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Doping dependence of the upper critical field of electron-doped Pr2ÀxCexCuO4 thin films
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Using resistivity measurements as a function of applied magnetic field down to 38 mK, we evaluate the
temperature dependence of thec-axis upper critical field (Hc2,r) for electron-doped Pr22xCexCuO4 thin films.
We compare its temperature dependence to the irreversibility line as determined by ac susceptibility@H IL(T)#
between 2 K and the transition temperature. For all Ce contents,Hc2,r(T) presents an upward curvature, with
no sign of the expected conventional saturation at low temperature, even down to 38 mK. The onset of
resistivity follows closely the irreversibility line, and the general trend in temperature forHc2,r(T) is rather
insensitive to the criterion used for its determination. Only a rough criterion corresponding to a full recovery
of the normal-state resistivity forx50.15 is bringing the characteristic field temperature dependence close to
the expected description by Werthamer, Helfand and Hohenberg. Doping affects mainly the zero-temperature
value ofHc2,r andH IL which are scaling with the critical temperature, but not the superconducting gap. The
temperature dependence is very similar to that observed with the hole-doped cuprates, and underlines a similar
physical origin related to the properties in the vortex-liquid phase and contributions of superconducting fluc-
tuations.
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I. INTRODUCTION

The determination of the upper critical field (Hc2) and
many other parameters characterizing the superconduc
state of high-temperature superconductors~HTSC’s!, similar
to the magnitude of the gap, its anisotropy, and the ma
tude of the penetration depthl, is a crucial test for the vali-
dation of any theory trying to explain the phenomenon
knowledge of the evolution of these parameters with car
concentration is likely to be a stringent test of compet
theories.1–6 However, the strong anisotropy and the sm
in-plane coherence length of HTSC have a major impact
their field-temperature (H-T) phase diagram.7 It modifies
significantly the nature of the phases observed with res
to the conventional picture.8 For the HTSC, a broad region o
the phase diagram is occupied by a vortex liquid, its relat
importance in theH-T plane being tuned mainly by th
anisotropy9 and defects.7,10 Furthermore, superconductin
fluctuations along theTc(H) line are also expected t
contribute.7 The presence of the vortex liquid phase a
these fluctuations in the hole-doped cuprates might be d
mental to the determination ofHc2.

Indeed, most reports using resistivity as a probe of
transition between the normal and the superconducting s
have shown an anomalous positive curvature ofHc2,r(T) for
the hole-doped cuprates, even with the indications of p
sible divergence at low temperatures,11,12 in apparent contra-
diction with the expected low temperature saturation
scribed theoretically by Werthamer, Helfand, a
Hohenberg.13 Based on these observations, several theor
such as melting in proximity to a quantum critical point14
0163-1829/2003/68~9!/094507~9!/$20.00 68 0945
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scattering by magnetic impurities,15 localization of charged
bosons,16 antiferromagnetic correlations in d-wave
superconductors,17 mixing of dx22y2 and s or dxy order
parameters,18 or some granularity or inhomogeneity effects19

have been proposed to explain this apparent positive cu
ture of Hc2(T). However, different approaches to the inte
pretation of the experimental data20 and several other
experiments21–24 seem to contradict this positive curvatu
and generate larger values ofHc2 at a fixed temperature. Thi
fact alone might indicate simply that resistivity is not a
appropriate probe for the determination ofHc2.

Recent reports on the measurement of the high-fi
Nernst coefficient25,26have revived the interest in the signifi
cance of these very different values of the measuredHc2.
The Nernst effect shows thatHc2(T) determined by a loss o
vorticity ~i.e., loss of entropy carried per vortex! is signifi-
cantly higher than that measured by resistivity.25 Moreover,
Hc2(T) extrapolates to a much higher temperature than
actual critical temperatureTc . This observation might indi-
cate a nonzero~short-range! pairing amplitude at much
higher temperature thanTc , while phase coherence is onl
setting in atTc , i.e., Hc2 would then be a measure of th
actual onset of pairing amplitude, and not phase cohere
~which occurs atTc).

For hole-doped HTSC, the low-temperature behavior
Hc2(T) extracted from resistivity mimics the temperature d
pendence of the irreversibility line close to the vortex so
to liquid crossover~transition!. It was actually shown re-
cently that the temperature dependence ofHc2,r , determined
by resistivity measurements, can be correlated to the cha
in anisotropy obtained by varying the carrier concentrati
©2003 The American Physical Society07-1
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as probed by the irreversibility line defined at the onset
flux flow.27 It was further shown that the criterion used
determineHc2, usually picked either by extrapolation or b
using the field corresponding to a certain percentage of
normal state resistivity, has an impact on the actual temp
ture dependence deduced. This fact clearly underlines
limited understanding of the flux-flow regime deep into t
vortex liquid state of these systems, and our need to cla
the nature of the vortex liquid for large driving~Lorentz!
forces~at high fields! and the possible impact of superco
ducting fluctuations extending on a significant part of t
phase diagram around theTc(H) line.

In the case of the electron-doped (n-type! cuprates
R22xCexCuO41d ~with R5Pr, Nd, Sm!, it was initially ob-
served that the temperature dependence ofHc2 seemed to be
more conventional,28 despite their huge anisotropy, of th
order of rc /rxx'1032104 @comparable to overdope
Bi2Sr2CaCu2O8 ~Bi-2212!#. However, more recent report
show that the temperature dependence ofHc2 is very similar
to thep-type cuprates.29,30All reports showed, however, tha
the absolute value ofHc2,r at low temperatures is low com
pared to its closest hole-doped counterparts La22xSrxCuO4
~LSCO!.27 For this reason, then-type cuprates are membe
of a unique family of HTSC for which a moderate extern
dc magnetic field applied along thec axis, in the vicinity of
10 T, is apparently sufficient to suppress completely sup
conductivity forall dopings, i.e., from underdoping to ove
doping. Reaching the normal state of these materials fo
dopings becomes a powerful tool for probing the grou
state (T50) from which, we assume, arises th
superconductivity.31,32

In this work, we present a systematic study of the dop
dependence of the upper critical field of Pr22xCexCuO4
~PCCO! thin films down to 38 mK. We show that the choic
of the criterion affects the temperature dependence ofHc2,r .
This fact is further emphasized by the similarity of th
Hc2,r(T) lines and the irreversibility line determined by a
susceptibility. Only by choosing a very rough 100% criteri
are we able to approach the expected Werthamer, Helf
and Hohenberg~WWH! behavior. We use the extrapolate
zero temperature value ofHc2 to evaluate the doping depen
dence of the in-plane coherence length.

II. EXPERIMENTAL SETUP AND PROCEDURES

Our measurements were made on c-axis oriented PC
thin films made by pulsed-laser deposition~PLD!33 on three
different substrates, namely, LaAlO3 ~LAO!, SrTiO3 ~STO!,
and yttria-stabilized ZrO2 ~YSZ!. Contrary to single crystals
it is possible to control very accurately the cerium conc
tration and even the oxygen content in thin films. It is s
the only reliable and reproducible growth technique to tar
composition at will very accurately and thus studying
great details the phase diagram of these compounds.31,33 We
should mention that similar measurements done on h
quality single crystals withx50.15 grown by the directiona
flux growth technique result in very similar behavior, com
parable to data previously published.34 However, because o
the limited ability to vary efficiently the cerium conten
09450
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these optimal crystals give an incomplete dataset in view
our goal to span over the whole phase diagram. Despite
fact that all the results presented here were obtained for fi
on LAO, data obtained with different substrates do not dif
significantly for the few compositions studied in more deta
in the temperature range from 1.5 K toTc . Most of the
Pr22xCexCuO4 ~PCCO! films were patterned into Hall bar
using ion milling (width5275 mm, length52.17 mm, and
thickness53000 to 6000 Å! allowing a battery of transpor
measurements in the normal and superconducting states35,36

Unpatterned films were also studied, giving the same beh
ior as patterned ones, thus ruling out ion milling as a sou
of modification of the properties of the films.

All the films were mounted on a rotating probe whic
allowed angular-dependent measurements in a varia
temperature insert~1.5 to 300 K! with magnetic fields up to
10 T. All the data presented here correspond to field alw
applied parallel to thec axis ~i.e., perpendicular to the
copper-oxygen planes!. Our measurements for fields alon
the planes revealed a large anisotropy inHc2 similar to pre-
vious reports.37–39A few of the thin film samples were als
measured in a dilution refrigerator down to 38 mK, and up
12 T. Particular care was taken to avoid self-heating of
samples below 2 K by varying the applied currents~at least
by one order of magnitude!. Susceptibility with an ac field of
5 Oe parallel to thec axis~normal to the surface of the films!
as a function of an applied dc field also parallel to thec axis
at fixed temperature was measured using a physical pro
ties measurement system~PPMS! from Quantum Design. We
use the imaginary part of the susceptibility to determine
irreversibility field ~see below!.

III. RESULTS AND DISCUSSION

To introduce our results and analysis, we first focus on
data for thex50.15 thin films. In Fig. 1~a!, we show the
in-plane resistivity (rxx) as a function of applied magneti
field at several temperatures down to 38 mK. These trace
rxx(H) are roughly parallel with respect to each other in t
transition region~flux-flow regime!.28–30 The specific tem-
perature dependence of this flux-flow regime will be d
cussed further below. One can see anomalies at high fi
and very low temperatures which suggest the possible p
ence of a slight distribution of critical temperatures. Th
might have an influence on the exact determination ofHc2 at
very low temperature depending on the criterion~see below!.
In the case of single crystals, these anomalies would be
tributed to inhomogeneity of the composition, which is co
trolled by both cerium and oxygen contents. Since we
working with thin films, in which case compositional inho
mogeneity should be ruled out,33 another likely candidate is
strain induced by lattice mismatch with the substrate. T
could lead to a thin layer at the substrate-film interface w
slightly different properties than the rest of the film. This h
yet to be confirmed by exploring more thoroughly the da
obtained with films on different substrates with different la
tice mismatches and various thicknesses at these
temperatures.40

From therxx(H) traces, the choice of a criterion to dete
7-2



e
-

ou

ity
m
i-
,

p

ex
-
e

tal

he

e de-

of

ter-

he
tes

m

ble

lds
the

ye.
-

DOPING DEPENDENCE OF THE UPPER CRITICAL . . . PHYSICAL REVIEW B 68, 094507 ~2003!
mine the upper critical field (Hc2,r) remains arbitrary, mainly
because of the very wide rounded curvature of the high fi
flux-flow resistivity typical of all HTSC’s. The onset of re
sistivity (r50) is independentof current density in our
range of measurements, and the corresponding field sh
follow closely the irreversibility line~see below!. Beyond the
onset, a flux-flow regime is established until the resistiv
reaches asymptotically a value close to its normal-state li

In order to clarify the role of the criterion in the determ
nation ofHc2 and its possible link to the irreversibility line
we adopt a scheme introduced by Andoet al.27 for
La22xSrxCuO4 and also presented in Fig. 1~b!. The same
procedure was also used in another report on Bi2Sr2CuO6
~Bi-2201!.12 We choose the field values corresponding a
proximately to the onset of flux flow (H0) and to 50% (H50)
of the high field normal state value. We also add the
tracted value (Hext) at the extrapolation point of the flux
flow regime and the normal-state asymptote, and a valu

FIG. 1. ~a! Field dependence of the resistivity at various te
peratures down to 38 mK for PCCOx50.15 thin film (T538, 605
mK, 1.7, 3, 5, 7.5, 10, 12.5, 15, 17.5, 20 K!. ~b! Definition of the
various characteristic fields for a fixed temperature. The dou
arrow represents the uncertainty onH100.
09450
ld

ld

it.

-

-

at

much higher field corresponding to our estimate of the to
recovery of the normal state (H100). Here,H100 presents a
fairly large uncertainty which we have underlined by t
hatched region~about 1 T wide forx50.15). Hext and H50

have been used regularly as representing an acceptabl
termination ofHc2 in HTSC’s.28 Here, we argue that this
assumption is wrong becauseHext and H50 correlates with
the irreversibility line~and the onset of resistivity!, in agree-
ment with previous observations inp-type cuprates.12,27

In Fig. 2~a!, we show the temperature dependence
these characteristic fields. Except forH100 at temperatures
close toTc , the temperature dependence of these charac
istic fields show an upward~positive! curvature, similar to
most reports.29 In a sense, this is not surprising since t
reported resistivity anisotropy of the electron-doped cupra
is in the vicinity of rc /rab'10021000 ~see Ref. 41!, rela-

-

-

FIG. 2. ~a! Temperature dependence of the characteristic fie
for x50.15. ~b! Same data plotted on a log-log scale to show
temperature dependence close toTc . H0: solid circles,H50: solid
squares,Hext : solid diamonds,H100: solid triangles,H IL : open
circles, andHR : open squares. Solid lines are guides to the e
Dashed line is the expecteds-wave clean limit temperature depen
dence deduced from the value ofHc2(0) ~see text!.
7-3
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P. FOURNIER AND R. L. GREENE PHYSICAL REVIEW B68, 094507 ~2003!
tively close to that of overdoped Bi-2212.42 We should un-
derline thatH100(T) tends to zero at a temperature very clo
to Tc for x50.15.

To complete our analysis of thex50.15 films, we presen
in Fig. 3~a! the imaginary part of the ac susceptibility da
for a comparable film~sameTc , same normal-state resistiv
ity and Hall coefficient!. On a close-up scale@Fig. 3~b!#, we
show that the imaginary part of the susceptibility reache
field-independent value at a field which we define as
irreversibility fieldH IL ~our criterion corresponds roughly t
the field at which the susceptibility reaches the noise leve
the PPMS setup!. The extracted irreversibility fields (H IL)
for several temperatures down to 2 K are shown in Fig. 2~a!.
In the same figure, we show the fieldHR corresponding to
the vanishing point~within our noise level! of the real part of
the susceptibility~data not shown here!.43 One can see tha
the temperature dependence of the irreversibility line~and
HR) follows closely the resistivity onset line (H0).44

Actually, the temperature dependence observed forH IL is
very similar to that observed forall the characteristic fields
determined from resistivity, exceptH100. The latter observa-

FIG. 3. ~a! Field dependence of the imaginary part of ac susc
tibility at various temperatures down to 2 K for x50.15. ~b! A
close-up allowing the determination ofH IL .
09450
a
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tion can be confirmed simply by plotting these characteris
fields as a function of (12T/Tc) on a log-log scale as see
in Fig. 2~b!. In the case of hole-doped cuprates, this plot
often used to extract the power-law temperature depende
of the irreversibility line close toTc .45 In our case, this par-
ticular figure clearly demonstrates that, except forH100, all
the other characteristic fields, includingHext, are following
closely the irreversibility line. In fact, the temperature depe
dence of all these ‘‘characteristic’’ fields close toTc is fol-
lowing H'H0(12T/Tc)

n with n'1.5. This value ofn is
consistent with previous report of exponent related with
temperature dependence of the vortex glass transition and
critical behavior in the transition39 in NdCeCuO. Because th
irreversibility line is sensitive to the out-of-plane vs in-plan
anisotropy7 and thatHc2 should not be~with H remaining
parallel to thec axis!, these characteristic fields are unlike
to be linked to the real value ofHc2. Thus, we conclude tha
the determination ofHc2 is severely affected by the peculia
vortex state and probably by the fluctuation region arou
Hc2(T).

Interestingly, it seems that ourH0(T) @and H IL(T)] and
H100(T) lines are converging at low temperatures and clo
to Tc . If we assume that theHc2(T) is very close to
H100(T), the behavior observed in our resistivity data shou
simply reflect the fact that the largest field interval betwe
the irreversibility field and the real value ofHc2 is observed
for intermediate temperatures (T'Tc/2). This is confirmed
by another systematic behavior observed for all our h
quality thin films with narrow transitions, independent of th
doping level. In Fig. 4, we can observe a clear evolution
the sharpness of the transition in the flux-flow regime a
function of temperature: the maximum slopes are obser
for temperatures close toTc and towardsT50. This obser-
vation suggests that the irreversibility line is approach
Hc2 at T→0 andTc , and that it sets apart strongly at inte
mediate temperatures~asH IL gets significantly smaller than
Hc2). From this data, we conclude once again that our abi

-

FIG. 4. Field dependence of the first derivative of the resistiv
with respect to the field at various temperatures for PCCOx
50.15. Same temperatures as Fig. 1~a!.
7-4
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DOPING DEPENDENCE OF THE UPPER CRITICAL . . . PHYSICAL REVIEW B 68, 094507 ~2003!
to determine the upper critical field in the intermediate te
perature range is affected severely by the special natur
vortex dynamics, in particular for the field range over whi
a vortex liquid phase is possible and beyond into the crit
fluctuation region. Because the anisotropy in PCCO is of
order of 103 ~see Ref. 41!, the liquid phase must surely spa
over a wide field range in theH-T diagram.46 Figure 4 high-
lights also the presence of the anomalies at low temperat
and high magnetic fields also observed in therxx(H) traces
at 38 and 605 mK~Fig. 1!. This might be indicative of a
slight Tc distribution which could not be detected at high
temperatures. An obvious conclusion from this figure is t
the value ofH80 ~or Hext) extrapolated atT50 is likely to be
very close to the realHc2(T50).

In Fig. 5, we show the field dependence of the in-pla
resistivity for several compositions at fixed temperatur
From this data, we can extract the same characteristic fi
as in thex50.15 case. These fields are shown also in Fig
Data for x50.13 and 0.20 were taken only down to 1.6
and data for several temperatures had to be ignored bec
we did not reach large enough fields. A very similar fie
dependence is found for all compositions, including t
variation of the maximum flux-flow slope with temperatu
~not shown!. However, one can see for example in the ca
of x50.17 that the transition to the normal state occurs o
wider range of applied magnetic field than forx50.15. Us-
ing the same criteria as before, one can estimate the cha
teristic fields described above. However, it is difficult
evaluate a ‘‘well-behaved’’ value ofH100 for all Ce contents
apart from x50.15. In fact, this is best illustrated forx
50.17 @Fig. 5~f!# for which H100(T) seems to converge to
much higherTc value than the one measured by ac susc
tibility and resistivity.47 This trend could be the same as t
one observed in LSCO by Wanget al. using the Nernst
effect.25 We should mention here that our measureme
done on several PCCOx50.17 thin films annealedin situ
with different procedures could not clarify the possible co
tribution from inhomogeneity which could lead to a distrib
tion of Tc’s and broadened transition, and that this feat
seems to be very robust whatever is done to affect the qu
of the films ~including using different substrates!.

All the data for all Ce contents seem to provide a cle
connection between the irreversibility field and the char
teristic fields determined by resistivity. In fact, if one plo
the characteristic fields on log-log scales as in Fig. 2~b!, we
conclude that all of the characteristic fields are linked to
temperature dependence ofH IL . In Ref. 27, a clear correla
tion was shown between the line defined by the onse
resistivity ~our H0) and the corresponding anisotropy, wi
respect to the effect on the various characteristic fields de
mined in a similar fashion. In our case, it is impossible
estimate the doping dependence of the anisotropy with
thin films, and only a rough estimate of the anisotropy us
the existing data41 on single crystals can be achieved. B
cause doping proceeds by varying both cerium and oxy
contents, we prefer to avoid a direct parallel between sin
crystal and thin film data, even though their cerium conten
the same.

If one uses instead the irreversibility line~or the related
09450
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value ofHext) as a measure of the anisotropy~cast into the
prefactor of the temperature dependence close toTc), one
cannot really conclude anything about a change of ani
ropy from Figs. 5~b!, 5~d!, 5~f!, and 5~h!. In fact, our evalu-
ation of the irreversibility line forx50.13 and 0.17 seems t
actually show that the prefactorH0 @in H'H0(12T/Tc)

n],
and thus the anisotropy, does not vary significantly over
doping range fromx50.13 to 0.17. This is also understan
able from the fact that the narrow range of doping ov
which we are studying the phenomenon is likely not su
cient to observe a significant change in anisotropy. We c
clude that a definite test of a possible correlation between
anisotropy and the irreversibility line~and the characteristic
fields! has yet to be done, but it will remain a difficult tas
because of the narrow range of doping for which superc
ductivity is observed combined to severe materials iss
with single crystals.

One might use the zero-temperatureHc2 evaluated from
extrapolation of the irreversibility line or any of the chara
teristic fields@assuming they all converge toHc2(0)] to fol-
low its Ce concentration dependence. This is of considera
interest since, within the previous assumption, the in-pla
coherence length can be evaluated as a function of cer
doping. These values and their trend with doping can then
compared to competing theories. In Table I, we present s
eral parameters one can evaluate from our data and com
them with data from a recent report on point-conta
tunneling.48

Our measurements down to very low temperatures al
us to pinpoint~with an uncertainty of about 0.5 T! the value
of Hc2(0) for a few Ce contents, while it can only be don
with a larger uncertainty~about 1 T! for x50.13 and 0.20
~measured only down to 1.5 K!. In Fig. 6, we showHc2(0),
Tc and the gap~normalized using the BCS weak-couplin
expression 2D0/3.52kB) as a function of cerium content. On
can see a convincing correlation betweenTc and Hc2(0).
However, there is no such agreement betweenHc2 and the
gap. This is in complete contradiction with the expectatio
from the clean limit (Hc2}D0

2) or the dirty limit (Hc2

}D0 / l , wherel is the mean-free path!. One should mention
here that the doping dependence of the superconducting
measured by point-contact tunneling48 is reminescent of the
behavior observed in hole-doped cuprates.49,50

In Table I, we include the in-plane coherence leng
evaluated within two different scenarios:~1! clean s-wave
(Hc25f0/2pj0

2),8 and ~2! dirty s-wave (Hc25f0/2pj0l ,
wherel is the mean-free path!.8,51 Here,f0 is the quantum of
flux and j0 is the in-plane coherence length atT50. One
could also add to the previous list the expression for
cleand-wave case.52,53 However, we did not include it since
the corresponding correction deduced from the lineari
gap equation is small and our data cannot help us to discr
nate realistically between the cleans- and d-wave cases, in
particular with our error bars as large as 10%. From o
measurements, coherence lengths as low as 56 Å ca
estimated (x50.14, cleans-wave scenario!.

One can also link the zero-temperature value ofHc2
and the slope]Hc2 /]T at Tc . In the s-wave clean limit
7-5
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FIG. 5. Resistivity as a function of applied magnetic field at fixed temperatures and the characteristic fields forx50.13 in ~a! and ~b!,
x50.14 in ~c! and ~d!, x50.17 in ~e! and ~f!, andx50.20 in ~g! and ~h!. Solid lines are guides to the eye. Arrows point toward the va
of Tc corresponding to zero resistance and the peak center of the imaginary part of the ac susceptibility.
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DOPING DEPENDENCE OF THE UPPER CRITICAL . . . PHYSICAL REVIEW B 68, 094507 ~2003!
for example, we have]Hc2 /]TuT→Tc
52f0 /Cj0

2Tc5

22pHc2(0)/CTc , whereC53.44~see Ref. 8!. In principle,
the same value forj0 should be obtained from both evalu
tions. Of course, this is not expected from our data for all
criteria, exceptmaybe forH100. In Fig. 2~a!, we show the
expectedHc2(T) close toTc in the s-wave clean limit as a
dashed line assumingHc2(0);9 T. It approaches the valu
of H100 and is another hint at the inappropriate criteria o
might use to determineHc2 from resistivity.

Serious questions remain, however, on the validity of
100% criterion and if our estimate is really in proximity
the real Hc2, in particular when considering the behavi
observed forx50.17. Moreover, it is not quite sure that w
can use the determination ofHc2 in the clean limit in our
case since the estimated mean-free path one can deter
from the low-temperature resistivity31 for x50.15 is about
30 Å @kFl'23, with kF'0.70 Å21 ~Ref. 54!#. For this rea-
son, we have included in Table I the estimation of the coh
ence length in the dirty limit as a reference.

It is clear from the above interpretations that resistivity
far from being the appropriate probe for the determination
a thermodynamic property such asHc2 for the HTSC. This
underlines the need for experimental techniques measu
bulk thermodynamic properties such as the specific heat
Nernst effect or thermal conductivity.

IV. SUMMARY

In summary, we observe the same temperature de
dence for the upper critical field ofn-type cuprate supercon
ductors as found in p-type cuprates provided one uses a
terion of extrapolation from the flux-flow and normal-sta
regimes. However, we show clear evidence of a direct c
relation between the irreversibility line and this particu
characteristic field and conclude that it is unlikely to be t
true upper critical field. We show that a rough estimate of
field at which the material reaches its true normal state le
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