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Scaling of the transport properties in the Y;_,Pr,Ba,CuzO, system
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We report on the temperature dependent resistivity of XXBgO, and (Y, ¢Pry.4)BaCu;O, epitaxial thin
films, measured in pulsed magnetic fields up to 50 T. The zerodiglj)l data for various levels of hole doping
p can be scaled onto one single universal curve by using a linear transformation of both temperature and
resistivity. This universal curve exhibits a lingaT) at high temperaturet>T* (region |) and a superlinear
p(T) at intermediate temperaturds,, <T<T* (region Il). The ground state in the low temperature region
T<Ty, (region Ill) is masked by the presence of superconductivity belqw but is accessible in high
magnetic fields. The high field measurements reveal thab@88, (for x<6.8) and (Y ¢Pry 2BaCusO, (for
all levels of oxygen contehhave an “insulatinglike” ground state at low temperatures and that the universal
scaling may be extended to region lll. The existence of a univgr68) curve indicates that the same
mechanisms are dominating the scattering of the charge carriers in these materials but with a different energy
scale depending on the carrier concentration and/or the defect structure.
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[. INTRODUCTION knowledge of the Py,-T) phase diagram for fixed stable
oxygen contenk. The method has been proven reliable, and
Although the transport properties of the underdoped cuis discussed in detail in Ref. 10. The exact oxygen concen-
prates are widely studied, the different scattering mechatration of the films is not measured directly, but evaluated
nisms in these materials are still not clearly revealed. Thdrom the well documented(x) behavior'°
temperature dependence of the zero-field normal-state resis- The magnetoresistance and Hall effect measurements
tivity p(T) for YBa,Cu;O, with various oxygen doping lev- were performed in the pulsed fields facility of the K.U.
els exhibits an almost perfect scaling behavior both in temLeuvert™? by using a homemade flow-cryostat and 50 T
perature and resisitivity At low temperatures, the presence coil. All data reported in this work were obtained on thin
of superconductivity made the observation of the normafilms, patterned1000x50 um strip) for four probe measure-
state transport properties impossible. The normal-state resigents in the transverse geometiy (1) with the magnetic
tivity, however, can in a natural way be extended to the refield perpendicular to the filmHlic) and the current sent
gion below the critical temperaturé. by suppressing the along theab plane (llab). The main physical properties are
“unwanted” superconducting phase by the use of strongsummarized in Table I.
magnetic fields. In this way, Ando and co-workers have

found a Iogarithmic dlverglnqy(T)~In(1/'I') normal state in 1l. ZERO-FIELD RESISTIVITY
La,_,Sr,CuQ, (Refs. 2—4 and BiLSr,CuQ, (Refs. 5-8 cu-
prates at low temperatures. The temperature dependence of the resistiyifyf) for

In this work we will address the question if the scaling in the YB&Cu;O, and (Yo 6P 4Ba;CusOy thin films is shown
the Y-Ba-Cu-O system persists into the low temperature aredn Fig. 1. At optimal doping (YB3CuOg g9, p(T) is linear
To study the transport properties and their scaling in theglown to just above the critical temperatufg. At lower
whole temperature range, we have chosen “123”-epitaxiaidoping levels, the regime of line@a(T) shifts to higher tem-
thin films in which we systematically changed the hole con-peratures and an S-shape, superlinear, behavior emerges be-
tent by varying the oxygen concentration(YBa,Cu;,0,) tweenT. andT* [T* is commonly used to denote the tem-
and/or chemically substituting Y by Pr (¥Pry sBa,Cus0,). perature at which the lineap(T) transforms into the

Section 1l will describe the sample preparation methodsuperlinear behavigr The reduced resistivity in regiof
and the high field magnetotransport measuring technique<T* is accompanied by an increase of the slope in the linear
Section Il reports on the temperature dependence of the rg(T) region and an overall increase of the resistivippth
sistivity in zero field. The magneto-resistivity is presented inp,gg x @nd the residual resistanpg, see Table)l The strong
Sec. IV. The temperature dependencies are completed wiihcrease of, is an indication that reducing the oxygen con-
the high field data in Sec. V. Section VI, finally, addresses theent or substituting Pr for Y, apart from lowering the charge
extension of the scaling for these high field data. carrier density, also induces an appreciable disorder. In Pr-
doped YBaCusO,, there are at least two effects playing a
significant role: hole-filling changes in the density of charge
carriers and magnetic scattering by the paramagnetic Pr ions.

The as-grown films are prepared by dc magnetron spuffhe observed changes in the behavior p{T) for
tering from stoichiometric targefsTo achieve the desired YBa,CuO,, and Y, _,Pr,Ba,Cu0, are well documented in
oxygen content, the films are post annealed in a controllethe literature for both thin films and single crystaf$—'’An
oxygen partial pressur@y,. This procedure is based on the “insulatinglike” p(T) behavior can coexist with the super-

Il. EXPERIMENTAL METHOD
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TABLE I. Overview of the YBaCu;O, and Yy ¢Pry 4Ba,CuzO, thin films. The oxygen content film thickness, critical temperaturd .,
width of the transitiomMA T, residual resistivitypy, resistivity atT=290 K, p,qo x @and the ratigp,qq «/po @s well as the scaling parameter
A and the crossover temperatiire are shownkgl o=hc,/€?p, values, withc, the average lattice constant in tbeirection, are added for
completeness.

t Te,mid AT, Po P290 K A ™

X A) (K) (K) (2 cm) (uQ2 cm) kelo P20 k! Po (K) (K)
YBa,Cu;0,
6.95 1770 92.2 11 48 579 7.8 ~12 86.5 173
6.7 1770 58.2 2.7 209 1171 1.8 ~5.6 174.3 349
6.45 1770 41.7 7.7 607 2237 0.6 ~3.7 215.1 430
(Y0.6P10.4BaCus0Ox

6.95 850 414 53 278 658 1.3 ~2.4 158.7 317
6.85 850 31.8 6.7 459 1205 0.8 ~2.6 185.9 372
6.7 850 22.3 12.7 805 1904 0.5 ~2.4 184.5 369

conducting transition itself andl, is closely correlated with data fall on the same universal curve, the energy stale
the hole dopinde.g., the oxygen content or the level of Y/Pr the two systems differs substantiallgee Table ). For the
substitution. same oxygen content, the scaling paramatés significantly
The linearp(T) at temperatures abovie', the superlinear higher in case of the (YgPrp.4BaCusO, films, although the
p(T) behavior belowT* and the saturating or increasing critical temperature is about a factor of 2 lower. This appar-
p(T) at low temperatures are distinct features. The first anent higher energy scalk for the (Y; ¢Pry.4)Ba,CusO, system
second feature araniversalfor all the curves reported in is further illustrated by the rescaleqT) data in Fig. 2b) for
Figs. 1@ and Xb). This observation was the motivation to which the linear regime is only reached at room temperature.
make a successful scaling analysis of the transport propertié=or the YBaCuO, system the linear regime is easily ob-
of YBa,CuO, . In Fig. 2(a) the scaleg(T) curve is plotted  tained for the sample with the highest oxygen content.
for the YBgCuO, thin films for which the temperature is The temperaturd* —crossover temperature from linear
rescaled with a parameter and the resistivity plotted as
(p—po)!(pa—po), Wherep, is the resistivity alf=A. The

parameterA defines the energy scale controlling the linear [T it I
and superlinear behavior. ‘ ' ' i
An interesting observation from these rescaiéd) data 301 YBa,Cu;0, TL
is that, although the (YgPrp.4BaCus0, and the YBaCuzO, 0 I (a)
A
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FIG. 2. Scaling of the zero-field(T) data for the YBaCu;0,
. ‘ . ‘ ‘ (@ and (Yy6Pro.49BaCusO, (b) thin films with different oxygen
0 50 100 150 200 250 300 content. The temperature is rescaled with(an energy scajeand
T (K) the resistivity is given by d—po)/(pa—po) in which the residual
resistivity p, is subtracted ang, is the resistivity aff=A. Three
FIG. 1. The zero-field resistivity(T) for the YBaCu;O, (a) regions of differentp(T) behavior are indicated together with the
and the (% .¢Pry.4)Ba,CusO, (b) thin films. energy scale\ and the crossover temperaturé.
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FIG. 3. Field dependence of the in-plane resistiyity,(H) for an epitaxial YBaCu;O, film with x=6.95 (a), x=6.7 (b), and x
=6.45(c) as well as for an epitaxial ygPry.Ba,CusO, film with x=6.95(d), x=6.85(e), x=6.7 (f). The fieldH was appliedHllc and the
currentlllab.

to S-shaped—is approximately equal i, 2he energy scale slopedp/dT and which might be associated with the onset of
of the conduction procegsee Table)l TheT* increases as localization.
the doping level is reduced. These general observations are From the scaling, presented in Fig. 2, another parameter,
valid for both the YBaCuO, and the (%P1 )BaCu0,  the residual resistivityp,, can be extracted. This property,
system and the region of linea(T) is labeled | in Fig. 2. that is otherwise difficult to obtained, can be easily found
At lower temperature§ <T*, the p(T) curves deviate si_nce it's just a_scaling parameter used in Fhe c_onstruction of
from linearity and a superlineas(T) behavior sets in. Al- Fig. 2. The residual resistivity, is summarized in Table I.
though already observed in the individyg]T) curves, our _ 'ne universal scaling op(T) in regions I and li[see
scaling analysis implies this enhanced conductivity re- 195 48, 2(b)] is a strong indication that in all high
duced scatteringto be a universal feature of the conduction samples from the strongly underdoped.to the nearly opi-
in the highT. samples. This region is labeled Il in Fig. 2. mally doped samples;h.e transport properties are dominated
The increased conductivity is often explaiféty the open- by the same underlying scattering mechanisiise only

ing of a pseudo-spin-gap belol# (for a review see Ref. 19 change that occurs when lowering the doping level is the
el : le for th . Si thi lingisi d
and for that reason we have adopted this nomenclalire. energy scale Jor tese proeesses. Since Mis scaing 1s n oo

agreement with the pseudo-spin-gap crossover temperature

implications of our scaling analysis, however, are by far-l-*, the dominant scattering mechanisms are probably of
more general and are not restricted to any specific theoreti'magnetic origin

cal modelused to introducd ™.

At low temperaturesT<0.25\ for YBa,Cu;O, and T
<0.3%A for the (Yq¢Pry.0BaCusO, system, a saturation of
the p(T) curves is seen, with a small increasegpofor the Figures 3a)—3(c) and Figs. 8&)—3(f) show, respectively,
samples with the lowest oxygen concentration. This is thehep,,(H) curves measured at different temperatures for the
onset of a regime lll, were the(T) curves have a negative YBa,Cu;O, films with x=6.95, 6.7, and 6.45 and for the

IV. HIGH FIELD MAGNETO RESISTIVITY
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FIG. 4. Temperature dependencies of the in-plane resispyjT) for an epitaxial (Y, _,Pr,)Ba,CuO, thin films at different fields. The
field H was appliedHlic and the currentllab.

Y 0.6Po.4BaCu0, films with x=6.95, 6.85, and 6.7. In the K and a further reduction of the charge carrier density by
optimally doped case YBEwOg g5 and aboveT,, a small  0xygen desorption induces an additional decreasg ofig-
positive magnetoresistivity~¢ H?) is present when sweeping ures 3d), 3(e), and 3f) present thep,,(H) curves at tem-
the magnetic field up to 50 T. When lowering the temperaferatures varying fromr>T. down to 4.2 K for the
ture, everjust above T a small low-field excess conductiv- (Y 0.6Pf%.4B&CusO, films with x=6.95, 6.85, and 6.7. In all
ity develops that is suppressed by high magnetic fields. Closéiree cases an increasipg,(50 T) with lowering tempera-
to T, the p(H) transition is narrow but broadens signifi- ture is observed.
cantly at low temperatures. This indicates that the irrevers-
ibility field H;,(T) and the second critical field ,(T) are
further separated from each other at low temperatures. From
the YBaCu;Og 7 data, presented in Fig(l3, similar obser-
vations can be made as for the optimally doped case. How- On the basis of the high field,,(H) curves in Fig. 3 for
ever, at the lowest temperatures the transition sharpens agathe YBaCu;O, and the (¥ gPrp 4)Ba,CusO, thin films, it is
This indicates that the irreversibility ling;,(T) and the sec- possible to get information about the normal-state resistivity
ond critical fieldH,(T) come closer again after their initial below T.. It is however not cleawhat criterion to takein
separation at intermediate temperatures. ptyH) behav- order to obtain ap,,(T) that is a true reflection of the
ior for the YBgCu;O¢ 45 Sample, shown in Fig.(8), is very  normal-state properties. In this work, the choice was made to
different from these at higher oxygen contents. At low tem-take thep,,, data at 50 T. The extent to which the 40-T data
peratures, the high field,,(H) data show a strong increase coincide with the 50-T data, is a good measure for the valid-
causing arossingof the p,,(H) curves. The initial tendency ity of this criterion. Figures @&)—4(e) present thep,p(T)
of metallic p,,(T) behavior at high temperatures thus trans-curves for the YBgCuO, films with x=6.95, 6.7, and 6.45.
forms into a more insulating behavior at low temperatures. In the optimally doped case, the metallic behavidp{dT

In the (Y;_,Pr)BaCuO, system, the substitution of >0) persists to below . and no saturation is present. More-
40% of the Y atom by Pr already suppres3gdo about 41  over, below 50 K the high magnetic fields do not destroy

V. TEMPERATURE DEPENDENCE OF THE NORMAL-
STATE RESISTIVITY BELOW T,
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superconductivity but simply broadens thg,(T) transition.

At lower oxygen content, thp,,(T) transition is broadened m il . I
and the reduced energy scalewer T, and hence lower 3.0 YBa.Cu.O T
critical fields causes the high fielgl,,(T) data to reflect the a0
normal state more closely. At an oxygen contert6.45, a 20l
plateau inp,,(T) transforms into an increasingly insulator- ’
like behavior @p/dT<0) that diverges corresponding to the
pronounced tendency of crossipg,(H) curves in Fig. &). LOprommmr g
This divergency is a strong indication that, even where su- 5 RN 67(0), 695 1
perconductivity shows up, the ground statexe¥6.7 has an C'§ 0.0 [{ ;
insulating or semiconducting nature. = ' ’

Figures 4d)—4(f) present thep,,(T) curves for the < 20t YosProsBaCu0,
(Y o.6P10 9Ba,Cu0, films with x=6.95, 6.85, and 6.7. Al- N sl
ready in the fully oxygenated sample, the metallic behavior S5 (b)
(dp/dT>0) aboveT, transforms into an insulatinglike be- 1-04%
havior (dp/dT<0) when suppressing the superconducting 0.5 L& ]
state and its fluctuations. This tendency is stronger in the % XT0.7(0), 6:85(¢), 695¢)
oxygen deficientx=6.85 andx=6.7 samples. In these last 0.0 /H
two cases the normal state is attained easily and the low -0.5 : ; :
temperature state of insulatinglikediverging p.p(T) is 00 65 10 15 20 25
clearly demonstrated in all the (¥Pry »)BaCuO, samples. T/A

VI. SCALING OF THE NORMAL-STATE RESISTIVITY FIG. 5. Scaling of the zero field and 50 A{T) data for the

. YBa,Cuz0, thin films with x=6.45, 6.7, andk=6.95 (a) and for

_In Fig. @), thep,y(T) data, scaled b, po, andp, are  the (v, Pr, )Ba,CuO, thin films with x=6.7, x=6.85, andx
given for the YBaCusO, samples. For the optimally doped —g.95 (b). The temperature is rescaled with a parametefan
sample, thep,,(50T) curve follows the zero fielgp,p(T)  energy scalcand the resistivity is given byp(— pg)/(pa—po) in
accurately, until belowl/A~1 the fields necessary to sup- which the residual resistivitg, is subtracted ang, is the resistiv-
press superconductivity are higher than 50 T. Beloi ity at T=A. The three regions of differemi(T) behavior are indi-
~1, thep,, (50 T) curve starts to deviate from the zero field cated as well as the energy scaleand the crossover temperature
pan(T) by showing the onset of the superconducting stateT*. We assume here that the parametkrg,, p, are field inde-
The YBa,CuyOg 7, Sample demonstrates a clear tendency tofendent(or at least only weakly field dependgnt
wards a saturating,,(T) while lowering the temperature.
The data for YBaCuyOg 45, Showing a diverging,,(T) be-  scaleA at fixed oxygen contenfTable ) which, combined
havior at the lowest temperatures, seems to follow the uniwith the higher valud/A ~0.35 for the resistance minimum,
versal curve to lower temperatures and a resistance minimupields to a temperatur&), , for the onset of localization,
is observed at a temperaturg,, with Ty,,/A~0.25. We can that lies significantly above th&y, values for YBaCuO,
conclude that the resistivity versus temperature data for théwith a lower A and T/A~0.25. The Pr substitution seems
YBa,Cu;0, system scale—in regions | and partially in re- to enhance disorder considerably, resulting in a rather higher
gion ll—onto one universal curve. The samples with theT),, . Possible variations ip(T) at low temperatures, caused
highest oxygen content deviate noticeably from the universaby an additional disorder due to oxygen desorption, are made
behavior in region Ill. Most probably, the ground state is stillless clear by the high value oA, squeezing the low-
masked by the incomplete destruction of superconductivitgemperature data together. On the other hand, since the insu-
at B=50T for these nearly optimally doped films at low latinglike behavior in the Pr-doped samples is much more
temperatures. In Fig.(), the scaleg,,(T) is shown for the pronounced than in the pure YBCO system, a real scaling
(Y 0.6P1 2Ba,Cu0, sample withx=6.7, 6.85, and 6.95. The seems to exist, and may have a link with the insulating na-
high field data were added after scaling them with the saméure nevertheless.
A, po, andp, parameters employed for the zero-field scal-

ing. In this casea scaling was obtained for the diverging VII. CONCLUSIONS
resistivity in regionlll (apart from the scaling in regirsd
and 1l). In the (Y ¢Prp 2Ba,Cu0, case, the resistance mini-  The temperature dependent resistivity of a set of

mum was observed /A~ 0.35, somewhat higher than the YBa,CuzO, and (Y, 6Py 4 BaCsOy epitaxial thin films was
ratio 0.25 found for YBaCu;O, . The behavior of the resis- measured in zero field and at very high pulsed magnetic
tivity in this region is dominated by the localization of fields. The zero-field data show that the samples are rather
charge carriers due to the disorder. It is rather surprising thpoor conductors having relatively low ratiqs,gok/po [

the energy scalé describing the scattering process in the pagok/po~2.6 to 12.2 for YBaCuO, and pygq k/po~2.5
metallic regions | and Il is also able to give a good descrip-for (Y ¢Pr.4)BaCuO,)] compared to pure normal metals
tion of these insulatorlike features in regime Ill. The where p,gok/po~1000. This agrees with previous findings
(Y0.6P1oBa,Cus0, samples demonstrate a high energy-on all superconducting highz cuprates and indicates their
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relative impurity. Furthermore, it was shown that the zero-to the low-temperatur@ <T,. part of the normal-state trans-
field normal-state resistivity abovE,. for various levels of port propertiegregions Il and Il), experiments in high mag-
hole doping—both for the YB&£wO, and the netic fields were performed. These experiments revealed the
(Y 0.6P1 2Ba,Cus0, members of the cuprate ground state of YB#uO, (for x=<6.8) and
superconductors—can be scaled onto one single univers@Y ¢Pr, 2)Ba,Cu;O, (for all levels of oxygen contepultra-
curve. An energy scald, the resistivityp, and the residual thin film to be insulatinglike with the resistivity increasing as
resistivity py are used as scaling parameters. The universahe temperature is lowered. Performing the same scaling
curve exhibits a regiorflabeled ) of linear p(T) at high  analysis as in the zero-field case, it was shown that the high-
temperature3 >T*, a superlineap(T) at intermediate tem- field p(T) data for region lll—the insulating regime—do
peraturesT <T* (region Il) and a low temperature insulating scale for the (¥&PrhhdBaCuO, system. For the
p(T) regime(labeled Ill) at T<Ty, . This low-temperature YBa,CuO, system, a magnetic field of 50 T is not sufficient
regime is masked by the presence of superconductivity beo destroy superconductivity and its fluctuations bew It

low T.. The distinct features in the temperature dependenceas argued that if the scaling really exists, it should be
of the metallic zero-field resistivity of YB&u,O, and linked with the insulating nature itself since the same energy
(Yo.6P1 2Ba,Cu0, in regions | and 1l are universal for all scaleA controls both the metalli¢regions | and [l and the

the reported zero-field curves, the only difference is the teminsulating(region Ill) part of thep(T) curves.

perature at which these features are seen. The existence of a

universalp(T) curve was interpreted.as a strong indicgtion ACKNOWLEDGMENTS
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