insulator, i.e. a 2D superconductor-



insulator transition (SIT) (9), at higher H. Charge orders, however, are ubiquitous in all
hole-doped cuprates, in a range of dopings centered near x = 1/8, and their interplay with
superconductivity at high H is one of the key open questions (10). To explore the possible
effects of charge order on the phases of vortex matter and the nature of the normal state,
we study the in-plane resistivity (p,p) of other underdoped cuprates from the La-214 fam-
ily because, at H = 0, they exhibit short-range charge orders with strongest correlations.
Furthermore, they do not have the complication present in YBayCuzOgy, (YBCO), in
which an additional, longer-range charge order emerges at high H (10). We also employ
nonlinear (V—I) transport as a direct probe of vortex matter. The measurements extend
over an unusually large, more than three-orders-of-magnitude-wide range of 1" down to
T/T? < 0.003 (Materials and Methods).

We focus on Laj g, Eug2Sr,CuO4 (LESCO) and Laj¢_,Ndg4Sr,CuO4 (LNSCO), in
which charge order coexists with the antiferromagnetic spin-density-wave order (2) at
T < Tso < Teo; here Tso and T are the onsets of static, short-range spin and charge
orders or “stripes”, respectively, and T?(z) is suppressed for doping near z = 1/8 (Figs. 1A
and 1B). The low values of T? in this regime allow us to reveal and probe deep into the
normal state by applying H up to 35 T, since we find H., ~ 20 T in LESCO with x = 0.10
and H. ~ 25 T in LNSCO with x = 0.12, as shown below. Fields perpendicular to CuO,
planes, i.e. along the ¢ axis, enhance both spin (14, 15) and charge orders (16, 17). These
effects are observed only below T and in samples away from x = 1/8, such as x ~ 0.10,
where the stripe order is weaker. The emergence and an enhancement of the charge order
by H below T, accompanying the suppression of high-temperature superconductivity,
has been observed (18) also in YBCO. While there is no evidence of coincident static spin
order in YBCO (2), it has been argued (19) that the charge order in YBCO is similar

to that in La-based cuprates and, in fact, that charge-density-wave modulations persist



in the T' = 0 field-induced normal state in underdoped YBCO and in Hg- and La-based
cuprates (19). Thus, the stripe order in LESCO and LNSCO is expected to persist even
after T.(H) is suppressed to zero.

We find that the vortex phase diagrams of La-214 underdoped cuprates are qualita-
tively the same regardless of the presence or strength of the charge orders: as T" — 0,
the vortex lattice is separated from the high-field ground state by a wide range of fields
where quantum phase fluctuations and disorder (i.e. a viscous VL) dominate. On general
grounds, the same conclusions should apply also to other cuprates below optimum dop-
ing. By establishing the T—H phase diagram over an unprecedented range of parameters
and demonstrating that measurements, such as nonlinear transport, are needed down to
T < TP to determine H,, our work also resolves the lasting controversy in the cuprate
research. Furthermore, we reveal novel properties of the high-field normal (non-SC) state
in the presence of stripes: the insulatinglike, In(1/7") dependence of the in-plane resistiv-
ity, the origin of which has been a long-standing puzzle, is suppressed by H, suggesting a
metallic high-field ground state. This is in contrast to the early work (20) in the absence
of static stripes, where H does not seem to affect the In(1/T") behavior, and the high-field

ground state is an insulator.

Results

In-plane resistivity of La; s_,Eug 2Sr,CuO4 and La; g_,Ndg 4Sr,CuOy4

Our samples were single crystals with the nominal composition La; 7Eug2Srg1CuQO4 and
Lay 4gNdg4Sro12Cu0, (Materials and Methods). TP was defined as the temperature
at which the linear resistance R, = limj, ,oV/I (that is, pu) becomes zero. For

La; 7Eug2Srg1CuOy, TV = (5.740.3) K, Tso ~ 15 K, Teo ~ 40 K (Fig. 1A), and the pseu-
dOg&p temperature Tpseudogap ~ 175 K (5) For La1,48Nd0.4Sr0.1gCuO4, TCO = (36:]:04) K,



Tso ~ 50 K, Teo ~ 70 K (Fig. 1B), and Tjpscudogap ~ 150 K (5).

Figures 1C and 1D show the in-plane magnetoresistance (MR) measurements at fixed
T for Laj7Eup2Srg.1Cu0O4 and Laj48Ndg4Srg.12CuQy, respectively. The positive MR,
indicative of the suppression of superconductivity, appears below ~ 35 — 40 K. However,
as T' decreases further, a negative MR develops at the highest fields, resulting in a peak in
par(H) at H = Hpeor(T) for T < T?. In cuprates, only positive MR has been discussed so
far, with the exception of a broad MR maximum (20) in underdoped LSCO. Its similarities
to that in 2D films of conventional superconductors near a field-tuned SIT have led to the
suggestion (21) that, in both cases, Hpeqr represents the field scale above which the SC
gap, a measure of the pairing strength between electrons that form Cooper pairs, vanishes.

Figure 1E shows the p, (7)) curves for LESCO extracted from the MR measurements
for H < 18 T (i.e. Fig. 1F for LNSCO up to H < 19 T); the MR data at higher H are
discussed further below. When the normal state sheet resistance, Rpjjayer, is close to the
quantum resistance for Cooper pairs, Rg = h/(2¢)?, which occurs for T' ~ 15 K, the p.,(T)
curves start to separate from each other: lower-H pu(7T) curves exhibit a metalliclike
drop associated with superconductivity, while higher-H curves show a tendency towards
insulating behavior. This is also remarkably reminiscent of the behavior of 2D films of
many materials at a 7' = 0 SIT (22), where the critical resistance is close to Rg. Such
a transition is generally attributed to quantum fluctuations of the SC phase and, hence,
loss of phase coherence; Cooper pairs that form the SC condensate thus survive the
transition to the insulator. Although underdoped cuprates are highly anisotropic, layered
materials, and thus behave effectively as 2D systems (7, 23, 2/), these similarities between
bulk systems, LESCO and LNSCO, and 2D films are striking: it took only specially
engineered, double-layer transistors to observe (25) the critical resistance of R for the

H =0, electric-field-driven SIT in LSCO. These similarities thus suggest the importance



of phase fluctuations in LESCO and LNSCO at low T'. Figures 1E and 1F show that the
increase of H clearly leads to the suppression of T,(H) and, just like in highly underdoped
LSCO (7), to a peak in pq(T") that shifts to lower T = Teqr(H). In LSCO, Tpear(H)
was attributed (7) to the onset of the viscous VL regime. The values of T.(H) (see also
Fig. S1), Hpear(T'), and Tpeqr(H) are shown in Fig. 2 over a wide range of 7" and H for
both materials.

The quantum melting of the vortex lattice, in which py, = 0 as the vortices are pinned
by disorder (1), occurs when T.(H) — 0, e.g. for ~ 5.5 T in LESCO (Fig. 2A). On general
grounds, in type-II superconductors the vortex lattice melts into a vortex liquid or glass,
i.e. a regime of strong phase fluctuations. Indeed, at the lowest T in the intermediate
H regime, the data are described best with the power-law fits p,(H,T) = po(H)T*H)
in both materials (Fig. S2), suggesting a true SC state (p, = 0) only at 7' = 0 when
the vortices are frozen. This finding is similar to that in highly underdoped LSCO (z =
0.06,0.07), and consistent with the expectations for a viscous VL above its glass freezing
temperature 7, = 0 [ (7) and refs. therein]. Here we employ also nonlinear transport

measurements to probe the vortex matter directly.

Nonlinear transport and superconducting correlations

The second technique, therefore, involves measurements of V—I characteristics at fixed H
and T' (Materials and Methods), in addition to the linear resistance Ry, discussed above.
When T' < T, dV/dI is zero as expected in a superconductor (Fig. 3A), since small values
of I;. are not able to cause the depinning of the vortex lattice. However, at higher H,
where T, is suppressed to zero, a zero-resistance state is not observed even at I;. = 0
(Fig. 3A), down to the lowest T' (Fig. 3B), but the VI characteristic remains non-Ohmic

and dV/dI increases with I;.. This type of behavior is indeed expected from the motion



of vortices in the presence of disorder, i.e. it is a signature of a glassy, viscous VL (1). At
higher H and T, the non-Ohmic response vanishes (Fig. 3).

A comprehensive study of nonlinear transport (see, e.g., Fig. S3) over the entire range
of T and H was performed on La; 7Eug2Srg1Cu0O4. The non-Ohmic behavior was estab-
lished for all H < H*(T') and Ohmic behavior for H > H*(T') in Fig. 2A; as T — 0, H*
extrapolates to ~ 20 T. We note the quantitative agreement between H*(T'), the bound-
ary of the viscous VL obtained from nonlinear transport, with the values of T),c.i(H)
obtained from the linear resistivity measurements. Thus Tpeq(H) can be indeed used to
identify the extent of the viscous VL. Moreover, at T' < 0.4 K, both H*(T") and T},eqr(H)
agree, within the error, with H,e.(T), suggesting that, for T < T, Hpeqr may be in-
deed interpreted as the field scale corresponding to the closing of the SC gap (21). In
Lay 4sNdo.4Sr0.12Cu0y, Tpear(H) and Hpear(T') are also found to be the same, within the
error, at low enough 7" < 0.7 K (Fig. 2B); V—I measurements at low 7" (Fig. S4), confirm
that transport remains non-Ohmic, for example, up to H* = (22 +£3) T at T~ 0.05 K,
comparable to Hpeqr (T ~ 0.05 K) ~ 27 T, and well beyond the quantum melting field of
the vortex lattice (~ 4 T).

The extent of SC fluctuations observed in linear transport was determined from the
positive MR at high 7" (Figs. 1C and 1D) as the field H.(T") above which the MR increases
as H? (Fig. Sb), as expected in the high-T normal state. As in other studies on cuprates
le.g. (7,24, 26,27)], the result can be fitted with H = Hj[1 — (T /T»)?] (Fig. 2A). Remark-
ably, as T"— 0, both H. and H* extrapolate to ~ 20 T in La; 7Eug2Srg1CuOy, consistent
with H*(T' = 0) being the depairing field, i.e. H.. Region III in Fig. 2 (H > H*, H))
then corresponds to the H-induced normal state. Similar, albeit fewer measurements of

H! in Laj 4sNdg 4519.12CuQO, (Fig. 2B) are consistent with this picture.



High-field normal state

The highest field py,(7") data are shown in Fig. 4. In La; 7Eug2Srg1CuOy, pap o< In(1/7)
is observed in this regime over a temperature range of one-and-a-half decades, without
any sign of saturation down to at least ~ 0.07 K or T'/T? ~ 1072 (Fig. 4A). The In(1/T)
behavior was first reported (20) in underdoped Lay ,Sr,CuQOy; it was not dependent
on H, and its origin is still not well understood (7). Nevertheless, experiments suggest
that the high-H normal-state in underdoped Lay_,Sr,CuQy is an insulator (7, 20, 28). In
contrast, a clear weakening of the insulatinglike, In(1/T") behavior with H is observed in
Laj 7Eug2Sr91CuOy4 (Fig. 4A), strongly suggesting that p,, becomes independent of T,
i.e. metallic, at much higher fields > 55 T (Fig. 4A inset).

Similar pg, o< In(1/7T) behavior is found in Lay 4sNdg 4Sr012CuO,4 (Fig. 4B), in agree-
ment with earlier experiments (29) performed up to 15 T and down to 1.5 K. How-
ever, while that work reported (29) that p,, became independent of the field strength for
H > 11 T, lower T" and higher H have allowed us to reveal the weakening of the In(1/7T)
behavior by H also in Laj 4gNdg 4Srg12CuOy (Fig. 4B). The apparent saturation at low
T is attributed to the presence of Tpeqx(H), which moves to lower 7" with increasing H.
The onset of metallic behavior is anticipated at ~ 70 T (Fig. 4B inset). The results thus
strongly suggest that the high-field ground state of striped cuprates is a metal.

We note that the possibility that SC fluctuations persist in the H > H* regime (e.g.
beyond H* ~ 20 T as T — 0 in Laj 7Eug2Srg1CuQO,4) cannot be completely ruled out
based on these measurements, as H.(7T) may acquire a “tail” at low 7" such that the
fitted H) < H.(T = 0) (7). However, magnetotransport studies that employ also parallel
magnetic fields do confirm the absence of any observable remnants of superconductivity

for H > H*(T — 0); those results will be presented elsewhere. In any case, it would



be interesting to perform additional studies of this peculiar high-field normal state that
is characterized by the In(1/T") temperature dependence and the negative MR, as well
as to extend the measurements to H > 55 T to probe the properties of the anticipated

high-field metal phase.

Vortex phase diagram

Figure 2 shows that, in H = 0, phase fluctuations become dominant at 7' < 15 K ~ (2-
3)T(? in Laj 7Eug2Srg1Cu0y, and at T < 20 K ~ 6T(? in Laj 4gNdg4Srg.12CuQy, i.e.
about an order of magnitude below Tjscudogap. Gaussian fluctuations of amplitude and
phase become observable below ~ 35 K in Laj 7Eug2Srg;CuQy, ie. ~ (33-48) K in
Laj 48Ndg 4Sr0.10Cu0y as in previous work (29). Therefore, we find no evidence for pairing
at temperatures comparable to T)seudogap, Similar to the conclusions of other, recent studies
(5, 24). Measurements at relatively high 7" < T, suggest low values of H* needed to close
the gap (Fig. 2), consistent with some reports (5, 30) of low values of H.. For example,
it was reported (30) that H. ~ 8 T on Laj 7Eug2Srg;CuO, with a similar 72, but those
experiments were performed at fairly high 7" (see Fig. S6). Figure 2A shows that H* ~ 8 T
at a comparably high T' ~ 1 K. By extrapolating to 7" — 0 in different cuprate families, it
was then argued (%) that there is no VL at 7' = 0. However, as our study demonstrates, it
is only by systematically tracking the evolution of SC correlations with H and 7" down to
T/T? < 1, that reliable ' — 0 extrapolations can be made. Indeed, Fig. 2 shows clearly
that the regime of viscous VL broadens dramatically as 7" is reduced: the VL thus survives
up to fields Heo = H* ~ 20 T in La; 7Eug2Srg1CuOy (~ 25 T in Lay 48Ndg 4Srg.12Cu0y)
as T — 0, i.e. well beyond the quantum melting field of the vortex lattice (H,, ~ 5.5 T
and H,, ~ 4 T, respectively, for La; ;Eug2Srg;CuO, and Laj 48Ndg4Srg12Cu0y). The

relatively high values of H. are consistent with the H = 0 opening of the SC gap at T’
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several times higher than T (albeit < Tpseudogap)-

The existence of a broad phase fluctuations regime in H = 0 can be attributed to
several factors. The first one is the effective 2D nature of the materials, which leads to
the Berezinskii-Kosterlitz-Thouless transition and broadening of p,(T) close to T2 (24).
The second one is the presence of stripes, i.e. the intrinsic nanoscale phase separation or
intrinsic electronic inhomogeneity, which can result from competing interactions even in
the absence of disorder (31, 32): the presence of stripes in cuprates has been suggested to
lead to an intrinsically granular SC state (33). Indeed, in contrast to highly underdoped
LSCO (7), the pu(T) curves of striped LESCO and LNSCO exhibit a two-step devel-
opment of superconductivity (Figs. 1F, S1, S2, S7B) similar to novel hybrid structures
with engineered nanoscale phase separation [e.g. (34-36)], granular films of conventional
superconductors (22, 37), relatively clean heavy-fermion (38) and iron-based superconduc-
tors (39) in the presence of competing orders, and some novel 2D materials (40). Finally,
even homogeneous disorder may lead to the inhomogeneity of the pairing amplitude (41)
on the scale of the coherence length, forming SC islands weakly coupled by the Josephson
effect; although inhomogeneous, the pairing amplitude is finite throughout the system,
and the SC transition occurs at T° because of the loss of phase coherence. Spatially
inhomogeneous pairing gaps persisting above T have been observed in cuprates, such as
BiySraCaCusOs s [e.g. (42)], and in films of conventional superconductors (43), including
on both sides of the SIT (44).

Interestingly, in films with weak and homogeneous disorder, the application of H itself
can lead to the emergent granularity of the SC state (45). Generally speaking, since
increasing H increases the effective disorder (1), as " — 0 it also leads to the suppression
of T.(H), i.e. the suppression of the ordered, vortex lattice phase (region I in Fig. 2) to

fields below H.,. This results in an intermediate regime characterized by large quantum
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phase fluctuations, i.e. a viscous VL in Fig. 2, that extends up to H.. Therefore,
consistent with general expectations (1, 37), H*(T' — 0) = H., in Fig. 2 corresponds to
the upper critical field of the clean system, i.e. in the absence of disorder.

Our results (Fig. 2) indicate that, in analogy to 2D SC films near the H-tuned SIT
(22,37), the MR peak in LESCO and LNSCO allows access to both bosonic (positive MR)
and fermionic (negative MR) regimes. While H o (T') tracks H*(T) and Tpear(H) at low
temperatures, there is a clear bifurcation at higher T. This results in the H*(T) < H <
Heai,(T') bosonic regime in which, in contrast to the viscous VL, the transport is Ohmic.
Therefore, we identify this regime as the (Ohmic) vortex liquid. This is consistent with the
finding, based on other types of probes, that a line similar to Tj.q.x(H) separates the VL
from the viscous VL in the high-temperature (T' < T?), low-H regime of several cuprate
families (1). It is still an open question whether that line represents a true second-order
glass transition or just a crossover energy scale. The nonmonotonic behavior of H,eqr(T)
observed at low T, however, is a new and unexpected finding. It suggests that, for
certain H, the system can pass from a regime dominated by SC phase fluctuations (i.e.
a VL) to a normal, albeit very unusual, state, and then again to a phase-fluctuations-
dominated regime (i.e. a viscous VL) as T is lowered. Although the understanding of this
intriguing behavior is beyond the scope of this study, we note its strong resemblance to
the solid-liquid melting line in the T-pressure phase diagram of He? that was predicted by
Pomeranchuk, thus strongly suggesting that the striped normal state (the “solid”) carries

a higher entropy than the viscous vortex liquid.

Discussion
Our key results are summarized in the T-H phase diagrams (Fig. 2) of striped LESCO

and LNSCO, which have been mapped out over more than three orders of magnitude of T'
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and deep into the H-induced normal state using two different, complementary techniques
that are sensitive to global phase coherence. In particular, by relying only on transport
techniques, we have been able to obtain a self-consistent set of data points and achieve
quantitative agreement of our results, allowing us to compare different energy scales.
Furthermore, by using cuprates with a very low T, we have been able to access a much
larger energy scale window to explore the vortex phases compared to previous studies.
Indeed, Fig. S6 shows that our measurements extend to effectively much lower 7" and
higher H compared to previous studies of H. on these and other underdoped cuprates.
For example, our lowest T'/T? is an order of magnitude lower than that in the study of
YBCO in a similar part of the T—z phase diagram (3). This has allowed us to probe the
previously inaccessible regimes, including deep into the normal state. We have revealed
that the unusual, insulatinglike behavior [p,, o< In(1/T")] of the normal state is suppressed
by even higher H, leading to a metallic high-field ground state in striped cuprates.

Our findings have important implications for other cuprates, especially YBCO, which
is considered the cleanest cuprate, but just like any other real material, it does contain
some disorder (6, 46). Even if the disorder is weak, its effects will be amplified at low T'
with increasing H, leading to the quantum melting of the vortex lattice into a VL below
H.,. Therefore, probes sensitive to vortex matter, employed over a wide range of T"and H,
and studying the response of the system to a small external force, are needed to determine
H.,. Indeed, for transport measurements, for example, Fig. 3 demonstrates that, due to
the intrinsically nonlinear nature of the V-I characteristics of the vortex matter, using
high excitations I;. would yield much higher measured values of p,, and even change the
sign of its temperature dependence (Fig. 3B). As a result, the observation of T),c.i(H)
and the identification of the viscous VL regime, would not be possible. In YBCO, low-T'

magnetization measurements have reported (4) the melting of the vortex lattice into a
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“second vortex solid” with a much weaker shear modulus, somewhat reminiscent of the
viscous VL regime in Fig. 2, but H. was not reached with the accessible fields. Indeed,
conflicting MR results, i.e. both a positive MR only (47) and a peak (48), have been
reported for the same material and doping, leaving the question of H. in YBCO open. A
quantitative comparison of the typical current densities (~ 1073 A /cm?) used to measure
linear pg in our study (Materials and Methods) to those used in the studies of H., in
YBCO [e.g. (9)] is difficult, because the latter information is missing. However, the related
literature (49) suggests that current excitations ~ 1 mA and the corresponding current
densities > 1 A/cm? in YBCO. In any case, nonlinear transport studies at low excitations
of YBCO with a very low T?, comparable to that in our striped LESCO and LNSCO
crystals or in highly underdoped LSCO (7), are clearly needed to identify the vortex
phases, determine H.,, and probe the normal state.

A comparison of spectroscopic data on a variety of hole-doped cuprates, in which the
La-214 family was not considered, has established (50) that the SC gap ~ 5kgT? with
the value of ~40 meV at optimal doping. This indeed suggests inaccessibly high H.
(~ 100 T), although this same relationship yields an order of magnitude lower gap ~2-
3 meV for T? ~ 4-6 K that are comparable to those in our LESCO and LNSCO crystals.
Similarly, in the La-214 family at optimal doping, where T° ~ 40 K, it was found (51-53)
that the SC energy scale ~ 20 meV. It is thus reasonable to expect a SC gap ~ 2 meV
when T ~ 4-6 K, i.e. of the same order as H found in our study.

In La; 7Eug 251y 1CuOy4 and Lay 4Ndg4Sr12CuQy4, which have different strengths of
stripe correlations, we have established qualitatively the same vortex phase diagrams as
in highly underdoped LSCO (7), in which there is no clear evidence of charge order (8).
The LSCO study (7) was performed using a different method, as described above, and on

samples grown by two different techniques. Therefore, the qualitative agreement between
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the vortex phase diagrams obtained on three different materials confirms that our find-
ings are robust, and that the presence of different phases of vortex matter in underdoped
La-214 cuprates is not very sensitive to the details of the competing charge orders. Our
data also highlight the key role of disorder in understanding the 7" — 0 behavior of un-
derdoped cuprates, and demonstrate that the SC phase with vortices persists up to much
higher fields H., than those argued previously. Even in conventional superconductors,
the interplay of vortex matter physics, disorder, and quantum fluctuations leads to the
enhancement of He as T — 0, a long-standing puzzle in the field (54). It should thus
come as no suprise that the precise values of H., may be also affected by the presence
of stripes. In particular, stronger stripe correlations in Laj 4sNdg4Srg12CuO4 than in
Lay 7Eug 2Srg.1CuOy4 seem to enhance the VL regime as T" — 0, but this issue is beyond
the scope of this work. On the other hand, since strong stripe correlations have not
altered the vortex phase diagrams, there is no reason to expect that much weaker, at
least in H = 0, charge orders in other cuprates will modify the vortex phase diagrams
qualitatively. Our results thus strongly suggest that our conclusions should apply to
all underdoped cuprates, as supported by the agreement with the spectroscopic data on
other cuprates, including the La-214 family. However, whether the vortex liquid regime
extends out to overdoped regions of the cuprate phase diagram where the (normal state)

pseudogap closes remains an open question for future study.

Materials and Methods

Samples
Several single crystal samples of Laj g, Eug2Sr,CuOy (Fig. 1A) with a nominal z = 0.10
and Lay 6_,Ndg 451, CuO, (Fig. 1B) with a nominal x = 0.12 were grown by the traveling-

solvent floating-zone technique (55). From the X-ray fluorescence analysis using an X-

15



ray analytical and imaging microscope (HORIBA XGT-5100), it was confirmed that the
chemical compositions were close to the nominal values within the experimental error
and spatially homogeneous with the standard deviation less than 0.003 for a ~ 1 mm?
area mapping with ~ @10 pum resolution. This is supported by the fact that the struc-
tural phase transition from the low-temperature orthorhombic to low-temperature tetrag-
onal phase, which reflects the global chemical composition, was very sharp as observed
in the temperature dependence of the c-axis resistivity, measured (56) on a bar-shaped

La; 4sNdg 4Sro.1oCu0O, sample with dimensions 0.24 x 0.41 x 1.46 mm?

(a x b x c) and
T? = (3.51 £ 0.06) K. SQUID and torque magnetometry measurements were performed
on a bar-shaped La; 7Eug2SryCuO,4 crystal with dimensions 1.19 x 0.24 x 0.78 mm?
(a x b x ¢). Detailed transport measurements were performed on two crystals, shaped as
rectangular bars suitable for direct measurements of the in-plane resistance, with dimen-
sions 3.06 x 0.53 x 0.37 mm? and 3.82 x 1.19 x 0.49 mm? (a x b x ¢) for La; 7Eug2Sre;CuOy
and Laj 48Ndg4Srg.12CuQy, respectively. Gold contacts were evaporated on polished crys-
tal surfaces, and annealed in air at 700 °C. The current contacts were made by covering
the whole area of the two opposing sides with gold to ensure uniform current flow, and the
voltage contacts were made narrow to minimize the uncertainty in the absolute values of
the resistance. Multiple voltage contacts on opposite sides of the crystals were prepared.
The distance between the voltage contacts for which the data are shown is 1.53 mm for
LESCO and 2.00 mm for LNSCO. Gold leads (=~ 25 pm thick) were attached to the sam-
ples using the Dupont 6838 silver paste, followed by the heat treatment at 450 °C in the

flow of oxygen for 15 minutes. The resulting contact resistances were less than 0.1 Q for

LESCO (0.5 © for LNSCO) at room temperature.

The values of T° and the behavior of the samples did not depend on which voltage contacts
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were used in the measurements, reflecting the absence of extrinsic (e.g. compositional)
inhomogeneity in these crystals. Furthermore, both T and the sample behavior remained
astonishingly stable with time (see, e.g., Fig. S1), without which it would have not been
possible to conduct such an extensive and systematic study that requires matching data
obtained using different cryostats and magnets (see below) over the period of 2-3 years
during which this study was performed, thus further attesting to the high quality of the
crystals. Even the value of TP = (3.6 + 0.4) K in La; 4sNdg4Sro12CuO, indicates high
sample homogeneity: first, it agrees with the value (~ 4 K) obtained (57) from magnetic
susceptibility, a bulk probe, and second, it is lower than the values of T away from this
doping at which the superconductivity is most suppressed [ (12) and refs. therein; also
Fig. 1B]. In contrast, some of the other transport studies of Laj 4sNdg4Sr.12CuO, have
found T ~ 6 K (29) and T? ~ 7 K (30), pointing to either a different effective doping or
inhomogeneity in their samples. Likewise, TCO ~ 5.7 K of our La; 7EugSrg1CuQy4 crystal
agrees with the bulk susceptibility measurements (Fig. STA), while its high-T resistivity
(Fig. STB) is about five times, that is, significantly lower than in some other studies ( 30) of
the same material. Similarly, the high-T" resistivity of our Laj 48 Ndg 4Srg.12CuQy crystal is
at least ~ 30% lower than previously published values (29), indicating that our samples are
at least as homogeneous. The agreement between the resistive T,.(H ) and the irreversibility
field H;,..(T) obtained from torque magnetometry in LESCO (Fig. S8) further confirms
the absence of extrinsic inhomogeneity and high crystal quality. In fact, it is probably
because of the relatively low level of disorder that our striped LESCO and LNSCO crystals
exhibit a two-step pap(T") (Figs. 1F, S1, S2), known to reflect the onset of local and global
superconductivity in various 2D systems (22, 34-37), as discussed above. A similar two-

step pap(T) is observed (29, 30, 58-60) also in other La-214 cuprates near z = 1/8.
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Measurements

The standard four-probe ac method (~ 13 Hz) was used for measurements of the sam-
ple resistance, with the excitation current (density) of 10 yA (~ 5 x 1073 Acm™2 and
~2x 1072 Aem™2 for LESCO and LNSCO, respectively). The Lakeshore 372 AC resis-
tance bridge, which minimizes power dissipation at low temperatures, was used for linear
resistivity measurements. dV/dI measurements were performed by applying a dc current
bias (density) down to 2 pA (~1x 1072 Aem™2 and ~ 4 x 10™* Acm~2 for LESCO and
LNSCO, respectively) and a small ac current excitation I,. &~ 1 pA (~ 13 Hz) through
the sample, while measuring the ac voltage across the sample. For each value of I,., the
ac voltage was monitored for 300 s and the average value recorded. The data that were
affected by Joule heating at large dc bias were not considered. In the high-field normal
state, for example, the dc current bias where Joule heating becomes relevant, identified as
the current above which the V-1 characteristic changes from Ohmic to non-Ohmic, was
I;. > 100 pA at the lowest T'; at higher T', such as 1.7 K, that current was Iz = 10 mA.
In all measurements, a 7 filter was connected at the room temperature end of the cryostat

to provide a 5 dB (60 dB) noise reduction at 10 MHz (1 GHz).

The experiments were conducted in several different magnets at the National High Mag-
netic Field Laboratory: a dilution refrigerator (0.016 K < T < 0.7 K), a 3He system
(0.3 K < T < 35 K), and a variable-temperature insert (1.7 K < T < 200 K) in su-
perconducting magnets (H up to 18 T), using 0.1 — 0.2 T/min sweep rates; a portable
dilution refrigerator (0.02 K < T < 0.7 K) in a 35 T resistive magnet, using 1 T/min
sweep rate; and a *He system (0.3 K < T < 20 K) in a 31 T resistive magnet, using 1
— 2 T/min sweep rates. Below ~ 0.06 K, it was not possible to achieve sufficient cooling

of the electronic degrees of freedom to the bath temperature, a common difficulty with
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electrical measurements in the mK range. This results in a slight weakening of the pu,(7T")
curves below ~ 0.06 K for all fields. We note that this does not make any qualitative
difference to the phase diagram (Fig. 2). The fields, applied perpendicular to the CuO,
planes, were swept at constant temperatures. The sweep rates were low enough to avoid

eddy current heating of the samples.

The resistance per square per CuOs layer Ro/iayer = Pab /1, where [ = 6.6 A is the thickness

of each layer.

Supplementary Materials

Supplementary material for this article is available at .. ..

Fig. S1. Determination of the zero-resistance T.(H).

Fig. S2. The dependence of the in-plane resistivity on 7" at intermediate fields.

Fig. S3. Nonlinear in-plane transport in Laj 7Eug2Srg1CuQOy.

Fig. S4. Nonlinear in-plane transport in Laj 4sNdg 4519 12CuQy.

Fig. S5. In-plane magnetoresistance of La; 7Eug9Srg;CuOy vs. H? for several T > TP.
Fig. S6. Comparison of studies of upper critical field in various underdoped cuprates at
different hole concentrations (p).

Fig. S7. Temperature dependence of the magnetic susceptibility and in-plane resistivity.
Fig. S8. Comparison of the irreversibility fields H;..(T") with the resistive T.(H) in
La; 7Eug.2Srg1CuQy.
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Fig. 1: In-plane transport properties of striped cuprates. (A) and (B), T—x phase
diagrams of Lay g ,Eug2Sr,CuO, (LESCO) and Laj¢_,Ndg4Sr,CuO,4 (LNSCO), respec-
tively for H = 0; T? is the superconducting transition temperature, and Ty is the tran-
sition temperature from the low-temperature orthorhombic (LTO) to a low-temperature
tetragonal (LTT) structure. Teo and Tso are the onset temperatures for charge and spin
orders, respectively. Dashed lines guide the eye. Vertical dashed lines show the doping of
our single crystals. The data in (A) are reproduced from ref. (11) and refs. therein, and
those in (B) from (11-13) and refs. therein. (C) and (D), pup(H) of La; 7Eug 25151 CuOy
and Laj 4sNdg4Sr9.12CuQy, respectively, for several T', as shown. At low T', pu(H) ex-
hibits a strong peak at H = H,eqr(T). The right axes show the corresponding Rp Jlayer
in units of quantum resistance for Cooper pairs, Rg = h/(2¢). (E) and (F), pup(T) of
La1.7Eu0.QSr0‘1CuO4 and La1.48Nd0,4Sr0,12CuO4, respectively, for several H S 19 T, as
shown. Solid lines guide the eye. The black dashed lines track the values of T}eqr(H).
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Fig. 2: In-plane transport T—H phase diagram of striped cuprates with H || ¢
axis. (A) Laj 7Eug2Srg1CuOy; (B) Laj 4sNdo4Srg12CuOy. T.(H) (black squares) mark
the boundary of the pinned vortex lattice, which is a superconductor with p,, = 0 for
all T' < T.(H) [region I; T.(H) > 0]. H*(T') symbols mark the boundary of the viscous
vortex liquid, in which dV/dI is non-Ohmic [for H < H*(T)] and which freezes into a
vortex glass at T' = T, = 0; dashed red line guides the eye. Ohmic behavior is found at
H > H*(T). H*(T = 0) thus corresponds to the upper critical field Hpo. Hpear(T') (green
dots) represent fields above which the MR changes from positive to negative. The region
H* < H < Hpeqr, in which the MR is positive but transport is Ohmic, is identified as the
vortex liquid. Tjeqr(H) (open blue diamonds) track the positions of the peak in pu(T).
H!(T) is the field above which SC fluctuations are not observed; Gaussian fluctuations of
the SC amplitude and phase are expected at the highest 7" and H < H/(T'). The highest
field region (III) corresponds to the H-induced normal state. The dashed line in (A) is
a fit with puoH![T] = 20.3[1 — (T[K]/35.4)?], and the error bars indicate the uncertainty
in H. that corresponds to 1 SD in the slopes of the linear fits in Fig. S5. In (B), SC
fluctuations vanish between 33 K and 48 K for H = 0, and the dashed line is a guide to
the eye. Zero-field values of Tsp and T are also shown; both spin and charge stripes
are known to be enhanced by H (see main text). Except for T,(H), lines do not represent
phase boundaries, but finite-temperature crossovers.
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Fig. 3: Nonlinear in-plane transport in La; 7Eug2Srg.1CuOy4. (A) Differential
resistance dV/dI as a function of dc current I, for several H < 18 T at T'= 0.067 K. In
the bottom trace, for which T' < T.(H = 4.8 T)~ 0.08 K, dV/dI is zero as expected in a
superconductor. (B) dV/dI vs. I,. for several T'at H = 9 T. The linear resistance (dV/dI
for I;. — 0) has a metalliclike temperature dependence but, at higher ;. > 20 pA, the
temperature dependence of dV/dI is insulatinglike. Dashed lines guide the eye.
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Fig. 4: Temperature dependence of the in-plane resistivity p,, at the highest
H,i.e. in the normal state. (A) La; 7Eug,Srg1CuO,4 and (B) Laj 4sNdg4Srg.12CuOy.
Solid lines are fits to pu = pl,(H)In(Ty(H)/T), and dashed lines guide the eye. The
arrow in (B) shows T,eop(H = 19 T). Insets: Fitting parameters pq(H) and To(H).
The decrease of the slopes pl, (black squares) with H indicates the weakening of the
insulatinglike, In(1/7") dependence with H. The linear extrapolation of p/, to zero (dashed
line) provides a rough estimate of the field ~ 55 T in La; ;FEug2Srg1CuQy, i.e. ~ 71 T in
Laj 48Ndg 4519 12CuQy, where insulatinglike behavior vanishes.
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Fig. S1: Determination of the zero-resistance T.(H). In a magnified, i.e. log-
log plot of pu(H) curves obtained in resistive magnets at fixed 7' [(A) and (C) for
La1.7Eu0.QSr0.ICuO4 and La1.48Nd0,4Sr0,12CuO4, respectively], the field where the resis-
tivity is smaller than the experimental noise floor is defined as the “zero-resistance field”
at a given 7. That temperature, in turn, is identified as the zero-resistance T.(H) in
this field. The values of T.(H) are also shown in the log-log plots of pu,(7) at fixed
H, measured in superconducting magnets [(B) and (D) for Laj;Eug2Srg;CuO, and
Laq 48Ndg 4Sr0.12CuOy, respectively]. The noise floor was 0.5 mS) in resistance, corre-
sponding to pu of 6.5 x 1073 mQcm for LESCO and 1.5 x 1072 mQcm for LNSCO, as
indicated by horizontal dashed lines. As shown, measurements were also performed in sev-
eral different cryostats: a 3He system, a dilution refrigerator, and a variable-temperature
insert (VTI). The agreement between data obtained during different runs illustrates the
remarkable stability of the crystals with time, further attesting to their high quality.
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Fig. S2: The dependence of the in-plane resistivity on T at intermediate fields.
(A) La1.7Eu0_QSro,1CuO4; (B) La1_48Nd0_4Sr0.1QCuO4. In both panels, pab(T> for a given
H, as shown, are plotted on a log-log scale. Short-dashed lines guide the eye. Solid lines
represent power-law fits po,(H,T) = po(H)T*H). Insets: Fitting parameters a(H) and
po(H). Short-dashed lines guide the eye. The linear resistance Ry, = lim;, o V/I was
measured with [,. ~ 10 uA.
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Fig. S3: Nonlinear in-plane transport in La; ;Eug2Srg;CuQOy4. Representative
traces of differential resistance dV/dI vs. I4. for several T and H, as shown. Changes
of dV/dI vs. I, from non-Ohmic to Ohmic with increasing H are shown at (A) the
lowest temperatures; (B) 0.175 K, one decade higher than base T'; and (C) 1.7 K, two
decades higher than base 7. In (A) and (B), the data were taken with [, ~ 1 pA,
except for 20 < H(T) < 35 in (A), where I,. ~ 10 pA. In (C), the data were taken
with I,. &~ 10 pA, with I;. up to & 5 mA, where Joule heating was still absent. H*(T),
determined as the magnetic fields where dV/dI vs. I,. becomes Ohmic, are labeled in (A),
(B), and (C). The uncertainties in H*(T"), given in Fig. 2, reflect experimental resolutions
in determining H*(T'). Short-dashed lines guide the eye.
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Fig. S4: Nonlinear in-plane transport in La; 48Ndg.4Sr¢.12CuOy4. (A) Differential
resistance dV/dI as a function of dc current I, for several H, as shown, at T'= 0.017 K.
(B) dV/dI vs. 14 for H = 18 T at two temperatures, as shown. Short-dashed lines in
(A) and (B) guide the eye.
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Fig. S5: In-plane magnetoresistance of La; yEug 2Srg.1CuO,4 vs. H? for several
T > T2. In (A) and (B), short-dashed lines are fits representing the contributions from
normal state transport, i.e. they correspond to [pws(H) — par(0)]/pas(0) = {[pas(0)]n —
Par(0)}/par(0) + aH?. The intercept of the short-dashed line shows the relative difference
between the fitted normal state resistance and the measured resistance at zero field.
The difference between the short-dashed lines and the measured magnetoresistance is
due to the superconducting contribution.
superconducting fluctuations become observable; it is determined as the field at which
the deviation from the H? fit exceeds the noise level. This method cannot be used at
lower T" because the magnetoresistance develops a peak.

Arrows indicate H., the field below which
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Fig. S6: Comparison of studies of upper critical field in various underdoped
cuprates at different hole concentrations (p). The symbols correspond to the lowest
T and highest H reached in previous studies, as shown, normalized by T°. Our study
(red star symbols for LESCO and LNSCO in the oval at lower right) clearly extends to
effectively much lower 7" and higher H compared to earlier work on these materials at the
same p (star symbols) and other hole-doped cuprates.
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Fig. S7: Temperature dependence of the magnetic susceptibility and in-
plane resistivity. (A) The zero-field-cooled (ZFC) and field-cooled (FC) bulk mag-
netic susceptibility of Laj 7Eug2Srg1CuOy4. The SQUID measurement was performed on
a Laj 7Eug2Srg.1CuQy crystal that was from the same batch, but different from the one on
which the transport measurements were done. Nevertheless, T = 5.7 K, as identified from
the onset of the bulk diamagnetic behavior, agrees very well with that obtained from our
transport measurements, confirming the high quality of our crystals. (See also Fig. S8.)
(B) The in-plane resistivity pa, of Laj 4sNdg4Srg12CuOgand La; 7Eug 2Srg1CuOy; H = 0.
The linear p,,(T') observed at high temperatures is higher in LNSCO single crystal sample
than in LESCO, and it extrapolates to a higher residual (T" = 0) resistivity. Therefore,
both the residual resistivity and the normal-state resistivity, i.e. pg at temperatures
above the onset of superconducting fluctuations, may be used as a measure of disorder.
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Fig. S8: Comparison of the irreversibility fields H;,,.(T') with the resistive
T.(H) in La; ;Eug2Srg;Cu0y. (A) dC/H vs. poH, for several T, as shown. Except
for the 0.019 K data, a constant shift of 0.005 pF /T is added from trace to trace for clarity.
The angle between H and the crystalline ¢ axis (sketch) was 6 = 15°; H; = H cosf. The
capacitance C' was measured using an Andeen-Hagerling 2500A capacitance bridge, with
a single crystal glued to a 1-mil-thick BeCu capacitive cantilever. The same sample,
different from the one used for transport measurements, was measured in Fig. S7. The
capacitance change, dC' = C(H) — C(H = 0), is proportional to the magnetic torque;
dC'/H is proportional to the anisotropic magnetization (61). Arrows point at the onsets
of bifurcation, i.e. H;..(T), determined as the fields where the hysteresis in dC exceeds
the noise level ~ 2 x 107 pF. The linear change of dC/H with poH, above H;.,.(T)
reflects the paramagnetic Van Vleck contribution (62). The noise below 2 T comes from
superconducting magnets and does not affect the determination of H;.,(T). (B) dC/H
vs. poH, near H,;.(T) for 0.083 K (left, bottom axes) and 0.166 K (right, top axes).
Solid arrows point at H;..(T). Horizontal bars represent the errors in H,,..(T), reflecting
the uncertainty in estimating the onsets of bifurcation. (C) pup(H) at T = 0.095 K and
0.160 K close to those in (B). T.(H) are indicated by the arrows and associated values.
(D) H;(T) added to the in-plane transport 7' — H phase diagram with H || ¢ axis. The
agreement between Hj., and T.(H) obtained on two different samples confirms the high

quality of our crystals.
9



	aay8946_ArticleContent_v2_edOct28-2019
	ZShi_SA_suppl_20191028



