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Evidence for Vortices in the Pseudogap Region of Y,_,Pr,Ba,Cu;0,
from Angular Magnetoresistivity Measurements
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In-plane angular magnetoresistivity Apg'},iS measurements were made on Y;_,Pr,Ba,Cu;0;_5 single
crystals in the pseudogap region. For x = 0.2 single crystals, Ap2%5(6) displays a deviation from the
typical quasiparticle contribution ( o sin?#) for temperatures smaller than a certain value Ty in the
pseudogap region. This deviation is consistent with a flux-flow type contribution to angular magneto-
resistivity, indicating the presence of vortexlike excitations above the zero-field critical temperature in

the pseudogap region.
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Starting with the seminal work of Abrikosov [1], vor-
tex matter has been a continuous source of new research
that suddenly exploded after the discovery of the high
transition temperature oxide superconductors. More re-
cently, the presence of vortices above the zero-field criti-
cal temperature T,y was predicted in an attempt to depict
the pseudogapped state as a system of quasiparticles
interacting with thermally excited unbound vortices and
antivortices [2—5]. Several investigations of supercon-
ducting cuprates have revealed responses above T,
which appear to indicate the presence of vortices; i.e.,
high frequency conductivity [6] on an underdoped
Bi,Sr,CaCu, 05 single crystal has revealed the existence
of short phase correlation times above 7T, Nernst effect
measurements [7] have revealed the presence of a Nernst
signal in underdoped La;_,Sr,CuO, and YBa,Cu;0,
above Ty, while magnetization [8] has shown an anoma-
lous fluctuation diamagnetism and irreversibility in
Y;-.Ca,Ba,Cu;0, for T > T,. A question that still re-
mains is whether these signatures are a result of the
presence of vortices above the zero-field critical tempera-
ture or of other effects. Evidence for the presence of
vortices above T,y has not yet been acquired in magneto-
transport measurements, a technique that, in principle, is
a direct way to detect vortex dissipation. Such measure-
ments are imperative in resolving this issue.

In this Letter, we show evidence for vortices at tem-
peratures well above T, in the pseudogap region, from
angular magnetoresistivity (AMR) measurements on
Y, _Pr,Ba,Cu;0,_g single crystals, a system which ex-
hibits typical pseudogap behavior [9] below a certain
x-dependent temperature 7. Even though magnetoresis-
tivity is a second order effect with a very weak signal
above T,y and with the dissipative part due to vortex
motion even weaker, angular magnetoresistivity makes
it possible to discriminate between signals coming from
the movement of vortices and of quasiparticles.
Specifically, the angular dependent in-plane magnetore-
sistivity of the x = 0.2 single crystals displays a deviation
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from the typical sin’6 dependence over a certain tem-
perature range in the pseudogap region. We show that this
deviation is a result of the presence of a flux-flow type
contribution to magnetoresistivity in this 7 range. These
results are consistent with the existence of vortexlike
excitations in the pseudogap region, up to a temperature
Ty, that manifest themselves as flux-flow resistivity, sup-
porting the scenario in which the zero-field superconduct-
ing transition is the onset of only long-range phase
coherence.

Single crystals of Y;_.Pr,Ba,Cu;0,_5 (x =0,
0.13,0.2,0.32,0.42, and 0.46) with 35 K=T,, =92 K,
grown as described in Ref. [10] were investigated. The
crystals have typical sizes of 1 X 0.6 X 0.03 mm?, with
the ¢ axis oriented along the smallest dimension. In-plane
P and out-of-plane p, resistivities were measured si-
multaneously using the multiterminal configuration.
Specifically, a current / = 0.1 mA was applied on one
face of the single crystal and the voltages on both faces
were measured with a low frequency (16 Hz) ac bridge.
The components of the resistivity tensor were extracted
from these voltages using the algorithm described in
Ref. [11]. The AMR Ap®/p., = [p,(8) = pas(0)1/
pa»(0) was determined at constant temperature and ap-
plied magnetic field H up to 14 T (with 6 the angle
between H and the c axis) by rotating the single crystal
from H||c to H||(ab)||I.

Figure 1 shows the T dependence of the in-plane resis-
tivity of the six Y;_,Pr,Ba,Cu;0;_s single crystals
studied. As expected, upon increasing Pr doping, the
zero-field critical temperature 7,, (defined here as the
temperature corresponding to the inflection point in the
transition region) decreases from 92 K for the x =0
sample to 35 K for the most underdoped sample. The
reduction of T,y is accompanied by an increase in the
magnitude of p,,, indicating decreasing charge carrier
concentration with increasing Pr doping. The in-plane
resistivity of the x = 0 single crystal changes with T
slightly faster than linear; i.e., p,, is best fitted to a
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FIG. 1 (color online). Temperature 7 dependence of in-plane
resistivity p,, of Y,_,Pr,Ba,Cu;0;_5 single crystals with
different Pr doping, measured in zero magnetic field. Inset:
temperature 7 dependence of the temperature derivative of in-
plane resistivity dp,,/dT. The solid lines are guides to the eye.
The arrows in both the main panel and the inset mark the
positions of the inflection points T, in p,,(T) dependence.

combination of T and 72, suggesting slight overdoping. A
linear increase in p,;,(T) with increasing T is present for
the x = 0.13 sample at temperatures 7 = 175 K. The T
range of the linear p,,(T) regime shifts towards higher
temperatures with increasing Pr doping, i.e., T = 260 K
for the x = 0.2 sample and T > 300 K at higher Pr dop-
ing. Hence, for the x = 0.32, 0.42, and 0.46 samples,
pap(T) is nonlinear for T < 300 K, displaying the pseu-
dogap regime for all measured temperatures above 7.
The AMR was measured at different magnetic fields
and temperatures. The angular magnetoresistivity of the
x = 0.32 single crystal (T, = 55 K) measured at 60 and
105 K in a magnetic field of 14 T is shown in Fig. 2(a) and
its left inset, respectively. The in-plane resistivity is larger
when H||c axis ( = 0°) than when H is applied along the
current in the ab plane (6 = 90°). Also, ApZ‘}js/pab ex-
hibits the expected sin’# dependence, a result of quasi-
particle dissipation, for 7= 105 K. Indeed, notice the
excellent fit of the 105 K data of the left inset with a sin?@
dependence (solid curve). However, a deviation from this
angular dependence appears at lower temperatures as
exemplified by Fig. 2(a), in which a sin’6 dependence
(solid curve) gives a very poor fit of the data. This
deviation from sin’f dependence becomes more con-
spicuous around and below T, (notice the fast decrease
of the data of Fig. 2(b) around 90 ° with decreasing T).
The angular dependence depicted by this concentration is
common to all samples with x = 0.20. The fast decrease
of the resistivity, hence AMR, in the vicinity of § = 90°
could arise only if a dissipative process that contributes to
resistivity is suppressed when the field becomes parallel to
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the ab planes. Such a process is similar to the lock-in
transition of the flux lines in a layered superconductor
when the intrinsic pinning and/or the cancellation of the
Lorentz force suppresses the flow of the vortices. This
suggests that the deviation of AMR from sin?§ could be a
result of flux-flow dissipation.

Starting from this observation, we write the total con-
ductivity above T,y as a sum of quasiparticle and flux-
flow contributions, ie., o(T, H,0) = O'qp(T, H, 0) +
ngl (T, H, 6). Within Boltzmann’s approximation, the
quasiparticle conductivity is:

oo(T, H, §) = 0y — 0@ H?cos?6), (1)

where oy and 0@ are the first two terms of the Jones-
Zener series of the conductivity in powers of H. The
angular dependence of the flux-flow resistivity is given
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FIG. 2 (color online). Plot of angular in-plane magnetoresis-
tivity Ap2*/pap = [pap(0) — pap(0)]/pap Vs angle 6 between
the magnetic field H and the ¢ axis, measured at 14 Tand 60 K
(a) and 105 K (left inset) for the x = 0.32 single crystal (T, =
55 K). Right inset: temperature dependence of resistive anisot-
ropy I'. The solid lines are sin?6 fits of the data. (b) Angular
dependence of Ap"a"}js /pa, measured around the superconduct-
ing transition temperature. The solid lines are fits of the data
with Eq. (3).
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with an upper critical field H,. Here, we added the
second term Bp, to the flux-flow resistivity in order to
account for the serial resistances connecting nonpercolat-
ing superconducting regions along a current path. The
coefficients p;, n;, and B are temperature and field de-
pendent. The angular magnetoresistivity is then given by
[13]

1 1

—M (T, H)sin?6 —

Here My, (T, H) = oyH*/o, and  Me(T, H) =
HY [p:/m:H,(T, 6 = 0)] are temperature and field de-
pendent coefficients for the quasiparticle and flux-flow
terms, respectively, and I'(T) = p./p,, > 1 is the tem-
perature dependent resistive anisotropy [see right inset in
Fig. 2(a)]. We note that the value of I''/2 =~ 28 close to the
superconducting transition temperature is consistent with
the lower limit for the superconducting anisotropy y =
A./A,, = 18 for an equivalent doping state, as obtained
from the temperature dependence of the melting field [14].

Equation (3) gives an excellent fit to the measured in-
plane angular magnetoresistivity for all x = 0.20 single
crystals [see solid lines in Fig. 2(b) for the x = 0.32
sample] for T = T,. However, the in-plane angular mag-
netoresistivity displays only a sin*@ dependence for the
x = 0 and 0.13 samples over the whole measured 7 range,
and for the x = 0.2 single crystals for 7> T,.
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FIG. 3 (color online). Angular dependence of flux-flow mag-
netoresistivity Ap,,rr/papy for the x = 0.32 single crystal
(T,o = 55 K) measured around the superconducting transition
temperature. The solid lines are fits of the data with the flux-
flow terms of Eq. (3). Plot of the flux-flow coefficient Mg of
Eq. (3) vs temperature T (left inset) and magnetic field (right
inset) for the x = 0.46 single crystal (T, =~ 35 K and T, =
1.5 X T,). The lines are guides to the eye.
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Figure 3 shows the extracted flux-flow magnetoresis-

tivity, obtained by subtracting the quasiparticle magneto-
resistivity from the measured magnetoresistivity, for the
x = 0.32 single crystal (T, = 55 Kand Ty =~ 1.9 X T)
for temperatures above and below T,.,. Notice that the
data display the typical dip for the flux-flow contribution
at 90 ° [H || (ab)], where the dissipation is strongly sup-
pressed. Also, the magnitude of the flux-flow magneto-
resistivity increases sharply (the magnitude of the dip
increases) below Ty, where flux-flow is the dominant
dissipative process. The solid lines are fits of the data
with the flux-flow terms of Eq. (3). Such an angular
dependence is typical for scaling fields of anisotropic
superconductors, in this case the upper critical field.
Also, Ap.,rr/pay has the same angular dependence
both below and above T,,. All these results clearly in-
dicate the presence of vortexlike excitations well above
Ty, supporting the scenario in which the zero-field super-
conducting transition is just the result of long-range
phase coherence. We also note that the dip becomes less
sharp with increasing 7. This rounding of the dip with
increasing 7T is the effect of thermal fluctuations that
produce a transverse diffusion of the field-induced vortex
lines. The smearing is more prominent at low fields (4—
8 T) [15].

The plots of the fitting parameter Mgr as a function
of T and H are shown in the left and right insets, respec-
tively, in Fig. 3. The flux-flow like term Mg increases
(decreases) with increasing temperature (magnetic field).
Mpp(H) follows a power-law dependence with a power
of —1.5 at temperatures between 40 and 45 K. The ob-
served Mgp(T, H) could be explained as follows. On one
hand, with increasing temperature or magnetic field,
the vortex cores expand [dH ,(T)/dT is negative] or the
number of vortices increases, respectively. Consequently,
the flux-flow dissipation increases. On the other hand, at
T > T,y and high magnetic fields, the number of regions
able to support vorticity is not constant but decreases with
increasing T and H. Therefore, the dissipation decreases.
The overall effect is an increase (decrease) of Mgr with
increasing temperature (magnetic field). The minimum
observed in Mr(T) close to T, could have its origin in
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the crossover of n(7T) in this region from = o (1—
T/T.)"Y2 to noc(1—T/T.)"/2. This crossover occurs
when the diffusion and inelastic relaxation rates become
comparable [12].

The presence of vortices above the critical temperature
requires a sufficient density of Cooper pairs to support
vortexlike correlations. In this scenario, above T, there
are strong phase fluctuations of the superconducting order
parameter boosted by the low stiffness energy h’n,d/
(4mg) (with d the interlayer distance and my, the effective
mass of charge carriers). Moreover, due to the layered
structure of the cuprates, the phase correlator decays
algebraically [16] rather than exponentially as in three-
dimensional (3D) superconductors. However, above a cer-
tain temperature Ty, the Gorkov pairing amplitude de-
creases below the sustainability of vortex excitations.
Meingast et al [17] estimated this temperature to be
roughly 1.5 X T,y and 2 X T,y for 3D and nearly 2D
systems, respectively, based on an anisotropic 3D-XY
model. The present study shows that, indeed, 1.5 X T,y =
T4 = 2 X T, depending on the anisotropy of the sample.
Hence, for T > T, vortices can no longer exist, although
Cooper pairs could persist up to temperatures as high as
the pseudogap temperature 7* > T, as had been found in
high field transport measurements [18,19]. Therefore, in
this picture, T4 is the temperature below which the num-
ber of Cooper pairs reaches a critical value, which makes
them able to support vortex correlations but not long-
range phase correlations.

Finally, we discuss the temperature dependence of the
zero-field in-plane resistivity in the context of the pres-
ence of thermally generated vortices above the supercon-
ducting critical temperature. The temperature derivative
dp,,/dT of the resistivity is positive and has a maximum
that shifts to higher temperatures with increasing Pr
content (inset to Fig. 1). p,, depends on the density of
states (DOS) at the nodal points in the momentum space,
which practically are not affected by the opening of the
pseudogap. Therefore, dp,,/dT should be positive and
increase with decreasing 7, as indeed it does, down to
the peak temperature T,,. Its decrease for T < T, indi-
cates that a new dissipative mechanism appears below T,.
The most likely source of dissipation comes from the
thermally excited vortex loops.

In conclusion, angular magnetoresistivity measured in
magnetic fields up to 14 Ton Y;_,Pr,Ba,Cu;0,_s single
crystals with x = 0.2 displays a deviation from sin’@
dependence (typical for quasiparticles) below a certain
temperature T, in the pseudogap region. We show that
this deviation is a result of the presence of a flux-flow type
contribution to magnetoresistivity. Therefore, these re-
sults are consistent with the existence of vortexlike ex-
citations above the zero-field critical temperature T,
supporting the assumption that 7., in underdoped cup-
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rates is rather a phase ordering temperature than a mean
field transition temperature. The presence of vortices
above T, in underdoped cuprates raises questions regard-
ing their core structure and quasiparticle spectrum, as
well as their distribution within the material, which needs
to be investigated.
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