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Universal Hall mobility in c-axis-oriented Y, sCa, sBa,Cu3;0-_ 5 thin films
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Transport properties af-axis-oriented Y_,CaBa,Cu;0;_ 4 thin films with a wide range ox=0-0.5 and

6=0.08-1.0 have been systematically investigated.

Hall mobhiljtyin all the films satisfies the relation of

wnt=aT?+C (a andC are constanis By changingx and 8, we have successfully excluded the contribution
of Cu-O chains inup !, and shown that is essentially independent of doping level and disorder. Moreover,
the doping-independentis universal in various high, superconducting cuprates, and this indicates ifjat

is more fundamental thaR'},. [S0163-1826)02846-9

In recent solid-state physics, it is one of central issuesoefficient was measured in a magnetic fiefBorl parallel

whether the electronic properties in high-superconducting
cuprates(HTSC’s can be understood within the Fermi-

liquid (FL) theory or not. Among their anomalous properties,

to thec axis. In order to eliminate the zero-field signal due to
the misalignment of voltage contacts, we rotated the
samples by 180° in a static field. The oxygen deficieacy

normal-state charge transport such as the in-plane resistivityas estimated by the following procedure. First the hole

pap and the in-plane Hall coefficier®Y, are most strongly
against the FL picturéand exhibit complicated dependence
on temperaturé carrier doping® > and disordef.

An important finding on the understandinggf, andR",
is that the cotangent of the Hall angle, &gt
=p/HRH =uiY/H is expressed as afj=aT?+C
(a and C are constanys which is valid in all thep-type
HTSC'’s with various carrié’~*%and impurity’®* concen-
trations. This naturally indicates that égt(or w) is more
fundamental thaR 5}, and thus it will be a clue for selecting

concentration per Cu,p, was evaluated from the
value of T, using the previously reported parabolic curve
T/ Te ma=1—82.6(p—0.16).1° Next, 5 was estimated us-
ing the relationshipp=p(45) obtained from the measure-
ments of T, and the thermoelectric power, and the calcula-
tion ?2 bond-valence sum for,Y ,CaBa,Cu0O,_ 5 by Tallon
et al:

Figures 1a) and Xb) show the temperature dependence of
pan and RE, for Y;_,CaBa,Cu0,_5 (x=0 and 0.5 thin
films, respectively. First of all, we emphasize that the data

HTSC theories to make clear which is fundamental. How-

ever, there is no consensus onépor u,, . For example, the
doping dependence of aif in YBa,Cu;0,_5 (YBCO) is
controversiaf 1% which might arise from the conducting
Cu-O chaing:*?

We recently reported the transport propertiescedxis-
oriented Y,_,CaBa,Cu0,_5 (x<0.5 thin fims!® The

heavy Ca doping level up to 0.5 makes it possible to dope

carriers into YBCO without filling the oxygen deficiency,
and thus Y _,CaBaCu;0;_; thin films are more effective
than untwinned YBCO crystalé. In this paper,p,,, R,

and coty of Y;_,CaBa,Cu;0;_4thin films have been sys-

tematically investigated. The Cu-O chain contributions have

been successfully eliminated from égt and it has been

revealed that is independent of the carrier-doping level and

the disorder. Moreover, as comparingamong the HTSC's,
the T-dependent part of.;* is found to be independent of
the species of HTSC’s, which strongly suggests fat is
more fundamental thaR 5.

Y, _«CaBa,Cuz0,_ 5 thin films with a typical thickness of
2000 A were deposited onto SrTj®ingle-crystal substrates
by RF thermal plasma deposition technidd@he as-grown

samples were post-annealed under different thermal condi-

tions to control the oxygen content. X-ray diffraction and
transmission electron microscopyEM) showed that-axis-
oriented Y, _,CaBa,Cu;0;_ s was grown without any impu-
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FIG. 1. Temperature dependence(af in-plane resistivityp,,

rity phases. The Raman spectroscopy measurement revealged (b) Hall coefficientRY,, for Y,_,CaBa,Cu;0;_5 thin films
that the doped Ca mainly occupied the Y site. dc resistivitywith various 8. The broken and solid curves are fa=0 and
was measured using a standard four-probe method and Halk0.5, respectively.
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the carrier doping hardly affect® in Y, sCa) sBaCusO;_5.
T2 (10°K7) We further note thai for Y,Ca Ba,Cu;0;_; is almost
equal to that for YBgCu;Og 45 On the contrary, as shown in
Fig. 2b), the Ca substitution causes a decrease atcom-
panied by an increase @.

FIG. 2. T? dependence of céf (=p,/HRE) in 8 T for
Y1_xCaBaCu0;_s thin films. (8 for x=0, 0.5, and5=0.5; (b)
for 0=x=<0.5 and§<0.5. The broken curves, open circles, closed

squares, and solid curves correspondxte0, 0.1, 0.3, and 0.5, To see the doping erendencecohndc more CIear.Iy,
respectively. Note that the right axis is the inverse of Hall mobili- We plottéda as a function of5, andC as a function o in
ties. Fig. 3. The Ca substitution introduces disorder into the CuO

_ ) _ plane, and thu€ monotonically increases witk, whereasy
for x=0 showr_l by the _dotted curves are essentially |dent|caf; independent ok and increases with decreasiggnly for
to those for high-quality single crystelistor example, the 50 5 Wwe think that the large in the 6~0 samples arises
YBa,Cu;05 o, film shows theT-linear resistivity with a small

residual resistivity, and shows a superconducting transitiorgom the conducting Cu-O chains. Reflecting the one-
; ' o X imensional nature, - i i
at 92 K with a reasonably sharp transition width of 1 K. ! ! ture, the Cu-O chains are expected to give no

) I(-:]all voltage. In addition, in real experimental situations, Hall
These results well guarantee the quality of our samples, aars electronically short the C @lane to the Cu-O chain
consequently we think that the data for=0.5 films reflect y 4 '

the intrinsic nature of ¥.Ca, Ba,Cu.O._-. Moreover, in yvhlch forceT us to reduce the Hall voltage in the plane.to that
Ref. 13, it has been cbllgrifziagé ?ﬁatusthYe {Z:rystallinity of thein the chain® The fact that YBaCu,Og with conducting
x=0.5 film is as high as that of=0 film from TEM mea- CU-O double chains shows unusually srriaﬁ_'b (Ref. 19
surement. In th&=0.5 films, the doping level is varied from €vidences our interpretation. Accordingly, thendependent
the under- to overdoped regions by changiigrom 1.0 @ for 6=0.5, where the Cu-Q chams are no longer conduc-
down to 0.57. With decreasing p,,, andR%, for x=0.5 tive, can be regarded as the intrinsic value to the Cpi@ne
shown by the solid curves in Fig. 1 monotonically decreasein YBCO.
indicating that the carriers are continuously doped. In addi- Since we have shown that the slopeinherent in the
tion, the T, of the x=0.5 films takes a maximum near CuG, plane in YBCO is independent of carrier concentration
5=0.72 and reduces with decreasifigWe emphasize that and disorder, let us now compage,* for YBCO with that
the optimally doped=0.5 film (§~0.72 hasp,, as low as for other HTSC’s. We have selected the data to be compared
YBCO,, from which the mean-free path is calculated to beon the basis of following criteria(i) wn should be mea-
21 A at 300 K’ This indicates 50% Ca substitution does notsured using high-quality single crystals, because resistivity is
disturb the in-plane conduction seriously. usually one order of magnitude larger in polycrystals than in
The temperature dependence of@:ptalculated fronp,,  single crystals(ii) Overdoped La ,Sr,CuQ, should be ex-
and R}, in Fig. 1 is plotted as a function of? in Fig. 2, cluded as an exception. La-Sr-Cu-O is the opiype cu-
where coty, in all the samples roughly satisfies the relation prate whoseR, changes its sign in the overdoped region,
of cotd, = a T2+ C. Note that the data fof=0.5 are shown and thusup* diverges wherR:,~0.20%
in Fig. 2(a), while the data fo©<<0.5 are in Fig. &) with the Figure 4 shows thus selected;® as a function off2 for
data forx=0.1 andx=0.3 newly added. Most unexpectedly, various HTSC's (Refs. 3, 5, 22, and 23 where the
all thex=0.5 samples show the identical 6qt- T2 curves, T-dependent part i * suprisingly coincides among all the
i.e., botha andC are independent af. The s-independen€ data. It is our claim in the present paper ttteg T-dependent
means that the oxygen depletion does not introduce disordgrart in ;' is universal regardless of carrier concentration,
into the CuQ plane, while thesindependentr indicates that  disorder, and class of HTSC's
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04 . . . . Finally we will comment on the theorig§2229303%gx.
B S . plaining the T2 dependence ofu! briefly. Our results
© HeBayCa,CusOg.5 * clearly indicate thafuy;* is more fundamental thap,, or

03F©° Bi,Sr,CaCu,0g . ®

A Laj ¢Srg CuOy

® La, 458r9,;5Cu0y4 o ®

A TL,Ba,CuO4, .
L]

T R, and hence any theories giving explicit expressions to
pan @andRY, separately are unlikely to explain the universal
_ wnt. Itis very hard to believe that,, or R, which change
s with doping and disorder in a complicated way, accidentally
o2 £8%° keepp,,/RH, unchanged. After such theories are ruled out,
Eﬂ%r%'o ° T there remain only two possibilities, to our knowledge: one is
| qbn;“*—fo °? proposed by Andersdrand the other is suggested indepen-
- . s : dently by Kendzioraet al?? and Carringtonet al?° on the
0 2 a8 8 10 basis of FL. Both explanations assume two kinds of scatter-
T (10°KH ing times. ! is attributed to spinon-spinon scattering in
FIG. 4. The comparison of the inverse Hall mobiliy;® as a the former, while it is assigned to the_ scattering at the corner
function of T2 for various HTSC's. The solid curve and broken of the rounded-square-shaped .Fgrm| s.urface in the Iatter.. Al-
curve are for the presentg¥.Ca, (Ba,Cus0g 35 and YBaCuOg 4  thOUgh the present data are still insufficient to choose either
thin films, respectively. The open triangles and closed circles are fof the two as a correct answer, we expect thatheepen-
the data of La_,Sr,CuQ, with x=0.1 and 0.15, respectivelRef.  dence ofp,y, is difficult to explain within a FL picture. For
5). The open squares, closed triangles, and open circles are for tlexample,p,,, for x=0.5 andé=1.0 is slightly sublinear as a
data of BpSr,CaCyOg (Ref. 22, TIBaCuOs, s (Ref. 3, and  function of T, and theT-dependent part ip,, for x=0.5 and
HgBa,Ca,CuOg. s (Ref. 23, respectively. 6<0.72 is not proportional tar2. In other words,p,, for
) _ _ ) . x=0.5 films does not show a typical dependence for
Here we will consider the physical meaning of the univer-ytsc's, possibly owing to the highly disordered Cuglane
sal T dependence iy * gga“tatlvely- We can point out jqyced by the 50 at. % substitution of Ca for Y. These re-
many facts implying thajy, " is related t_olf_ermlon—fermlon sults suggest that conventional Matthiessen’s rule expected
scattering. First, thé-dependent partip.,, " is roughly pro- jn 5 FL picture is seriously violated. For the elucidation of
portional toT<, which reminds us of electron-electron scat- tpe physical meaning of the universal; and the effect of

; L 1
tering. Second, the doping independenceuin” SUQQests  gisorder onp,,, further quantitative studies are necessary
that u~ is associated with 1p, that is, the large Fermi poip experimentally and theoretically.

surface predicted by the band calculation. Third, the remark- |, summary, the transport  properties  of
able difference inuy ' between overdoped La-Sr-Cu-O and Y, ,CaBaCu0, , thin fims with a wide range of
other HTSC's is attributed to the different shapes of they= 0_0.5 ands=0.08—1.0 have been systematically stud-
Fermi surface; the band theory has predicted that the Fermiq. For all the samples, th&-dependent part ofe;; T is
surfgceﬂin La-Sr-Cu-O goes from open to cloge with ce;rrierrougmy proportional toT2. By changingx and &, we have
doping?* whereas that in other HTSC's remains 0BT g ccessfully extracted the inherent element of the £uO
Taking these facts into account, we suggest that the U”'VerSB|anes inuy; 2, and shown that th&-dependent part ofp; *

-1 : . .
my- is a direct probe for the uncorrelated Fermi surfacejs essentially independent of doping level and disorder. We
Note that, even in non-Fermi liquids, the shape of the Fermpaye further found that th&-dependent part ipp;* is uni-

surface will more or less influence the electronic propertiesyersa| in various HTSC’s, which strongly suggests that
As long as elementary excitations derived from electrons arg more fundamental thaR"

g Y o S C ab and the existence of two
fermions, any properties related to the Fermi-Dirac statistiCkjnds of scattering times.

will remain unchanged. For example, the Fermi surface of

electrons survives as the Fermi surface of spinons in the We would like to thank T. Machi for helpful discussions,
resonating-valence-bondRVB) theory, as suggested by J. G. Wen for TEM measurements, and N. Watanabe for
Tanamoto, Kohno, and FukuyarffaFrom the viewpoint of Raman measurements. This work was partially supported by
the RVB theory,up;! is related to spinon-spinon scattering the New Energy and Industrial Technology Development Or-
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