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Thermopower anisotropy of highly underdoped and slightly overdoped
RBa,Cu3;0-_ ; single crystals
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The thermoelectric powelS) for a series o0RBa,Cu;0,_ s (R=Y, Gd, Dy) single crystals were measured
in theab plane and along the direction. The doping level of these crystals changes from highly underdoped
(T.=44 K), through optimally dopedT =90 K) to slightly overdoped T,=88 K). Both S,, and S;
change linearly with the doping level, b8f, reverses its sign near the optimal doping stoichiometry, as it was
observed for polycrystalline materials, wheregsremains positive for the whole series. In contrast to the
results of electrical resistivity, the anisotropy $fwas found to decrease with both increasing oxygen defi-
ciency and decreasing temperature. A brief overview of thermopower results for single crystals of various
high-temperature superconducting families is also prese[#€d.63-18208)06102-5

I. INTRODUCTION II. SAMPLES AND EXPERIMENTAL

RBa,Cu;0,_s (R=Y, Gd, and Dy single crystals were
The electronic transport properties of hi§h-supercon- grown using a self-flux technique described eatlié2—
ductors(HTSC’S in the normal state still remain to be fully 5 mn? of area, 0.3—0.5 mm thigk The crystals were an-
understood. ThermopoweS( TEP) measurements are useful nealed at temperatures between 450 and 660°C for 5 days
for examination of the electronic structure of HTSC's and(@nd then quickly cooled to room temperatuie order to
should be an important help in the understanding of superobtain the oxygen content corresponding to varidys/al-
conductivity. Obertelliet al* showed thall o/ T¢ maxiS & uni-

versal function of the TEP measured at room temperature 0.0 (a) ' | ' 1 10
(S300 for polycrystalline samples of highz superconduct- 08
ors, which evidenced a strong relationship between normal- _ 02 sample Y1 _
state transport properties and superconductivity (. is a *2 0.4 0-6.~‘é’3
maximal critical temperature observed for a specific family 3 0 43
However, the thermopower exhibits a significant anisotropy, & -0.6 3
showing not only quantitative differences, but also a general = 0.2
distinction in temperature dependences and even opposite 08
signs of in-plane and out-of-plane TEP values, as was re- 4.0 0.0
ported for nearly optimally doped Y-Ba-Cu<J.Such un- - ! : ! : !
usual anisotropy was also observed in Hall-effect experi- 86 87 88 89 90
ments for Y-Ba-Cu-G;* where both changes in sign and in TIK]
general temperature characteristics &y and ¢ directions ——— 1 10
were observed. Despite the crucial influence of doping on 00 ()
high-temperature superconductivity, up to now the in-plane o2k 0.8
vs out-of-plane anisotropy of both the Seebeck and Hall ef- & sample Y2 ™
fects has been reported in literature only for nearly optimally § -0.4 06 §
doped samples. -(% 049
In this paper we report the out-of-plane and in-plane ther- 27 06 ﬁ
mopower for highly underdoped as well as nearly optimally 08 0.2 =
doped crystals of HTSC's. The measurements were per- 0.0
formed on a series of eigiRBa,Cu;0,_ 5 (R=Y, Gd, and -1.0
Dy) single crystals. The doping level of these crystals en- o am 0 s

compasses a wide region from highly underdopéd, (
=44 K) to optimally doped T.=90 K) and even slightly
overdoped [,=88 K). A comparison of results to TEP  FIG. 1. The selected temperature dependences of the ac sus-
measurements of other single crystals of HTSC's is also preceptibility of RBa,Cu,0,_; single crystals: () sample Y1)
sented. [R=Y,(7—6]=6.90, (b) sample X2) [R=Y, (7—5)=6.48|.

TIK]
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TIK] I1l. RESULTS AND DISCUSSION
FIG. 2. The thermopower oRB&Cu;0;-, single crystals The in-plane and out-of-plane thermopowersor the

(R=Y, Gd, Dy) measured parallel to theeb plane(a) and along the fi fRB : . P
¢ direction (b). Sample symbols denoting the curves contain theSe es ofRBCLO;, single crystals is shown in Fig. 2.

S T The temperature variation and valuesSyf, [see Fig. 2a)]
- h . . .
rare-earth name. Oxygen content<3) is given in parentheses are much the same as TEP measured for polycrystalline

samples, including a change of sign for overdoped samples.

ues. The critical temperature was measured by means of & wide maximum observed for underdoped crystals tends,
susceptibility and the results are presented in Table I. Théke ceramic samples, toward higher temperatures with in-
selected temperature dependences of ac susceptibility aceeasing oxygen deficiency. On the other hand, the behavior
presented in Fig. 1. The last column in Table | shows theof S; [Fig. 2(b)] resembles a classic metal, namely, it does
oxygen concentration assessed by comparison of theal-  not change sign upon changes in doping and varies approxi-
ues with literature dati:*! Since there is a maximum ifi, ~ mately linearly with temperature fa#<0.5. Surprisingly, the
vs & dependence for optimally dope®-123 samples c axis TEP seems to be independent of the typ&adbns
(6~0.07 the sign ofS,, was additionally used to determine located between two adjacent Cuflanes.
the oxygen content. The dependences of the in-plane and out-of-plane TEP vs

During the thermopower measurements the samples welgxygen content at various temperatures are shown in Fig. 3.
clamped between two copper blocks, one of which was keplt is striking that the anisotropy of the thermopower is dis-
at a temperature a few degrees higher than the othdinct for highly oxygenated samplésee the sign reversal for
(1<AT<4 K). The quality of the contacts was checked by overdoped ongs whereas it almost disappears for samples
their resistance which was below a few Ohms in all caseswith lower oxygen content. This observation is opposite to
The temperature gradient and absolute temperature were dére behavior of electrical resistivity f&®-123, the anisotropy
termined by two copper wire thermometers. The signal wa®f which strongly increases with decreasing both the oxygen
measured by copper gauge wires soldered to the coppepntent and the temperature.
blocks. The absolute TEP was obtained relative to the See- Figure 4 shows the variation &,, and S, measured at
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Oy T T in the superconducting composition region.
2 i k{ : (@) 1 As one would expect the differences between $heval-
S 40r AN 1 ues of different familie§Fig. 4(b)] are much more signifi-
= I R123 AN ] cant than for the case of the in-plane TEP. That is because
§ 20r Ti2201 @ La S1CuO ] not only CuQ planes but also the remaining construction
=) i TI2212 B P elements of HTSC structurdse., insulating, interface, and
3 0 Bi-2212 -— separating layetd) contribute to TEP along the direction.
@ 20 _ : A ) Separate linear dependences may be distinguished for differ-
—————— e F—————————+— ent families, most of them, however, reveal a very similar
go | Lnderdoped] ~ [overdoped] | slope 35 wVIK for La, ,SrCuO,, R-123, and Bi-
| El\ ] 2212. This slope is of the same sign but approximately two
< el PO\ La,srouo, ] times lower than for th&,, dependence on the doping level
2 L oo ~ ~ ] (—68 wVIK). The TI-2201 family looks like an exception
5 40 | H_123\$\ § )&ﬁ\ - exhibiting opposite slope#42 wV/K), but there are only
= - 0\6\0’2% /Ag 2501 i three points from two papers, so some additional proof
© 20 / O > seems necessary. A group with a conducting block consisting
» R SN of a single CuQ@ layer (Lg_,S,LCuQ,;, T¢mac=38 K)
0 Bi-2212 %2 T reveals the highest values 8f. Both TI families with single
- () : 1 (TI-2201, T¢ma=95 K) and double (T1-2212, T max
20 o =118 K) CuG layers show medium values &.. Me-
0.0 05 1.0 0.5 0.0 di .
ium values of S, are revealed also in a group of
To/Temax R-123 (T. max=93 K), with double Cu@ layers, but con-

rary to TI-2212 the Cu@planes are separated Byatoms
FIG. 4. The thermopower at room temperature measured para}- e .
lel to theab plane(a) and along the direction(h) versusT, /T, may instead of Ca ones and additionally they are associated by

for single crystals of HTSC's. Solid circles denote data for theCuo chains. A group with double Cganers(Bl-2212,
R-123 family from the present work, open symbols indicate Iitera—Tc,maX: 90 K) eXh'b,'tS the lowest values &. Itis WOI"Fh
tre data: O) Y-123 (Refs. 2, 3, 18, and 39(A) TI-2201 (Refs. ~ noting that the doping dependence ®f of the last family
20,2D; (V) Bi-2212 (Refs. 22-2§ (¢ ) TI-2212 (Ref. 27: and ~ S€€MS also to show a sign change near optimal doping, as for
(0) La,_Sr.Cu0, (Ref. 28. the S,, dependence. The anisotropy of TEP for the Bi-2212
family is the lowest.

As described above, there is no apparent connection be-
tween values ofS; for a particular family and thél yax

: : . : value or details of crystallographic structure, like the number
gether with the literature dateempty symbols including of CuG, layers within the conducting block. The insensitiv-

other families of HTSC'donly single crystals The doping ity of S; on theR type in R-123 indicates, however, that
C 1 1

level was measured by the ratih,/T; max, Where T¢ nax X
denotes a maximal critical temperature observed for a Spes_ome layers may not contribute to the out-of-plane TEP. The

cific family. The in-plane values of TEFFig. 4(a)] follow same slope 08; vs Tc/Tc max lines for most famili.es(TI—
the universal relation described by Oberteflial,! with the 2?31 ;eeTs tol be "’tlr? excgptjlmmgges:s a common influence
exception of the series of La,Sr,CuQ, single crystals, ot doping fevel on the-axis transport.

which revealed higher values and no clear change of the sig% rTg\?e?(?(i);Oet(rjoFs)grzl;a-lgzpefoﬁv?t%ils;ti_vﬁe g m(\)/ztludeiztinlf[:t
L., ab .

) ) ] ) leads not only to quantitative differences, but also to a dif-
TABLE I. The basic data for mvgstlgated single crystals of ference in sign and temperature dependence. Experiments

RB&,Cl30;_ 5. Sample symbol contains the rare-earth name andyq\\ing the anisotropy of Hall coefficierfvhich is also
crystal number. The critical temperaturg.J and the width of tran- strongly dependent on Fermi-surface geomefoy Y-Ba-
sition (AT.) were obtained from ac suceptibility measurements.Cu_og Iyead pto similar differences.Eor i%-planetydirection
The oxygen content (7 §) was estimated fronT. and literature (BLab, Uy||ab) the Hall coeﬁiciént R.,) is positive and
data(Refs. 6-1 : . . .

( . approximately inversely proportional to temperature and is
nearly like theRy(T) curves measured on the polycrystalline

room temperature(300 K) with doping level for our
RBa,Cu0,_ 5 series of single crystalgsolid circleg to-

Sample symbol T. AT, -6 A ) X ’

(K) (K) (+0.02) samples. Surprlsmgl_y,RH in Fhe out-of-plane dlrectlon

(BLc, Uyl|c) remains negative and constant over a wide

Dy(1) 88.3 1.6 6.98 temperature rangérom T, up to 300 K. This type of tem-
Gd(1) 90.2 1.2 6.96 perature dependence is characteristic for a normal metal de-
Y(1) 88.5 0.9 6.90 scribed by the Fermi-liquid theory. A simil&,, sign change
Dy(2) 82 3 6.80 between different crystallographic directions was also re-
Gd(2) 65.5 2 6.70 ported for Bi-2201 and Bi-2212Ref. 14 as well as for
Y2 50 4 6.48 La,_,Sr,CuQ, single crystals® Moreover, the negativey,
Y(3) 46.5 3 6.47 in the ¢ direction for the above compounds is also tempera-
Y (4) 44 4 6.46 ture independent (La,Sr,CuQ,) or only weakly depends

on temperaturéBi-2201 and Bi-2212
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The comparison between the anisotropySodndRy for  only S, but alsoS; (as well as the anisotropy &) are very
overdoped 123 compounds leads to some striking conclusensitive to slight changes of oxygen stoichiometry. In con-
sions. The characteristic temperature dependences ofothtrast to the results for electrical resistivity, the anisotropy of
andRy along thec axis is purely metallic$is T linear,Ry S was found to decrease with increasing oxygen deficiency,
is temperature independegmh terms of Fermi-liquid theory. almost disappearing for samples wikh<50 K. The anisot-
On the other side, th& and R, along theab plane reveal ropy of S tends also to decrease with temperature, again in
clearly nonclassical behavior. This picture is complicated byopposition to resistivity behavior.
signs of these effect§,, andRy, ; are negative, where&; Our data have demonstrated tHgy, follows the same
andRy ,p, are positive. common linear dependence on the doping level, including

An explanation of the opposite signs for the in-plane ther-sign reversal near optimal stoichiometry, which was revealed
mopower and Hall effect was proposed by Kudhe ob- by Obertelliet al for polycrystalline samples. The available
servations of some universal laws for polycrystallineliterature data on thermopower measured on HTSC single
HTSC's (the temperature dependence of Hall mobility crystals, which concern, however, only nearly optimally
un~T %Y S50 versusT ¢ /T¢ max relatior’) led to the con-  doped crystals, support this conclusion §LgSr,CuQ, is an
clusion that electronic structure of HTSC's have to be de-exception. The S; values for our series oR-123 samples
scribed within a single-band pictuté. Such a two- also exhibit linear dependence on the doping level, as was
dimensional tight-binding model applied to transportshown for several different temperatures. However, this de-
phenomena in overdoped HTSC's anticipates exotic featurgsendence differs from that shown in Figbfifor other fami-
of electronic transport. The most striking feature of this statdies of HTSC's. Sitill, the same slope of these linescept
is the effective-mass tensor, which is separated into a transhe TI-220) may suggest a common origin of ti$ varia-
port componentn,, (perpendicular to the Fermi surface and tion due to the changes of doping level.
responsible for thermopowemnd a cyclotron component Comparison with literature data for the Hall effeé),
my (parallel to the Fermi surface and responsible for the Hallnother quantity sensitive to the sign of charge carriers, in-
effech. Stressed in this model is tha, is electronlike dicated that for overdoped Y-123 a striking situation is ob-
(m,>0) andmy is holelike (my<0) for a wide region of served:Ry in ab plane andS along thec axis are positive,
model parameters. Thus, this effective-mass dualism mawhereasR,; along thec axis andS in ab plane are negative.
qualitatively clarify opposite signs of in-plane TEP and Hall Moreover, temperature dependences of i®#ndR, along
effect, but it does not explain the signs for out-of-plane transthe ¢ axis behave strictly as a Fermi metal , whereas in the
port phenomena. ab plane they reveal a clear non-Fermi behavior.
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