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The electrical resistivity p. of the underdoped cuprate superconductor YBa,Cu3O, was measured perpendicular
to the CuO, planes on ultrahigh quality single crystals in magnetic fields large enough to suppress
superconductivity. The incoherent insulating-like behavior of p. at high temperature, characteristic of all
underdoped cuprates, is found to cross over to a coherent regime of metallic behavior at low temperature. This
crossover coincides with the emergence of the small electron pocket detected in the Fermi surface of YBa,CuzO,
via quantum oscillations, the Hall and Seebeck coefficients, and with the detection of a unidirectional modulation
of the charge density as seen by high-field nuclear magnetic resonance measurements. The low coherence
temperature is quantitatively consistent with the small hopping integral ¢, inferred from the splitting of the
quantum oscillation frequencies. We conclude that the Fermi-surface reconstruction in YBa,Cu30, at dopings
from p = 0.08 to at least p = 0.15, attributed to stripe order, produces a metallic state with three-dimensional

coherence deep in the underdoped regime.
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I. INTRODUCTION

Hole-doped cuprate superconductors stand out because of
the presence of an enigmatic pseudogap phase in the un-
derdoped regime.! From angle-resolved photoemission spec-
troscopy (ARPES) measurements, the pseudogap is defined by
the lack of a well-defined quasiparticle peak in the antinodal
region of the Brillouin zone leading to Fermi arcs.> Among
the peculiar properties in the pseudogap phase, the dichotomy
between the insulating-like interplane resistivity along the
¢ axis and the metallic in-plane resistivity down to 7, in
many underdoped cuprates is still heavily debated.*> This
dichotomy has been considered as strong support of the spin-
singlet approach to the pseudogap phase,® which considers that
coherent charge transport is strictly bidimensional and c-axis
resistivity should diverge as 7 — 0. Among other models
that have been proposed, one of these is based on incoherent
tunneling between layers assisted by interplanar disorder (see
Ref. 7 and references therein). Finally, recent valence-bond
dynamical mean-field calculations have established a clear
connection between the peculiar c-axis charge transport and
the lack of coherent quasiparticles as the pseudogap opens in
the antinodal region.® This model is in good agreement with
c-axis optical conductivity measurements which reveal the
absence of a Drude peak at low frequencies in the underdoped
normal state above T, (Ref. 9).

To understand c-axis transport, not only must the Fermi
arcs observed by ARPES above T, be taken into account,
but also the observation of quantum oscillations showing that
the Fermi surface (FS) of underdoped cuprates undergoes
a profound transformation at low temperature.'® Combined
with the negative Hall'! and Seebeck coefficients'>!? at low
temperature, these measurements demonstrate that the FS of
underdoped YBa,;Cuz0, is made of small electron pockets in
contrast to the large hole-like FS of the overdoped cuprates.'*
The underlying translational symmetry breaking, which causes
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the Fermi surface reconstruction, has been observed in high-
fields nuclear magnetic resonance (NMR) measurements. !>
These microscopic measurements have revealed that at low
temperature and above a threshold magnetic field the transla-
tional symmetry of the CuO, planes in YBa,;CuzO, is broken
by the emergence of a unidirectional modulation of the charge
density. This conclusion is supported by a comparative study
of thermoelectric transport in underdoped YBa,Cu3O, and in
La; g Eug,Sr,CuO4—a cuprate where stripe order is well
established from x-ray diffraction'®—which argues in favor
of a charge stripe order causing reconstruction of the FS at
low temperature for p > 0.08 (Ref. 13). This charge stripe
order can naturally be interpreted as a competing order with
superconductivity akin to the smectic stripe phase observed in
the archetypal La; 6, Ndg4Sr,CuO4 (Ref. 17).

Here we directly address the consequence of the Fermi
surface reconstruction by stripe-charge order on c-axis charge
transport by measuring the c-axis resistivity at low temperature
in magnetic fields large enough to suppress superconductivity.
We found that the c-axis resistivity becomes metallic-like at
low temperature, and interpret this as a consequence of c-axis
coherence. The low coherence temperature implies a small
c-axis dispersion and therefore a small hopping integral ¢, , in
quantitative agreement with the splitting of the multiple quan-
tum oscillation frequencies.'®?! The onset of this crossover
coincides with the FS reconstruction leading to the emergence
of a high mobility electron pocket which produces metallic-
like transport both in the plane and along the ¢ axis. The
coherence temperature decreases as the doping level decreases
and vanishes at a hole doping p ~ 0.08, corresponding to the
doping level where the electron pocket disappears.?>

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP

The samples studied were single crystals of YBa,Cuz0,,
grown in nonreactive BaZrO; crucibles from high-purity
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FIG. 1. (Color online) Electrical resistivity p. of YBa,Cu30, for a current / and a magnetic field B along the ¢ axis (I || B || ¢). Three
underdoped samples were measured at different temperatures below 7, (as indicated) in pulsed magnetic fields up to 60 T. The doping level of
each sample is (a) p = 0.097, (b) p = 0.109, and (c) p = 0.120. Insets: Same data between 10 and 50 K with a fit of each isotherm (thin solid
lines) using a two-band model above the superconducting transition (see Sec. V).

starting materials and subsequently detwinned.”> The su-
perconducting transition temperatures have been obtained
by resistivity measurements at zero field: 7, = 57.0 K
(p = 0.097), T. = 613 K (p = 0.109), and 7. = 66.4
K (p = 0.120). The doping p of each crystal was inferred
from its superconducting transition temperature 7, (Ref. 24).
Electrical contacts to the sample were made by evaporating
gold with large current pads and small voltage pads mounted
across the top and bottom so as to short out any in-plane
current [see inset of Fig. 1(a)]. Several samples with typical
dimensions (1 x 1 x r) mm? of different thicknesses 7=
0.05-0.15 mm were measured, each giving similar values of
the absolute c-axis resistivity. The resistivity was measured at
the Laboratoire National des Champs Magnétiques Intenses
(LNCMI) in Toulouse, France, in pulsed magnetic fields up
to 60 T. A current excitation of 5 mA at ~ 60 kHz was used.
The voltage (and a reference signal) was digitized using a
high-speed digitizer and postanalyzed to perform the phase
comparison.

III. ¢-AXIS MAGNETORESISTANCE

Figure 1 presents the longitudinal c-axis resistivity up
to 60 T for the three underdoped samples of YBa,Cu30,.
Below 60 K, a strong positive magnetoresistance (MR) grows
with decreasing temperature, in good agreement with earlier
high-field measurements> of p, on YBa,Cuz O, crystals with
T, = 60 K. At very low temperature, quantum oscillations
are most clearly seen in the sample with p = 0.109
[see Fig. 1(b)] and are just above the noise level for the other
two [Figs. 1(a) and 1(c)]. They arise from the quantization
of cyclotron orbits perpendicular to the magnetic field. The
frequencies and temperature dependence of these oscillations
are consistent with previous reports.'>!320 Two features
common to all three samples are the rise of the in-field c-axis
resistivity down to about 4 K, and a tendency to saturation
at lower temperature. This behavior is best captured in Fig. 2
where the resistivity is plotted as a function of temperature at

different magnetic fields. As T is lowered, the c-axis resistivity
first exhibits insulating behavior, but instead of diverging as
T — 0, it crosses over to a regime where it tends to saturate
at the lowest temperatures in all three samples.
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FIG. 2. (Color online) Electrical resistivity p. of YBa,CusO,
(a) p =0.097, (b) p = 0.109, and (c) p = 0.120 plotted as a function
of temperature for different values of the magnetic field. Dashed lines
are a guide to the eye. The increase of the in-field c-axis resistivity
down to about 4 K is in part due to the strong magnetoresistance
which develops at temperatures below 60 K.
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IV. FLUX FLOW CONTRIBUTION TO THE RESISTIVITY

Upon cooling, the resistivity drops because of supercon-
ductivity. This drop starts at lower temperature for higher
fields. We define the threshold field beyond which the normal
state is reached as the field above which p.(T) shows no
drop. To confirm that the tendency to saturation of p.(7") at
low temperature is not due to some compensation between
superconducting drop (as seen for the data below 40 T)
and insulating-like normal-state resistivity, we show that the
tendency to saturation persists at fields above a threshold field
down to the lowest temperatures (see Fig. 2). In all three
samples, 50 T is above the threshold field down to the lowest
temperatures. Therefore the magnetoresistance measured at
50 T is purely a normal-state property at all three dopings.

The Nernst effect is a sensitive probe of flux flow because
moving vortices make a large positive contribution to the
Nernst coefficient. In Fig. 3, we compare the field dependence
of the Nernst coefficient measured in YBa,CuzO, at p = 0.12
and 7 = 10 K (Ref. 12) [Fig. 3(a)] with that of the in-plane
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FIG. 3. (Color online) Field dependence of (a) the Nernst coeffi-
cient (Ref. 12), (b) the Hall coefficient (Ref. 11), and (c) the c-axis
resistivity [Fig. 1(c)] of YBa,Cu3;O, at p =0.12 and T =10 K.
Above a threshold field of about 30 T (indicated by the right vertical
dashed red line), the Nernst coefficient v [panel (a); green curve]
saturates to its negative quasiparticle value, as demonstrated by its
derivative [panel (a); red curve] which goes to zero as B ~ 30 T.
This saturation shows that the positive contribution to the Nernst
coefficient from superconducting fluctuations has become negligible
above 30 T. Above this field, the Hall coefficient is almost flat [dashed
blue line in panel (b)] and the two-band model fit to the c-axis
resistivity [dashed magenta line in panel (c)] merges with the data. We
conclude that at 10 K and above 30 T the flux-flow contribution to the
transport properties is negligible, and the large magnetoresistance at
high field is purely a property of the normal state at this doping level.
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Hall coefficient'! [Fig. 3(b)] and c-axis resistivity [Fig. 3(c)].
The Nernst coefficient develops a strong positive peak above
the melting line due to vortex motion in the vortex liquid
phase and is followed by a gradual descent to negative values
(the quasiparticle contribution) until it becomes almost flat
as the field approaches 30 T. This saturation is best captured
by the field derivative of the Nernst coefficient shown by a red
line in Fig. 3(a). Above the threshold field of about 30 T, the
Hall coefficient becomes flat [as indicated by the blue dashed
line in Fig. 3(b)] and the two-band model used to fit the normal
state c-axis resistivity merges with the data [see Fig. 3(c) and
Sec. V]. This comparison confirms that flux-flow contribution
to the normal-state transport is negligible, that is to say the
magnetoresistance is entirely due to quasiparticles, for fields
greater than 30 T at T = 10 K for p = 0.120.

The same conclusion can be drawn for the other samples
thanks to Hall effect measurements.'! The key observation is
that Ty(B), the temperature at which Ry (7T) changes sign, is
independent of field at high fields (from 40 up to 60 T) for
samples in the doping range studied here. This shows that
the temperature-induced sign change in Ry at high fields is
not caused by flux flow and is thus clearly a property of the
normal state.

Earlier high-field measurements of p. in YBa,Cu3O,
(Ref. 25) show a striking difference between the large
magnetoresistance observed in samples with 7, = 60 K and the
absence of the magnetoresistance in samples with 7, = 49 K.
This can only be due to normal state transport properties and
can be explained by the vanishing of the very mobile electron
pocket for the low doping sample.”? There is no alternative
explanation in terms of flux flow.

V. CROSSOVER TOWARDS COHERENT
¢-AXIS TRANSPORT

In fields of 50 T and above, where the c-axis resistivity
tends to saturate as T — 0, the nonsuperconducting ground
state of YBa,Cu3O, is coherent in all three directions at p =
0.10-0.12. This behavior is best captured in Fig. 4, where the
resistivities for the sample with p = 0.109 measured at zero
field (solid black line) and at B = 55 T (orange symbols) are
compared with the insulating-like high temperature behavior,
where the c-axis resistivity diverges as 1/ T (blue solid line).

The observation of c-axis coherent transport means that
coherent Bloch bands along the ¢ axis are present at low
temperature and that charge carriers are not confined to the
CuO, planes.* Compared to the situation in overdoped cuprate
superconductors, where there is no doubt about the existence
of a three-dimensional Fermi surface,2° the c-axis coherent
transport in underdoped YBa,Cu3O, appears at low tem-
perature where the FS is reconstructed. NMR measurements
performed on the same sample (p = 0.108) and in the same
temperature/field range where quantum oscillations have been
observed,'” reveal an unidirectional charge stripe order below
a temperature Tiparee = 50 £ 10 K above a threshold field
B ~ 20 T. Not surprisingly, the transition temperature Tiharge
obtained from NMR measurement coincides roughly with the
temperature Ty, the temperature at which Ry (7') changes sign.

In the magnetic field/temperature range where the FS under-
goes a reconstruction driven by the charge stripe order, a high
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FIG. 4. (Color online) Temperature dependence of the c-axis
resistivity of YBa;,CuzO, (p = 0.109) measured at zero magnetic
field (black solid line) and at B =55 T (orange symbols). Blue
solid line is a 1/T fit to the high temperature data up to 300 K.
The saturation of the in-field resistivity at low temperature contrasts
with the insulating-like behavior seen at high temperature. The
green open squares correspond to the resistivity from which the
magnetoresistance has been subtracted using a two-band model to
extrapolate the normal-state data of Fig. 1 to B = 0 (see Sec. V).

mobility electron pocket dominates the transport properties.
Although recent specific heat?’ measurements performed at
high fields point to a Fermi surface made of only one pocket
per CuO, plane,?® the emergence of a strong non-B> MR at
low temperature (see Fig. 1) is naturally explained by the
FS reconstruction into electron and hole sheets due to the
ambipolar character of the Fermi surface. In Fig. 5 we compare
the slope of the magnetoresistance p.(B) and the in-plane Hall
coefficient Ry as a function of temperature measured at the
same hole doping. The onset of the MR in p, coincides with
the FS reconstruction thus revealing the two roles played by
the electron pocket: it enhances the orbital MR due to in-plane
motion of carriers and it allows the MR to be reflected in
interplane transport.

To reveal that p, is metallic-like at low temperature it is nec-
essary to obtain the MR-free temperature dependence of p.(7')
by extrapolating the in-field resistivity p.(B) to B = 0, defined
as p.(0). Since a strong MR develops at low temperature, any
smooth extrapolation to B = 0 will give the same trend for the
temperature dependence of p.(0), namely an initial rise with
decreasing temperature turning into a drop at low temperature.
To illustrate this, we extrapolate the in-field resistivity p.(B)
to B = 0 using the same two-band model (electron and hole
carriers) that self-consistently accounted for the temperature
and field dependence of the longitudinal and transverse
(Hall) resistivities of YBa,CuyOg (Ref. 29). The transverse
magnetoresistance can be fitted with a two-band model

(o, + 0,) + oy,0, (ahRﬁ + oeRf)B2

B) = ,
) = o + 0202 (R + R B 0
B) = po+ &
P = Po 1+ BB
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FIG. 5. (Color online) The slope of the c-axis magnetoresistance
evaluated at B =50 T (red circles; left axis) and in-plane Hall
coefficient Ry (blue squares; right axis) of (a) YBa,Cu30, (p =
0.109), (b) YBa,CuzO, (p = 0.120) as a function of temperature. Ry
data measured at (a) B = 54 T, and (b) B = 45 T is taken from Ref. 22
and normalized by its value at 7 = 100 K. 7} is the temperature
at which Ry (T) changes sign from positive at high temperature to
negative at low temperature (Refs. 11 and 22).

where oy, (0,) is the conductivity of holes (electrons) and Rj,
(R,) is the Hall coefficient for hole (electron) carriers. Using
the three free parameters py, «, and 8, we were able to subtract
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FIG. 6. (Color online) Temperature dependence of the c-axis
resistivity of YBa,Cu30, from which the magnetoresistance has been
subtracted using a two-band model (see Sec. V) for the three samples,

as labeled. Solid lines show the resistivity measured in zero magnetic
field. Dashed lines are a guide to the eye.
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the orbital magnetoresistance from the field sweeps and get the
temperature dependence of the zero-field resistivity p.(0) =
po(T). To estimate error bars we fitted each field sweep data
set to Eq. (1) between a lower bound B, and the maximum
field strength and monitored the value of p.(0) as a function
of Beuott- The resulting fits to p.(B) down to 10 K for all three
samples are shown in thin solid lines in the insets of Fig. 1.
They yield the extrapolated zero-field resistivity p.(0) shown
in the symbols in Fig. 6. The initial rise in p.(0) with decreasing
temperature turns into a drop at low temperature, passing
through a maximum at 7o, = 27 & 3 K for the p = 0.109 sam-
ple. This is in reasonable agreement with the energy scale r; ~
15 K obtained from the splitting of frequencies in quantum os-
cillations for YBa;Cu3 O, at p = 0.10-0.11 (Refs. 18 and 20).
The same analysis for the two other compositions yields Teon =
20 £ 5 K for p = 0.097 and Teop, = 35+ 5 K for p = 0.12.

VI. DISCUSSION

The coherent c-axis transport at low temperature is a direct
consequence of the Fermi surface reconstruction occurring
at a temperature scale Tepage ~ To. From c-axis transport
measurements, we define 7o, as the characteristic temperature
for the crossover to the coherent regime at which p.(0) peaks
(see Fig. 6). In Fig. 7, we compare the temperatures 7o, and Ty
as a function of doping on the phase diagram of YBa,Cu30,.
The two phenomena trend similarly as a function of doping,
both decreasing to lower T with decreasing p. In addition,
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FIG. 7. (Color online) Temperature-doping phase diagram of
YBa,;Cuz0,, with the superconducting phase in zero magnetic field
delineated by the transition temperature 7,. Black circles mark the
temperature 7" below which the in-plane resistivity deviates from
its linear temperature dependence at high temperature (from data in
Ref. 38), a standard definition for the onset of the pseudogap phase.
The coherence temperature 7., (green circles) is the temperature
where p.(T) peaks (see Fig. 6).The coherence crossover splits the
phase diagram into two regions: an incoherent two-dimensional
(2D) regime above and a coherent 3D regime below. T is the
temperature at which the normal-state in-plane Hall coefficient Ry (T')
of YBa,Cu30, changes sign from positive at high temperature to
negative at low temperature (blue diamonds; from Ref. 22).
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these characteristic temperatures extrapolate to zero at lower
doping p =~ 0.08, where Ry (T) no longer shows any downturn
(see data for sample with 7, = 44.5 K in Ref. 22). This
qualitative change has been attributed to the disappearance
of the electron pocket, either caused by a Lifshitz transition??
or by a phase transition.’* Earlier measurements of c-axis
transport on a sample with 7, = 49 K (Ref. 25) are consistent
with such a transition: the MR in p.(T) is entirely gone and p,
is now incoherent, increasing down to the lowest temperatures.

In the framework of conventional theory of metals, the
c-axis conductivity is given by o, = % where c is the
c-axis lattice parameter, t. is the relaxation time, and m* is
the effective mass. For a tetragonal cuprate material and due to
the crystallographic structure,®! the interlayer hopping integral
t; depends strongly on the in-plane momentum k of carriers,

namely*? 7, (k) = %[cos(kxa) — cos(kyb)]*. It is maximum
at the antinode [i.e., at the (;r, 0) (and equivalent) points in
the Brillouin zone]. Between the pseudogap temperature 7*
and the temperature characteristic of the FS reconstruction
Ty, the insulating-like behavior in p. and the absence of the
Drude peak in c-axis optical conductivity measurements in
the underdoped regime’® has been ascribed to the absence of
a well-defined quasiparticle peak in the antinodal regions as
seen by ARPES measurements.’

Below 7y and for doping levels p > 0.08, the field-
induced charge stripe order detected by high-field NMR in
YBa;Cu3z0, (Ref. 15) causes the reconstruction of the FS at
low temperature. The role of the magnetic field is to weaken
superconductivity to reveal the competing stripe order. As
a consequence, there is no contradiction between the low-
temperature/high-field electronic properties of underdoped
YBa,Cu30, and the FS seen by ARPES at zero field> or
the absence of a Drude peak at low frequencies at magnetic
fields below the threshold field.>* This FS reconstruction
produces a high mobility electron pocket which dominates
the in-plane transport properties®> and is responsible for the
c-axis coherence at low temperature.

Taking into account the in-plane momentum dependence of
the interlayer hopping integral ¢, , the crossover to the coherent
c-axis transport suggests that either some electronic states
exist close to the antinode in the Brillouin zone*3® or that
the reconstructed FS allows for assisted interlayer hopping
term through one-dimensional (1D) bands, for example. In
the former scenario, strong scattering at (0, m) associated
with charge fluctuations at a wave vector Q, = [r/2a, 0]
softens or freezes out when the charge order sets in at low
temperature, restoring coherent quasiparticles close to the
antinode. Below a doping level p < 0.08, the electron pocket
disappears, probably because of a transition from a charge
stripe order (p > 0.08) to a phase with spin order (p < 0.08)
(Ref. 37). In the absence of this electron pocket, both in-plane?”
and out-of-plane® transport properties are non-metallic-like at
low temperature.
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