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Transport properties of the underdoped Y 5Pry5BasCuzO;_s
films in high magnetic fields

Z. Hao'(*), B. R. ZHAao'(**), B. Y. Zuu', Z. X. ZHAO!, J. VANACKEN?
and V. V. MOSHCHALKOV 2 (***)

L National Laboratory for Superconductivity

Institute of Physics & Center for Condensed Matter Physics

Chinese Academy of Sciences - Beijing 100080, PRC

2 Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven
Celestijnenlaan 200 D, B-3001 Leuven, Belgium

(received 17 January 2001; accepted in final form 10 January 2002)

PACS. 74.25.Fy — Transport properties (electric and thermal conductivity, thermoelectric ef-
fects, etc.).

PACS. 74.76.Bz — High-T, films.

PACS. 74.72.Bk — Y-based cuprates.

Abstract. — The effect of magnetic field and disorder on the transport properties of the
underdoped Yo.5Pro.5BasCusO7_s films has been investigated in a broad temperature range
in magnetic fields up to 507T. In ultrathin films with strong disorder, where the mean free
path [ corresponds to krl < 4, a convincing power law resistivity vs. temperature pgp ~ T~ 27
(v = 0.31-0.39) is observed in a very broad temperature range T =~ 2-40K. However, in
superconducting thicker films with much weaker disorder (krl > 14 in normal state), the high
magnetic field, by suppressing superconductivity, recovers the normal-state transport behavior
with the pg» ~ In T-dependence at low temperature in ~ 50 T field. The two different transport
behaviors indicate that the normal-state transport properties of the underdoped cuprates are
very sensitive not only to the hole concentration but also to the degree of the disorder.

Introduction. — The magnetic-field or disorder-induced superconductor-insulator transi-
tion has been studied in several high-T¢ superconducting cuprates, such as Las_,Sr,CuOy
crystals and films [1-4], BisSroCuO, and La-doped single crystals [5, 6], and
Yo.47Prg 53BagCusOr_; single crystals [7]. Similar phenomena have also been observed in
two-dimensional ultrathin films including some amorphous composite materials (InO, [8] and
MoGe [9], for example) and amorphous metals [10]. The investigations in the underdoped
high-T- cuprates open new possibilities to study the competition between the attractive in-
teraction of electrons forming pairs and the pair-breaking effects induced by magnetic field or
disorder.
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However, the available experimental data on the normal-state transport behavior at low
temperature in high-T¢ superconductors are still quite controversial. Ando et al. [1] found
that in magnetic fields up to 60 T, the in-plane resistivity p,; of the underdoped (La, Sr)aCuOy4
sample crosses over to the p,p,(7") behaviour with resistivity diverging approximately logarith-
mically with temperature T — 0. Nevertheless, the low-temperature increase of pa;(T) was
interpreted [11] as a manifestation of a power law, o < T%, due to a crossover in a spin-charge
separation regime at low temperature. Recently, the power law, oqp/0. o< a + b-T—2/3, was
used to describe the normal-state properties of Y 47Prg 53BagCusOr_s in magnetic field [7].
Therefore, it is not clear when and why a specific p,, (T')-dependence, InT or power law, is
observed and what are the mechanisms responsible for such behaviors.

In the underdoped cuprates, one possible reason for the insulating behavior at low tem-
perature is that the chemical substitution introduces disorder into the “pure” samples. The
enhanced disorder reduces the mean free path [ of the charge carriers, and, then, causes their
localization. In fact, many experiments have suggested that such a crossover from super-
conducting to insulating behavior occurs at the resistivity corresponding approximately to
kpl ~ 4 per CuO layer, where kp is the Fermi wave vector [4,12]. However, even the un-
derdoped cuprates with a low level of disorder can be eventually transformed into material
showing an insulating p(T, H) behaviour in high magnetic field, as indicated by many for-
mer experiments. This means that the magnetic fields may unveil the normal-state behavior
of the high-T¢ cuprates at low temperatures T < T¢, i.e. the ground state of the high-T
superconductor in fields.

On the other hand, there are rapidly growing experimental evidences [13-17] for the exis-
tence of the spin-charge stripes (dynamic or static), or phase separation, in the underdoped
cuprates. In the YBagsCuszOr_s system, recent experiments [13-15] have shown that at low
oxygen content 6 = 0.4, the low-frequency spin fluctuations in this material change from
commensurate to incommensurate on cooling with the incommensurability first appearing at
temperatures above T, which may be viewed as a signature of a stripe phase. A 1D quantum
spin-ladder—like transport model is applicable [18-20], when metallic stripes appear in the
underdoped cuprates at low temperatures T' < T™. Since the mobile carriers in this case are
expelled from the surrounding Mott insulator phase into the 1D stripes, the transport proper-
ties of the cuprates at T' < T™ are very sensitive to the formation of the stripes —both static
and dynamic. It is also quite evident that the stripe transport properties can be substantially
modified due to the presence of a strong disorder.

In order to resolve the controversy on the normal-state transport behavior of the under-
doped high-T superconductors, we have prepared a series of epitaxially grown
Yo.5Prg5BasCusOr_s5 (YPBCO) films with different level of disorder induced by reducing
the thickness. The transport properties of these films have been investigated in high mag-
netic fields up to 50T. We have found that, depending on the degree of disorder, two dif-
ferent low-temperature transport behaviors are observed. A strong disorder, corresponding
at room temperature to kpl < 4, which is close to the Yoffe-Regel criterion (kpl = 1) for
the metal-insulator transition, reduces relevant electron-electron correlations responsible for
the formation of the 1D stripes, and the variable range hopping (VRH) regime seems to be
dominated by the 1D Luttinger-liquid tunneling behavior. A weak disorder, giving kgl ~ 14
at room temperature, leads to a qualitatively different p,;(T)-dependence with the pqp(T)
obeying the InT law accompanied by a power law crossover, distinctly seen in the weak-
disorder samples in ~ 50T field. At low temperatures with the InT behavior, the p,;, has a
temperature-dependent, correction, which may be consistent with the predictions of the 2D
weak localization model.
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Fig. 1 — The XRD and rocking curve (inset) of the c-axis YPBCO film (sample I). The FWHMs of
the (001), (002) and (005) peaks are 0.19, 0.18 and 0.21, respectively.

Sample preparation and characterization. — The YPBCO films were grown on the single
crystal (100) SrTiO3 substrates by magnetron sputtering. We have studied thin films which
were made under the same conditions except for the deposition time. Two of the supercon-
ducting YPBCO films (100 nm thick, identically grown) are designated as sample I with zero
resistance temperature at zero field, Tco, of 18 K. The other two YPBCO films (sample II,
ITI, non-superconducting) are ultrathin ones, with thickness of 12.5nm, 10.0 nm, respectively.
The films were all grown under the optimium conditions with post-growth annealing in high-
purity oxygen. A study on the thickness dependence of the resistivity was performed with
the similar results as that reported before [21]. For transport measurements, we etched the
sample I into a 40 pmx200 pym bridge, and sample II, IIT into 100 umx500 ym bridges (to
avoid the possible deterioration effects in the ultrathin films).

The high magnetic-field (up to 50 T) measurements of sample I were performed in a 5 mm
cavity of the pulsed field coil with the field perpendicular to the sample surface. Before
applying the field pulse, the sample was thermally cycled to room temperature and zero-field—
cooled down to the nominal measurement temperatures. The temperatures changed less than
40.5 K during the total pulse duration of about 20 ms. The low-field magnetic properties were
studied by using a SQUID magnetometer (Quantum Design MPMS-5).

The XRD and rocking curves (fig. 1) of sample I indicate that the films are c-axis oriented
and excellently crystallized —the peaks are sharp and only (00L) peaks can be observed in
the logarithm plot of the data, and the FWHM (full width of half-medium) of the (001),
(002), (005) peaks is 0.19°, 0.18°, 0.21°, respectively. The FWHM of (005) peak, given by the
rocking curve, is 0.41°. The average grain size of the sample I is ~ 0.4 ym, and that of the
samples II and IIT is ~ 0.1 ym, measured by an atomic-force microscope.

The mean free path [ can be estimated from the in-plane resistivity p,p in a free-electron
model for a layered 2D material, kgl = hcg/ pabeQ, where kg is the Fermi wave vector, and
co ~ 5.85 A is the interlayer distance of YPBCO. The normal-state resistivity of the sample
I is very small, and kgl ~ 14. The samples II and III have rather large resisitivity and their
kgl is less than 4 at low temperature.

We have studied the Hall effects of the sample I at 20K just above the superconducting
transition temperature [22], and the Hall number, ng = % - Veell, is near 0.3 at low
magnetic field (fig. 2). This value is reasonable for the underdoped cuprates, and a comparable
ny value was reported by Matsuda [23]. Furthermore, the Hall number decreases linearly with
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Fig. 2 — Hall resistance R, and Hall number ng of the YPBCO films (sample I) measured at different
magnetic field. Lines in the figure are linear fit of the data. See the text for detail.

the increase of the magnetic field from 1T to 5.5T, and the fitting gives ngy = a —b- H, where
a = 0.36252, b = 0.014537 . The ratio of the two coefficients a/b ~ 25T indicates the
existence of a critical magnetic field which may drive the Hall number to zero. Due to the
close relationship between the Hall number and the charge carrier density, we expect that the
magnetic field H > 25 T may induce charge localization (or stripe pinning) in the underdoped
YPBCO films. At this stage, however, the possibility of the superconducting fluctuations
supressed by magnetic field cannot be excluded. The R, increase in magnetic field might
reflect then just the continuous recovery of the normal state in magnetic field.

Temperature dependences of resistivity. — The pgp-T curves of the sample I in different
pulsed magnetic fields are shown in fig. 3. Superconductivity of the YPBCO film is completely
suppressed in high fields and the film shows an insulating p(7T', H) behavior at H ~ 50 T with
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Fig. 3 — pap-T curves for the sample I under different pulsed magnetic fields. Apqp/AT derived from
the data is shown in the inset, which indicates a critical magnetic field between 20 T and 30 T.

Fig. 4 — The logarithm plot of the pqs-T" curves of the sample I (replot of fig. 3). The double-log plot
is also shown in the inset. From the uppest curve to the downest one, the magnetic fields are 49T,
40T, 30T, 20T and 10T, respectively. The lines in the figure are guides to the eyes.
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Fig. 5 — The resistivity of sample III (square symbols), II (circle symbols) exhibits power law pas(T") ~
T~27 behavior in a rather broad temperature range up to 40 K. See the text for details.

Fig. 6 — The logarithm plot of the temperature dependence of resistance correction, ARcuo/Réwo-
The values of the slope of the linear fit (dashed lines) are —1.6 x 107* Q7 'K™! (at 49T), —1.5 x
107*Q 'K~ (40T), —1.4x 1074 Q7K™ (30 T) and —1.48 x 107* Q'K (20 T), respectively. We
use the value at 49 T to calculate the exponent p in the text.

resistivity increasing rapidly with the decrease of temperature. The low magnetic fields cause
a broadening of the transition and the decrease of Tc. As the magnetic field increases, a
pronounced pu,(T) upturn appears in the pgp-1 curves below T, and the superconducting
transition shifts to lower temperatures with the increasing fields. It should be noted here that
there may be a critical magnetic field between 20 T and 30 T as indicated by the inset of fig. 3.
This value is consistent with our estimation according to the fitting of the Hall data.

We plot the In p,p-T curves of the sample I in fig. 4. At the magnetic field of 49T, the
resisitivity exhibits a logarithmic divergence in the temperature region from ~ 5K to ~ 30K,
typical for the 2D localization-like effect discussed later. A fit of power law pg, oc T~27 is also
good, but there is a deviation from linearity at temperatures below 14 K (inset of fig. 4). This
may be consistent with the explanation based on the Luttinger-liquid theory [24].

The resistivity of the ultrathin nonsuperconducting samples II and III with a strong
thickness-reduction—-induced disorder, however, is clearly in a much better agreement with
a power law at low temperatures, while a variety of other functional forms (including the
InT law) cannot fit the diverging resistivity. The power law (fig. 5) extends over a wider
temperature range than the one for the fits to variable range hopping (VRH) mechanisms
(Inpap < T, with v = %, and %) The VRH fit of the data deviates from the linearity at the
temperature above 14 K, which suggests that a power law should be a prefered choice. The fit
with v =  (not shown), that relates to hopping with Coulomb interactions (Shklovskii-Efros
law [25]), also suggests this point, with the deviation at a much lower temperature ~ 7K.
This power law behavior exists in the ultrathin YPBCO films with different thickness, and
the fitting gives pay < T2, where v ~ 0.32 and 0.39 for the 12.5nm and 10nm thick films,
respectively. Note that the temperature dependence of the two samples is different at tem-
peratures above 100 K: sample II has a resistivity which is proportional to temperature, and
the resistivity of sample III becomes larger while the temperature decreases.

Such a power law pgp-T-dependence of the ultrathin YPBCO films is consistent with the
result of a traditional strong localization model where a scaling size is smaller than localization
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length [26]. However, as we noticed, kgl is larger than 1, which means that the mean free path
extends over several unit cells, and the grain size of the ultrathin films is also rather large.
Furthermore, as we noticed above, not only our experiments but also many other experiments
give the similar results that the insulating behavior occurs at about kpl ~ 4 instead of 1. So,
we suggest that the precise criterion of this model may not hold in our case.

In the ultrathin YPBCO films, disorder caused by the Pr substitution of Y and a very
small thickness leads to an inhomogeneous hole distribution. 1D-like highly conductive routes
between the “localized superconductors” [27] shortcut the VRH routes and form a network
which can be described by the multichannel and finite-temperature generalization of the Lan-
dauer formulation [28]. Therefore, the transport behavior of the ultrathin films exhibits the
power law crossover in a proper temperature range. At lower temperatures, however, the VRH
behavior seems to emerge below 14 K.

As for the superconducting YPBCO films (sample I), we should note that the high pulsed
magnetic field, suppressing the superconductivity, not only reveals the ground state but also
might enhance charge localization in the films, as suggested by our Hall measurements. How-
ever, such a localization is not like the one proposed by Malinowski [3], because our pqp(T")
data at low temperatures is not a VRH behavior, but a logarithmic dependence accompanied
by a power law crossover. This may be attributed to a rather low disorder that exists in our
superconducting YPBCO films. It is important to note here that at temperatures 7' > 35K
(fig. 3) the magnetoresistance is very weak, all the way up to 50 T. This implies that in the
normal state itself the field-induced changes in resistivity are negligibly small. Therefore, dra-
matic changes in resistivity at low temperatures T' < 35K (fig. 3) should be mostly associated
with the suppression of superconductivity by magnetic field. This could be also reflected in
the increase of the Hall resistance R,,(H) (fig. 2) in magnetic field.

A further consideration about weak localization should be added here. High magnetic field
depairs the electrons and a normal state is recovered. Such a normal state at low temperature
should have been a metal-like one if it were established in a optimum doped superconductor
with homegeneous hole distribution. However, in the underdoped YPBCO, the substitution of
Pr introduces a weak disorder in the layered cuprates. On the other hand, due to the low level
of the disorder, the conduction electrons (holes) can be scattered by the impurities without
loosing their phase coherence. Therefore, a correction to the conductance can be introduced
in the 2D disordered conductor at low but finite temperature [29],

ARD 62

R2 = 7271_271 IOg(TZ‘/TQ), (1)
O

where 7; (which is temperature dependent and considerably longer than 7g), 79 are the inelastic
lifetime and elastic lifetime, respectively. Such a logarithmic behavior can be seen as an
evidence of the weak localization in the low-temperature normal-state of the YPBCO films,
as shown in fig. 6. Supposed that 7; o« TP can be hold in our case, the linear fit of the
data gives the value of the exponent p =~ 11-13. The value p is much larger than that
normally achieved in the metal thin films (2 for electron-electron and 3 for electron-phonon
scattering). We think that this might indicate the presence of several (about 4-6) equivalent
weak-localization—like resistors always needed to close the current path in the presence of an
array of fragmented stripes. In this case, the large p value could just reflect the cascade-like
character of the current path closure.

Conclusions. — In summary, we have identified two distinctly different normal-state
behaviors at low temperature in underdoped high-T¢ cuprates with the same composition.
In the presence of a strong disorder (kpl < 4) the self-organization of holes into stripes is
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completely suppressed and disorder-dominated localization pu,(T) ~ T2 takes place. On
the contrary, our data on samples with a weak disorder (kgl > 14) have revealed interesting
effects of the interplay between the disorder and the stripes, formed due to the electron-
electron correlations, specific for high-T¢’s. In the presence of such a weak disorder, the 1D
stripes still keep their identity, although they are now fragmented and pinned. High magnetic
field induces the interstripe cascade hopping, thus recovering the 2D localization regime with
Pab ~ InT and enhanced parameter p at lower temperatures, after a power law crossover.
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