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We report the measurements of in-plane resistivity, Hall effect, and Nernst effect in Zn-doped YBa2Cu3O7−�

epitaxial thin films grown by pulsed laser deposition technique. The pseudogap temperature T*, determined
from the temperature dependence of resistivity, does not change significantly with Zn doping. Meanwhile the
onset temperature �T�� of anomalous Nernst signal above Tc0, which is interpreted as evidence for vortex-like
excitations, decreases sharply as the superconducting transition temperature Tc0 does. A significant decrease in
the maximum of vortex Nernst signal in mixed state is also observed, which is consistent with the scenario that
Zn impurities cause a decrease in the superfluid density and therefore suppress the superconductivity. The
phase diagram of T*, T�, and Tc0 versus Zn content is presented and discussed.
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I. INTRODUCTION

Effect of impurity doping is an important issue to discuss
when considering the mechanism of high-Tc superconductiv-
ity. In the YBa2Cu3O7−� �YBCO� system, divalent Zn ions
are believed to selectively substitute the planar Cu sites,
which causes a sharp drop of Tc. The effects of a nonmag-
netic impurity on the superconductivity have been theoreti-
cally predicted for a d-wave superconductivity.1,2 Experi-
mental studies, including NMR,3,4 resistivity,5 surface
impedance,6 electronic specific heat,7 optical spectra,8,9 neu-
tron scattering,10 muon spin rotation,11,12 and Raman-
scattering studies,13–16 have been performed to investigate
the effect of Zn doping in YBCO system. These studies have
suggested the pair-breaking effect and/or the decrease in the
superfluid density due to Zn doping accounts for the radical
suppression of superconductivity.

Recent Nernst effect measurements on high-Tc supercon-
ducting �HTS� cuprates have shown very surprising
results.17–19 The Nernst effect is the appearance of a trans-
verse electric field Ey in response to a temperature gradient
−�T � x̂, in the presence of a perpendicular magnetic H � ẑ and
under open circuit conditions. The Nernst effect is usually
small in the normal state of metals where transport by qua-
siparticles is dominant. However, for a type-II supercon-
ductor �in the vortex-liquid state�, a new set of excitations—
vortices—are driven by temperature gradient −�T � x̂.
Vortices diffuse down the gradient with velocity v � x̂. As
each vortex core cross the line between a pair of transverse
voltage electrodes, the 2� phase slip of the condensate phase
leads to a Josephson E field given by E=B�v, which is
called vortex Nernst effect.

The experiments by Ong and collaborators17–19 have un-
covered a large Nernst signal in the nonsuperconducting state
of hole-doped cuprates, at temperatures well above the criti-
cal temperature Tc. The effect is particularly pronounced in
underdoped samples, extending well into the “pseudogap”
region of the cuprate phase diagram. The authors have inter-
preted this anomalous Nernst signal above Tc as evidence for

vortexlike excitations, and suggest that it is related to the
pseudogap or some interaction between the pseudogap state
and the superconducting state. This discovery has inspired a
revisit to the theory of superconducting fluctuations in the
cuprates. The conjecture that significant superconducting
fluctuations in the pseudogap region give rise to the large
Nernst signal is accord with the idea on the pseudogap pro-
posed by Emery and Kivelson20 that attributes its various
anomalies to fluctuating superconductivity. Kontani suggests
that the behaviors of Nernst signal below the pseudogap tem-
perature �T*� can be explained as the reflection of the en-
hancement of the d-wave superconducting fluctuations and
antiferromagnetic �AF� fluctuations, without assuming ther-
mally excited vortices.21 Ussishkin et al.22 calculate the con-
tribution of Gaussian superconducting fluctuations to the
transverse thermoelectric response above Tc and find that the
Gaussian fluctuations are sufficient to explain the Nernst ef-
fect in the optimally doped and overdoped samples. More-
over the importance of the phase fluctuation of the complex
order parameter � has been taken into account in theoretic
models.20,23 In the work of Carlson et al.,24 the fluctuations
in the phase of the order parameter would dominate the
Nernst signal up to a certain temperature above Tc.

The possibility that other exotic excitations in a strongly
correlated state cause the anomalous Nernst effect is not ex-
cluded. For example, Weng and Muthukumar25 suggest that
in the description of spin-charge separation based on the
phase string theory of the t-J model, thermally excited
spinons destroy phase coherence, leading to a new phase
characterized by the presence of free spinon vortices at tem-
peratures Tc�T�Tv. The temperature scale Tv at which ho-
lon condensation occurs marks the onset of the pairing am-
plitude and is related to the spin-pseudogap temperature T*.
The phase below Tv, called the spontaneous vortex phase,
shows novel transport properties before phase coherence sets
in at Tc, and the Nernst effect is regarded as an intrinsic
characterization of such a phase.

In this paper, we report the measurements of resistivity,
Hall effect, and Nernst effect on the Zn-doped YBa2Cu3O7−�
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epitaxial thin films. We find that Zn doping induces signifi-
cant decrease of the vortex Nernst signal in mixed state, the
onset temperature �T�� of anomalous Nernst signal above
Tc0, as well as the superconducting transition temperature
�Tc0�. Our results can be understood in the scenario that Zn
doping leads to a decrease in superfluid density. The phase
diagram of T*, T�, and Tc0 versus Zn content is presented and
discussed.

II. EXPERIMENTAL

The c-axis-oriented epitaxial YBa2�Cu1−xZnx�3O7−� �x=0,
0.005, 0.01, 0.02� thin films were grown by pulsed laser
deposition �PLD� method on LaAlO3 substrates which were
cut into a rectangle dimension of 10�5 mm2. The Zn con-
tent was determined by the composition of the targets which
were prepared by standard solid state reaction. The tempera-
ture of the substrates was typically 720 °C, and oxygen pres-
sure was 25 Pa during the deposition. The thickness of the
films was estimated to be about 200 nm according to the
deposition time. To get optimal oxygen content, the samples
were annealed at 500 °C for half an hour under 1 atm pure
oxygen and � was estimated to be less than 0.05. X-ray dif-
fraction shows that the films are c-axis oriented perpendicu-
lar to the substrate surface.

For electric resistivity and Hall effect measurements, six
golden electrodes were deposited on each film. The in-plane
resistivity ��T� was measured by standard four-probe
method. The Hall coefficient RH�T� was measured under a
magnetic field of 5 T parallel to the c axis of the film. We
define the �x ,y� plane as the conducting ab plane of the film
samples. In the setup of Nernst effect measurement, a tem-
perature gradient of about 3 K/cm is applied along longitu-
dinal direction �x direction�, and the magnetic field H is ap-
plied along the z direction �perpendicular to the thin film
surface�. Thus the Nernst electric field is along the y direc-
tion, which was measured by Keithley Model 2182 Nano-
voltmeter. The temperature gradient was measured by two
small Cernox bare-chip thermometers �CX-1050-BR� which
were attached to the two ends of the sample. A small heater
is on the free end of the sample. All the measurements are
based on a Quantum Design PPMS-9 system with the tem-
perature drift less than 0.05%. The Nernst coefficient � is
defined as

� �
Ey

− �xTBz
. �1�

We also define the Nernst signal as ey �Ey / �−�xT�. The
Nernst signal was measured at positive and negative field
polarities, and the difference of the two polarities was taken
to remove any thermopower contribution. Since ey is not
linear with B as T�Tc0, the Nernst coefficient � in the mixed
state was calculated from the initial slope of ey versus Bz.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of in-plane
resistivity � for Zn-doped YBa2�Cu1−xZnx�3O7−� �x=0,

0.005, 0.01, 0.02� thin films. The resistivity shows linear
temperature dependence at high temperature for all four
samples, and it deviates downward for x	0.01 when T ap-
proaches Tc. For the sample with x=0.02, the resistivity
shows a small upturn at low temperature before it drops to
zero at Tc0. Such a low-temperature upturn in � is usually
ascribed to the localization effects. The zero-point supercon-
ducting transition temperature Tc0 is 90, 84, 79, and 67 K for
x=0, 0.005, 0.01, and 0.02 determined from the resistive
transitions, consistent with the results in literatures. The
crossover temperature T* at which ��T� deviates downwards
from linear behavior corresponds to the onset of the
pseudogap opening.26 To show T* clearly, the inset of Fig. 1
shows the plot of ��−��0�� /
T, versus temperature, where
��0� is the T=0 intercept of the extrapolated T-linear high-
temperature curve and 
 the slope of the linear part of the
resistivity. Due to the localization effect for x=0.02, T* can
not be determined reliably from the resistivity measurement.
Contrast to underdoped YBCO whose T* increases as Tc de-
creases with oxygen depletion, T* is nearly unaffected by Zn
doping although Tc0 drops drastically. The insensitivity of T*

to Zn impurities has been well documented in the
literatures27,28 for both fully oxygenated and oxygen depleted
YBCO. However, it should be noted that the deviation of
��T� below T* becomes smaller as x increases, which means
that the pseudogap is filled up by Zn doping.

The temperature dependence of Hall coefficient RH was
also measured for Zn-doped YBa2�Cu1−xZnx�3O7−� �x=0,
0.005, 0.01, 0.02� thin films. The Hall coefficient in normal
state increases slightly and the temperature dependence of
RH becomes a little weaker as Zn content increases. Accord-

FIG. 1. The temperature dependence of in-plane resistivity for
Zn-doped YBa2�Cu1−xZnx�3O7−� �x=0, 0.005, 0.01, 0.02� thin films.
The inset of Fig. 1 shows the plot of ��−��0�� /
T, versus tempera-
ture, where ��0� is the T=0 intercept of the extrapolated T-linear
high-temperature curve and 
 the slope of the linear part of the
resistivity.

XU et al. PHYSICAL REVIEW B 72, 144527 �2005�

144527-2



ing to the previous studies,27,29–31 although Zn doping leads
to an enhancement of the in-plane scattering rate, but the
hole carrier concentration and the profile of RH�T� curves
change little if the Zn content is low enough. Generally the
Hall angle in the normal state satisfies the relation cot �=a
+bT2 which can be interpreted in the two relaxation times
picture.31,32 The peak in RH around 100 K has been attributed
to the change in the T2 dependence of cot �. Many studies
have suggested that the peak in RH or the change of cot���
��T� is also associated with the opening of the
pseudogap,26,33–36 but T1 usually falls between Tc and T* �de-
termined from ��T��. For our Zn-doped YBCO samples,
cot � in normal state can be fitted by the function a+bTn

with n close to 2. In Fig. 2 the temperature dependence of
�cot �−a� /bTn is shown for the four samples. The fitting
parameters are a=−61.56, 86.27, 217.65, 292.90, b=0.1055,
0.0769, 0.146, 0.125, and n=1.85, 1.89, 1.75, 1.76, for x
=0, 0.005, 0.01, 0.02, respectively. Way above Tc , �cot �
−a� /bTn is quite a constant of 1 over a wide temperature
range. The temperature at which �cot �−a� /bTn deviates
from 1 is shown by an arrow for each Zn-doping case. We
define this temperature scale as T1. Although T1��100 K� is
lower than T*, both are almost independent on the Zn con-
tent. However, since T1 is always much lower than T*, it is
suggested that T1 defines a new crossover temperature which
is not related to pseudogap,36 or there are two temperature
scales for the pseudogap.28 Matthey et al.36 proposed that
this temperature scale T1 may be related to the superconduct-
ing fluctuation or vortexlike excitation above Tc detected by
a Nernst effect measurement, which will be shown and dis-
cussed below.

The Nernst effect of all the Zn doped YBCO was mea-
sured. Figure 3 shows the traces of the Nernst signal ey ver-
sus the applied magnetic field H of a typical sample with x
=0.01�Tc0=79 K� taken at fixed temperatures. At tempera-
tures well below Tc0, all the curves have the characteristic
features of the vortex Nernst effect: the signal ey remains
zero in the vortex lattice state where all the vortices are
pinned; after a first order vortex solid to liquid phase transi-

tion at Hm, the motion of a large number of vortices leads to
a sharp increase of ey; it tends to reach a maximum at a
higher characteristic field scale H* �H* is beyond the maxi-
mum of the applied magnetic filed in some low tempera-
tures�. With increasing temperatures, Hm tends to smaller
values and disappears as T is close to Tc0. As T is above Tc0,
the Nernst signal is still a sizeable fraction of low-T values.
At higher T, the signal decreases gradually, approaching a
straight line of negative slope, which we identify with the
background signal �n from the normal charge carriers
�holes�. All the samples studied exhibit similar traces of ey
versus H. The temperature dependence of Nernst coefficient
� is shown for the samples with x=0, 0.005, 0.01, and 0.02
in Fig. 4. The inset of Fig. 4 shows the absolute value of �
versus T in semilogarithmic scale. The arrows indicate the

FIG. 2. The plots of �cot �−a� /bTn versus T, to show the devia-
tion from the high-temperature behavior cot �=a+bTn. The devia-
tion at T1 is marked by arrows.

FIG. 3. The field dependence of the Nernst signal in Zn doped
YBCO �sample YZ01, x=0.01� at fixed T from 62.5 to 97.5 K. For
T just below Tc0�=79 K�, Hm�0, and ey vs H shows a very pro-
nounced negative curvature. Hm increases as T decreases.

FIG. 4. The temperature dependence of � for Zn-doped
YBa2�Cu1−xZnx�3O7−� �x=0, 0.005, 0.01, 0.02� thin films. The tem-
perature at which the Nernst coefficient deviates from normal state
background is shown by an arrow for each case. The inset shows
the semilogarithmic plot of 	�	 vs T.
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onset temperature T� at which the anomalous Nernst signal is
resolved from the high-temperature normal state background
�n. The Nernst signal in normal state is small and almost
temperature independent, similar to the underdoped HTS.
The contribution of normal charge carriers to the Nernst sig-
nal is usually very small in cuprates due to so-called “Sond-
heimer cancellation.”37 It should be mentioned that the con-
tribution of the Cu-O chains to Nernst signal cannot be
isolated in our measurement because of the twinned samples.
However, we think that the intrinsic Nernst coefficient of ab
plane should still be obtained because the Nernst coefficient
in normal state is mainly related to the off-diagonal compo-
nents of electric conductivity tensor and Peltier conductivity
tensor and Ando’s group has recently confirmed that the On-
sager’s reciprocal relation of resistivity ��yx�H�=�xy�−H��
still holds for YBCO regardless of the conduction of the
Cu-O chains.38 With decreasing temperatures, � deviates
from the high-temperature background and increases quickly
at the onset temperature T� then reaches a maximum below
Tc, and finally decreases due to flux pinning. In the tempera-
ture range between Tc0 and T� there exists anomalously large
Nernst signal, which has been interpreted as evidence for
vortexlike excitations or strong superconducting fluctuations
in this region. Usually T� is lower than T* in underdoped
HTS, but it scales with T*. However, in Zn-doped YBCO, T�

decreases quickly with x as Tc0 does. We show the variation
of T*, T1, T�, and Tc0 with Zn content x in Fig. 5. It can be
seen that while T1 and T* change little, T� decreases sharply
as Tc0 does, and the interval between Tc and T� remains
almost unchanged as x increases.

It should be noted that the Nernst signal below T� de-
creases as Zn content increases. The maximum of � de-
creases monotonously with x while the high-temperature
background of � does not change significantly. This result is
content with the conclusion that there is a drastic effect of Zn
doping on the superfluid density ns probed by �SR
measurements.12 NMR �Refs. 3 and 4� and neutron study10

have found that Zn doping induces a localized magnetic mo-
ment in the CuO2 plane although Zn is itself a nonmagnetic
impurity. Furthermore, it has been found that the superfluid

density detected by �SR probe decreases with Zn content
and a “Swiss cheese” model in which charge carriers within
an area �
ab

2 around each Zn impurity are excluded from the
superfluid has been proposed.12 Recent results of a scanning
tunneling microscope �STM� measurement39 have also re-
vealed that superconductivity is locally destroyed around Zn
sites. Such an spatial variation of order parameter is not ex-
pected in the conventionaln homogeneous picture. Roughly
speaking, the Nernst signal ey is determined by the product
of vortex density n� and moving velocity v� of vortex. The
decrease of superfluid density leads to a decrease of n�, and
the strong suppression of order parameter within a given area
around Zn impurities obstructs the moving vortices like dis-
order potential. Therefore the sharp decrease in the maxi-
mum of Nernst signal with Zn content is consistent with the
“Swiss cheese” model.

In underdoped La2−xSrxCuO4, T� is about half of T* and
the interval between T� and Tco is as large as 100 K for x
=0.10.17 Such a large regime of superconducting fluctuations
cannot be understood in conventional superconducting fluc-
tuation theory. This result has been regarded as the evidence
supporting the precursor superconductivity scenario to ex-
plain the pseudogap phenomena.17–19 However, in Zn-doped
YBCO, the four temperature scales T*, T1, T�, and Tc0, can
be divided into two categories according to their dependence
on Zn content. T* and T1 are in one category: both are almost
independent on x. In the other hand, T� and Tc0 are in the
other category: both decrease quickly with x. T� and T*

seems to be unrelated, which is opposite to the precursor
superconductivity scenario. Namely, the anomalous Nernst
signal above Tc0 may not be related to the pseudogap. We
suggest two possibilities to explain the contradictory behav-
ior of T� and T*. One possibility is that preformed Cooper
pairs in the pseudogap region do not exist, and T* is the onset
temperature of the fluctuations of some other types, such as
antiferromagnetic fluctuations, charge density waves, or elec-
tronic phase separation �e.g., the stripe scenario�, which com-
pete or coexist with superconductivity.40,41 In this case Zn
impurities only suppress the superconductivity and leave the
fluctuation of other type unchanged. T� which is just the
onset of the superconducting fluctuation decreases with Zn
content as Tc0 does. However, the scale of T� with T* and the
large interval between T� and Tco in underdoped cuprates are
difficult to be understood in this picture. The other possibility
is that T* is the onset of precursor superconductivity which
does not destroyed by Zn impurities, while the sharp de-
crease in the superfluid density and the spatial variation of
order parameter due to Zn doping makes the vortexlike ex-
citations above Tc0 weak and undetectable by Nernst effect
measurement, leading to a decrease of T�. The fact that the
sharp decrease in the maximum of Nernst signal with Zn
content below Tc0 also supports this picture. We suggest that
Zn doping does not have much influence on the pseudogap
opening, and therefore neither T1 nor T* changes much with
Zn content. However, Zn impurities cause a notable decease
in the superfluid density, and therefore suppress both T� and
Tc0.

IV. CONCLUSION

In conclusion, we have studied the transport properties,
including resistivity, Hall effect and Nernst effect in a series

FIG. 5. The variation of T*, T1, T�, and Tc0 with Zn content
x.
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of Zn-doped YBa2�Cu1−xZnx�3O7−� epitaxial thin films. It is
found that the pseudogap temperature T* determined from
the temperature dependence of resistivity and the tempera-
ture scale T1 determined from the Tn dependence of cot �
remain unchanged, meanwhile the onset temperature T� of
vortexlike excitation above Tc0 determined from Nernst ef-
fect drops sharply with increasing Zn content as the super-
conducting critical temperature Tc0 does. We also find that
the vortex Nernst signal in mixed state decreases quickly
with increasing x. The variations of T* and T� with x might
be understood in the picture that Zn doping does not destroy
the precursor superconductivity, but causes a sharp decrease

in the superfluid density and spatial variation of the order
parameter, as suggested in the “Swiss cheese” model.
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