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We have studied the magnetotransport properties in the normal state for a serigg8fdsaCu, —,Zn,0,
films with values ofy between 0 and 0.12. A variable degree of compressive or tensile strain results from the
lattice mismatch between the substrate and the film, and affects the transport properties differently from the
influence of the zinc impurities. In particular, the orbital magnetoresist4@®4R) varies withy but is
strain-independent. The relations for the resistiviiy=(oo+ AT) and the Hall angle (c@l,=aT?+C), and the
proportionality between the OMR and f#, (Ap/p= ¢ tarf®,,) are followed above about 70 K. We have
been able to separate the strain and impurity effects by rewriting the last two of these relation®,glsxcot
=T2+Cla andAp/p= (¢l a?)(’tarf®,,), where each term is strain-independent and dependsonty. We
also find that changes in the lattice constants give rise to approximately the same fractional ch#@nggs in
and «, while p, is, in addition, increased by changes in the microstructure. The OMR is more strongly
suppressed by the addition of impurities tharf@p, so that/ decreases agincreases. We conclude that the
relaxation rate that governs the Hall effect is not the same as for the magnetoresistance. We also suggest a
correspondence between the transport properties and the opening of the pseudogap at a temperature which
changes when the La-Sr ratio changes, but does not change with the addition of the zinc impurities. Several
theoretical models seem to be in conflict with our results. Some recent ones may be more compatible, but have
not been carried sufficiently far for a detailed comparison.
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I. INTRODUCTION cot®,=aT?+C, (2

One of the most puzzling aspects of the highsupercon- whereC is the impurity contribution.

ductors is their behavior in the normal state which appears to The Drude model leads to the sar’ﬁedependence fop
be distinctly different from that of any other mefalll ~ @nd co®y, while Ry, should be constafitThe orbital mag-

normal-state properties of high: superconductors display Netoresistanc€OMR) Ap/p should vanish in materials with
anomalous temperature dependences. In particular, theff?! iSotropic Fermi surface, and be positive and proportional
electrical charge transport is difficult to understand on the© 72 fé)r an anisotropic Fer_ml surface in the weak-field
basis of a simple Drude model, in which the temperaturd€9ime- A positive OMR has indeed been observed by Har-

dependence of various scattering processes is described wii§ et al- for single two crystals of YBgCuO; . ; (YBCO),

a single relaxation time-. In high-T, materials the in-plane and for an optimally doped single crystal of,LgSr 15CuO,

resistivity, p,.=p, follows the relatioA® (LSCO)." However, the OMR was found proportional to
L XX L

T4, and cannot be described by the same relaxation time as

= +AT. 1 p. Instead, at high enough temperatures, the OMR follows
p=Ppo @) the sameT dependence as t4B,,
The Hall coefficienRy = o, /(Hooyy) (Whereo,, and Aplp=(tarf®,. 3
oy are the longitudinal and Hall components of the conduc-
tivity tensop is approximately proportional to T/at high The relationg1), (2) have been studied in a large variety

temperature$,while the cotangent of the Hall angle @&  of high-T. materials>>®8-1®including underdoped, over-

=oyloy, is described by the quadratic temperaturedoped, and impurity-doped ones. Various deviations are
dependence found in underdoped and overdoped LS(R®fs. 3 and 16
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and YBCO>'?12 and in optimally doped and overdoped other experiments and various theoretical models is given in
single-layer and bilayer bismuth compourtdd® The rela- Sec. V, followed by a summary in Sec. VI. Preliminary re-
tion of these deviations to the opening of a pseudogap in theults of this study have already been described in a brief
normal-state  excitation  spectrum is  still  under publication®®

discussiort:**>2°2IConventional Fermi-liquid behavior is ap-

proached with overdoping*® Il. EXPERIMENT
Previous measurements of the magnetoresistance are lim- _ ) _ . .
ited and do not include the influence of impuritfe$:"~1%n The specimens used in this study werexis aligned

our earlier study of La ,Sr,CuQ, films with x between films grown by pulsed laser deposition on LaSrAIQRSAO)
0.048 and 0.275, deviations from E@) were found both in ~ single-crystalline substraté§ The substrates were oriented
the underdoped and the overdoped regjrﬁ‘]and we sug- with the c-axis perpendicular to the substrate surface to bet-
gested a link with the pseudogap opening. ter then 0.2°. The growth parameters were optimized prior to
The theoretical interpretation of these observations is conthis study!®*! During deposition the substrate was held at
troversial. Fermi-liquid FL) models assume that strongly an- 720 °C in an oxygen atmosphere of 100 mTorr. The energy
isotropic scattering produces temperature anomafie&=2"  density of the laser pulse was held to about 1.5 3/cand
Non-FL models attribute the transport behavior to the existhe frequency to 2.1 Hz. The growth rate was ahbé per
tence of two different relaxation rates at each point on thepulse. Particular care was taken to stabilize all growth pa-
Fermi surfacé®2® Measurements of the infrared Hall effect rameters. We used computer-controlled stabilization of the
give support to non-FL behavid?, although the details do laser energy, the temperature of the substrate was stabilized
not seem to agree with any of the models. Recently, newvithin 1 °C, and the oxygen flow and pressure were auto-
theoretical approaches have been propd&étinotivated by ~ matically adjusted to maintain constant values. After deposi-
angle resolved photoemission spectroscoyRPES  tion, the oxygen pressure was increased to 750 Torr, and the
studie$® which show that the single-particle scattering ratefilms were slowly cooled to room temperature over a period
contains a momentum-dependent term, constant in temperaf 2 h. The thicknesses of the films were in the range from
ture, and a momentum-independent term lineaf.in 5000 to 9000 A and we have verified that a change of thick-
These different approaches lead to distinct predictions foness within this range does not influence the superconducting
the behavior of the transport parameters. A careful compariand transport parameters.
son of the predictions with the experimental data, including To separate the effects of the impurities from those of
tests of all of the relation$l)—(3), should help to validate strain and microstructure, two sets of films were made. One
the models. In particular, a simultaneous study of the impuset, with nominal composition LgsSr 1<Cu0, (LSCO) and
rity dependence of the magnetoresistance and the Hall effedt. between 25 and 35.2 K, was used to evaluate the corre-
can show whether the coefficiegtis impurity-dependent, lation between the structural and the superconducting prop-
and provide a new and sensitive test of the theories. erties. In the second set of films, with nominal composition
In this paper we present a study of the resistivity, the Hallof Lay gsSfy 15Cu;—,Zn, 0, (LSCZNO), the zinc fractiony
effect, and the magnetoresistance afaxis aligned was varied from O to 0.12. X-ray diffraction and absorption
Lay gsShy.1sCl —yZn, O, films, with values ofy, from 0 to  measurements confirmed that the valug of the films was
0.12, i.e., almost up to the composition at which the metal<close to the nominal values in the targéts.
insulator transition occurs gt=0.143* In the course of this The specimens for the transport measurements were pat-
study we found that the films grow with built-in strain result- terned by photolithography, and wires were attached with
ing from the lattice mismatch between the substrate and thidium to evaporated silver pads. Simultaneous measure-
film. The strain is relieved partially by dislocations at the ments of the Hall effect and the magnetoresistance were in a
interface, resulting in a variable amount of strain from film to standard six-probe geometry in a magnetic field up to 8 T,
film. Substrate-induced compressive in-plane strain is knowperpendicular to the Cu(planes and to the current direction
to enhance the superconducting transition temperataré, —(transverse configuratignand for both field orientations.
and the origin of this effect is under discussiShe com-  The magnetoresistance was also measured in the longitudinal
pressive in-plane strain is accompanied by a decrease of tl@nfiguration, i.e., with the magnetic field parallel to the
residual resistivity® The influence of strain on the other CuQ, planes. The temperature was varied from 25 to 300 K,
transport parameters has not been previously investigatednd measured with a Cernox sensor, whose resistance was
Careful structural characterization allows us to use the varistabilized to about 3 parts per milllidi.The Hall voltage
able strain in the films not only to evaluate its influence onwas a linear function of the magnetic field up to the highest
the normal-state transport properties, but also to separate ifelds used in this study.
effect out, and so to get a more precise measure of the effect The c-axis lattice parameters were determined from eight
of impurities. high-angle (00) diffraction peaks in thef-26 scans mea-
The outline of the paper is as follows. In Sec. Il we de-sured with a Rigaku x-ray diffractometer. Bote, and
scribe the experimental details. The study of the influence oK «, peaks were fitted with Lorentzians, and the parameters
strain on the structure, microstructure, and transport irwere calculated from the least-square fits to all peak posi-
LSCO films withy =0 (without zing is described in Sec. Ill. tions. The rocking curves were measured for (D@8 peak.
Section IV contains the description of the normal-state transSeveral specimens were also studied with a four-cycle dif-
port properties of the films with zinc. A comparison with fractometer to determine the magnitude of thexis lattice
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parameter. The topography of the films was evaluated using
Atomic Force Microscopy, with a Park Scientific Instruments
AutoProbe M5. ‘

0.4 <°> vae; ;;—‘
e
B ngea
Ill. LSCO FILMS: RELATION BETWEEN - > Typed
MICROSTRUCTURE AND TRANSPORT PROPERTIES § 0.3 b
== Tensile B Compressive
A. Dislocations and strain T [Tt e
. . . . =02 f—o—
In spite of identical growth parameters, the specimens = i
grow with various resitivities and values @f., indicating d i{éf!b
the presence of disorder in the LSCO films. Similar film- 0.1 - TS
, o , 13.22 | 13.24
to-film variations of LSCO were reported previously by e 1A

other authors using reactive co-evaporafibhe possible

origins of the disorder include strain resulting from the lat-

tice mismatch, imperfections in the microstructdreluding

dislocation$, and changes in the chemical composition, such

as strontium or oxygen deficiency. a0
The in-plane lattice parameters of the film and the sub- -

strate differ by about 0.5%he a-axis parameter is 3.756 A 500

in LSAO and 3.777 A in LSCQ and compressive in-plane "

strain should therefore be expected. It has been observed in

thin LSCO films®*~%"and it has been shown that compres-

sive strain is accompanied fyaxis expansion and by an FIG. 1. FWHM as a function ot-axis lattice parameter for a

increase of the superconducting transition temperature.  series of LagSr, ;:Cu0, films. Different symbols indicate films
The degree to which the films are strained depends on thghich belong to four groupype 1 to type 4as defined in the text.

way in which the strain is relieved. If the films are very thin, The bulk value ot is shown by the dotted line. Letters identify the

of the order of several unit cells, the lattice constant mayfiims with various values off; and FWHM, which are shown in

remain close to that of the substrate throughout the film. FOAFM images(a) 32 K and 0.41° (b) 35.2 K and 0.147°(c) 31 K

thicker films, however, the strain is usually relieved to someand 0.134°(d) 26 K and 0.12°.

degree. This may occur gradually as the distance from the

substrate increases, or by dislocations right at the substratgieen the values daf. the distribution of. and the values of

42 . . . .
In heteroepitaxial growth the density of dis- £\ v on the basis of this correlation we classify the films

film interface’
locations is frequently the most important parameter Wh'Cr']?nto four distinct types identified by different symbols in the
igure.

determines the pattern of strain relief and the microstructu
Films of type 1 exhibit smalt-value distributiongstan-

of the film*3
ard deviation less then 0.001) And small FWHM(below

In order to identify the possible causes of disorder we

have made a careful study of the structure and microstructu A .
.15°). These parameters indicate very good crystalline

uniform on the length scale probed by x rays, and we

of the LSCO films, using x-ray diffraction and atomic force )
microscopy(AFM). The results indicate that the variations of U&lity, Scale prc . _
the transport parameters are related to the variable degree g@nclude that the gradual strain relief is absent in these films.
strain present in the films, and that random disorder can bPefining the strain agq= (dyyk— dsiim)/dpuk (Whered is the
ruled out. The details of this study will be reported lattice parametey we observe that it ranges from abagt
elsewheré”® In the following, we reproduce in Fig. 1 the =+0.05% ande.=—0.02% (compressive in-plane strgin
main findings which have implications for the transport andfor the film of type 1 with the highest, to about e,
superconducting properties. =—0.19% ande.= + 0.08% (tensile in-plane strajnfor the

The graph in Fig. 1 shows the correlation between the fulfilm with the lowestc. The FWHM decreases linearly with
widths at half maximun{FWHM) of the rocking curves and the decrease df, indicating improvement of the crystalline
thec-axis lattice parameter for a series of films. It is seen thaguality and absence of random disorder, such as oxygen va-
the films grow with various values of, both larger, and cancies.
smaller than the bulk¢ scans obtained with a four-cycle Films of type 2 grow with large distribution (between
diffractometer show fourfold in-plane symmetry which per- 0.003 and 0.007 Aand large values of FWHMmore than
sists in all specimens, indicating that the good in-plane align©.17°, and as large as 0.41°). The correlation of these quan-
ment is not disturbed by disorder. We have verified that theities suggests that the strain is relieved gradually in these
a-axis parameter increases @gecreases, as one should ex-films. This happens only in the films with a large average
pect for strain induced by lattice mismatch. The error bars owalue ofc, i.e., with large(average compressive strain.
thec values are standard deviations from the aveagaue, Occasionally films grow as type @nly one such film is
calculated from eight high-angle (Q0Opeaks. In some of the shown in Fig. 1, with a large value of FWHM, but without
films the error bars are large, indicating a real distribution ofa largec distribution. The gradual strain relief is absent. The
the c values in these films. There is a strong correlation befarge FWHM is presumably the result of some other disorder.
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Finally, a substantial number of films, classified as type 4As a result, the quasi-2D growth occurs for larger tensile
show a borderline behavior between films of type 1 and typestrains(up to 0.08%, and the FWHM decreases as the ten-
2, that is, either FWHM, or the distribution, or both, are sile strain grows. However, as the density of dislocations
somewhat enhanced in comparison with type 1 films, buincreases, they may have a tendency to cldSteresumably
they are still substantially smaller than in type 2 films. It isthis is the origin of the formation of imperfectly connected
reasonable to assume that the regions with gradual straigrains in films with large tensile straims in image(d) in
relief may coexist in these films with strained regions. WeFig. 1].
refer to this type of film as “mixed.” This picture provides a consistent explanation for the evo-

A direct look at the microstructure of the films can be lution of the microstructure of the films with the built-in
obtained with AFM[images(a) to (d) in Fig. 1]. We find that  strain. Film-to-film variations are observed also for LSCO
the films with gradual strain relief grow with grains of vari- films grown by reactive coevaporatidhlt is very likely that
ous sizes, from about 50 nm to 200-500 himage ()],  the existence of dislocations is common to different growth
characteristic for three-dimensionddD) growth. The root- methods. Note that the control of the density of dislocations
mean-squarér.m.s) roughness is as large as 7 nm in thesejn heteroepitaxial growth is a very difficult problem. In the
films. Similar microstructure, indicative of 3D growth, is ob- \ye|l-known semiconducting technologies elaborate proce-
served also in films of type 3. This explains the large valuegyres were invented to clean the substrate and the growth
of FWHM observed in these films. chambers in order to reduce the density of dislocatfdns.

The grains in the f””.‘s qf t'ype 1, without gradual strain The process of growth of perovskite oxides proceeds in an
relief, are more uniform in sizémages(b) to (d)]. The cross oxygen atmosphere, and so far little is known about the in-

sections of the images indicate that the films start as islandg, *° . o 1 ace conditions on the substrate-film interface
several unit cells high at a time. In the films with small '

compressive or tensile strain these islands coalesce into quite
smooth surfaces, with r.m.s. roughness of the order of one to
two unit cells. The image&) and(c) represent this regime,
with the difference between them resulting from different The films with gradual strain relief are not suitable for the
times at which the growth terminates. We refer to this type ofstudies of the intrinsic properties of LSCO. Therefore, in the
growth as “quasi 2D.” following we will restrict the discussion mainly to films of
The microstructure of the films of type 1 evolves furthertype 1. In addition, we will include some films of type 4. In
when the strain becomes more and more tensile. We obsery@ese films thec-distribution and FWHM are only slightly
that substantial imperfections appear at the grain boundarighhanced in comparison with films of type 1, but we will
when the grains coalesce. In the film with the loweste show that some of the normal-state properties are consider-
observe the formation of very flat, imperfectly connectedably modified in them.
grains [image (d)]. The grains are quite uniform in size,  Figure 2a) shows several typical examples of the tem-
about 150 nm across, with very good crystalline quality in-perature dependence of the resistivity. The data are labeled
side the grains. The r.m.s. roughness increases again, Y§th the value of theT=0 intercept of the resistivityp,
about 6 nm. determined from the fit of Eq1) between 200 and 300 K. In
AFM images of the films of type 4 indicate that in most of the following we will refer to the parameter, as the “re-
them the growth is close to quasi-2D, but with occasionasidual resistivity,” as is frequently done by othér8:*It is
admixture of 3D areas. This confirms the “mixed” character not the same as the residual resistivity defined in conven-
of these films. tional metals, but it resembles the residual resistivity in many
We interpret the evolution of the microstructure as resultrespects. For example, impurities introduce an additive term
ing from the different amount of dislocations created at theto po.
substrate-film interface. In films with negligible strain a  In Fig. 2@ the three curves with lower values pf are
small number of dislocations nucleated at the interface refor films of type 1, and the two curves with larger values are
lieves the strain fully, allowing for the formation of a for films of type 4. This pattern of larger, in films of type
quasi-2D film with the lattice parameters very close to the4 persists for most of them. Interestingly, the slope of The
bulk values. As the number of dislocations at the interfaceglependence of the resistiviy does not grow as fast as the
decreases, the films should grow with larger built-in com-residual resistivity. This is shown in the inset in FigbjL
pressive in-plane strain. However, this type of growth is un-where we include the data from a larger set of LSCO films.
stable in thick films. Only occasionally do thick films grow While p, increases by a factor of about 7 in this sét,
with uniform compressive strain, and this occurs only forincreases by a factor of at most 2.
strain smaller then about 0.023%. Larger compressive strain Figure 3 shows the cotangent of the Hall angle measured
is usually relieved gradually. This contributes to the deteriodin a magnetic field of 8 T as a function @f for the same set
ration of growth to the 3D type. of films as in Fig. 2a). It is seen that the data follow straight
When the number of dislocations at the interface in-lines except at the lowest temperatures. The values of the
creases, the films grow with built-in tensile strain. This typeinterceptc and the sloper of the Hall-angle lines from the fit
of growth is more stable than the growth with compressiveto Eq. 2 are shown in the inset to FighB RemarkablyC is
strain, since any additional disorder may be more easily ageroportional toa, in contrast to the relation betwegg and
commodated in the vicinity of more numerous dislocations A shown in Fig. 2a). The proportionality betwee@ anda is

B. Resistivity and Hall effect
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FIG. 2. (a) The temperature dependence of the resistivity for le] — 300
several LagsSr 1:CuQ, films. The data are labeled with the value < o001l P ype
of po for each film(in wQ cm). (b) (p—pgyp)/A as a function ofl X 75 150 =
for the same set of samples as (®@. pgy, is the grain boundary ® 0.00 °‘<1 Type; , o
resistivity, as defined in the text. Insety—pgp, as a function ofA 25
for a larger set of films. The line is fitted to the data. T K]
c

FIG. 4. The correlation between the resistive superconducting
transition temperatur€; and several other parametefa). the mag-
netically determinedr, , (b) ¢, (c) po, (d) A, (e) C (closed sym-

. . . . bols) and « (open symbols Films are divided into three groups
Figure 2a) shows that the increase pj is accompanied marked by different symbols: type (tlosed circles type 1 with

by a decrease df, from 35.2 K in the film with the high- weak links(half-filled circles, and type 4(triangles. The letters in

est, to 25 K in the film with the lowesE.. The decrease of () jgentify the films which are shown in the AFM images of Fig. 1.
All lines are linear fits to the data for type 1 films.

also illustrated in Fig. &) which shows co®,, divided by
a. Itis seen that the data for films with different valuesgf
collapse to a single line.

1.0x10°}
X T, occurs in films of both types, 1 and 4. A detailed exami-

nation of the superconducting transitions, which will be pre-
o sented elsewhef®,shows that the lowering of is associ-
| ated with a substantial broadening of the transition.
However, the broadening has a different character for films
of type 1 and type 4. It is convenient to describe this effect
by comparing the resistive transition temperatligedefined
1.0x10° EI o as the midpoint of the resistive transition, and the magneti-
. g¢: K4 cally determined transition temperatufg, . This compari-
ﬁﬂ*’ﬁﬁoo 0.01 son is shown in Fig. @). In good quality films we expedi.
" o0l 8l to be very close td, so that the data points should follow
o P the straight line drawn in the figure. The data for the majority
: 100 o of films of type 1 indeed follow this line, including the data
ool . 0 . for films marked(b) and (c), for which AFM images show
0.0 4.0x10° 8.0x10° smooth surfaces in Fig. 1. However, in films with large ten-
T [K] sile strain, such as filn{d), imperf_ectly connected_grains
appear. Imperfectly connected grains create weak links at the
FIG. 3. (a) cot®, at 8 T as a function of2 for the same films ~ 9rain boundaries, and cause the behavior characteristic for
as in Fig. 1a). The lines are fits to the relation 0®,=aT?+C, and  granular superconductot$ When the temperature is low-
the data are labeled with the valuemf (b) cot®,/a as a function  €red, two distinct transitions are observed, one when the in-
of T?: the data collapse to one line. Ins€tvs « for the same set side of the grains becomes superconducting aend the
of films. other when bulk superconductivity occurs at the loweag-
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netically measuredtemperatureT, . In these filmsT,, is A, C, and« follow the same dependence, with approxi-
lower thanT.. The films in which weak links are observed mately the same fractional changes, in films of type 4. On the
are marked by half-filled symbols in Fig. 4. other handpg is enhanced in these films with values mf

Some of the films of type 4 show the opposite effect, i.e.reaching more then 102} cm. Since the magnitude of the
T¢, is higher thenT,. This may happen when the films strain is similar in films of type 1 and type 4, it follows that
contain some areas with 3D growth and gradual strain reliefthe enhancement must be caused by effects other than strain.
Usually in this type of film the layer closest to the substrateA conceivable origin of the enhancement is a change of
is most strained, and the superconductivity occurs there, gghemical composition such as a deficiency of strontium or
detected byT.,, . However, in the 3D areas the current flows 0Xygen, which could create scattering centers and decrease
along percolating paths, which may meander away from thdhe carrier concentration. However, this cannot be the sole

most strained layer. Hence the resistive transition may occuf@use of the observed effects. A decrease in carrier concen-
at a lower temperature. tration is known to lead to a decrease of the slope of the

Figure 4b) shows the relation betweenh, and thec axis cotangent ling>** contrgry to the result shown in Fig(e}. .
lattice parameter. The magnitude of the strajris shown on We conclude that the film morphology must be responsible.

the right-hand scale. Note that specimens with the same a'[he mixed films contain some areas with 3D growth. The
gnt-h: j that sp \érain boundaries in these areas are more disordered and nu-
erage strain may show quite different valuesTgf depend-

. . . ¢ e merous then the grain boundaries in films of type 1, and so
ing on the microstructure of the film. The straight line fitted they cause substantial grain boundary scattering. Accord-
to the data for films of type lexcluding the films with weak ingly, we mark in Fig. 4c) two regimes: the regime of

links) gives the rate of decrease af, \_Nlth c equal 10 «girain” in films of type 1, and the regime of “strain and
670 K/A. This value is more than three times as large as th@oundary scattering” in films of type 4.
rate reported by Satet al®® for LSCO films with 0.12<x The fact thatA, C, a, and in the films of type 1 alspy,
<0.18. It is possible that a variation in the amount of stron-undergo the same fractional changes, suggests that the strain
tium affects the rate, or that the microstructure of the filmsaffects all transport coefficients in the same way, while grain-
prepared by reactive coevaporatidis different from that of  boundary scattering affects only the residual resistivity in
films grown by pulsed laser deposition, so that a straightforfilms of type 4, introducing an additive contribution pg,
ward comparison of the results is difficult. which we callpgy,. If this is indeed the case, then the quan-
In the films of type 1 without weak links the strain rangestity po—pg, Should depend on strain only, and therefore
from aboute,= +0.05% ande,= —0.02% (compressive in- should be proportional td. To estimate this quantity in type
plane straih for the film with the highesfT,, to aboute, 4 films, we first extrapolate the linear relation betwggn
= —0.13% ande.= +0.05% (tensile in-plane strajrfor the ~ and T, from the dependence for films of type 1, wherg,
film with the lowestT.. The change off, induced by the =0, as shown by the black line in Figa}, and calculate the
compressive or tensile strain may be found from thev@lue ofpo—pgp for each sample from its value .. The
expressioll To=T.(0)+2(6T./deyy) €apt (6To/ S€g) €, inset to Fig. Zb)_ shows that the calculatggh— pg, is indeed
where 6T/ S (i=a,b, orc) are the uniaxial strain coeffi- closely proportional tA. The temperature dependencepof

cients. The values of the coefficients were estimated in Ref, Pgb divided byA_is shown_in the mgin part of Fig (B) for
47, as ST,/ Se,= (250+340) K, 5T,/ Se,= (400 340) K, the same set of films as displayed in Figa)2 We see that

. the data for different films collapse on the same line, with
and 6T/ Se.=(—1090t1120) K. Using the average of the L . ' i
values for thea andb axes as 325 K, and for theaxis as small deviations appearing only below 100 K, probably be

1090 K : h . q i _cause of imperfect estimates @fj,. This result confirms the
B , We estimate that compressive and tensile StralQonsistency of our analysis and shows that the conclusions

should chang& by about+1 and—1.4 K, respectively, S0 56t the distinct effects of strain and grain—boundary scat-
that the maximum change df. directly related to strain tering in the films of different types are correct.

should not exceed 2.5 K. The experiment shows a change of
about 6 K. With the large uncertainty of the strain coeffi-
cients the agreement is reasonable. IV. LSCZNO FILMS: IMPURITIES AND STRAIN
The correlation betweefi, and the transport parameters
po, A, C, anda for the LSCO films is summarized in Figs.
4(c) to 4(e). We see that a%. decreases, all of these param-  We now turn to the specimens in which zinc is substituted
eters increase. The black lines show linear fits to the data fdior some of the copper. The temperature dependence of the
films of type 1 without weak links. The fractional changes of resistivity for some of these film®ormalized to the value at
po, A, C, anda are approximately the same for these films,room temperature,qs ), is shown in Fig. 5. This set of
about (15-5)% per K. Note that there appears to be nofiims was selected for smap, and it is shown here to
difference between films with and without weak links, so thatemphasize the evolution of the temperature dependence on
in contrast to the effect o, the grain boundaries in films doping. However, in all films the resistivity is dependent on
of type 1 have negligible effect on the transport properties irboth the impurities and the strain, and we discuss these de-
the normal state. This suggests that the increase of the transendences in more detail below. The inset shows the depen-
port parameters in films of type 1 is an effect caused by thelence ofp,g5 « Ony. These values are about 30% higher than
strain alone. in similar single crystal® However, while in the single

A. Resistivity
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FIG. 5. Temperature dependence of the resistivityrmalized 1
to room temperatupeof a series of LagsSty 18Cu_,Zn, 0, films -
with y=0,0.01,0.02,0.025,0.03,0.035,0.055,0.08,0.10,0(f»m Gog _I t } t } H
bottom to top. Inset: the room-temperature resistivity as a function I Iﬂ o
of y. 550_L u
— 300°F A 3
crystals zinc can be added only upyter 0.04, three times as a oo M i
much can be added in the films. The room-temperature re- ‘35., | (1 Wﬁ
sistivity increases linearly witly up to abouty=0.1. For e 100 1O % >
largery the increase is faster than linear as a result of the I g &g a g >
approach to the metal-insulator transition, as described in a o L X . ) .
previous publicatioﬁf‘ The films remain superconducting up 0.00 0.05 0.10
to y=0.055, and the films with 0.055y<0.12 are metallic y
but nonsuperconducting. In the ceramic specimens supercon- _ o L
ductivity dissapears foy= 0.0349 FIG. 7. The residual resistivity, (a), the resistivity slopé\ (b),

In all films the resistivity is linear inT at high tempera- glnd If”a'ﬁ“re"?‘ted rgs(;jual rf.ls'snvf'hé (C)H.aﬁ ahfunljnl(l) ) ?fy The
tures. We fit the highF resistivity between 200 and 300 K mg;suegzjms in(c) indicate films for which the Hall effect was
with Eqg. (1) to obtain py. Just as in the case of undoped '

LSCO, the films grow with various values ©f and residual the Abrikosov-Gorkov formula from Ref. 34. Data fge=0
resistivity for any given value of. The correlation between show a crossover in the,-vs-T, line aroundT, equal to 30

T. andp, for films with zinc was already discussed in Refs. K, which results from two distinct dependencespg(T,) in

34 and 41, where we found that for films with smajj the  films of type 1 and type 4. We see that a similar crossover is
dependence of . on p, is well described by the Abrikosov- also present for other values §f so that we expect our

Gorkov formula®® In Fig. 6 we showp, as a function ofl . interpretation of strain, dislocations, and grain boundary
We include the data foy=0 of Fig. 4c) as well as the fitto scattering to be the same in the films with zinc as in those
without.
— We now proceed to the separation of the effects of strain
Hy=0] | and grain-boundary scattering from the effect of the zinc
300 00.01/ impurities. On Fig. 7a) we show the dependence @f ony,
— for all the films with various values of the residual resistivity
% 200 i for each value ofy. We see that the minimum value pf,
g | increases linearly with increasing We assume that this
:; 100 minimum value is the residual resistivity associated with the

zinc impurities, and call ip, . The rate of increase @f, with
. yis py/y=2.8 m() cm. This value is comparable to the rate

1[<0.025 < 0.035
v 0.03 ¢ 0.055

0 PR e T SR observed in single crystals of YBCO with zif¢Because of
0 10 20 30 its closeness to the metal-insulator transition we have ex-
T [K] cluded the film withy=0.12 in the analysis.
c

The slopeA is shown as a function of in Fig. 7(b). In
FIG. 6. The residual resistivitg, as a function ofT, for fims  contrast top it does not change dramatically wighIn fact,
with various values of. The dashed line is drawn through the data if we fit a straight line to the data for the films with the
for films with ps<100 € cm, which follow the Abrikosov- minimum residual resistivity for each (again excludingy
Gorkov formula. All other lines are guides to the eye. =0.12), we find thatA changes by about 17% gschanges
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6 T . /e T TABLE |. Transport parameters of the films of
:::A'N Lay g5S1p.15C Wy —yZNn,O,. The definitions of all parameters are given
5 BOUNDARY SCATTERING | in the text. The experimental accuracy is abadut5 the last col-
o 4| STRAIN O - o | umn, and about-10
£ T o ] 5
) O o @
g y Po Te A o c ((;)
< O y=0 © 0025 2 g.ggs' udem
1 0 001 v 003 b 010 (uQ em)  (K) ( K ) 1073 K2
A 002 % 0035 O 0.12
% 100 200 %00 600 0 365 352 210 565 106 11.05
p[uc2 cm] 0 460 307 249 8.00 142
0 80.0 29.5 3.67 11.9 206 11.15
FIG. 8. A as a function op for films with different values of. 0 209 30.3 3.33 12.0 242
The solid line is a linear fit in the strain regime and the dashed lined 242 25.5 3.96 11.7 218
is a fit for films with grain-boundary scattering, with larger than  0.01 73.8 26.5 2.60 752 150 10.6
about 100x.€ cm. 0.02 106 210 246 7.81 166  8.00
from zero toy=0.1, not far from the experimental error of 8:8;: ii? igi géi 2:;2 ;Zg ;éé
about*10%. The same conclusion of a very weak influencey oo5 248 135 413 13.7 340 701
of zinc impurities onA may be reached from data for single 140 13.6 251 747 195  6.04
crystals of YBCO and LSC® although an earlier report 0'035 168 11'5 2.68 8'35 298 6.52
noted a substantial increase Af The variability of the re- '055 295 3é 3'11 16 1 323 5'11
sults may be related to differences in the microstructure og'os 269 6 2.64 8 0'0 313 3.28
the specimens rather than to a changeAo#ith y. In any ' ' ' ‘
case, we conclude th#t remains almost unchanged by the 0.10 375 0 311 14.6 652 3.78
0.12 910 0 4.39 21.4 1090

addition of the impurities.

If py is the zinc-related part of the residual resistivity, then
the differenceps=po—p, is the part which results from _ ) ) ) _ )
strain and grain_boundary Scattering_ Its dependencﬁ ion toresistance which will be discussed in the next section.
shown on Fig. ), where we see that its minimum value ~ On Fig. 9 we show the temperature dependence of the
does not depend opn Hall coefficient for selected films with various values yof

The separation into g-dependent and g-independent We see that the zinc causes a decreade,oivithout appre-
part shows that Matthiessen’s rule is valid and that we caiably affecting the shape d&®y(T). This behavior is quite

have confidence in the relation different from that observed in LSCO when the strontium-
lanthanum ratio is changed, both in the underdoped and in
Po=py+ ps- (4)  the overdoped regiméS:!® with decreasing strontium the

) ) . o metal-insulator transition is approached as a result of the
~ We can test this relation further by investigating the rela-decrease in the carrier concentration. This leads to an in-
tion of ps to the other transport parameters. The relatioA of crease of the Hall coefficient by a factor of abouf’én the

to ps is shown on Fig. 8. In spite of considerable scatter wefiims with zinc, on the other hand, the decreas®gfis quite
can identify two different regimes. Whew, is smaller than

about 100u() cm, A increases rapidly, while for larger, a
crossover is seen to a much weaker increase. This crossover
is similar to that of Fig. £), i.e., it is caused by more rapid
increase ofpg in the grain-boundary scattering regime. We

ODVOAX4ODON
o
(=]
w
o
1

will see that a similar conclusion can be drawn from the —_ s
Hall-effect data. 2 0.08
£ 0.10
? N\ 0.12
B. Hall effect E > \\.
. . . 15 | J
On Fig. 7c) we show by black points the specimens for o

which the Hall effect was studied. The influence of strain on

the Hall angle was already discussed yot 0. To see how

the zinc impurities change the strain-related effects, we have

measured several films with=0.025 and with different val- 1.0 L L L
. . . . . 0 100 200 300

ues of pg, including the film withps>100 xQ) cm, in the T K]

grain-boundary scattering regime. The transport parameters

for the films in which the Hall effect was studied are col-  FIG. 9. Temperature dependence of the Hall coeffidignfor a

lected in Table I. The table also includes the data on magneseries of films with various values gf
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X o 1194 y
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;:: 5.0x10° b 3 O 248.0 | FIG. 11. « (@), C (b), andC/« (c) as a function ofy. The full
= 04/’” point in(c) is for the Lg g:Sr, 17CuQ, single crystal of Harrigt al,
o g Ref. 8.
my=0 v 003 O 008
o0 . g:g; ﬁ g:gg: g g:}g when the strontium content is altered in LSCO, when devia-

tions are observed away from optimal doping, particularly in
R the overdoped regiotf*?
T [10° K] An increase of zinc causes an increase in the cotangent of
FIG. 10. (&) and(b) cot®,, at 8 T, (c) cot®y / as a function of the HaI_I angle. However, the Iines do not progress monotoni-
T2. The lines are fits to the equation @y, =aT?+C. In (a) the data cally with y. For example, the line foy=0.08 IS b_elow that )
are for films with different values of; in (b) the data are foy ~ [OF Y=0.055. The reason is the random variation of strain
=0.025 and different values gfy (in £ cm); in (c) all the data  from film to film. This can best be seen on Fig.(& where
are included. The solid lines are drawn through the data for théve show data for three films witly=0.025 and different
films with y=0.025. Inset inb): the correlation betwee@ anda  Values of the residual resistivity. The inset shows thand
for films with different values opy. a are again proportional to each other. Just as before for
=0 (Fig. 3), the three lines collapse to one if instead of
modest, only by a factor of about 1.6. This underscores theot®,, we plot cot®y/a [Fig. 10c)]. Moreover, on this
fact that with the addition of zinc the metal-insulator transi-graph the increase of d®f;/a with increasingy is mono-
tion is quite different, driven by disorder, rather than by atonic.
change in the carrier concentratith. This is also illustrated on Fig. 11, where the two top pan-
The influence of the zinc on the cotangent of the Hallels showa andc as functions o for all films, including the
angle is shown in Fig. 10. Paf&) shows the data as a func- three films withy=0.025 and the five films witly=0 from
tion of T2 for films with differenty. A few of the specimens Fig. 3. The scatter of the parameters disappears when we plot
were measured to 300 K, the rest to 200 K. It is seen that ththe ratioC/« [Fig. 11(c)]. The strain affects both parameters
data for most of the films follow straight lines, except for in the same way, so th&@/« is a function ofy only. We see
upturns below about 70 K in the films wity>0. The up- further thatC/« increases linearly with increasing
turns may be related to localization effects, or to the opening Figure 12a) shows the dependence ef on pg for all
of a pseudogap. There is also a small deviation from thdilms measured in this study. Fpg less than 10Qu{) cm the
straight line in the film withy=0.12 forT>200 K, presum- points fall on a straight line, regardless of the valug.dfor
ably because of the vicinity of the metal-insulator transition.largerpg there is a crossover to a different regime. This is the
Apart from these deviations, E@2) is followed, even in same behavior as that 8fshown on Fig. 8. It follows thad
films with so much zinc that there is no longer any superconis y independent, and depends on strain in a similar fashion
ductivity. This is quite different from the behavior observed for all films regardless of. The relation betweena andp is

0 2 4 6 8
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- FIG. 13. The orbital magnetoresistance at 8 T as a function of
ok’ . . In T for a series of films with various values gf Inset: The TMR
0.00 0.01 0.02 and the LMR as a function of temperature for the film with
o [K-2] =0.035.

FIG. 12. (a) a as a function oy for films with different values ~ Sistance(LMR and TMR, respectivelyare negative at very
of y. The line is a linear fit in the regime of small, i.e., without ~ low temperatures, with increasing magnitudeydscreases.
grain-boundary scatteringb) The proportionality betwee@, and ~ The analysis of this effect, to be presented elsewleseag-
a. The full point is for the LagSr, ,,CuQ, single crystal of Harris  gests that it originates in the spin-disorder scattering of car-

et al, Ref. 8. riers on magnetically ordered spin droplets around Zn impu-
rities.
also a further indication that the separatiorpgfinto p, and In this paper we concentrate on the regime of high tem-

ps is correct. A previous study of YBCO crystals with zinc peratures, from 25 to 300 K. The inset to Fig. 13 shows the
without strain findsx also to bey independent, and equal to T dependences of the LMR and the TMR for a film with
5.11x 10 % K2, close to the minimum in our films. =0.035. The TMR is positive over the whole temperature
Sincea is y independent, an@/« depends oty only, we  range, for all values of, and decreases with increasigg
conclude thaC is a linear function ofy: C=Cy+C,y. The  The LMR has a more complicated behavior, but it is always
fit to the data in Fig. 1c) gives two parametersCy/a smaller than the TMR, by a factor of 3 to 10, approaching the

=(1.8+0.1)x10* K? andC,/a=(2.6+0.2)X 10° K2, experimental resolution of the measurements at high tem-
We summarize the behavior of the Hall angle by rewritingperature. At the highest temperatures the LMR is slightly
Eq. (2) as negative and becomes positive Biss lowered below about
50 to 150 K. We attribute the LMR to isotropic spin scatter-
cot®y/a=T?+Cla, (5 ing. Spin scattering may be expected to grow with increasing
y since zinc-doping produces enhanced staggered magnetiza-
C=Co+Cyy, (6)  tion around impurity site Subtracting the LMR from the

where each term in E@5) is strain independent and a func- TMR we obtain the orbital magnetoresista@MR), which

tion ofy only. & andC depend on strain in the same way, andiS shown in the main part of Fig. 13 for a series of films with

a is y independent. Fig. 1B) showsC, as a function ofx ~ Varous values of. _
for all films. The data lie closely on a straight line, including 1€ OMR is positive in most of the films, but decreases

even the specimen witty=0.12, close to the metal— rapidly with increasingy until, in the film closest to the

insulator transition, as well as the point for the single crystaflétal-insulator transitiony(=0.12), it becomes negative be-
of LSCO? low about 50 K. In fact, we can see in Fig. 5 that the resis-

tivity of this film shows an upturn in the vicinity of 50 K.

Presumably the negative OMR is related to the localization

effects which dominate the behavior close to the metal-
The magnetoresistance measurements were performed imsulator transition.

two configurations of the magnetic field with respect to the In Fig. 14 we show thé dependence of the OMR on a

CuG, planes. In nonsuperconducting films, i.e., fgr  double logarithmic plot for the films with positive OMR.

>0.055, both the longitudinal and the transverse magnetoréFhere are two important features in this graph. First, the

C. Magnetoresistance
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i tan’o,, o’ tan’s,, [K”]
-5 1 1 1 \y 1
10 25 50 160 °250 FIG. 15. The OMR as a function of t4 (a), and as a func-
tion of a’tarf®, (b). The data include two films witg=0 (circles
T [K] and dotted lings and three films witly = 0.025(triangles and solid

lines), with different residual resistivitie§in x{ cm). The dotted
FIG. 14. Log-log plot of the orbital magnetoresistance at 8 T asanq solid lines are guides to the eye. Straight dashed lines are fitted
a function of temperature for a series of films with various values ofiy the data in the high-temperature regions.
y. All lines are guides to the eye. The solid lines are drawn through
the data fory=0 andy=0.025, for which several films with dif-

OMR is not, the data for specimens with the saynand
ferentp, were measured.

different p, fall on separate curves. The highregion is to
the left of the figure, for small values of @, and small
magnitude of the OMR decreases monotonically with in-yalues of the OMR. The dashed straight lines are fitted to the
creasingy. This suggests that the OMR is not sensitive todata in this regime. Within experimental error the lines have
strain effects. This is confirmed by the lines for 0 and for  the same slope, indicating the validity of E§). As is true
y=0.025, which include data for several films with different for y=0 (Fig. 3), the differences between the data for differ-
residual resistivities. They can be seen to be followingent p, disappear when we plot the OMR againstarf®
closely along single lines for each value yfshowing that  [Fig. 15b)].
the OMR is not influenced by strain but depends solely.on  Figure 16 shows the data for all films with positive OMR
The second interesting feature is the shape of the OMRs a function ofv*tar?®, . We see that the high-temperature
curves. The lines for all superconducting specimegs ( data follow a set of parallel lines for all specimens, even the
>0.055) have a characteristic “S shape,” as previously obnonsuperconducting ones. This shows that in this region the
served in optimally doped LSCO and YBC®? The high- OMR and taR®,, have the same temperature dependence.
temperature part of the data, from about 70 to 300 K, isThe straight lines shift downwards gsincreases, showing
convex and as discussed in Refs. 7 and 19 followsThe that the coefficient of proportionality decreases yasn-
dependence of the square of the Hall angle in accord withiregses.
Eq. (3). At lower temperatures, below about 70 K, the lines  we now rewrite Eq(3) as
deviate upwards. The deviation leads to an inflection point
which gives the curves their S shape. - ——rrrrrry —r—
We have noted previousty that the inflection point I ;
moves to higher temperatures when the strontium fraction is 107E
decreased, until in strongly underdoped LSCO the curves i
lose their S shape, as the region of validity of E8). moves
to higher temperatures, beyond the region of the measure-
ments. In contrast, we see that the zinc impurities do not
affect the shape of the curves. They retain their S shape, at
least in all superconducting specimens, showing that(8q.
remains valid for all films above 70 K. We have suggested 107
previously that the position of the inflection point is related £
to the pseudogap opening. We will return to discuss this
point in the next section, but concentrate first on the high-

L Ol

Aplp

2 .
temperatures regime where the OMR is proportional to 10 ';'(;-w e
tarfe,,. o’ tan’e
In order to investigate the relation between the Hall effect "
and the OMR in more detail we show on Fig.(a6the OMR FIG. 16. The OMR as a function af’tarf®,, for a series of

data for the films withy=0 andy=0.025 as a function of films with various values of. The high-temperature data are on the
tarf®, . Since the Hall angle is affected by strain and theleft side of the figure. Al lines are guides to the eye.
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FIG. 17. The dependence of the reciprocal of the parameter o tan? e, K?]
{la® ony. The scale on the right shows the values of the reciprocal
of Z(ag/a)?. The full point is for the LagSt, ;-CuQ, single crys- FIG. 18. The OMR as a function ofa’tarf®, for
tal of Harriset al, Ref. 8. La, ,Sr,CuQ, films with various amounts of strontium as indi-
cated in the figure. The dotted lines are guides to the eye. The
Aplp= ({/az)(aztanzH). 7) arrows identify the onsets of the saturation of &g, at the tem-

peratures indicated next to each curve.

Sincea?tarf®, is strain independent, and the experiment
shows that this is true also for the OMR, it follows that the netic field than the Hall effect, it should be more sensitive to
coefficient (/o is also not affected by strain and dependsthe reduction of anisotropy than the Hall angle, leading to a
only ony. Moreover it has a surprisingly simple dependencedecrease of with y.
ony. In Fig. 17 we plot its reciprocal as a functionypfThis
function is seen to increase linearly with Since « is 'y

independent, this graph gives us also yt#ependence of. D. Pseudogap
We can write We now return to the discussion of the inflection point,
and its relation to the pseudogap. The inflection point marks
s 1 a crossover from the high-regime, where the OMR is pro-

ST K TKY (8)  portional to taR®,, to low-T regime, where this propor-
@ 0T Ry tionality does not hold. The inflection point is very easy to
identify from Fig. 16, even in the case of nonsuperconduct-
whereK,=(2.75+0.16)x 10 ° K™% andK;=(6.54+0.55)  ing specimens. It is at about 60 to 70 K, regardlesg. dhis
X107° K4, is very different from its shift in underdoped LSC®wwhich
The last column of Table | showd «? multiplied by aj, ~ we show on Fig. 18. Here the region where the data follow
where a, is the value ofa for the film with y=0 and with  straight lines moves gradually to higher temperatures, and
the lowest residual resistivityy,=5.65< 10 2 K2, so that  the slope of the line changes, showing that E).is not
it is equal toZ for y=0. It changes from 11.05 in the film followed. This is consistent with our previous finding that the
with y=0 to 3.78 in the film withy=0.10. We show the T dependence of the OMR loses its S shape in underdoped
reciprocal of this quantity on the right-hand side of Fig. 17.LSCO because the inflection point moves to temperatures
The value off for the La ¢S 1-CuQ, single crystal of Ref.  outside the range of the measureméfits.
7 is 13.6, in good agreement with the film value. When the loss of proportionality between the OMR and
The coefficientZ in LSCO is substantially larger then in tarf®, was first discovered, it was attributed to supercon-
other highT, compounds. In YBCQ is equal to 1.5-1.7,”  ducting fluctuations, which would enhance the OMR in the
and in optimally doped and overdoped,B&,CuQ;, s it is  vicinity of T.."*” A careful examination of Figs. 16 and 18
equal to 3.6 and 2.0, respectivéfySince the magnitude of shows, however, that the deviation of the two quantities is
the cotangent does not differ significantly between the differrelated to the suppression of @ rather than to an en-
ent compounds, the ratio seems to depend mainly on thkancement of the OMR. This is most easily seen in the speci-
magnitude of the OMR, which reflects the deviation of themens with lowT,. and in nonsuperconducting specimens, in
Fermi surface from sphericity. The largérin LSCO would  which the superconductivity does not get in the way. The
than be a natural consequence of the fact that the Fern@MR continues to grow steadily at low temperatures, while
surface is more flat in LSCO than in any of the other high- tan® first saturates, and then decreases. The temperature of
compounds. The addition of impurities redug¢et a value the onset of saturation does not follow the decreas& of
comparable to that of the thallium compourtisThis is  but remains constant at about 60 to 70 K in the specimens
probably a consequence of the reduction of the anisotropwith zinc, and increases in the underdoped samples, as
caused by the addition of isotropic impurity scattering. Sinceshown by arrows in Fig. 18. The only specimen in which the
the magnetoresistance is an effect of higher order in magenhancement of the OMR may play a role is the one with the

104512-12



MAGNETOTRANSPORT IN THE NORMAL STATE @& . .. PHYSICAL REVIEW B 66, 104512 (2002

2.4 i i . — T : T - T
o y=0 o La, Sr CuO,
o 001 10+ % . y
. 2 o2 4] e
5 21 | & 0.025 4 61 o ox o 0.06
L v 0.03 4 ¢ * 0.048
o« * 0.035 . o
e 4 0.055 o R
=18 o 008 | = 2 . 00
- > 0.10 = *, oX
— G [ -
n O 0.12 6 - EB—&‘gﬁ'sf.; Stk
E 5 ! 0.8 + | . | . N
Y= 15 L | \5 * T T L' T 'Z T
g & 18 | E 8, 455%15CU. ny04_
0 300 5 el § o y=0 O 008 ]
O 3 e 001 <« 0055
~ 4t 3 A 002 > 008
; 0025 ® 0.10
FIG. 19. The rescaled Hall coefficiefR,(T)—R]/R},, as a 5l f‘ M o1z |
function of temperature. The inset shows the behavior of the param- %3
etersRy; andR}; as a function ofy. % L éﬁg%ﬁ‘,_@_"_,}_, I
08| = -
. . . . 0.6 C L — 1 L L L I‘
optimal T, presumably as a result of the close vicinity of 0 100 200 300
the transition to the superconducting state. T [K]
A second effect seen on Fig. 14 is a gradual decrease of
the OMR, below about 30 K in the film witg=0.08, and FIG. 20. The rescaled cotangent of the Hall angle, frdt
below about 55 K in the film withy=0.1. This effect isy —Cla)IT?, as a function of temperature, for several underdoped

dependent and quite distinct from tixéndependent suppres- LSCO films (@), and for a series of films with zin@).

sion of tan®y; . As we mentioned before, it may be linked t0 1 aximum inRy(T) does not shift withy. Comparison with
localization effects which eventually lead to a negative OMRRef. 16 leads ta™* ~600 K, independent of, and close to

in the film with y=0.12. We conclude that in the films with 14 result of Ref. 16.
zinc there are two distinct anomalies. One, at highes the In order to examine the deviation from Edg) and (5),

suppression of ta@, , while the OMR continues to increase \ye show on Fig. 20 the quantity (&, /a—C/a)/T2. The top
asT is lowered. The second effect, at lowEris a suppres- panel shows the data for several underdoped LSCO speci-
sion of the OMR, associated with localization effects. mens, while the bottom contains the data for the films with
The suppression of taf, at low T has been observed zinc. The data for the optimally doped LSCO specimens de-
before in underdoped YBCQRefs. 53 and 54and in single-  viate downwards in both figures, as a result of the close
layer and bilayer bismuth compourtdsuggesting that they vicinity of T.. On the other hand, the data for both under-
may be related to the pseudogap opening. In Ref. 52 it wadoped LSCO, and LSCZNO, deviate upwards, because of the
noted that the suppression of f@p, and the broad maximum suppression of ta® . The point of deviation clearly shifts
in Ry both occur at approximately the same temperature a9 higherT with the decrease of, but remains constant, at
the anomaly in thé3Cu NMR relaxation rate. In the Bi-2212 about 50 to 70 K whery changes.
phase, on the other hand, the tangent anomaly occurs at T0 determine the origin of the suppression of & we
lower T than the anomalies in the NMR relaxation rite. have analyzed th& dependence of the Iongitudingl and the
The correlation between the maximumRy and the sup- Hall cor)d'u.ctivities. We find that in the LSCO f_|Ims both
pression of ta®, in LSCO may be observed directly from co_ndu_ctlvmes decresasse at low temperatures, unlike the situ-
the T dependence of these quantities, which we now examin tion in 60 K YBC_:O' where the suppression was fou_nd to
in more detail. We have rescaled the Hall coefficiBnt by e present only in the Hall conductivity. This behavior is

the procedure outlined in Ref. 16, where it is shown that'llus'tr"Jltecj In Fig. 21, were we show the refative change of

. . .. conductivities for two underdoped, and two films with zinc,
Ry (T) for various values ok collapses to a single curve if

01 ok R o normalized toT=100 K. The onset of superconductivity is
plotted ad Ry (t) =Ry 1/Ryy , versus=T/T". HereRy isthe  giqent at the lowest temperature in the film with

asymptotic value oRy at highT, while Rf; andT* rescale  —(.135. Apart from this all data display broad maxima in
the Hall coefficient and the temperature, respectivély,  the conductivities, which shift to higher temperatures with
which identifies the temperature above which the Hall coefdecreasing, and remain constant whegrchanges, as for the
ficient becomed independent, was found to decrease fromanomalies in ta®, . However, in each specimen the Hall
about 700 K forx=0.1 to 100 K in the overdoped regime, conductivity displays more pronounced anomalies, and at
and was proposed later to be related to the opening of thglightly higher temperatures than the longitudinal conductiv-
pseudogap’ We apply the same procedure to the data of Figity. This pattern indicates that the relatively stronger changes
9 for a series of films with zinc, and show the result on Fig.of the Hall conductivity are the cause for the tangent sup-
19. The parameters of the rescaled Hall coefficient are showpression. If we link this effect to the development of the
in the inset. We find that it is not necessary to rescale th@ormal-state gap, our analysis reveals two significant results.
temperature, as could be anticipated from the fact that th€irst, we conclude that the pseudogap opening affects the
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5 : : - - - 50 transport parameters, with a fractional changes of about
6ol PoO° ]t oo El 100% per 0.01 A. The OMR, on the other hand, is not af-
x=0.135 %o, o @ 140 fected by strain.
aglo % | \ (2) Impurities. The addition of zinc does not change the
o ‘ carrier concentration. It adds an impurity scattering term to
£ 20l e 0 | 1% the residual resistivity and to the elastic Hall scattering term.
g 4 N It has almost no effect oA and does not affeck. These
A ol ‘=g = = \N 20 results are consistent with previous observations. However,
3 g e the OMR is more strongly suppressed by impurities than
= / y ¥ , tarf®,,, so that{ decreases with an increase of impurities.
3<=\0-06 r O\ 11 Before we compare these results to more sophisticated
wl e sr.cu0, | [La, 81, Cu, 200, m theoretical models, we compare them first to azsimple Drude
e . . s L L s 40 model, where the resistivity is given y=m*/ne“r, where
40 60 80 40 60 80 100 . . T . 1
ik -y nis the carrier concentratiom* the effective mass, and"

the relaxation rate, with both an elastic and an inelastic part.
FIG. 21. The relative change of the longitudinal and Hall con- 1 h€ Hall effect and the magnetoresistance are described by

: - 2
ductivities, normalized aT =100 K. The data are for two under- the relations co®y~(w.7) LandAp/pe(w.7)?, wherew,

doped LSCO films with=0.135 and=0.06(a), and for two films ~ =€B/m* is the cyclotron frequency. In our experiment the
with y=0.055, andy=0.06(b). The Hall conductivity is measured tensile strain, which increases the in-plane distances, causes
at 8 tesla. All lines are guides to the eye. simultaneous proportional increases in all transport coeffi-

cients, i.e., it changes both the elastic and inelastic terms in
Hall conductivity more effectively than the longitudinal con- and cot®y in the same way. In the Drude model this can
ductivity. Secondly, the pattern of the evolution wittandy ~ only be explained by an increase of the effective mass, which
indicates that the temperature at which the pseudogap opemsuld qualitatively be a reasonable outcome of the increase
is not affected by the zinc doping, while it shifts to higher of the in-plane lattice distances. However, we would expect
temperatures for underdoped specimens. the OMR to change as well, since it is proportionalaté,

Finally, we would like to comment on the decrease of theand this is not observed. In additiofi,depends on the im-

OMR at low temperatures, which we propose to link to thepurity content, while it should be constant in this model.
localization effects. These are not the usual effects of weak We now consider more complicated approaches, designed
localization observed in conventional disordered metals. Weo reproduce the differenf dependences qf and coi®.
have made a careful study of the behavior of the magnetoreale start with the non-FL models. The original model by
sistance of the zinc-doped and the underdoped LSCO at temandersor® invokes a picture of holons and spinons which
peratures below those discussed in the present pap@r, atseparately control the longitudinal and transverse relaxation
<25 K. A detailed account will be published separately. rates, respectively. A subsequent model, also with two dis-
The results show that weak localization effects are absentinct relaxation rates, assumes that the electronic scattering in
Instead, we find strong evidence of the influence of spincuprates is sensitive to the charge-conjugation symmetry of
disorder scattering on the transport properties. This is nofjuasiparticle$® The main feature of both models is that two
surprising. In LSCO the carriers move in the disorderedrelaxation rates, which are a result of spin-charge separation
magnetic background of the Cu(lanes, and themselves or different parity of the quasiparticle states, exist at each
influence the type of this disorder, contributing to fhele-  point of the Fermi surface. Since in these models the Hall
pendence of the resistivity. There is plenty of evidence thaeffect and magnetoresistance are governed by the same re-
the localization of carriers is nonuniform in LSC®>®>"  |axation rate, their ratio should behave as in the Drude
possibly in the form of stripe€ It is important to point out model, i.e., the coefficienf should be independent of tem-
that these localization effects appear to be distinctly differenperature, impurities, or strain. Our results are inconsistent
from the effects of the normal-state pseudogap openingyith these expectations.

which are observed in the high-temperature range. The FL models assume the existence of quasiparticles
with strongly anisotropic scattering rates along the Fermi
V. DISCUSSION surface. Various anisotropies have been proposed, including

“hot spots” and “cold spots,” small regions of the Fermi
surface in which the scattering is either much stronger, or
much weaker, respectively, than in the remaining parts, and
The main subject of this study, which is the influence ofhas a distinctly differenT dependencg!!?2-2426-2pgssible
impurities and strain on the normal-state transport propertiesnicroscopic origins of different scattering rates include anti-
may be summarized as follows. ferromagnetic spin fluctuations, charge fluctuations, and pair-
(1) Strain. If we exclude the effect of grain-boundary ing fluctuations which may couple preferentially to carriers
scattering, the strain affects,, A, «, and C in approxi-  with certain moment&??*“° These concepts are based on
mately the same way. A decrease of thaxis lattice param- ARPES results which indicate that single particle scattering
eter, accompanied by an increase of teaxis parameter is much stronger along the (0,0)(0) and (0,0)-(0x) di-
(i.e., tensile in-plane strainresults in an increase of all rections than along the zone diagordl§incep and co®,

A. Normal-state transport parameters: the effects
of impurities and strain
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involve scattering in different regions of the Fermi surface, itpendent in the vicinity of the #£,0) and (Ox) directions.
is then possible to reproduce the differdntlependences of This result motivated the development of two new theoreti-
p and co®. cal approache¥.*?

The magnetoresistance has been evaluated in only two of The model of Varma and Abrahams combines the predic-
these modelé*?” One of them is the cold-spots model of tions of the marginal FL hypothesis for the inelastic scatter-
loffe and Millis>* which assumes that the in-plane resistivity ing linear in T with an elastic, strongly anisotropic term,
is controlled by carriers with momenta along the zone diagowhich results from small-angle forward scattering by impu-
nals, which have an FL scattering rate proportionalTfo rities situated away from the CyQplanes® The forward
(cold spots. In the regions away from the diagonal, the scat-scattering produces new contributions to @&p so that in-
tering rate makes a largé&-independent but momentum- stead of Eq.(2) the resistivity should be proportional to
dependent contribution. The line@rdependence of the re- /cot®,. The data for impurity-doped single crystals of
sistivity results from the lineaF dependence of the width of YBCO support this forni* A preliminary analysis of our
the cold region. This model has been used sucsessfully t@ata shows that this proportionality is followed for a film
explain several experiments® However, the magnitude of with y=0 and small strain. However, deviations appear with
the OMR is much larger than experimentally observed andarger strain and at this point it is not clear to us how to
the coefficient/ is found to beT dependent. These features incorporate the strain into the model.
disagree with both the previous experiments, and with the Another model introduced recently is the two-patch
present study. The model predicts a violation of Matthies-model, designed to analyze the normal-state transport prop-
sen’s rule and this is also contrary to the experimental dataerties of cuprates using the Boltzmann equatfonhe Bril-

In addition, the ratiof should increase witly, while our  louin zone and the Fermi surface are divided into regions
experiment indicates a decrease. where the scattering between the electrons is strong and the
A second calculation of the OMR is based on the phenomFermi velocity is low(hot patches and regions where the

enological additive twor model, which assumes two distinct scattering is weak and the Fermi velocity is lar¢eold
relaxation rates; andr,.?%?’ The Fermi surface is assumed patches For Bi-based cuprates the hot patches are centered
to have large flat regions arou points with a short relax- around the saddléM) points of the Brillouin zone, while the
ation timer,;~T~! and large Fermi velocityhot spot$. The  cold patches are centered around the nodal points, along the
sharp corners around the nodal points have a long relaxationY(X) direction of the Brillouin zone. Three distinct tem-
time 7,~T 2 and small Fermi velocity(cold spoty. The perature dependences for the scattering amplitude are as-
carriers from the hot spots dominate the in-plane resistivitysumed,T? in the cold region]T for the interpatct(hot-cold

while cold regions dominate the Hall conductivity, leading to scattering, and d-independent value in the hot region. The

T dependences which agree with experiment. This modelesulting scattering amplitude 4/obtained from the scatter-
leads to an almosk-independent ratid, close to the experi- ing matrix is strongly momentum dependent. The low-
mental results. The impurity effects ofi have not been temperature behavior, in contrast with other similar
evaluated. ARPES experiments on bismuth compounds dapproache$>?4252%is always non-FL, with a lineaF depen-

not confirm the assumed character of the Fermi sufface. dence in the cold patches and a constant in the hot patches,
The flat portion around théV points is observed to be as observed by the ARPES specttarhis model gives a
smaller, and the velocities in the hot region are smaller thameasonable description of the transport properties of the Bi-
in the cold region. Interestingly, the large flat portions arouncbased cuprates. When comparing it to our experiment we
M may better approximate the real Fermi surface observed inote first that the model predicts an increase of the residual
LSCO. resistivity and of the constant term in the cotangent when the

Apart from these comparisons the effect of strain creates aize of hot regions increases. Since hot regions may be ex-
stringent test of the FL models. The models have to reflecpected to be larger in the flatter Fermi surface of LSCO, this
the fact that strain affects all transport coefficients similarly,would explain why the residual resistivities and the constant
but does not affect the OMR. The effect of strain on theterm in the cotangent are larger in LSCO than in other cu-
Fermi surface can change the relative size of the cold and hqirates. In addition, th& dependence of the longitudinal and
areas. In the twa- model the ratio of the contributions from the Hall conductivities in this model are both controlled pri-
the cold and hot areas appears to be approximately the samearily by the density of states and the Fermi velocities in the
for the Hall conductivity and for the magnetoresistance, saold regions. The similar effect of strain on these quantities
that the different effects of strain on these quantities may beould then be explained by the effect of strain on the cold-
difficult to reproduce. However, a detailed comparison isregion properties. It is not clear if this model can reproduce
needed to evaluate this effect. the insensitivity of the OMR to strain. To see this, more

A recent ARPES study provides more detail on the prop-detailed calculations using the LSCO Fermi surface would
erties of the Fermi surfacE. It finds that in be necessary.

Bi,S,CaCyOg, 5 (Bi2212) the single-particle scattering To summarize this part of the discussion, we conclude
rate contains a larg@-independent part which disappears that our results disagree with most of the earlier theoretical
only in the vicinity of the nodal directions, plus a part lin- models. New theoretical modets3? which include the

early dependent on temperature and energy which extend=ermi surface properties in a more realistic way may turn out
over most of the Fermi surface and becomes alriidsde-  to be more compatible with the experiments. More detailed
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comparisons are needed to evaluate these new proposals, in- 600 e . .
cluding the effects of strain, as described in this study. it La, Sr CuO,
500 % —O-T,
. ) Wi —8—tano,
B. Pseudogap: the effect of impurities and underdoping i —o— OMR

. 400 - ! .
Next we comment on the markedly different effect of a X

change ofx (in underdoped LSCPandy (in zinc-doped X -ARPES

LSCO) on the pseudogap, as inferred from the suppression < 300+

of tan®y . The gradual opening of a pseudogap was origi- =

nally suggested to explain anomalies in the behavior of vari- 200 - -
ous normal-state propertiésThese anomalies take the form

of a crossover temperature between two differ€rdepen- 100 | |

dences. An example is the Hall effect anomaly, where below
the crossover temperatur€* the Hall coefficient isT
dependent® The crossover temperatures for different prop- 0.0
erties and materials differ a great deal. However, most of
them increase with underdoping. For example, in LSCO
increases from 100 to 700 K wheris decreased from 0.3 to FIG. 22. The x dependence of several quantities for
0.05*° La, ,SKCuQ,. Circles: temperature of the tangent suppression

ARPES studies provide a number of important insightS(black), inflection points from OMR datdgrey); diamonds:T,;
into pseudogap phenomena. The opening of the gap in th&ars:A from ARPES, Ref. 56; crosses: anomalies from Hall effect
normal-state excitation spectrum abdvgehas been detected and susceptibility, Ref. 16. All lines are guides to the eye.
in underdoped Bi2212 and Bi2201. Its momentum depen-
dence is consistent witt-wave symmetry, and as the tem- ing the two dependences we see that the line describing the
perature decreases, the normal-state gap evolves smoottdyppression of ta® is considerably higher than tfig line
into a superconducting g&p-® The temperatures of the in the underdoped films, but approachsin the optimally
pseudogap opening from tunneling, optical conductivity, anddoped films.
Raman scattering experiments are in quite good agreement Next we include the crossover temperatures of the Hall
with the ARPES data on Bi221%. effect (T*), and the susceptibility from Ref. 16, and the gap

The situation is more confusing for LSCO. The photo-from the ARPES experiment$.Our results forT* give a
emission studies are more difficult because of quick surfacgalue of about 600 K, which is in reasonable agreement with
degradation at high temperatures. The ARPES studies wethe T* line in the figure. It is clear thaT,,, is considerably
limited to low temperature¥,®’ while angle-integrated pho- smaller thariT*. Instead, it seems to be quite closely related
toemission spectréAIPES) were investigated as a function to the normal-state gap value inferred from the ARPES ex-
of T.% An AIPES study of optimally doped LSCO reveals a periments. Therefore we conclude that the Hall conductivity
suppression of the density of states near the Fermi energy &s the underdoped films is strongly affected by the opening
T is lowered, extending to about 30~35 nmfé\This energy  of the normal—state gap around the saddle poindy.
corresponds to about 350 to 400 K, which is somewhat lower |t is important to point out here that this conclusion does
than the Hall-effect crossover temperatdre in optimally  not necessarily mean that the nodal excitations are unimpor-
doped LSCO?® However, no evidence was found of the con- tant for the normal-state Hall effect. As we discussed, in the
nection between this pseudogap and the superconductinghderdoped specimens E@®), characteristic for the normal
gap. The ARPES study focuses on the dependence @n state of the optimally doped films, is not followed. This in-
the spectra measured around the saddle peif) and con-  dicates that in the underdoped samples the density of states
cludes that the energy gap increases smoothly with de- which contributes to the transport properties is already se-
creasingx. In an optimally doped crystah is a supercon- verely affected at high temperatures, and this is reflected in
ducting gap of about 8 meV, while in an underdopedthe shift of T* with underdoping. While this effect may be a
specimen withx=0.05 it is a normal-state gap of about 25 precursor of the normal-state gap opening, the ARPES re-
meV>%57 In addition, the spectral weight around the nodalsults suggest that there is another possibility, related to the
points becomes severely depleted bebow0.12, while the decrease of the spectral weight around nodal points in the
band around the saddle points is very flat. underdoped specimer%®’ It is entirely possible that in the

In order to correlate the suppression of &y, observed optimally doped range the nodal density of states contributes
in our measurements, with the other anomalies, we compargecisively to the transport properties, and after it is elimi-
their x dependences on Fig. 22. The full circles show thenated by the underdoping, the only contribution which is left
temperaturel,, at which tar®,, is suppressed for the un- is from the saddle point. Alternatively, the effect may be
derdoped LSCO films from Fig. 18. As we discussed earlierrelated to the shrinking of the size of Fermi surface regions
in optimally doped films the vicinity of the superconducting without a gap around the nodal points. This would be more
state prevents the suppression of @gp from being seen. in accord with the fact that a similar coincidence between
Instead we plot the temperature of the inflection pointXor T, and the normal-state gap opening deduced from ARPES
=0.15 andx=0.225. We also ploT for all films. Compar-  occurs for bismuth compound&®3in which there is no sub-
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stantial decrease of the spectral weight around nodal poinity but does not affect the remaining transport parameters.
in the underdoped compositions. This would indicate that the Strain affects the superconducting and the normal-state
origin of the effect of normal-state gap opening on the suptransport propertiesT. decreases with the decrease of the
pression of ta®,, is the same for different cuprate com- c—axis lattice parameter at a rate of about 670 K/A. The
pounds. decrease of ; is accompanied by a linear increasepgf A,
Finally we discuss the effect of zinc on the pseudogape«, andC at a rate of about 15% per K. The addition of zinc
Our experiment shows that both crossover temperaflifes adds an impurity scattering term p@, and toC, the constant
andT,, remain constant whey changes, indicating that the term in cot®,, while the slope of th& dependence of the
opening of the normal-state gap is unaffected by the zinc. Oresistivity and the slope of th&? dependence of the cotan-
the other hand, the magnitudes of both the OMR an®tan gent remain unchanged. The effects of impurities and strain
decrease witty, with the OMR affected more strongly, as on p, are additive, while they are multiplicative in the case
shown by Eq.(8). These two seemingly contrasting results, of C. The OMR is independent of strain. Over a limit&d
i.e., the constant temperature of the gap opening, and th@nge, above the inflection point, the OMR is proportional to
influence of impurities on the transport properties, may bearf®,,. The coefficient of proportionality’ depends on
reconciled if one assumes that the effect of impurities on th&train and on the impurities, showing that the relaxation rate
pseudogap is confined to the immediate area surrounding thehich governs the Hall effect is not the same as that of the
impurity, while away from them the pseudogap remains in-magnetoresistance. A comparison of these results with the
tact. In fact, there have been many suggestions that this isvailable theoretical models of the normal state indicates that
indeed the case®Cu NMR experiments on Zn-doped none of them can fully describe the experiments. New mod-
YBCO find an enhancement of the antiferromagnatic correels which take the properties of the Fermi surface into ac-
lations around Zn impurities, while the crossover temperacount more realistically may be compatible, but a more de-
ture in the relaxation rate remains constfrimilar conclu-  tailed evaluation, including the strain effects which we
sions have been inferred from neutron scatteringobserve will be necessary.
experiment<? from 8% NMR measurement§, and ESR In addition, we observe a suppression of & for un-
measured on gadolinium sites in Gd- and Zn-doped YBEO. derdoped and zinc-doped films, and show that it can be as-
A local effect of zinc impurities on the pseudogap has alsasociated with the opening of a gap in the normal-state exci-
been suggested by studies of thermopdiend specific tation spectrum. The temperature of the pseudogap opening
heat in YBCO’* does not change with the addition of zinc impurities but it
These local effects resemble the “swiss cheese” médel, increases when the Sr-La ratio is decreased. At temperatures
in which charge carriers around each Zn impurity are exjower than the temperature of the pseudogap opening, the
cluded from superconductivity. However, the real effect ofOMR decreases as a result of localization effects.
impurities on the normal state properties is more complex.
While the temperature of the pseudogap opening is unaf-
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